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Cylindrical vector beams (CVBs) are radially polarized or azimuthally polarized beams in the radiative
near field. They resist diffraction within the Fresnel zone and exhibit a tighter focusing spot compared to
linearly polarized beams. Therefore, CVBs have found several applications, and multiple passive methods
have been proposed to generate them. To date, passive antennas have been limited to generating stan-
dard CVBs like Gaussian or Bessel beams at microwave frequencies. Therefore, the topic of this paper is
twofold. First, a passive method to generate arbitrarily defined CVBs is proposed. Second, the method is
applied to realize two experimental CVB antennas. One antenna generates an orthogonal Bessel summa-
tion (OBS) beam, while the other generates the well-known radial Gaussian (RG) beam. The OBS beam is
a superposition of multiple, weighted Bessel beams. Therefore, it cannot be readily realized using standard
CVB antennas. It is unique in that it exhibits zero diffraction loss at a given plane tangential to the aperture,
within its Fresnel zone, resulting in maximum coupling between circular apertures within the Fresnel zone.
Key to the proposed method of generating CVBs is the spatially dispersive mode-converting metasurface.
Unlike conventional metasurfaces, the normal power density does not have to be locally conserved across
this metasurface.
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I. INTRODUCTION

An experimental demonstration of what is known today
as a cylindrical vector beam (CVB) dates back to 1972
[1,2]. In 1972, Mushiake et al. reported a practical gen-
eration of a radially polarized optical beam using a He-Ne
gas laser [2]. Subsequently, in 1987, Durnin proposed the
nondiffractive properties of the radial Bessel (RB) beam
[3]. The RB beam is a classic example of a CVB. It resists
diffraction over a finite range within the Fresnel zone of the
generating apparatus, known as the nondiffractive range
[4–7]. Another classic example of a CVB is the radial
Gaussian (RG) beam. The RG beam also incurs minimal
diffraction within the Rayleigh length of the beam [8]. In
fact, through focusing, the RG beam can attain zero diffrac-
tion loss at a particular tangential plane within its Rayleigh
length [9].

In 2000, another interesting property of CVBs was
reported [10]. It was numerically shown that a tighter
focusing spot can be attained with radially polarized beams
compared to typical linearly polarized beams. The numer-
ical results in Ref. [10] were experimentally verified in
Refs. [11,12].

*Corresponding author: alsolamy@umich.edu

CVBs can be formally defined as radially or azimuthally
polarized beams that solve the exact or the paraxial vec-
tor wave equation in free space [13–15]. Due to their
diffraction-resisting properties in the radiative near field
[8] and the fact that they exhibit a tighter focusing spot
compared to similar beams with a homogeneous polariza-
tion state [10,11,16], they have found several applications
[16]. These applications include imaging and microscopy
[17,18], optical trapping [19], laser machining [20], and
radiative wireless power transfer [9,21,22].

Following Mushiake’s pioneering work, several passive
methods were proposed to generate CVBs. In general,
these methods involve the use of polarization conversion
devices, where the polarization of more common beams,
linearly or circularly polarized beams, is converted to the
desired polarization state. A summary of such methods can
be found in Ref. [16]. Another method to generate CVBs
is to carefully excite the TE01 mode or TM01 mode in
an optical fiber while suppressing the fundamental HE11
mode [23–25]. More recent methods to generate CVBs use
metasurface technology [7,26–28].

Passive methods of generating CVBs, especially at
microwave frequencies, rely on either polarization conver-
sion or single-mode excitation. Both approaches do not
provide control over the spatial (equivalently the modal)
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distribution of the CVB. As a result, antennas have been
solely used to generate CVBs with standard spatial pro-
files, such as Bessel or Gaussian profiles, since these
spatial profiles are natural modes of the employed cavities.
This leads to the two following questions:

(a) Can arbitrarily defined CVBs (CVBs with arbitrary
amplitude and phase profiles) be generated using passive
devices?

(b) How can arbitrarily defined CVBs be useful?

Thus, the topic of this paper is twofold. First, a passive
method to generate arbitrarily defined, axially symmetric
CVBs is proposed. This method relies on mode conver-
sion, rather than polarization conversion as is common in
the generation of CVBs. As depicted in Fig. 1, a mode-
converting metasurface can be designed to convert the
modal distribution of the excitation in a radial cavity to
the modal distribution of a desired CVB. The natural
modes of radial cavities form a complete orthogonal set.
An arbitrarily defined CVB can be expressed as a super-
position of these modes. The discussion will be focused
more on the practical realization and applications of the
proposed method, as its theoretical foundations have been
established in Ref. [29]. Second, an antenna is designed
to generate a CVB that has been recently shown to be
optimal for coupling two circular apertures within the
Fresnel zone [9]. The beam is constructed from a superpo-
sition of orthogonal Bessel beams with different complex
coefficients. The complex coefficients of the orthogonal
Bessel beams are optimized to maximize the power trans-
fer between two identical apertures. For convenience, this
beam will be referred to as the OBS beam, which stands for
“orthogonal Bessel summation.” Additionally, an exper-
imental antenna is realized to generate the well-known
RG beam.

Arbitrarily controlling the amplitude and phase distri-
butions of the generated CVB is what differentiates this
method from all other methods of generating CVBs. Given
this unique property, the proposed method will allow alter-
native and unexplored CVBs, such as the OBS beam, that
can be optimized and tailored to specific applications or
functions. Additionally, this method implements a meta-
surface solution, permitting low-profile devices fabricated
using low-cost methods such as PCB processing. Vari-
ous metasurface devices have been proposed to control
both the amplitude and phase of radiated fields. These
include modulated metasurface antennas [30,31], omega-
bianisotropic metasurfaces [32], paired metasurfaces
[33,34], and others [35]. Most of the proposed devices con-
trol far-field beams with a spatially homogeneous polar-
ization state (linearly polarized or circularly polarized
beams). In contrast, the method proposed here is used to

