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Abstract— We characterize three near-field sub-regions for
phased array antennas by elaborating on the boundaries
Fraunhofer, radial-focal, and non-radiating distances. The
Fraunhofer distance which is the boundary between near and far
field has been well studied in the literature on the principal axis
(PA) of single-element center-fed antennas, where PA denotes
the axis perpendicular to the antenna surface passing from the
antenna center. The results are also valid for phased arrays
if the PA coincides with the boresight, which is not commonly
the case in practice. In this work, we completely characterize
the Fraunhofer distance by considering various angles between
the PA and the boresight. For the radial-focal distance, below
which beamfocusing is feasible in the radial domain, a formal
characterization of the corresponding region based on the
general model of near-field channels (GNC) is missing in the
literature. We investigate this and elaborate that the maximum-
ratio-transmission (MRT) beamforming based on the simple
uniform spherical wave (USW) channel model results in a radial
gap between the achieved and the desired focal points. While
the gap vanishes when the array size N becomes sufficiently
large, we propose a practical algorithm to remove this gap in
the non-asymptotic case when IN is not very large. Finally,
the non-radiating distance, below which the reactive power
dominates active power, has been studied in the literature for
single-element antennas. We analytically explore this for phased
arrays and show how different excitation phases of the antenna
array impact it. We also clarify some misconceptions about the
non-radiating and Fresnel distances prevailing in the literature.

Index Terms— Near-field, characterization, Fraunhofer dis-
tance, Fresnel distance, non-radiating distance, radial beamfo-
cusing.
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I. INTRODUCTION

HE sixth generation of wireless technology (6G)

promises phenomenal advancements, aiming to deliver
speeds hundreds of times faster than current capabilities [1].
This ambitious goal is fueled by -cutting-edge technolo-
gies like extremely large-scale antenna arrays (ELAAs) [2]
and operation at very high frequencies, including millimeter
waves (mmWave) and terahertz (THz) bands [3]. However,
these advancements lead to consequences like significantly
expanding the near-field region of electromagnetic (EM) wave
propagation, extending its reach to potentially hundreds of
meters [4]. Signal propagation in the near-field region poses
challenges for designing near-field communication systems
but also offers more Degrees-of-Freedom (DoFs) and new
opportunities for novel applications that are not feasible in
the far-field. Some of these challenges and DoFs include
locally varying polarization of EM waves, beamforming in
the 3D domain, non-stationary antenna element characteristics,
non-sparse channel representation of ELAAs, and holographic
properties of antenna arrays enabling holographic communica-
tion. These challenges and DoFs begin to appear when entering
the near-field region characterized by the Fraunhofer distance.
This paper aims to provide a comprehensive and categorized
study of various electromagnetic propagation regions and
present a more generalized perspective for the characterization
of each region. We focus on three key boundaries!':

e Fraunhofer distance, which is the transition boundary
between the near-field and far-field.

e Radial focal distance, identifying the region inside the
near-field wherein beamfocusing in the radial domain is
feasible.

o Non-radiative distance, below which the non-radiative
reactive power dominates the active power.

These distances serve as critical boundaries for understand-
ing signal behavior in the near-field region. The Fraunhofer
distance has been extensively studied and characterized in
the literature for single-element center-fed antennas [5], [6],
[7] on the principal axis (PA) of the antenna, where the
PA denotes the axis perpendicular to the antenna surface
passing from the geometrical center (i.e., feed location) of

IThe Fresnel distance is another important near-field boundary investigated
in many existing works for single-element antennas [5], [6], [7]. In this paper,
however, we do not investigate this due to space limitations. The extensions
of the results for the Fresnel distance of phased array antennas can be found
in [8].
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the antenna. The results are also valid for phased arrays if
the PA coincides with the boresight, which is not always the
case in practice. In our work, we completely characterize the
Fraunhofer distance by considering various angles between
the PA and the boresight. The radial focal distance and the
corresponding radial focal region are only applicable to phased
arrays in the near-field region; Despite limited exploration,
a comprehensive study regarding the formal definition and
characterization of this region is also absent in the existing
literature. Especially most existing works have analyzed and
characterized the beamfocusing in the radial domain based
on the uniform spherical wave (USW) channel model in
the near-field region (e.g., [9]), and formal characterization
based on the more general near-field channel models less
investigated, which is to be explored in this paper. Finally,
the non-radiating region has been analytically studied for a
single-element (dipole) antenna, however, this has not been
studied for phased arrays under different excitation phases,
and besides, there exists some misconceptions in the literature
about the discrimination of Fresnel distance and non-radiating
distance which will be elaborated in this work. To address
these research gaps, we revisit existing definitions, perform
detailed calculations, and provide characterizations for each
of the above three boundaries by considering phased array
antennas, and wherever possible, we present exact closed-
form expressions. The regions characterized in this paper are
schematically depicted in Fig. 1.

A. Background and Contributions

In what follows, we explore the three regions related to the
near-field propagation and the corresponding boundaries men-
tioned above. For each item, we commence by providing its
background context. Subsequently, we delve into the specific
contributions conducted in this paper. Before starting the lit-
erature review, we present some terms and definitions used in
the following parts. We define the principle axis of the antenna
as the axis perpendicular to the antenna surface, passing from
the geometrical central point of the antenna. The boresight
is the axis corresponding to the main lobe of the antenna.
This is identical to the principal axis for single-element center-
fed symmetrical antennas, however, for phased arrays, we use
this term to represent the axis connecting the geometrical
antenna center and the intended observation/transmitting point
source. The principal axis and boresight are depicted for
single-element and phased array antennas in Figs. 3 and 4
respectively. The on-boresight and off-boresight refer to the
cases where the principal axis does and does not, respectively,
coincide with the boresight of the antenna.

1) Fraunhofer Region:

a) Background: The Fraunhofer distance (Rayleigh dis-
tance) is the distance between the observation point and the
antenna below which we have the near-field with spherical
propagation, and beyond which the far-field exists wherein the
spherical incident wavefront can be approximated as planar.
It is well-known that a maximum phase delay of 7 /8 between
a point on the antenna surface and the feed, caused by the
curvature of the wavefront, is small enough to approximate
the spherical wavefront as planar. This phase delay has been
accepted in the literature for defining and calculating the
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Fraunhofer distance. The Fraunhofer distance on the antenna’s
boresight is obtained as d = 2D? /A, where D is the
maximum dimension of the antenna and ) is the wavelength.

Several works have calculated the Fraunhofer distance for a
single-element antenna following different schemes. The most
straightforward scheme is to calculate the dominant terms
of the binomial or Taylor series expansion approximation
of the signal, and then obtain the maximum distance from
the antenna where the dominant terms would result in a
differential phase delay no more than 7/8 on different points
of the antenna surface [6], [10]. As an alternative solution,
the authors of [5] have derived d = by considering a con-
tinuous aperture of arbitrary shape, and then they employed
scalar diffraction theory for obtaining Fraunhofer and Fresnel
regions. The study by [11] demonstrates that for single-
element thin-wire dipole antennas, the boresight Fraunhofer
distance 2D? /A is accurate only for antennas where D > 5.
Noting the inexactness of 2D?/\ when D is comparable to
A, mathematical formulations have been obtained in [12] for
characterizing a more exact on-boresight Fraunhofer distance
for a thin wire of length D. In [13], the effective Fraunhofer
distance Eef(f) is defined and characterized as the distance
where the normalized beamforming gain under the far-field
assumption is no less than a value 7. By considering n =
95%, it has been shown that we have d.g = 0.367d
on the boresight of the antenna. The authors of [14] have
shown that for MIMO phased array antennas with maximum
dimensions of D; and D5 corresponding to a transmitter and
a receiver, the on-boresight Fraunhofer distance is obtained
as d | = 2(D;y + D3)?/). To the best of our knowledge,
all works in the literature except [15] have analyzed the
Fraunhofer distance on the principal axis of the antenna
(e.g., [4], [16], [17], [18]). In practice, however, it is of a
very small probability that the observation point is exactly
placed on the boresight. The authors of [15] have partially
investigated the fact that for the case of an off-boresight phased
array scenario, the Fraunhofer distance is increased compared
to the on-boresight scenario, however, a comprehensive and
analytical investigation is missing. In particular, a detailed
analysis of how the observation angle 6 exactly impacts the
Fraunhofer distance, and how the Fraunhofer distance changes
softly when moving from on-boresight to off-boresight angles
is missing.