Radial cavity

Mode-converting

Desired cylindrical vector beam

Excited modal
distribution

metasurface

ρ̂

FIG. 1. Generation of arbitrarily defined, axially symmetric
cylindrical vector beams by shaping the modal profile inside
an excited radial metallic cavity. A cascaded-sheet, mode-
converting metasurface is placed atop an excited radial cavity
to transform the excited modal distribution to the desired CVB
modal profile. The mode-converting metasurface is composed
of a stack of spatially varying electric admittance sheets sep-
arated by dielectric spacers. The electric admittance sheets are
implemented as concentric metallic rings.

control radially polarized beams (spatially nonhomoge-
neous polarization state) in both far-field and near-field
regions

Multilayer mode-converting metasurfaces are central to
the antennas proposed in this work that generate CVBs.
As explained in Ref. [36,37], they can be designed through
optimization, where the impedance profiles of the metasur-
face layers are optimized to realize a targeted modal trans-
formation. This optimization technique accounts for spatial
dispersion due to the finite thickness of the metasurface.
Additionally, as discussed in Ref. [38,39], multilayer meta-
surfaces can be designed to exhibit nonlocal responses,
i.e., the normal power density does not have to be locally
conserved across the entire metasurface. For these two rea-
sons, the mode-converting metasurface is fundamentally
different from other conventional metasurfaces that are
designed by defining local boundary conditions, known as,
generalized sheet transition conditions (GSTCs) [40,41].
Although, GSTCs have been recently extended to include
spatial dispersion [42,43], the optimization technique in
Refs. [36,37] appears to be more practical, since the
extended GSTCs do not take into account the metasurface
thickness.

II. THE ORTHOGONAL BESSEL SUMMATION
(OBS) BEAM FOR MAXIMUM POWER

TRANSFER BETWEEN IDENTICAL CIRCULAR
APERTURES

This section briefly discusses the OBS beam, since it
is an unconventional and recently introduced CVB. As
noted, CVBs are known for their diffraction-resisting prop-
erties in the radiative near field. For this reason, wireless
power transfer using CVBs was the topic of multiple
recent papers [9,21,22,44]. In Ref. [22], coupling between
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two metasurface-based Bessel beam launchers was consid-
ered at microwave frequencies. It was shown that the two
launchers can couple through an even or odd free-space
mode. In Refs. [9,44], the authors considered coupling
between circular apertures supporting several types of
CVBs. Notably, it was shown that the OBS beam can trans-
fer power between circular apertures with zero diffraction
loss over a range of separation distances [9].

The OBS beam maximizes coupling between two
opposing, identical, and radially polarized circular aper-
ture antennas, each backed by a perfect electric conducting
(PEC) ground plane, as shown in Fig. 2[9]. Accord-
ing to the surface equivalence principle, each aperture
antenna can be represented by an equivalent magnetic
current distribution M̄ that radiates radially polarized elec-
tric field. The equivalent magnetic current distribution M̄
is evaluated in the absence of the second antenna. As
explained in Refs. [45,46] and in Appendix A, M̄ and
the fields due to M̄ can be used to find the coupling
between the two aperture antennas by performing reac-
tion integrals. A radially polarized OBS beam that max-
imizes coupling between two circular apertures separated
by a distance zs can be generated using a circular aper-
ture supporting the following magnetic current distribution
M̄ OBS:

M̄ OBS =
N∑

n=1

Azs
n

un
J1

(
jn
R

ρ

)
φ̂, (1)

where, jn is the nth null of the Bessel function of the first
kind and order zero, R is the radius of the physical aper-

ture, and un =
√

J 2
1 (jn) R2/2. The complex coefficients Azs

n

are found through optimization. Although, the optimiza-
tion procedure was explained in Ref. [9], a summary of

the procedure is provided in Appendix A for the reader’s
convenience.

It is worth mentioning that the OBS satisfies the con-
dition of maximum coupling between identical circular
aperture antennas separated by a distance zs, which is given
as follows:

T (ρ) H̄ (ρ, z = zs) = bT (ρ) H̄ ∗ (ρ, z = 0) , (2)

where, H̄ (ρ, z = 0) is the tangential propagating mag-
netic field evaluated at the transmitting aperture. The field
H̄ (ρ, z = zs) is the tangential propagating magnetic field
evaluated at the receive aperture (z = zs). T (ρ ≤ R) = 1,
T (ρ > R) = 0 and b is a complex constant that is related to
the coupling coefficient between the two aperture antennas
� as follows:

� = |b|2. (3)

A proof of the condition given by Eq. (2) and relation
(3) is provided in Appendix B. When |b| = 1, condition
(2) guarantees zero diffraction loss and, therefore, max-
imum power transfer (see Fig. 2). This is in contrast to
the conventional Bessel beam, which exhibits minimal, but
nonzero, diffraction loss within a specific range known as
the nondiffractive range [8,47]. Equation (2) can be trans-
lated into an eigenproblem. Using the free-space Green’s
function, the tangential magnetic fields H̄ (ρ, z = 0), and
H̄ (ρ, z = zs) in Eq. (2) can be both written in terms of the
magnetic current distribution M̄ OBS in Eq. (1). Therefore,
the magnetic current distribution M̄ OBS of an OBS beam
that maximizes the coupling between two apertures sepa-
rated by a distance zs must be the eigenfunction with the
maximum eigenvalue of the following integral equation:

T (ρ)

∫ R

0
M̄ OBS (ρ ′) gp

(
ρ ′; ρ, zs

)
ρ ′dρ ′ = bT (ρ)

∫ R

0

(
M̄ OBS)∗ (ρ ′) gp

(
ρ ′; ρ, 0

)
ρ ′dρ ′, (4)

where, gp
(
ρ ′; ρ, z

) = ∫ 2π

0 sin
(

k0

√
z2 + ρ2 + ρ

′2 − 2ρρ ′ cos (φ)
)
/
√

z2 + ρ2 + ρ
′2 − 2ρρ ′ cos (φ)dφ and k0 is the free-

space wave number. Note that the free-space Green’s functions have been modified so that only the propagating spectrum
is considered when evaluating the fields.

Comparing a Bessel beam to an OBS beam, or even to
an RG beam, we notice that the Bessel beam is a natural
mode of a uniform radial waveguide. Therefore, it is easy
to generate a Bessel beam using a radial cavity. For exam-
ple, a TM Bessel beam can be generated using a leaky
radial cavity covered by a single homogeneous capaci-
tive sheet [7,28], or by using a radial cavity loaded with
metallic gratings [48]. On the other hand, generating OBS
and RG beams requires the excitation of multiple radial

waveguide modes with appropriate complex amplitudes.
Completely controlling the modal distribution in a cavity
requires a structure more complicated than a single homo-
geneous capacitive sheet or metallic gratings. Therefore,
OBS and RG beams cannot be generated using standard
methods for generating CVBs.

As a final note, the coefficients of the OBS beam can be
found by solving the eigenproblem in Eq. (4). However, in
this work as explained in Appendix A, the coefficients of
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FIG. 2. Two opposing, identical, and radially polarized circu-
lar aperture antennas, each backed by a perfect electric conduct-
ing (PEC) ground plane. Either aperture antenna is represented
by an equivalent magnetic current distribution M̄ that radiates
a radially polarized electric field. The slice plots between the
apertures represent the tangential component of the propagating
magnetic field at different horizontal planes. The color of the slice
plots indicates the amplitude of the fields, and the contours of
the slice plots indicate the phase of the fields. The propagating
magnetic field at the receiving aperture should be the complex
conjugate of the magnetic field at the transmitting aperture for
maximum coupling between the two apertures.

the OBS beam are found by maximizing the simple form
of coupling, Eq. (A19), that is provided in Appendix A.

III. DESIGN PROCEDURE FOR CVB
MODE-CONVERTING METASURFACE

ANTENNAS

The proposed CVB mode-converting metasurface
antenna consists of three sections: the coaxial feed, the
mode-converting metasurface, and the radial cavity (see
Fig. 3). This structure is similar to other metasurface anten-
nas that are composed of a metasurface atop a cavity
[47,49–51]. The three sections of the antenna can be ana-
lyzed and cascaded using modal network theory. In order
to demonstrate this, let us recall the modal expansion of
radially polarized electric fields in a metallic radial cavity

FIG. 3. The proposed CVB mode-converting metasurface
antenna. It consists of a mode-converting metasurface backed
by a coaxially fed radial metallic cavity. The antenna can be
divided into three sections: the metallic cavity, the metasurface,
and the feed. Each section can be described using a multiport
modal network. The entire antenna can be analyzed and designed
by cascading the multiport modal networks of each section. The
desired CVB can be formed directly at the cavity’s aperture or at
a displaced plane that is zd meters away from the aperture.

excited at its center,

Eρ =
N∑

n=1

√
ηTM

n

u2
n

[an (z) + bn (z)] J1

(
jn
R

ρ

)
, (5)

where, jn, and R are defined as in Eq. (1), un is defined
as in Eq. (1), ηTM

n is the TM wave impedance of the the
nth mode. In addition, an (z) and bn (z) are the forward
and backward modal coefficients, and their z dependence
is given by a propagating and decaying exponential as
follows:

an (z) = an e
−i

(√
k2

0−
(

jn
R

)2
)∗

z
,

bn (z) = bn e
i

(√
k2

0−
(

jn
R

)2
)∗

z
,

(6)

where, k0 is the free-space wave number, and an and bn
are complex constants. Inside the coaxial feed, only the
fundamental TEM mode is assumed.

To proceed, we need to define a set of modes with
reference to Fig. 3 as follows. At the input plane of the
coaxial feed, a(0)

1 , and b(0)

1 denote the complex coefficients
of the incident and reflected coaxial TEM modes, respec-
tively. At the metasurface’s input plane,

{
a(1)

n

}
, and

{
b(1)

n

}

denote the complex coefficients of the forward and back-
ward TM0n cavity modes. Finally, at the metasurface’s
output plane (the aperture plane of the antenna),

{
a(2)

n

}
,

and
{
b(2)

n

}
denote the complex coefficients of the forward

and backward TM0n cavity modes. Now, we can write the
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following relations:
[

b(0)

1[
a(1)

1 , . . . , a(1)
N

]T

]
= ¯̄Sfeed

[
a(0)

1[
b(1)

1 , . . . , b(1)
N

]T

]
(7)

⎡

⎣

[
b(1)

1 , . . . , b(1)
N

]T

[
a(2)

1 , . . . , a(2)
N

]T

⎤

⎦ = ¯̄SMTS

⎡

⎣

[
a(1)

1 , . . . , a(1)
N

]T

[
b(2)

1 , . . . , b(2)
N

]T

⎤

⎦ (8)

[
b(2)

1 , . . . , b(2)
N

]T
= ¯̄Saper

[
a(2)

1 , . . . , a(2)
N

]T
. (9)

In Eq. (7), ¯̄Sfeed is the modal scattering matrix of the
coaxial-to-cavity junction. It relates the reflected modes on
both sides of the junction to the incident modes on both
sides of the junction. It can be obtained by applying the
mode-matching technique, as in Ref. [22], or it can be
calculated using commercial electromagnetic solvers. In
Eq. (8), ¯̄SMTS is the modal scattering matrix of the mode-
converting metasurface. Similarly, it relates the reflected
modes on both sides of the metasurface to the incident
modes on both sides of the metasurface. A detailed discus-
sion on the calculation of ¯̄SMTS can be found in Ref. [37].
Finally, in Eq. (9), ¯̄Saper is the modal reflection matrix due
to the free-space interface. It can be calculated using the
spectral form of the free-space Green’s function [29]. From
Eqs. (7)–(9), the modal coefficients b(0)

1 ,
{
a(2)

n

}
, and

{
b(2)

n

}

can be found for a given coaxial excitation a(0)