b) Contributions: As in [8], we delve into an analysis
of the well-established derivation of the Fraunhofer distance,
which traditionally applies to the boresight of a center-fed
antenna model, and show that this procedure does not directly
translate to off-boresight scenarios. This specifically holds
for the phased array antennas, wherein each antenna element
has its feed, and thus there exists not only a single central
feed reference point. As a result, the widely accepted values
of the on-boresight Fraunhofer distance for phased arrays,
are not valid in the off-boresight scenario. Then we derive
a closed-form value for the Fraunhofer distance for phased
arrays for 6 € [0, 7r]. More specifically, we define and calculate
the Fraunhofer angle 0¥ and show that for 6 € [0,7/2 —6F]U
[7/2+ 6, 7] the Fraunhofer distance is d = 8 D?sin*()/\.
For the case where @ is softly changed from 7/2 4 0F
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toward 7/2 (where 7/2 corresponds to the boresight), d*
softly switches to 2D?/\ according to a function whose value
is derived in a closed form. We obtain a tight closed-form
approximation for the value of #¥ and show that it is a small
angle, its value being a decreasing function of D/); i.e.,
for phased array antennas, as the antenna array scales up,
this angle sharply tends toward zero. We will elaborate on
how the Fraunhofer distance for phased arrays is increased
about 4 times when debating from the boresight scenario. The
approximation becomes tight when studying ELAAs, wherein
a very slight deviation of the (user equipment) UE location
from the on-boresight scenario (as is commonly the case
in practice) extends the Fraunhofer region exactly 4 times.
The schematic presentation of the characterized Fraunhofer
distance d¥ for the on-boresight and off-boresight scenarios is
depicted in Fig. 1 per radiation angle 6 in dashed blue line.
2) Radial-Domain Beamfocusing Region:

a) Background: The far-field 2D angular domain beam-
forming has been extensively investigated in the literature for
phased array antennas [19], [20], [21]. The angular-domain
beamforming of phased array antennas on the near-field region
has also been studied in the literature [22], [23], [24], however,
one of the most distinguishing and unique features of the
near-field is the capability of beamfocusing in the radial
domain, which if employed with extremely large-scale arrays
can lead to spot-like near-field 3D beamfocusing [25], [26].
For the asymptotic case where the number of array elements
N is extremely large, the authors of [25] have explored
a comprehensive study on different technical and practical
aspects of implementing spot beamfocusing (SBF) in the
near-field region. In [26], the authors provide a mathematical
framework to prove that spot-like 3D radial and angular beam-
focusing corresponds to the maximum power beamformer
in the asymptotic case under certain conditions. Then they
propose a modular (sub-array based) meta-lens structure to
focus the beam at the desired focal point near-field region in
a smart manner without requiring channel state information
(CSI); This idea has then been further developed in [27]
by implementing transfer-learning for training subarrays in
a more adaptive manner. For the non-asymptotic case where
the number of array elements is not extremely large, several
works have explored the practical and theoretical aspects of
near-field beamfocusing in the radial domain. In this regard,
to characterize the region wherein near-field beamfocusing in
the radial domain is feasible, the idea of depth of focus has
first been defined for continuous apertures in [28] and then
characterized and applied to phased array antennas [29], [30],
[31]. For phased array antennas having small-size antenna
patch elements and using Fresnel approximation, the authors
of [30] have proved that the 3dB depth of focus is possible at
distances lower than d¥/10. For the case of a uniform linear
array antenna, an approximate closed-form solution for 3dB
depth of focus is calculated in [31] based on the uniform
spherical wave (USW) channel model for near-field region.

b) Contributions: The depth of focus and radial focal
properties investigated in existing works (e.g., [31]) are ana-
lyzed based on the simple USW model for near-field channels
which ignores the variation of the near-field channels of differ-

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 73, NO. 5, MAY 2025

ent antenna array elements in the distance domain. We show
that this leads to inaccuracies in characterizing the focal point
in the radial domain. As in [32], we express a formal definition
of the radial focal distance and present the characterization
of the region wherein the constitution of a radial focal point
is feasible. Given a desired focal point (DFP) in the radial
domain, the beamformer vector corresponding to the highest
signal amplitude potentially results in the realization of a
radial focal point at some other point between the antenna and
the DFP. This leads to a radial focal gap between the DFP
and the achieved focal point (AFP). By employing ELAAs,
we show that this gap tends to zero in the asymptotic case for
most practical ELAA structures, considering the non-uniform
spherical model (NUSW) for near-field channels. For the case
of non-asymptotic cases where the number of array elements is
not too large, we provide a practical algorithm for resolving the
gap, and realizing the focal point at the exact desired location
point.
3) Non-Radiating Region:

a) Background: Transmit antennas emit both active and
reactive powers. The active power is associated with the
traveling wave, while the reactive power is associated with
the capacitive or inductive fields. The distance close to the
antenna where the active and reactive power levels are equal
is termed the non-radiating distance denoted by d“%. The
region r < d“® corresponds to the non-radiative near-field
region where the reactive power dominates, and the region
r > d™® constitutes the radiative region which includes both
the radiative near-field (A% < r < dF), and the far-field
(r > d) regions as depicted in Fig. 1. There has been no
analytic study of d¥® for N-element phased array antennas,
not even for the simple case of N = 1. To the best of our
knowledge, the only theoretical investigation of d\® in the
literature pertains to an infinitesimal dipole for which it is
proven that dN® = X\/27 [6], [10]. The non-radiating near-
field region has been analyzed in [33] through numerical
results for three types of antennas: dipole, loop, and Yagi-Uda
antennas. More specifically, the extreme value of dN? = )\ /27,
previously derived in the literature through theoretical analysis
for infinitesimal dipole antennas, has been verified through
numerical results to apply to all three aforementioned types,
considering infinitesimal dimensions.

b) Contributions: Similar to the Fraunhofer distance, the
Fresnel distance has been characterized based on analyzing a
specific phase delay relating to the curvature of the wave for
different points on the antenna. The value of Fresnel distance

. . —NO
has been derived in several works as d =~ = 0.62y/D3/\
[5], [6]. Many related works in the literature assume that
the radiative region commences at the Fresnel distance (e.g.
[34], [35], [36]); we show that this assumption is not correct,
as these two regions serve distinct purposes. The former is
characterized through an analysis of active and reactive power,
whereas the latter is defined based on an examination of phase
delay on the aperture surface. Initiating from the electrical
potential function and then applying Maxwell’s equations,
we derive exact mathematical expressions for the computation
of the complex transmit power relating to an /N -element dipole
array of arbitrary size. By taking the active and reactive parts,
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Fig. 1. Various characterized near-field sub-regions for a phased array antenna
(dashed lines), versus a center-fed single-element antenna having the same
dimension (dotted lines).

we calculate the non-radiating distance d“® for a dipole array.
We evaluate d“® for various numbers of array elements NNV,
various dimensions of each antenna element D®°, and various
excitation phases for the antenna array elements. Our analysis
reveals that, for all stated scenarios, d“F is consistently
lower than half a wavelength, which is significantly smaller
than the Fresnel distance of the phased arrays. Besides, it is
seen through numerical results that a non-co-phase excitation
vector results in a slightly larger value of d™® compared to
implementing a completely co-phase excitation vector.

B. Organization

The remainder of this paper is organized as follows.
In Section II we present the system model. The character-
ization of the Fraunhofer region, radial focal region, and
non-radiating region is presented in Sections III, IV and V
respectively. Finally, Section VI concludes the paper.

C. Notations

Throughout this paper, for any matrix A, A, ,, AT, A*,
and A", denote the (m, n)-th entry, transpose, conjugate, and
conjugate transpose respectively. Similarly, for each vector a,
a,, a¥, a*, al, ||a|| denote the n-th entry, transpose, conju-
gate, conjugate transpose, and Euclidean norm respectively.