1 . Recall
that,

{
a(2)

n

}
, and

{
b(2)

n

}
are the modal coefficients evaluated

at the output plane of the mode-converting metasurface,
which is also the antenna’s aperture. So, the electric field
at the antenna’s aperture (0 ≤ ρ ≤ R) can be written using
Eq. (5) as,

Eaper =
N∑

n=1

√
ηTM

n

u2
n

[
a(2)

n + b(2)
n

]
J1

(
jn
R

ρ

)
. (10)

To generate a desired CVB, we should first stipulate the
electric field over an aperture ECVB supporting the desired
CVB. Then, we can write ECVB in terms of the cavity
modes,

ECVB =
N∑

n=1

en J1

(
jn
R

ρ

)
. (11)

In the optimization, we can define the following objective
function:

F = |b(0)

1 | + ∥∥ĒCVB − Ēaper
∥∥, (12)

where, ĒCVB = [e1, . . . , eN ]T, and Ēaper =
[√

ηTM
1 /u2

1

[
a(1)

n + b(2)

1

]
, . . . ,

√
ηTM

N /u2
N

[
a(2)

N + b(2)
N

]]T

are vectors of

the corresponding coefficients. The admittance profiles of
the electric sheets can be optimized to minimize the objec-
tive function (12) [29]. Note that, minimizing |b(0)

1 | ensures
that the coaxial feed is matched to the cavity.

Forming the desired CVB by directly shaping the cav-
ity’s aperture, requires shaping both the propagating and
the evanescent spectra. This can be challenging. Alterna-
tively, the desired CVB can be formed at a plane slightly
displaced from the aperture, by which the evanescent
waves excited by the uppermost sheet of the metasurface
become negligible. In this case, the objective function is
written in terms of the continuous free-space spectrum of
the aperture’s electric field and the desired CVB. The con-
tinuous free-space spectrum of the aperture’s electric field,
denoted by Ẽaper, can be found by mode matching the dis-
crete cavity modes of the aperture’s electric field, given by
Eq. (10), with the continuous free-space modes as follows:

Ẽaper =
N∑

n=1

√
ηTM

n

u2
n

[
a(2)

n + b(2)
n

]
Ln
(
kρ

)
, (13)

where, kρ is the wave number along the radial direction (ρ̂)
and Ln

(
kρ

) = ∫ R
0 J1 (jn/Rρ) J1

(
kρρ
)
ρdρ which is known

in closed form [52]. Similarly, the continuous free space
spectrum of the desired CVB, denoted by ẼCVB, can be
found by mode matching the discrete cavity modes of the
desired CVB, given by Eq. (11), with the continuous free-
space modes as follows:

ẼCVB =
N∑

n=1

en Ln
(
kρ

)
. (14)

As opposed to the discrete cavity modes, which are orthog-
onal only in the cavity domain (0 ≤ ρ ≤ R), the free-space
modes are orthogonal over the entire ρ space (0 ≤ ρ

≤ ∞).
Let us assume, that we wish the desired CVB to be

formed at a displaced plane, zd meters away from the aper-
ture, as shown in Fig. 3. Then, we can define the following
objective function:

F = |b(0)

1 | +
∫ ∞

0
|Ẽaper − ẼCVB|e−i

(√
k2

0−k2
ρ

)∗
zd

kρ dkρ ,

(15)

The admittance profiles of the electric sheets can be opti-
mized in order to minimize the objective function in
Eq. (15). Minimizing Eq, (15) ensures that the desired
CVB will be formed at the specified plane, which is zd

meters away from the aperture. Again, minimizing |b(0)

1 |
ensures that the coaxial feed is matched to the cavity.
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(a) (b)

FIG. 4. Normalized amplitude and phase profiles of the mag-
netic currents supported by the OBS antenna and the RG antenna.
(a) An OBS beam that maximizes the coupling between two
apertures of radius R = 2.5λ separated by a distance zs = 2.5λ

at 30 GHz. M̄ OBS denotes the profile of the magnetic current,
H̄ (ρ, z = 0) denotes the tangential propagating magnetic field at
the aperture, and H̄ (ρ, z = zs) denotes the tangential propagating
magnetic field at the plane z = zs. We see that H̄ ∗ (ρ, z = zs) =
H̄ (ρ, z = 0), which is the case of zero diffraction loss and max-
imum coupling. (b) An RG beam with a uniform phase profile
and waist w0 = R/2.

IV. DESIGN EXAMPLES: OBS BEAM, AND RG
BEAM ANTENNAS

In this section, two CVB antennas are realized: one radi-
ates an OBS beam, and the other radiates an RG beam,
both operating at 30 GHz. The aperture radius of both
antennas is set to R = 2.5λ at the design frequency. The
OBS beam radiated by the first antenna maximizes power
transfer between two opposing circular apertures placed
zs = 2.5λ away from each other. The beam is constructed
from five orthogonal Bessel beams. The aperture of the
OBS beam antenna supports a magnetic current M̄ OBS of
the following form:

M̄ OBS =
5∑

n=1

Azs
n

un
J1

(
jn
R

ρ

)
φ̂, (16)

where, jn is the nth null of the Bessel function of the first
kind and order zero, R is the radius of the physical aperture,
un is defined as in Eq. (1), and zs denotes the separation
distance between the apertures. The complex coefficients
Azs

n are found using the optimization procedure summa-
rized in Appendix A [9]. The coefficients are optimized to
maximize coupling at a separation distance zs = 2.5λ. The
complex coefficients of the considered OBS beam, shown
in Fig. 4(a), are given in Table I. For maximum coupling,
the OBS beam satisfies the condition given by Eq. (2),
where b = 0.9983∠ − 35◦.

The second antenna design generates an RG beam with
a uniform phase distribution. The aperture of the RG beam
antenna supports a magnetic current M̄ RG of the following
form:

M̄ RG =
√

2
ρ2

w0
2 e

− ρ2

w02
φ̂, (17)

TABLE I. Complex coefficients of M̄ OBS, where zs = 2.5λ at
30 GHz [53].