II. SYSTEM MODEL

This section introduces the system model used to charac-
terize the Fraunhofer and the radial focal region, presented in
Sections IIT and IV, respectively. Studying the non-radiating
region requires a different system model that accounts for the
exact expressions of the electric and magnetic fields based on
Maxwell’s equations, which will be presented in Section V.
Consider a phased array transmit/receive antenna consisting
of N radiating elements as seen in Fig. 2, where the antenna
can be a uniform planar array (UPA) located on the xz-plane
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Fig. 2. The system model for UPA and ULA antennas.

(Fig. 2-a) or a uniform linear array (ULA) located on the z-
axis (Fig. 2-b). The location of each antenna element n is
denoted by s, = [z5,v5,25]T in the Cartesian coordinate
system, and one of the antenna elements indexed as 7 is
located at the origin (i.e. s = [0,0,0]T) and considered as the
reference antenna element. The reference point (which can be
a transmitting or receiving point) is located at 7 = [r, 0, ¢]T
in the Spherical system, and the distance from point 7 to the
antenna element n is denoted by r,,. We can write r,, in terms
of r and s,, as follows:

n=r = sl = k™ (8,6) — sul

12 — 2rk™ (0, ¢) s + || 12 (1)

where k = [sin @ cos ¢, sin § sin ¢, cos 0] T. If we assume that
the antenna operates in transmit mode, the electric/magnetic
signal at the receiving point r corresponding to the beam-
former b is obtained according to the general near-field
channel (GNC) model in Line-of-Sight (LoS) scenario as
follows [31]:

[l(r) ©g(r)@a(r) ]Tbx
h(r)

= Z \/G1 r S7L)G2(7° S,L)/47TT‘267(

n=1

y(r,b) =

25, +6n) )

where x is the single stream input signal which is assumed to
be unity, b = [¢757]y«; is the beamforming vector in which
On i is the excitation phase of the n’th antenna element, a(r) =

[e=7 x "] nx1 is the array response, I(r) = [1/\/4772] N1
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accounts for the free-space path loss, and finally g,,(r) =
[\/G1(r, 8,)G2(r, 8n)]Nx1 is antenna elements gain vector
in which G1(r, s,,) and Ga(r, s,,) are effective aperture loss
and polarization loss corresponding to antenna element n
respectively. Therefore, the channel gain corresponding to the
observation point r based on the general near-field channel
(GNC) model is written as

1 gn(r) —j2r
GNC model : h,, = — x e I N 3
n =< 3)
For the case where all array elements are considered isotropic
point sources, we can consider G1(r, s,,) = Ga(r,8,) = 1,
which reduces the general model to the non-uniform spherical
wave (NUSW) model presented as

ho— L %
NUSW model : h,, N X e 4
Finally, if we approximate equal path loss for all antenna
elements in the distance domain, and consider only the spher-
ical near-field phase variations of each array element, the
simplified channel model known as the uniform spherical
model (USW) is expressed as

1
Varr

III. CHARACTERIZATION OF FRAUNHOFER REGION FOR
OFF-BORESIGHT SCENARIOS

USW model : h, = « e~ I& (5)

In what follows, first, we review the definitions and calcu-
lations of the on-boresight Fraunhofer distance [5], [6]. Then,
we extend the results to apply for the off-boresight scenarios.

A. On-Boresight Fraunhofer Distance

The on-boresight Fraunhofer distance is characterized by
studying the wavefront’s curvature through analyzing the array
elements’ arrival phase. Therefore, the USW near-field channel
model applies here. Consider a transmitting point source and
a single-element center-fed receiving antenna with diameter
D as depicted in Fig. 3-a. Let » and r’ be the distance
from the transmitting source to the center (feed point) and
some point p’ on the antenna respectively, where the distance
between the antenna center and point p’ is denoted by d’,
and the angle between the lines connecting respectively the
transmitting point and p’ to the feed is denoted by 6. From (1),
r’ is written in terms of r, d’, and @ as follows:

=12+ (=2rd' cos 6 + (d')2) (6)

By using the binomial expansion, the phase difference between
the signals arrived at p’ and the antenna center is obtained as

_ sy _ %7 1 T o202 —1
AH—)\(T r)= 3 cost+>\81n 6(d")*r
A@l AOZ
+ gcosesin2 O(d)3r =2+ ... (7

Abs

It is seen that the first term A@; is independent of the
distance . It is well known that a phase error equal to /8
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_______________

] S

Fig. 3. Antenna with diameter D. (a): UE located at an arbitrary distance.
(b): UE located at Fraunhofer distance on the boresight.

caused by the curvature of the wavefront is small enough
to approximate the spherical wavefront as planar. Therefore,
the Fraunhofer distance function of the antenna denoted by
d¥0 is defined as the boundary limit for which the maximum
phase error between some point on the antenna and the feed is
equal to 7/8. Noting that Afs is the main distance-dependant

contributor term of A#, we obtain d¥° as follows:
d¥0 =7, s.t. Aby =7/8. ®)
d'=D/2
From (7), d¥° is calculated as
d™® = 2D?sin?(0) /A )

and thus, the maximum on-boresight Fraunhofer distance

corresponding to the boresight of the antenna (8 = 7/2)
denoted by d _ is obtained as
a’ =2D%/) (10)

Remark 1: Considering the Taylor series expansion of (6),
one can verify that ignoring the terms A#@;, for ¢ > 3 results
in negligible error on the upper bound of phase estimation
for about 6% relative to the target value % for a single-
element half-wavelength antenna (corresponding to D = A\/2).
For phased arrays, the estimation is generally more tight. For
example, considering a 5-element ULA with inter-element
spacing of half a wavelength (i.e., D = 2)), the upper bound
of phase error resulted from ignoring Af;, for ¢ > 3 is

obtained equal to 0.2%.

B. Characterizing the Off-Boresight Fraunhofer Region for
Phased Array Antennas

In this part, we elaborate on how the results for on-boresight
Fraunhofer distance should be revisited to apply to phased
array antennas for off-boresight scenarios. Consider a phased
array antenna with the largest dimension of D. For simplicity
we consider the ULA case, however, the results can be
applied to the planar arrays such as UPA antennas as well.
In this section, we consider % > 0.5 which is commonly
the case by having an inter-element spacing of half a wave-
length and N > 2, or inter-element spacing lower than 0.5
(e.g., as in holographic surfaces) and a higher number of
antenna elements. As seen in Fig. 3, for a single-element
antenna of diameter DD, a common practice is to calculate
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Fig. 4. N-element ULA antenna with diameter D for two scenarios regarding
the position of the transmitter.

the Fraunhofer distance considering the maximum phase error
corresponding to the maximum distance of p’ to the center
of the antenna which is equal to D/2. This is not however
an exact scheme for calculating the Fraunhofer distance of
phased array antennas in the off-boresight case. A phased
array antenna consists of multiple elements, each having an
independent feed. Therefore, unlike the conventional single-
element center-fed antenna model, a more exact approach
is to consider the maximum phase delay corresponding to
the largest delay difference between any two elements of
the array. Fig. 4 illustrates an N-element ULA antenna with
diameter D representing two different cases for calculating the
Fraunhofer distance. It is seen that the maximum phase delay
is experienced for array elements with distance £ + |r cos(6)|
and D corresponding to Figs. 4-a and 4-b respectively. This is
different from the center-fed single-element antenna wherein
the maximum phase delay has always been characterized in
the literature considering the maximum distance from the
geometrical center (i.e. D/2)’

Theorem 1: For phased array antennas, the Fraunhofer dis-
tance d¥ is obtained as, (11), shown at the bottom of the
next page, where F'(6) = 8| cos(#)|sin?(0), and 6% = 7/2 —
F~1(5}) in which F~1(5}) is the value of 6 corresponding
to the solution of F(f) = 5} closet to /2.

Proof: Considering the two scenarios depicted in Fig. 4-a
and Fig. 4-b, the Fraunhofer distance is calculated as follows.

d¥ =7, s.t. Aby =m/8.
d'=D/2+AD

12)

where
AD = min{|rcosf|,D/2}. (13)

From (12) and (13), and considering the term Afy expressed
in (7), d¥ is found by solving the following equation:

2 F 2
21/\) sin2(6) (1+min{1,2d|DCOS9|}) =dF (14

2For the case shown in Fig. 4-b, we have considered the approximation
that the line perpendicular to the antenna plane (i.e., the line with distance
7’) coincides the center of some antenna element n.
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If we consider 2d"|cos(f)| < D, after solving (14) and
applying the Taylor series, d* is found as follows.

2 — Dl cos(0)|sin*(0) — %\/1 — D] cos(6)]| sin?(9) L8
2sin? @ cos2 0

16D3 0
= T Sin2(9) =+ w sin4(9) =+ ...

It is seen in (15) that we haved” > 2D?sin*(f)/\ and
thus (15) satisfies (14). On the other hand, if we assume
2d¥ | cos(#)| > D, the solution of (14) is obtained as follows:

d" =8D?sin?(0)/\ (16)

d" =

2
2D (15)

Besides, it can be verified from (14) that by increasing 0,
the Fraunhofer distance undergoes a continuous switching
from (15) to (16) at # = 7/2 — 0¥ and then back to (15)
at = /2 + 6F wherein the following equality holds:
8 o .o D
XD sin(9) = 2| cos ()|
which verifies that 6" = 7/2 — F~!(5}5). Considering this,
together with (15) and (16), the Fraunhofer distance d¥ is
obtained as (11). [ |
Definition 1: As seen in Theorem 1, for |7/2 — 0] > 0¥,
we have d" = 8D?sin” 6/ ). We call ¥ the Fraunhofer angle.
Property 1: The Fraunhofer angle is tightly approximated

1 A
G |
0 N251n (8 )

The validity of the approximation can be easily verified by
considering 6" = /2 — F~!(55) ~ /2 — Fy ' (gp) for
D/X > 0.5 where

F(0) = 8| cos(0)|sin?(#) = 8 cos(h) sin(f) = 4sin(26)

= Fy(0),Y0 € [n/2 — F~1(1),7/2) (19)
82.7°

Fig.5 depicts the exact value of 0¥ = 7/2 — F~1(\/2D)
as well as the approximated value from (18) with various
numbers of array elements N corresponding to different values
of % for a ULA antenna with half-wavelength inter-element
spacing.

Corollary 1: The maximum Fraunhofer distance is

, for 0 = /2 — 6% (17)

(18)

d" = 8D%cos?(0F) A~ dxd " (20)
where d _ is the maximum boresight Fraunhofer distance of
a single-element antenna having the same diameter as the
intended phased array.

Proof: From (11) we have d¥ () = d¥(m — 6), and
thus we only consider # € [0,7/2]. Note that the term
d" = 8D?sin?(#)/\ in (11) is an increasing function of
6 for 6 € (0,7/2 — 0¥], and thus, we only need to show
that d* < 8D?sin®(0)/A|,__ Jo_ge = 8D?cos?(6%)/X for
0 € [r/2 — 6%, 7/2). It can be easily verified that (15)
is a monotonically decreasing function of § for F~1(1) <
F~Y(55) < 6 < 7/2 and thus the maximum Fraunhofer
distance is obtained as (20). |

Fig. 1 schematically depicts how the Fraunhofer distance
is initially increased and then decreased when moving from
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Fig. 5. The exact and approximated value of #F for various number of array
elements IV for a ULA antenna with half-wavelength inter-element spacing.

the on-boresight to the off-boresight scenario. The Fraunhofer
distance versus 6 for a single-element antenna (i.e., N = 1)
as well as ULAs with N € {3,10,40} is depicted in Fig. 6
by using (11) as well as running full-wave simulations using
HFSS software. It is seen as N increases (corresponding to
higher dimension of the antenna), the value of 6% rapidly
decreases toward zero, and for all values of 6 other than the
very small region around the principal axis in the angular
domain corresponding to § € [0,7/2 — %] U [7/2 + 6%, 7],
the Fraunhofer distance is 8 D?sin?(#)/\ which is 4 times
the Fraunhofer distance function d"° corresponding to a
single-element antenna with the same diameter D having a
centered reference point on the feed location. The full-wave
simulations obtained from an array of half-wavelength dipoles
verify the characterized formulation of the Fraunhofer dis-
tance. As shown in the figure, when the mutual coupling u
is set to zero, the results obtained from (11) and the full-wave
simulation are in perfect agreement. By increasing p, the
Fraunhofer distance is seen to be increased. The reason behind
that can be expressed as follows. The mutual coupling between
two adjacent elements in half-wavelength inter-element spac-
ing dipole arrays is capacitive [6]; therefore, an increase in
the phase difference occurs between two neighboring elements
if a non-zero mutual coupling is incorporated. This phase
shift is observed for any pair of consecutive elements in the
array, resulting in a corresponding increase in the maximum
phase delay. Therefore, if the reference point is located at
the Fraunhofer distance characterized by considering p = 0,
the incorporation of a mutual coupling i > 0 increases the
maximum differential phase delay from 7/8 to a higher value.
This can be compensated by increasing the distance of the
reference transmitting point source to return the corresponding
delay at the receiving antenna aperture to 7 /8.

Considering that access points (APs) are typically installed
at higher elevations compared to user equipment (UEs), lead-
ing to off-boresight scenarios, Fig. 7 illustrates the impact of
the relative height of the serving phased array antenna (denoted
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N=1:-----Eq.(11) XFW(u=0)
N =3 ——Eq.(11) XFW(=0 AFW(g=001) LCFWw=0.03)
N =10:——Eq. (11) XFW(u=0) AFW@=001) [IFW (g =0.03)
N = 40: Eq. (11)

W P
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6 (Deg)

130

Fig. 6.  Fraunhofer distance per wavelength (d¥ /\) versus observation

angle 6 for N-element ULA with half-wavelength inter-element spacing (i.e.,
D= M). The dashed lines relate the principal axis Fraunhofer distance

function dF0. The value of d _ for all curves corresponds to 2D? /) at
6 = 90. The results from full-wave (FW) simulations are provided as well by
considering an array of half-wavelength dipole elements with different values
of mutual coupling (u).

by h) on the maximum near-field coverage distance (denoted
by d). Three setups are considered including 2 different carrier
frequencies and 2 different aperture sizes. For instance, in the
case of a carrier frequency of f = 28 GHz and an aperture
dimension of 0.7 x 0.7 m?, increasing h from zero (on-
boresight scenario) to - = 35 cm results in an increase in
the maximum near-field coverage distance d from 183 m to
731 m. Further increasing i from 35 cm to about 100 m has
a negligible effect on d. Finally, increasing h from 100 m to
290 m reduces d to zero due to the dominance of far-field
propagation.

IV. CHARACTERIZATION OF RADIAL BEAMFOCUSING
REGION

In this section, we explore the near-field beamfocusing for
phased array antennas in the radial domain. First, we present
the formal definitions relating to characterizing the radial
focal region and beamfocusing in the radial domain. Then we
show that the maximum ratio transmission (MRT) beamformer
based on the near-field uniform spherical wave model results
in a focal gap between the desired focal point and the achieved
focal point. We discuss the challenge of finding a closed-form
solution for a radial focal point beamformer and propose an
efficient algorithm for achieving this in a few iterations.

LT F ™ F
, lf§—9 §9§§—|—9 an

otherwise
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Fig. 7. Maximum near-field coverage distance d for a phased array antenna
at height h, considering the operating frequency f € {2.8,28} GHz and
aperture area Sy € {0.2 x 0.2,0.7 x 0.7}m?.