Azs
1 0.4411∠67.8474◦

Azs
2 0.7867∠44.3187◦

Azs
3 0.4222∠ − 1.5983◦

Azs
4 0.0911∠ − 78.7668◦

Azs
5 0.0059∠136.1688◦

where, w0 = R/2 = 1.25λ at 30 GHz. The amplitude and
the phase distributions of the RG beam are shown in
Fig. 4(b). Similar to the magnetic current M̄ OBS, the mag-
netic current M̄ RG can be expanded in terms of the cavity
modes as follows:

M̄ RG =
5∑

n=1

ARG
n

un
J1

(
jn
R

ρ

)
φ̂. (18)

For the sake of comparison with the OBS beam, the first
five complex coefficients of M̄ RG are shown in Table II.

Both antennas comprise a cascaded-sheet mode-
converting metasurface that is backed by a coaxially fed
metallic radial cavity, as shown in Fig. 5(a). The cavity, the
coaxial connector, and the metasurface’s dielectric spac-
ers are all the same for both antennas. Antenna dimensions
are provided in Fig. 5. It should be noted that, the total
thickness of the mode-converting metasurface is 4.54 mm,
which is 0.46λ at 30 GHz. An additional step discontinuity
was introduced in the radial cavity to physically support
the mode-converting metasurface, as shown in Fig. 5(a).
As shown in Fig. 5(b), the mode-converting metasurface
consists of four electric admittance sheets separated by
dielectric spacers. In the presented examples, Astra MT77
of thickness 0.03” (εr = 3, tan δ = 0.0017) was assumed
for the dielectric spacers. The admittance profile of the
mth sheet is denoted by Ym (ρ), where Y1 (ρ) indicates the
sheet that is closest to the coaxial feed. The metallic pattern
of the mth sheet can be found from its admittance profile
Ym (ρ) through scattering measurements [55,56].

The design process for both antennas can be split into
two consecutive steps. In the first step, the sheets’ admit-
tance profiles needed for a specific CVB are found through
optimization, as discussed in Sec. III. The second step
involves the realization of the optimal admittance profiles

TABLE II. Complex coefficients of M̄ RG; the first five coeffi-
cients are shown [54].

ARG
1 0.7739∠0◦

ARG
2 0.6305∠0◦

ARG
3 0.0571∠0◦

ARG
4 0.0131∠0◦

ARG
5 0.0073∠180◦
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(a) (b)

FIG. 5. Dimension of the metasurface antenna used to gen-
erate the design examples. (a) Cavity and feed dimensions, (b)
mode-converting metasurface cross section.

with patterned metallic rings. First, the electric admit-
tance sheets of the metasurfaces are discretized uniformly
into 15 annuli, as shown in Fig. 6(a). Each annulus (cell)
has a width equal to L = 2.5λ/15. Therefore, the admit-
tance profile of the mth sheet Ym (ρ), can be written as a
piecewise function,

Ym(ρ) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

iym
1 0 < ρ < R

15
iym

2
R
15 < ρ < 2R

15
...
iym

15
14R
15 < ρ < R,

(19)

where, R = 2.5λ, and ym
{1,2,...,15} are all real positive num-

bers. As a result, Ym(ρ) are capacitive lossless sheets.
Next, the interior-point algorithm within the built-in MAT-
LAB function fmincon is used to optimize the admittance
profiles of the electric sheets. In the OBS example, the
beam was formed directly over the aperture. Therefore,
the objective function defined by Eq. (12) was minimized
to design the OBS beam antenna. In the RG example, the
beam was formed at a slightly displaced plane from the
aperture (zd = λ). So, the objective function defined by
Eq. (15) was minimized to design the RG beam antenna.
The optimal admittance profiles for both antennas are
shown in Figs. 6(b) and 6(c). These optimal admittance
profiles can be realized as concentric metallic rings, as
shown in Fig. 7(a). In the presented examples, the num-
ber of metallic rings per sheet is 15. So, each admittance
annulus of each electric sheet is realized with a single
metallic ring. A design curve that maps the filling factor of
a metallic ring to its admittance can be extracted through
simulated scattering measurements, as explained in Refs.
[37,55]. See Fig. 7(a) for the definition of the filling factor.
The design curve for a metallic ring is shown in Fig. 7(b).

The full-wave solver ANSYS-HFSS was used to ver-
ify the performance of the designed OBS and RG beams
antennas. The optimal admittance sheets and their metal-
lic ring implementations have been simulated for each
antenna. Figure 8 shows the results of the simulation,

4

6

8

10

12

14

10–3

4

6

8

10

12

14

10–3(a) (b) (c)

FIG. 6. Discretized admittance profiles of the electric sheets
comprising the mode-converting metasurface. (a) The mth elec-
tric admittance sheet Ym (ρ) discretized into 15 concentric annuli,
where ym

n is the admittance of the nth annulus. (b) The optimal
admittance profile needed to generate the OBS beam shown in
Fig. 4(a). (c) The optimal admittance profile needed to generate
the RG beam shown in Fig. 4(b).

where Desired denotes the desired CVB, Sheets denotes
ANSYS-HFSS results for the optimal idealized sheet case,
and Patterned denotes ANSYS-HFSS results for the pat-
terned design of metallic rings. For the OBS beam antenna,
H̄ (ρ, z = 0) denotes the tangential propagating magnetic
field at the aperture, and H̄ (ρ, z = zs) denotes the tangen-
tial propagating magnetic field at the plane z = zs, where
zs = 2.5λ. Figures 8(a) and 8(b) show the OBS antenna
results. We can see from both figures that the electric field
radiated by the Sheet and the Patterned designs agree with
the desired fields. Furthermore, we see that H̄ (ρ, z = 0) =
H̄ ∗ (ρ, z = zs) satisfying the condition for maximum cou-
pling. Figures 8(c) and 8(d) show the RG antenna results
at a displaced plane (zd = λ). Again, we see from both fig-
ures that the electric field radiated by the Sheet and the
Patterned designs agree with the desired fields. Also, the
reflection coefficients calculated using ANSYS-HFSS for
both antennas are below −20 dB for the Sheet design. For
the Patterned design, the reflection coefficients calculated
using ANSYS-HFSS for both antennas are below −17 dB.
The results reported in Fig. 8 show that the proposed mode-
converting metasurface can be used to design low-profile
antennas that generate axially symmetric CVBs.