A. Characterization and Properties of Beamfocusing in the
Radial Domain

Consider a transmit antenna array such as the UPA or ULA
antennas illustrated in Fig. 2. First, we start investigating the
radial beamfocusing in the far-field region. In this region,
we have g,(r) = %,Vn, and besides, the polarization loss
and effective aperture loss are only a function of 6 and ¢.
Thus we have

Gi(r,s,) = Gi(r,s5) = G1(6,9)
Ga(r,8,) = Ga(r, s7) = G2(0, ¢)

(21a)
21b)

Therefore, from (2), the received signal is formulated from the
GNC model as

N
y(r,b) = \/G1(9>¢)G2(9N¢5)6_]’2;T Z ej(*QTW(Tn*T)Jan)
n=1

42

yo(7) AF
(22)
where AF is the array factor. It can be verified that for the

far-field, it suffices to consider only the first-order term of the

Taylor series of 7, in (1), which leads to the following:
rn — 7 & 2} sin(0) cos(¢) + 25 cos(6) (23)

From (23) and (22) the magnitude of the received signal can
be written as

far-field:  ly(r,b)| = A0, 6) x *|AF(6,0,b) (4

where A(0,¢) = \/G1(0,9)G2(0, ¢) /4T and AF(0,¢,b) is
the array factor. It is seen in (24) that the array factor in the
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far-field is only a function of # and ¢, and it does not depend
on r. For the near-field, (22) can be written as

y(r,b)
_ [OCIGTD) 5

42
yo(r)

Gi(r,s,)Ga(r,8,) 12 I (~ 2 (ra=r)+B.)

X i\’: ( ) X —
el Gl (07 ¢)G2(9a ¢)) T721

AF
(25)

Therefore, the array factor is a function of r, as well as 6§ and
¢, and thus we have

near-field: |y(r,b)| = A(6, ¢) x 1|AF(r76’7<;57 b)|
T

= A6, $) x %|AF(r,b)| 26)
It is seen from (24) that for the far-field, |y(r,b)| oc L is
always a decreasing function of r and thus there exists no
directivity in the radial domain. For the near-field, however,
this does not hold; as seen in (26), the relation of the array
factor to r can result in a non-monotonic behavior of |y(r, b)|.

Definition 2: Given the angular values 6 and ¢, we call the
point f = (rf, 0, ¢) a radial focal point (RFP) corresponding
to some focal beamfocusing vector b, if it corresponds to a
local maximum of the absolute value of the radiated signal in
the radial domain. i.e.,

O|LAF(r,bY)| O?|LAF (r, b
e 270 g gpg 2220

or oyt or?
The RFP rf = (rf, 0, ¢) is called a 3dB radial focal point (3dB

RFP), if there exists some rf < rf and 7 > rf for which we
have

<0 (27

r=rf

1
>

7
The minimum possible interval corresponding to 7 — rf is
called the 3dB radial focal depth.

Definition 3: For a given 6 and ¢, let Df(r) and D348 (r)
be the the domain of the beamfocusing vectors for which (27)
and (28) hold respectively. The radial focal distance denoted
by d® and 3dB radial focal distance denoted by d*¥ 398 are
maximum values of r corresponding to a feasible RFP and
3dB RFP respectively. i.e.,

d" = max{r}, s.t. D'(r) £ 0
dRF3B — max{r}, s.t. Df’SdB(T) #0

LAr@rbY) L ARG of)| e e 7] @8)
' T

(29)
(30)

From Definition 3, for radial domain distance values r < d&F,
we can find at least one beamfocusing vector by € D'(r)
for which the point (7,6, ¢) is an RFP; and for r > dRF,
there exists no beamfocusing vector to realize an RFP. A sim-
ilar discussion holds for d®F39B. It should be noted that
JRF.3dB _ JRF

Property 2: For any array antenna, and any beamfocusing
vector b, we have d&F < d¥.
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This property is directly verified by observing (24), which
implies that in the far-field, there exists no beamfocusing
vector b corresponding to the solution of w = 0. For
example, for phased array antennas having small-size antenna
patch elements and using Fresnel approximation, the authors
of [30] have proved that the 3dB depth of focus is possible at
distances lower than d¥/10.

Given the angles 6 and ¢, let bMR be the maximum ratio
transmission (MRT) beamformer corresponding to maximum
signal amplitude, and b" be the maximum radial focusing
beamformer corresponding to the focal point with highest

amplitude at distance r. From (26) and Definition (3), pME
and b’ are obtained as follows:
bM® = argmax |AF(r, b)| 3D
b
b' = argmax |AF(r,b)|, b e Di(r) (32)
b

The solution to (31) is trivial and is obtained as bMF =
eJ 2T"T”,Vn, however, it is not straightforward to obtain the
solution to (32) since finding the domain Df(r) corresponding
to the feasibility of (27) is a challenging issue and necessitates
the incorporation of GNC or NUSW models for solving (27)
which is generally intractable. The important question that

arises is whether the beamformer b corresponding to MRT
transmission for point ¥ = [F,0, ¢]T results in a dominant
radial focal point at some location r = [r, 0, gb]T. The answer
to this question provides a practical method to obtain the
beamformer corresponding to a desired radial focal point at
ri as will be elaboga%\t/leél in Section IV-C.

Property 3: Letb  be the MRT beamformer correspond-
ing to point ¥ = (7,0,¢), and let »' = (vf,0,4) be the
radial focal point closest to 7 in the radial domain, called
as dominant radial focal point with respect to . We have

—MR _"=MR _
ly(r£, 07 )| > |y(@ b )| and rf < 7.

To justify Property 3, note that 5" results in the highest
signal amplitude at point ¥ = (7, 6, ¢). Increasing the radial
distance from 7 to some distance r > 7T decreases the
signal level because the completely coherent arrival of the
signals from different array elements does not exist anymore,
and besides, the channel gains of all antenna elements are
decreased due to higher distance. Therefore, the existence of
a dominant focal point is not possible at » > 7. Decreasing
the radial distance from 7 to some value r < 7, however,
has two opposite effects. On one hand, changing the location
results in the violation of a fully coherent arrival of the
signals, leading to a weaker signal, and on the other hand,
increases the array factor due to lower values of r,, in (25). The
point where the former attenuating factor begins to dominate
the latter intensifying one is the focal point 7, wherein the
signal magnitude is higher than 7 due to the monotonically
decreasing property ofl\J’y\ around 7 in the radial domain.

Definition 4: Let b A be the MRT beamformer corre-
sponding to the point 7, and rf be the resulting dominant
radial focal point. The radial focal gap corresponding to the

point 7 is defined as G(¥) =7 — rf.
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B. Radial Focal Gap and Spot Beamfocusing in the
Asymptotic Scenario

In this section, we study the radial focal gap in the asymp-
totic case where the number of antenna elements tends to
infinity. The following Property will be used in providing the
proof for the next Theorem.

Property 4: Considering the USW normalized channels, for
two points 71 # 7o, the array response has 2D asymptotic
orthogonality for the ULA and 3D asymptotic orthogonality
for the UPA if the number of antennas NV is sufficiently large.
This property is mathematically expressed as follows:

1
lim —\aT(rl)a*(rgﬂ =0

N—oo N ©3)

where r; = (r;,6;) in the 2D domain, and r; = (r;,0;, ¢;) in
the 3D domain.

Proof: Please refer to [37]. |
It can be demonstrated through various simulations that the
radial focal gap 7 — rf approaches arbitrarily small values
for many antenna structures if they have a sufficiently large
number of array elements. The following theorem provides a
sufficient condition for this.

Theorem 2: Let ' = (rf, 0, ¢) be the dominant radial focal
point resulting from the MRT beamformer b " corresponding
to the point 7, and assume that the antenna elements gain vec-
tor g(r) can be approximated by a set of piece-wise uniform

gain vectors (i.e., g(r)nx1 ~ [gT(7), g3 (r),....,g%,(")]7T,
where g, () is 7 x 1, and [g,,(")]n, = (g (r)]n, =

Im, Vn1,no, m. In the asymptotic case, the radial focal gap
vanishes, i.e., limy_ (7 — ') = 0, and besides, a 3D spot-
like beamfocusing is achieved around 7.

Proof: The proof can be followed by employing Prop-
erty 4. The details are omitted here due to conciseness. [ ]

It is worth noting that Theorem 2 establishes a sufficient
condition for ensuring the disappearance of the asymptotic
radial focal gap. Even though the conditions of the theorem
may not hold for many antenna structures such as ULA or
UPA, we can prove that the asymptotic disappearance of radial
focal gap under the NUSW model holds for many antenna
array structures. In what follows we present two theorems to
verify this for ULAs and UPAs.