(a) (b)

FIG. 7. Realization of the optimal capacitive admittance
sheets as concentric metallic rings. (a) Perspective and side
views of the concentric metallic rings. The side view shows a
single ring that has a filling factor that is equal Ff = W/L. (b)
The design curve for the metallic rings. The curve maps the
admittance of the rings to their filling factor.
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(a) (b)

(c) (d)

FIG. 8. Simulated fields of the OBS and RG antennas using
the full-wave solver ANSYS-HFSS. Desired denotes the fields of
the desired CVB, Sheets denote ANSYS-HFSS simulated fields
for the optimal idealized sheet design, and Patterned denotes
ANSYS-HFSS simulated fields for the patterned metallic rings.
(a) The normalized amplitude of the tangential propagating mag-
netic fields radiated by the OBS antenna. (b) The phase distribu-
tions of the tangential propagating magnetic fields radiated by the
OBS antenna. (c) The normalized amplitude of the electric fields
radiated by the RG antenna. (d) The phase distributions of the
electric fields radiated by the RG antenna. In (a),(b) H̄ (ρ, z = 0)

denotes the tangential propagating magnetic field at the aperture,
and H̄ (ρ, z = zs) denotes the tangential propagating magnetic
field at the plane z = zs, where zs = 2.5λ. In (c),(d) the electric
fields are evaluated at a displaced plane z = zd, where zd = λ.

Lastly, the coupling between two opposing and perfectly
aligned OBS antennas was calculated using ANSYS-HFSS
for the Sheets design and the Patterned design for a separa-
tion distance zs = 2.5λ at 30 GHz. Each OBS antenna was
excited and terminated using a matched wave port. The
transmission coefficient between the two antennas’ ports
S12 or equivalently S21 can be used to write the coupling
coefficient � between the two antennas as follows:

� = |S12|2. (20)

Furthermore, since the simulation assumes no copper or
material losses, the normalized diffraction losses coeffi-
cient Ld (which is the ratio between the diffracted power
and the total input power) can be calculated as follows:

Ld = 1 − |S12|2 − |S11|2, (21)

where, S11 is the reflection coefficient at any of the
two antennas’ ports. The simulated coupling coefficient
between the two antennas are given in Table III, along
with the diffraction losses for the Sheets design and the
Patterned design. The results in Table III show that the

TABLE III. The coupling coefficient and the normal-
ized diffraction losses coefficient Ld � between two OBS
antennas separated zs = 2.5λ at 30 GHz [57].

� Ld

Sheets design 0.961 0.039
Patterned design 0.928 0.071

OBS antenna can transmit power efficiently with minimum
diffraction losses within the radiative near-field zone.

V. MEASUREMENTS

In the previous section, RG beam and OBS beam anten-
nas were designed using the method proposed in this
paper. The RG antenna was fabricated and the measure-
ment results of the fabricated prototype are discussed in
this section. The fabrication process and the measure-
ment setup are presented in Appendix C. Figure 9 shows
the reflection coefficient as a function of frequency. We
see that the resonance frequency shifted from 30 GHz
to approximately 29.5 and 30.4 GHz, which corresponds
to 1.6% and 1.2% shift in the frequency. At the design
frequency, the reflection coefficient is slightly less than
−5 dB. The mode-converting metasurface is designed to
perform two functions at the operating frequency: estab-
lish the desired CVB and impedance match the feed to
the cavity. However, fabrication inaccuracies shifted the
desired CVB to one frequency and the impedance match-
ing to different frequencies. Based on the near-field and
far-field measurements, we observe that the desired CVB
was established at 30.155 GHz, although the antenna
is matched at two different frequencies (29.5 and 30.4
GHz).

29.0 29.5 30.0 30.5 31.0
–40

–30

–20

–10

0

FIG. 9. The measured and simulated (using the commercial
full-wave solver ANSYS-HFSS) reflection coefficient (|S11|) as
a function of frequency.
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Figure 10 shows the measured near and far fields at
the shifted frequency 30.155 GHz vs the theoretically
predicted (Desired) and simulated (ANSYS-HFSS) near
and far fields at the design frequency 30 GHz. In Fig.
10(a), the normalized amplitude of the normal compe-
tent of the electric field |Ez| has been measured using a
coaxial probe at a plane that is λ away from the aper-
ture. The competent |Ez| has been measured along two
orthogonal axes (y = 0) and (x = 0). Along both axes we
observe a symmetrical beam, which is expected due the
symmetry of the structure. Additionally, we see that the
measured beam for both axes agree with the profile of
the derided and simulated RG beam. Figures 10(b) and
10(c) show the normalized amplitudes of the tangential
component of the electric field Eρ measured at multiple
planes tangential to the antenna aperture. In Fig. 10(b), the
electric field is measured at 30.155 GHz along the hori-
zontal axis (denoted y = 0). The beam expands (diverges
with distance) as a Gaussian beam. In Fig. 10(c), the elec-
tric field is measured at 30.155 GHz along the vertical
axis (denoted x = 0). Again, the beam expands (diverges
with distance) as a Gaussian beam. Along both axes,
we observe a nearly perfect symmetrical beam, which is
expected due the azimuthal symmetry. Figures 10(d) and
10(e) show the phase of the tangential component of the
electric field Eρ measured along the horizontal and vertical
axes, respectively. Again, the phase profiles are symmetric,
as expected. Moreover, the phase profiles expand spher-
ically. The antenna far field can be measured using the
measured tangential competent of the electric field in the
near field.