Theorem 3: Consider a ULA antenna and two points r» =
[r,0]T and 7 = [7,0]" in the 2D domain in the near-field
region of the antenna and let BMR be the MRT beamformer
corresponding to 7. Under the NUSW model, the normalized
signal amplitude at any point » # 7 (r # 7 or § # 0)
asymptotically tends to zero as N increases. i.e.,

—MR
. |y
lim ky = lim ——r, =V (34)
N —oo N—o0 ‘y(?7b )‘
Proof: See Appendix A. [ ]

Theorem 4: Consider a UPA antenna and two points r =
[r,0,¢]T and 7 = [F, 0, ¢|T in the 3D domain in the near-field
region of the antenna. Let b " be the MRT beamformer
corresponding to 7. Under the NUSW model, the normalized
signal amplitude at any point r # 7 (r # 7 or @ # 0 or ¢ # ¢)



MONEMI et al.: STUDY ON CHARACTERIZATION OF NEAR-FIELD SUB-REGIONS FOR PHASED-ARRAY ANTENNAS

1 \d e R ———__
| ~ I TTe—
| .
S 08" A ]
= A Qg
= ! 1.7m | | I
5 /N [ Lo
%0 0.6+ / I : : f :_
= : <
g // : : \
N // ! I
= 04r, ; ! 3
< / | |
g : | — N=40
Q g —— N =120[1
Z 02 | |
| | —— N =500]_|
ot 7 - N=120
0 1 é 1 é 1 1
3 4 5 6 7 8 9
r(m)
Fig. 8. Radial beamfocusing for N-element ULA antenna. The frequency

is 28GHz, and the inter-element spacing is half wavelength. The solid curves
and the dashed curve correspond to employing the NUSW and USW channel
models.

asymptotically tends to zero as N increases. i.e.

—MR
, T N |
lim Ky, N, = lim R, = 0 35)
N1,Ny—o0 N1,Ny—o00 |y(?, b )|
Proof: See Appendix B. [ |

The following corollary can be directly deducted from
Theorems 3 and 4.

Corollary 2: Under the NUSW near-field channel model of
UPA and ULA antennas, in the asymptotic case where /N tends
to infinity, the following properties hold:

(a) The radial focal gap tends to zero.

(b) The focal region reduces in size and concentrates into:
« a small spot-like 3D focal point applied to the UPA.
o a thin 2D focal ring applied to the ULA.

3D near-field spot beamfocusing (SBF) which can be real-
ized by ULA and UPA antennas in the asymptotic case,
has many potential applications not only in wireless com-
munication and high-power and safe wireless power transfer
(WPT) [25] but also in health and medical sensing (e.g.,
stimulating specific neurons through neuromodulation [38]),
semiconductor and THz technology (e.g., high speed turning
on/off nano switch arrays through casting spot-like power on
each switch element [39]), etc.

Fig. 8 depicts the normalized signal magnitude of a ULA
consisting of IV antenna elements in the radial domain, where
N € {40,120,500}. We have considered the beamformer
vector b = b corresponding to a point with a distance
of ¥ = 6m from the antenna center located on the boresight.
First, it is seen that for N = 40 (corresponding to d* = 8.6m),
the MRT beamformer results in no focal point at any point
rf < 7 in the radial domain. Considering N = 120, a dominant
focal point is achieved at rf = 4.3m, exhibiting a radial focal
gap of 1.7m. To illustrate that the efficacy of the USW is
limited in analyzing the radial domain focusing and capturing
the achieved radial focal gap, the normalized magnitude for
N = 120 obtained using the USW model is also depicted
by the red dashed curve. It is observed that this model yields
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Fig. 9. Multi-focal radial and angular beamfocusing considering the NUSW
model for a large-scale 100 x 100 UPA with a fully connected MRT
beamformer having two RF chains. The frequency is 28GHz, the inter-element
spacing is half wavelength, and array elements are considered to be isotropic.
The antenna is located on the xz-plane centered is (0,0,0.5) and the DFPs are
located at the (0,2,0) and (0, 3.5, 0).

inaccurate results, and even more concerning, it fails to capture
the radial gap between rf and 7, and consequently, employing
the GNC or NUSW becomes necessary. Finally, following
Theorem 3, it is observed that for a significantly large value of
N (equal to 500), the gap between 7 and the achieved radial
focal point, rf, is substantially reduced, reaching a mere 2cm.

The radial focal gap between the DFP and AFP for a multi-
focal 3D beamfocusing scenario using a large-scale planner
array is investigated in Fig. 9. We have considered a 100 x
100 UPA, having a fully connected MRT beamformer with
two RF chains, where the DFPs are located at points (0, 2,0)
and (0,3.5,0). It is seen that 3D multi-focal beamfocusing
is achievable through large-scale planner arrays both in radial
and angular domains. Besides, it is observed that the 3dB depth
of focus as well as the radial focal gap between the AFP and
DFP are greater for the DFPs with higher distances. This is
expected as the farther DFPs are from the aperture, the closer
to the Fraunhofer boundary, and thus less near-field spherical
curvature is experienced. Here, for the near and far DFPs,
we have a gap of 1cm and 4cm respectively.

C. Beamformer Design to Realize Radial Focal Point in the
Non-Asymptotic Scenario

Theorems 2, 3 and 4 reveal that under the NUSW near-field
channel model, for most antenna structures, if we have an
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Algorithm 1 : Calculation of Beamfocusing Vector Corre-
sponding to the Focal Point rf

Output: Beamfocusing vector b* corresponding to a desired

radial focal point rf = (rf, 0, ¢);

Initialization:

1: Let  « 1 + ¢, where ¢ < 1 is a small number, k < 1;
g, — —1; 7 — v g1 — y(rf,by), where by is
the maximal beamforming vector corresponding to the
point 7y = rf = (71,0, ¢);

Main procedure:

2: repeat

3: Let k — k+1;

4: Let 7y «— aTg_1, Jp — ’y(rf,gk) , where by, is the
maximal beamforming vector corresponding to the
point 7, = (7%, 0, ¢);

5: Let 95, — (Jx — Or—1)/(Tr — Tr—1);

6: until g, x g, _; <0

7: Obtain the optimal 7* € [Fg,Tr_o] corresponding to the

zero-point of ¢ at » = rf through bisection search
algorithm, with initial inputs 7; and Tg_o;

8: Obtain b* as the maximal beamfocusing vector corre-
sponding to the point 7* = (7%, 6, ¢);
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The convergence of Algorithm 1 for implementing the radial

beamfocusing at the focal distance 7f = 4m on the boresight of the antenna
for an N-element ULA. The left figure illustrates the achieved focal distance
per iteration for N € {130, 150,200}, and the right figure plots the signal
amplitude in the radial domain at three iterations for N = 150.

array with a very large number of elements, the radial focal
point is simply realized through analog MRT beamformer
corresponding to the point 7 ~ rf. This leads to a minimal
gap between the DFP and AFP. A practical problem to be
addressed is how to find a beamfocusing vector that results in
a focal point at some DFP with the distance rf in the radial
domain when the number of array elements is not too large.
In general, there exists no analytical closed-form solution to
this problem based on the GNC or UNSW models, even for the
simple ULA case. Considering the monotonically increasing
property of the signal magnitude when decreasing the radial
distance from 7 to 7f, as described in Property 3, we propose
Algorithm 1 which practically obtains the beamfocusing vec-
tor corresponding to some desired focal point at a distance

rf through a limited number of iterations. As seen in the

. . _ —MR .
algorithm, since we have rf < 7 for l) = b , instead of
setting the MRT beamfocusing vector b corresponding to 71,
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Fig. 11. Performance comparison of Algorithm 1 and MRT for different

values of radial focal distance 7f and No. of antenna elements N.

we set it for some points with higher distances in an iterative
manner according to steps 4 and 5 in the loop, and measure
numerically the slope of the received signal magnitude at the
observation point from two successive measurements. As soon
as a change in the sign of the slope is detected for some 7,
the desired point for the optimal MRT beamformer can be
found as some T* € [Fj,Tr_2]. At this step, the bisection
search algorithm finds the exact value of 7*. It is seen that in
the initialization phase, we have set the initial slope of |y |
denoted by y; to —1; this is because the initial dominant
radial focal point is realized for MRT beamformer b; at
Step 1 at some point 7; with 7; < 7; and with an amplitude
ly(#1,b1)| > |y(¥1,b1)|. Considering this, and noting that
the algorithm is only influenced by the sign of g, we can
set an arbitrary negative value to ¢} in the initialization
phase. To show the convergence of the proposed algorithm in
realizing a radial focal point at the DFP, we have considered
ULAs with N € {130,150,200} and a focal point on the
boresight of the antenna at 7/ = 4m. Fig. 10-a depicts the
convergence of the achieved focal point 7! to the desired
value. It is seen that for a larger value of IV, corresponding
to smaller gaps between rf and 7, the algorithm converges
with a higher speed, and besides, the higher the number of
array elements, the smaller, the initial distance between 77 and
DFP. In addition, for N = 150, we have depicted the radial
pattern for three iterations in Fig. 10-b to demonstrate how
the patterns in the radial domain are updated. Finally, noting
that Algorithm 1 and the MRT follow different objectives, the
performance comparison is presented in Fig. 11 in terms of
two different metrics. Consider a circle for representing the
focal region, centered at the DFP and having radius R (where
we have considered here R = 0.5 m), and let F denote the
portion of the circle area wherein the signal amplitude is lower
than that corresponding to the DFP. While Algorithm 1 is
seen to achieve the target peak power at the DFP resulting
in FAl2l = 1, a decay in the amplitude level is experienced
on the other hand as observed in both Fig. 10-b and the
orange-colored lines of Fig. 11. It is seen how increasing the
number of antenna elements lowers the amplitude gap and
highers the value of F, leading to equal performance measures
of Algorithm 1 and MRT in the asymptotic scenario.
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Fig. 12. Dipole ULA structure for calculating dNF.

To analyze the computational complexity, note that
Algorithm 1 contains two iterative procedures, corresponding
to the loop expressed in Steps 2 to 6, and the bisection search
stated in Step 7. These two procedures have limited iterations
and generally converge fast, as seen in Fig. 10. The complexity
for each iteration is determined by the dominant computa-
tionally complex term corresponding to the MRT beamformer
by, which is O(N) when considering a fully digital beam-
former with complete channel state information (CSI). The
computational complexity increases when employing hybrid
beamforming structures, due to the overhead associated with
analog and digital beamformers.

V. CHARACTERIZATION OF NON-RADIATING REGION

In this part, we investigate the non-radiating distance of
phased array antennas. The non-radiating distance d“® is
a distance very close to the antenna where the near-field
propagation models should be fully considered. Hence we
require the very exact expressions of electric and magnetic
fields to calculate d™®. Consider a ULA of diameter D
consisting of N center-fed thin dipole antennas each having
a diameter D?® located on the z access and centered at the
origin as seen in Fig. 12. We aim to calculate the active
and reactive powers at some point on the boresight with
distance 7 to the antenna. To do so, as seen in the figure,
first consider an infinitesimal dipole located on point (0, 0, 2)
at the Cartesian coordinate system with electric current density
I™(2') = I (2')a.. The electric potential function relating
to an infinitesimal current distribution on 2z’ is obtained as
follows [6]:

L,(2dz'
dA n)(r ¢a ):/\ o ( )dze jkR

T (36)

where p is the permeability and R’ = /72 + (2/)? is the
distance of the observation point to the infinitesimal antenna
at (0,0,z"). The electric and magnetic fields resulting from
dA™ are obtained respectively from the following Maxwell’s
equations:

dH™ =

1
2V x dA™ (37a)
n

V x dH"™ = jwe x dE™ (37b)

By taking the curls in the Cylindrical coordinate system and
after doing some mathematical manipulations, dH ™) and

STUDY ON CHARACTERIZATION OF NEAR-FIELD SUB-REGIONS FOR PHASED-ARRAY ANTENNAS

2975
dE"™ are derived as follows.
dH™ = dH{"a, (382)
dE™ = dE™a, + dE™a, (38b)
where
(n)
(n) _ rl ( )d —ikR’ /—2 1—3
dH, R Pa— IR (jER'™*+ R'™°)  (39a)
irk I(n) Nd /R/—3 -
dE,En) _ JTRN E;T) < e—]kR (Z _ Z,)
x (1—3jk "R~ —3k—*R'™?) (39b)
dE(n) _ UI(TL) (Z,)dZIR,_Q e—ij/
# 47
x (2—j 2k~ +kr?) R = 3r?R 2
+73r?k ' R'7?) (39¢)

The current distribution of the dipole antenna element n can
be well approximated as follows [6]:
|2 — zn>} ,

D
I™(2') = 1§V sin [k; (2 -
S S

D ,
zn—7§z <ZzZp+—

5 (40)

To express the electric field E™ and magnetic field H ") of
the n’th dipole antenna in a simple form, first, we define the
functions F' and G as follows.

(n) (D Zn, T )
_ /zn+2 sin [k (25 — |2/ — zn])] R LIGaE N COR AR

T )
(41a)
G(an) = Ga(DS7 Zns ’I")
SRS LR D#
= /Z = sin [k (5 — |2 2nl)] P LG CO R V)
s a/2
Zn_DT (TQ + (Z/)Q)
(41b)
One can verify that the following equality holds:
Fo(tn)(Ds ) _ )\1 aF(n)(D Zn; F) (42a)
GU(D®, zp, 1) = N2 GU(D®, 2, 7) (42b)

where DS = Ds/\, Zp = zp/A, T =1/), and
F) = BB, 2.7)

Z° sin [277 (% - |z'\)} .
:/ e—]27r(r +(2 +zn) ) dz /

B (2 E))?

(43a)

G = GM(D*,%,,7)

D° sin [277 (5— — |2’ )}
:/ 2 2 | ‘ e—]27r(r +(2 +zn) ) 5 d /

o ~ a/2 z
B4 )

(43b)
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Fig. 13. The magnitude of active power density P? and reactive power
density P" considering a single-element dipole antenna, as well as 5-element

phased arrays with current densities corresponding to Ié") = Ip,Vn (solid

lines), and I(()"> = (=1)"Ip, ¥n (dotted lines). The inter-element spacing is
half-wavelength and D° = 0.25\.

One can verify that Hé"), Eﬁ"), and Eg") can be obtained in
terms of functions F' and G as follows:

Znt+ B (n)~
JkI VT T~ ) 1=
H(;n) :/ dH(;n) _ (;- [FQ(TL) —j(2m) 1Fén):|

_ DS 4
n 2
(44)
Zn4+22 . (n)~
B = [ T e = ST o
r zn—DTS r 471_ 3
+35(2m) G + 3(277)—26:5.)”)} (45)
Zn+ n
DS
Fn T
—2j ((20) "+ 7?) B\ — 3 ™
+ 31(27r>17:’2F<”>] (46)

Ignoring the mutual coupling between array elements, the total
power is then obtained as follows:

1
P = §E X 1{"<
1 N N
-5 1> (Eﬁ”)&r + E§”>az) x |3 HMa,| @)
n=1 n=1

Finally, the active and reactive powers are obtained respec-
tively as

P* = Re{P} = Re {P.}a. + Re {P,} @,
P" = Im{P} = Im{P.,}a. + Im{P,} &,

(48a)
(48b)

where P, = %Zﬁ[zl Eﬁn) Zf:le H;("), and P, =
1IN EMYN H:;(”). The non-radiating distance d™¥ is
obtained as the maximum distance r at which the magnitude
of the active and reactive powers are equal. i.e.,

d"? = max{r},s.t.

Re{P,}? + Re{P.}?> = Im{P.}*> + Im{P,}*>  (49)
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Fig. 14. The non-radiating distance per A corresponding to in-phase
transmissions with Ié"> = Ip, Vn (solid lines) and non-in-phase transmissions

with I(()"> = (—=1)"Ip,Vn (dotted lines) versus the diameter of antenna
element (per A) for various number of antenna elements. The square and
triangle marks are obtained by full-wave simulations for N = 7 for both
in-phase and non-in-phase scenarios considering the mutual coupling of
p =0 and p = 0.03 respectively.