Figure 10(f) shows the measured far field of the antenna
at the frequency 30.155 GHz along the horizontal (φ = 0)
and vertical (φ = π/2) planes. We see good agreements
between the measured far field and the simulated (ANSYS-
HFSS) far field. Some asymmetries can be observed in the
measured far field as shown in the enlarged inset in Fig.
10(f). This is attributed to slight misalignment between
the metasurface layers. The measured directivity of the
antenna at 30.155 GHz is D = 16.5 dB. The antenna’s
realized gain is Gr = 13.34 dB, and the antenna’s
gain is G = 14.42 dB. The efficiency of the antenna,
defined as the ratio between the gain and the directivity,
is 62%.

VI. CONCLUSION

The contribution of this work is twofold. First, a pas-
sive method to generate cylindrical vector beams (CVBs)
with arbitrarily defined amplitude and phase profiles is
proposed and experimentally demonstrated. This method
relies on mode conversion rather than polarization con-
version, as is common in the generation of CVBs. Sec-
ond, this method is applied to design two CVB antennas.
One antenna generates an orthogonal Bessel summation

(OBS) aperture, the optimal aperture illumination for cir-
cular apertures. This beam is a superposition of multiple
weighted Bessel beams. Therefore, it cannot be readily
realized using standard CVB antennas. The other antenna
generates the well-known radial Gaussian (RG) beam.

Two design examples are presented. The first design
radiates a radial Gaussian (RG) beam, while the second
example radiates an orthogonal Bessel summation (OBS)
beam. Both antennas were designed at 30 GHz. The per-
formance of both antennas was verified using the commer-
cial full-wave solver ANSYS-HFSS. Furthermore, the RG
antenna was prototyped. The fabrication process and the
measured performance of the prototype were reported and
discussed.

Future work includes the fabrication of the proposed
OBS antenna. This antenna can be used to design wireless
power-transfer systems that operate in the Fresnel zone,
introducing another generation of wireless power-transfer
systems.
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APPENDIX A: OPTIMIZATION PROCEDURE FOR
THE OBS BEAM COEFFICIENTS

As discussed in Sec. II, the OBS beam maximizes power
transfer between two identical circular aperture anten-
nas for a given separation distance zs. It is constructed
as a superposition of orthogonal Bessel beams, each of
which is a natural mode of a cylindrical waveguide. The
complex coefficients of the constitutive Bessel beams are
found through optimization. The optimization procedure is
presented here.

To start, let us recall the closed-form expression for the
coupling between two identical circular aperture antennas,
where one is transmitting and the other is receiving, as
shown in Fig. 2,

� = |〈R〉|2
16P2 , (A1)

where, 〈R〉 is the electromagnetic reaction between the two
aperture antennas and P is the total power radiated by the
transmitting antenna [46,58]. Electromagnetic reaction is a
measure of coupling between two electromagnetic emitters
[59] and can be written as,

〈R〉 =
∫∫

S

(
M̄ · H̄(ρ, z = zs)

)
dS, (A2)

where, M̄ is the equivalent magnetic current distribu-
tion to the receive antennas. As defined in Eq. (2), the
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(a) (b) (c)

(d) (e) (f)

FIG. 10. Measurements of the RG antenna prototype. The fields are measured at the shifted frequency 30.155 GHz and at multiple
planes tangential to the antenna aperture. The normal component of the electric field Ez is measured at a plane that is λ away from
the aperture. The measurement planes for the tangential component of the electric field Eρ are d = 2λ, d = 3λ, d = 4λ, d = 5λ,
and d = 6λ away from the aperture. (a) The theoretically predicted (desired), simulated (ANSYS-HFSS), and measured normalized
amplitudes of the normal component of the electric field Ez at a plane that is λ away from the aperture. The fields are measured
along two orthogonal axes: the horizontal axis (y = 0) and the vertical axis (x = 0). (b) The normalized amplitude of the tangential
component of the electric field Eρ along the horizontal axis (y = 0). (c) The normalized amplitude of the tangential component of
the electric field Eρ along the vertical axis (x = 0). (d) The phase distributions of the tangential component of the electric field Eρ

along the horizontal axis (y = 0). (e) The phase distributions of the tangential component of the electric field Eρ along the vertical
axis (x = 0). (f) The theoretically predicted (desired), simulated (ANSYS-HFSS) and measured far-field radiation patterns along the
horizontal (φ = 0) and vertical (φ = π/2) planes. Note that the desired pattern is the same along both planes because of the azimuthal
symmetry. For clarity, the inset shows the pattern from −20◦ to 20◦. Some asymmetries in the beam can be observed in the inset. The
measurement probe in (b),(d) is x̂ polarized. The measurement port in (c),(e) is ŷ polarized. The far-field pattern in (f) is computed
using measured x̂-polarized and ŷ-polarized near fields. In (a),(f) the theoretically predicted and simulated results are at the design
frequency 30 GHz.

field H̄ (ρ, z = zs) is the tangential propagating magnetic
evaluated at the receive aperture (z = zs). The equivalent
magnetic current distribution M̄ and the magnetic field
H̄ (ρ, z = zs) are found in the absence of the other antenna
[45,46]. The integral is over the area of the receive aperture
(S). The radiated power P can be written as,

P = 1
4

∫∫

S
M̄ .H̄ ∗ (ρ, z = 0) dS, (A3)

where, the field H̄ (ρ, z = 0) is the tangential propagat-
ing magnetic field evaluated at the transmitting aperture
(z = 0), as defined in Eq. (2).

To proceed, we expand the magnetic current distribution
M̄ as in Eq. (1),

M̄ =
N∑

n=1

An

un
J1

(
jn
R

ρ

)
φ̂, (A4)

where, jn is the nth null of the Bessel function of first kind
and order zero, R is the radius of the physical aperture, and

un =
√

J 2
1 (jn) R2/2. Also, the magnetic field H̄ (ρ, z = zs)

in Eq. (A2), can be expanded similarly,

H̄ (ρ, z = zs) =
N∑

n=1

Bn

un
J1

(
jn
R

ρ

)
φ̂. (A5)

014001-10



GENERATION OF ARBITRARY CYLINDRICAL... PHYS. REV. APPLIED 22, 014001 (2024)

Substituting Eq. (A4), and Eq. (A5) into Eq. (A2), we have,

〈R〉 = 2π

N∑

n=1

AnBn. (A6)

Recall that the magnetic field H̄ (ρ, z = zs) can be related
to the magnetic current distribution M̄ through the spectral
form of the free-space Green’s function as follows:

H̄ (ρ, z = zs) = k0

η0

∫ k0

0

e−ikzzs

kz
M̃
(
kρ

)
J1
(
kρρ
)

kρdkρ ,

(A7)

where, k0 is the free-space wave number, η0 is the char-

acteristic impedance of free space, kz =
(√

k2
0 − k2

ρ

)∗
, zs is

the separation distance between the apertures and

M̃
(
kρ

) =
∫ R

0
M̄J1

(
kρρ
)
ρdρ.

Substituting Eqs. (A4), (A5) into Eq. (A7) and exploiting
the Bessel functions orthogonality, we have

Bn= k0

η0un

∫ k0

0

e−ikzzs

kz

N∑

m=1

Am

um
L
(

jm
R

, kρ

)
L
(

jn
R

, kρ

)
kρdkρ ,

(A8)

where,

L
(

jq
R

, kρ

)
=
∫ R

0
J1

(
jq
R

ρ

)
J1
(
kρρ
)
ρdρ.

Therefore, we can write the following matrix forms, which
relates the magnetic current coefficients to the magnetic
field coefficients:

B̄ = ¯̄Gzs
R Ā, (A9)

B̄(n) = Bn, Ā(n) = An, (A10)

¯̄Gzs
R (n, m) = 2k0

η0unum

∫ k0

0

e−ikzzs

kz
L
(

jm
R

, kρ

)

× L
(

jn
R

, kρ

)
kρdkρ . (A11)

Using Eq. (A9) in Eq. (A6), we write,

〈R〉 = 2π
(

ĀT ¯̄Gzs
R Ā
)

. (A12)

The magnetic field H̄ (ρ, z = 0) in Eq. (A3), can be
expanded similarly,

H̄ (ρ, z = 0) =
N∑

n=1

Cn

un
J1

(
jn
R

ρ

)
φ̂. (A13)

Substituting Eq. (A4) and Eq. (A13) into Eq. (A3), we
have,

P = π

2

N∑

n=1

AnC∗
n. (A14)

Using Eq. (A7) we can write,

C̄ = ¯̄G0
RĀ, (A15)

C̄(n) = Cn, (A16)

¯̄G0
R (n, m) = 2k0

η0unum

∫ k0

0

1
kz

L
(

jm
R

, kρ

)
L
(

jn
R

, kρ

)
kρdkρ .

(A17)

Using Eq. (A15) in Eq. (A14), we write,

P = π

2

(
Ā† ¯̄G0

RĀ
)

. (A18)

Finally, by substituting Eqs. (A12) and (A18) into Eq. (A1)
the coupling coefficients between two identical circular
apertures can be written compactly in terms of the mag-
netic current coefficients as follows:

� =

∣∣∣
(

ĀT ¯̄Gzs
R Ā
)∣∣∣

2

(
Ā

† ¯̄G0
RĀ
)2 . (A19)

Equation (A19) is a special case of Eq. (A1) for the case
of two opposing identical circular aperture antennas when
the magnetic current distribution over the two apertures is
written as a sum of orthogonal Bessel beams. The coef-
ficients Azs

n are the ones that maximize the expression in
Eq. (A19) for a given separation distance zs. They can be
found through optimization.

APPENDIX B: CONDITION OF OPTIMAL
ILLUMINATION

Here, we derive the condition of optimal illumination
stated in Eq. (2) for coupling two identical circular aper-
ture antennas, as shown in Fig. 2. Maximizing the coupling
coefficient in Eq. (A19) is equivalent to maximizing the
following inner product:

V = Ā† ¯̄G0
R

¯̄Gzs
R Ā. (B1)

By Schwarz’s inequality, the sufficient condition to maxi-
mize V and accordingly � is,

¯̄Gzs
R Ā = b ¯̄G0

RĀ∗, (B2)
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(a) (b) (c) (d)

FIG. 11. Pictures of the fabricated RG antenna prototype and the measurement setup, (a) the cascaded-sheet, mode-converting
metasurface by itself, (b) the machined cavity with a hole in the center for the coaxial connector, (c) the assembled antenna with the
mode-converting metasurface atop the cavity, (d) measurement setup.

where, b is a complex constant. From Eqs. (A9), (A15) and
Eq. (B2), we have,

B̄ = b C̄∗. (B3)

Using Eqs. (A2), (A13) and Eq. (B3), it is straightforward
to show that,

T(ρ)H̄ (ρ, z = zs) = b T(ρ)H̄ ∗ (ρ, z = 0) , (B4)

where, T(ρ ≤ R) = 1 and T(ρ > R) = 0. Substituting
Eq. (B2) into Eq. (A19), we have,

� = |b|2. (B5)

APPENDIX C: FABRICATION AND
MEASUREMENT SETUP

Pictures of the fabricated mode-converting metasurface
and the machined cavity are shown in Figs. 11(a) and
11(b), respectively. Figure 11(c) shows a picture of the
antenna once it is assembled. The cavity section and the
feed transition were fabricated by machining a square
6061 aluminum plate to the dimensions given in Fig. 5(a).
The dimensions of the 6061 aluminum plate is (4′′ × 4′′ ×
3/4′′). These dimensions were chosen so that standard pre-
cut aluminum plates can be used. The mode-converting
metasurface was fabricated using standard PCB fabrication
process. The metasurface layout is shown in Fig. 5(b). The
minimum feature size of the mode-converting metasurface
is larger than (0.003′′).

The antenna near field was measured using a standard
rectangular WR28 (7.112 mm × 3.556 mm) waveguide
probe, as shown in Fig. 11(d). The waveguide probe
supports single-mode operation over the frequency range
(26.5 to 40 GHz). The antenna far field was computed
from the measured near field after probe compensation, as
explained in Ref. [60].
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