To evaluate dNR, two scenarios are considered for sim-
ulations. In the first one, we consider that the transmitted
signals from the array elements are all of the same phase,
corresponding to Io(n) = Ip,Vn, and in the second one we
consider the phase difference between the signal of each
antenna element and the neighboring element is 180° cor-
responding to Ién) = (=1)"Ip,Vn. We call the first and
second cases in-phase and non-in-phase scenarios respectively.
The simulation results have been obtained using our derived
formulations which have been verified by full-wave simula-
tions through HFSS software as well for N = 7 considering
© =0 and p = 0.03. Fig. 13 illustrates how the magnitude
of the active and reactive power density decreases as the
distance 7 is increased considering a single-element antenna,
as well as 5-element in-phase and 5-element non-in-phase
arrays, considering half-wavelength interelement spacing. It is
seen that in all cases the reactive power density dominates
the active power at distances very close to the antenna, and
after a very short distance (much less than a wavelength),
the active power dominates for both in-phase and non-in-
phase scenarios. To investigate how D® impacts the radiating
distance, we have considered in Fig. 14 various values of D®
ranging from 0.01 to 0.48 and obtained the corresponding
non-radiating distance d¥® per A for different numbers of
array elements N and both scenarios of in-phase and non-in-
phase transmissions. Firstly, it is seen that for all cases, as D*®
increases toward half a wavelength, the non-radiating distance
decreases toward zero for all values of N and both in-phase
and non-in-phase cases. This is because of the well-known
property that a half-wavelength is highly efficient and the
power is mainly radiated actively. Besides, it is seen that for
a single dipole antenna (N = 1) and a very small value of
D5, d"R tends to 0.159)\; this is equivalent to a distance
of A\/2m at which the active and reactive power density
are equal for infinitesimal dipole, as mathematically proven
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in [6]. On the other hand, it is seen that the non-radiating
distance for various array configurations lies consistently
below half a wavelength, which is significantly smaller than
the Fresnel distance. This observation invalidates the notion
that the non-radiating distance is constrained by the Fresnel
zone, a common misconception prevalent in many existing
works. For example, if we consider an antenna array with
N = 20 element and half-wavelength interelement spacing,

the maximum Fresnel distance is 1.75\/@ ~ 55\ which
is much higher than half a wavelength.

VI. CONCLUSION

In this paper, we characterized the off-boresight Fraunhofer
distance as well as the non-radiating distance for phased array
antennas. We showed how the Fraunhofer distance extends to
about 4 times when moving from on-boresight to off-boresight
angles. Furthermore, we elaborated on the formal definition
and characterization of the radial focal region based on the
general near-field channel model. We discussed how the MRT
beamformer designed based on the USW near-field channel
model leads to a radial focal gap between the desired and
achieved focal points. We presented an algorithm to realize
the desired radial focal point in the non-asymptotic scenario
(when the number of array elements is not very large) at the
exact DFP location by removing the impact of the radial focal
gap. In total, our analysis emphasizes the importance of proper
formulations and a deeper understanding of various near-field
propagation regions.

APPENDIX A
PROOF OF THEOREM 3

Consider a ULA with interelement spacing ¢ located on the
z axis as shown in Fig. 2-b, having a large number of elements
N, and excited with MRT beamformer [ corresponding to
point 7 = (7, ). Assuming that the central antenna element
is located at the origin corresponding to n = 0, the distance
from element n to point  is 7, = /72 — 28 cos(0)rn + §2n2.
By using the Taylor series /1 + x ~1+35 - ””—2, we may
approximate the phase component 2% (r, rn) as

2 —
TW (v/12—28cos(0)rn + 62n2 — \/?2 —26cos(0)Tn + §2n?)
~ 27(r — 7) /A + mn + nan? (50)

where = 255 (cos(f) —cos(f)) and ny =
’%2 Smr(e) Sm;(e) . Considering that the term 27 (r—7)/\

in (50) is independent of n, the signal amplitude at point

= (r,0) can be obtained as
(N-1)/2

e_j 2T7r (rn—"n)

\/7"2 — 26 cos(0)rn + 6%n?

i) -

7(1\/‘

%

61V

J(mntnan®)
/ dn
\/7"2 — 25 cos(f)rn + 6%2n?

Therefore we have (52), as shown at the top of the next page,
where a = 26 cos(0)r and @ = 26 cos(0)T. It should be noted
that » # 7 results in 77 # 0 or 72 # 0. First, we consider
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m 7 0 and 1o = 0. In this case, we can write limy oo Ay =
Ao as follows:

N,
A ns = cos(mn)dn N 2 [ cos(mn) n
—No VrZ —an+62n2 90 Mo n
2 .
= An, — 501(7)1]\70/2) (53)

where Ny /2 is a threshold value, such that for n > Ny/2, the
second-order term 6%n? dominates the zero-order and first-
order terms in the denominator of the integrand of Ay. The
first term Apnq is bounded since it corresponds to a proper
integral, and the second term is also a bounded cosine integral
(Equation 203(5) in [40]). Similarly, for By we can write

2,
— gSl(T]lNo/2)

On the other hand, for large values of N, from (52), C'y can
be written as

B ~ By, (54)

dn
Cn =~ Cn; + E/N/ - =Cn; — gln(QN/NO) (55)

Therefore, we conclude that

lim kpn

N—o0

\/[ANO—gm(”lNO)r + B, - Zsi(2 NO)r

~ li
o Cn; — ZIn(2N/Np)

N —o0

=0

(56)

Now we consider 72 # 0. Similarly, after doing some mathe-
matical manipulations, we can show that

lim sy
N—o0o

2 12
\/[ANO Lej(mha )} + [ B, - dsi(25E)
Cn; — §In(2N/Ng)

~ lim
N—oo

=0 67
APPENDIX B
PROOF OF THEOREM 4

Consider a N-element (N = N; N3) UPA on the xz plane as
shown in Fig. 2-a with an interelement spacing of J, centered
at the origin, where the central reference element corresponds
to ngy = 0 and ny = 0. From (1) the distance of the
antenna element (n1,n9) from points r and 7 are respectively
written as 7y, n, = /72 — 2arn; — 2brng + 8203 + §2n3

and Ty, p, = 1/T2 — 2a7ng — 2bFng + 62n3 + 62n3 where
a = §sin(f) cos(¢), b = dcos(d), a = dsin(f) cos(¢), and
b = dcos(#). Considering the Taylor polynomials of 7, .,
and 7y, p,, WE can write

21 -~

T(Tnh’nz - Tnh’nz)
2

~ ;\T(T —T)

+ C1nq + Gong + (3 + (3 + Gsnans (58)

ﬁ(nl,nz)
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Bn

> cos(nmin + nen?)dn

¥ V7r? —an+§*n?

7 sin(nin + nen?)dn

-y Vr?—an+0%n?
2

= ¥ ’ (52)
dn
— X /T —an + §2n?
Cn
. . _ = 2_ 2 2 _—2
inwhich (; =a@—a, (2 =b—-0, (3 = (627;1 _ 4 2; ), G4 = [9] G. C. Alexandropoulos, V. Jamali, R. Schober, and H. V. Poor, “Near-

2 2 2 72 ..
FoV b)) and ¢ = (2 — ). Similar to Theorem 3
T2r 27 r
we have
2 2
. . AN, N By, N
lim "f?vl No lim =
N1,Ny—o00 ’ N1,Nz2—o0 ONl,Ng ONl,Nz
(59
where
Ny Na

4 /T ER cos(u(ny, n2))dnadng
Ni,Ny =
Vo) N /2 = 2arng — 2brng + 6203 + 62n3

7 7 SIH( (7’L1, nz))dngdnl

2 2
By, N, = /
1,N2 Ny N2 \/r2 — 2arn; — 2brng + 62n1 + 52712

O = / /_Nz\/

Similar to the proof of Theorem 3, it can be verified that
Cn,,N, is asymptotically divergent, while An, n, and By, n,
are bounded values, provided that at least one of the coeffi-
cients (1, ...,(s be non-zero (which corresponds to r # T,
or § # 0, or ¢ # ¢). The details are omitted for conciseness.

MZN‘

dngdnl

— 2arny — 2bFng + 62n? + §2n3
(60)
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