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ABSTRACT In this paper, an eight-arm Archimedean spiral antenna (ASA) is proposed to generate
multiple orbital angular momentum (OAM) modes over a respectable frequency band (1.9-3GHz). Firstly,
the principle of radiation by eight-arm ASA with right-hand spiral line is analyzed and simulated. It is
demonstrated that the OAM modes and polarizations of the generated vortex waves are reconfigurable
by changing the fed phases of the eight arms and controlling the radius of the antenna arm. Meanwhile,
a prototype is fabricated and measured, in which experimental results agree well with simulation ones.
At last, compared with other recently reported OAM-generating antennas, the proposed antenna with the
smaller structure (82.45λ0, where λ0 is the wavelength of the center frequency) can produce the higher gain
(4.5-11.2dBi) vortex waves carrying multiple OAM modes (five modes) in the broad band of 1.9-3GHz.

INDEX TERMS Archimedean spiral antenna (ASA), left-hand circularly polarized (LCP), right-hand
circularly polarized (RCP), orbital angular momentum (OAM), vortex wave.

I. INTRODUCTION
Since the quantum characteristics of the orbital angular
momentum (OAM)modes were discovered by Allen et al. [1]
in 1992, OAM has attracted lots of attentions. The elec-
tromagnetic (EM) wave carrying OAM has a helical phase
structure of e−jlφ , where φ is the transverse azimuthal
angle, and l represents the topological charge of the OAM
mode. Due to the infinite number of OAM modes and
the orthogonality between different OAM modes [2], [3],
OAM has excellent performances in manipulating parti-
cles [4], [5], quantum information processing [6], and com-
munication systems [7]–[12] and imaging systems [13]–[16].
However, no realistic system can ever generate infinite OAM
modes. Therefore, in order to further improve the capacity
of the communication systems, we should combine OAM
multiplexing technology with other multiplexing technolo-
gies, such as frequency multiplexing technology. Therefore,
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the generation of the broadband vortex waves carrying mul-
tiple OAM is of great importance.

As well known, there are several ways to generate OAM
waves in radio frequency (RF) domain, such as the helical
parabolic antenna [11], the spiral phase plate (SPP) [17],
the circularly polarized patch [18], [19], the circular loop
antenna [20], the three-dimensional helical antenna [21],
the Archimedean spiral antennas [22]–[24], the equiangu-
lar spiral antenna [25], metasurface [26], [27] and antenna
array [28]. However, these structures have some defects
more or less. The helical paraboloid antenna [11], the SPP
structure [17] and metasurface [26], [27] may only generate a
single OAM mode. The circularly polarized patch [18], [19],
the circular loop antenna [20] and the equiangular spi-
ral antenna [25] can just work in a narrow frequency.
The helical antenna [21] is difficult to fabricate due to
its three-dimensional configuration. The Archimedean spiral
antennas [22]–[24] can only radiate different OAM modes
at different frequencies, not for the broad-band range. The
antenna array is large and expensive [28]. Since all the above
methods have the shortcomings of themselves, it is necessary
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to explore an approach with smaller structure and lower
cost to generate multiple OAM modes over a respectable
frequency band.

In this paper, an eight-arm Archimedean spiral antenna
(ASA) is proposed to generate multiple OAM modes in a
broad-band range (1.9-3GHz). The outer-fed antenna with
smaller structure can generate the same vortex wave as that
of the phased antenna array. For the designed right-hand
spiral line, by changing the fed phases of the eight arms
and controlling the radius of the antenna arm, the left-hand
circularly polarized (LCP) vortex waves with OAM modes
l = 0, 1, 2 and the right-hand circularly polarized (RCP)
vortex wave with OAM modes l = 0,−1,−2 can be gen-
erated in 1.9-3GHz. To validate the performance, simulations
are carried out and one demonstrator is developed, fabricated,
and measured, in which experimental results agree well with
simulation ones. In addition, the performance comparisons of
this work to other recently reported OAM-generating anten-
nas demonstrate that the proposed antenna with the smaller
structure (82.45λ0, where λ0 is the wavelength of the center
frequency) can produce the higher gain (4.5-11.2dBi) vortex
waves carrying multiple OAM modes (five modes) in the
broad band of 1.9-3GHz.

II. THEORETICAL ANALYSIS AND ANTENNA DESIGN
In this section, the designed eight-arm ASA is based on
Archimedean curve whose polar coordinate equation can be
expressed as ρ = ρ0 + δ(ϕ − ϕ0), where ρ, ρ0, δ, ϕ0
and ϕ are the radial distance, initial radial distance, spiral
constant, initial angle and winding angle, respectively. There-
fore, based on the current band theory, the radiation from
the ASA comes mainly from an equivalent travelling ring
of current with the circumference (l + 1)λg in the active
region, where l and λg are the integer and equivalent guided
wavelength, respectively. In general, for the observation point
P(r, θ, ϕ) in far-field zone, its field expressions is similar
to that of Archimedean antenna, which can be expressed as
follows [23]:

Eθ = ejl(α+π/2)e−jkr
j60π l
r tan θ

Jl(ka sin θ ) (1a)

Eϕ = jejl(ϕ+π/2)e−jkr
jk60πa

r
J ′l (ka sin θ) (1b)

Er = ejl(ϕ+π/2)e−jkr
jk60πa

r
1

cos θ sinϕ

· [
l cosϕ
ka sin θ

Jl(ka sin θ )− jJ ′l (ka sin θ ) sinϕ] (1c)

where a = lλg/2π is the radius of the active region,
Jl(ka sin θ ) and J ′l (ka sin θ ) are the Bessel function of the
first kind and its derivative, respectively. It can be seen
from the above formula that the radiated fields are mainly
characterized by the Bessel functions and the phase factor
ejl(ϕ+π/2), from which the field distributions fit the features
of OAM-carrying waves and the number of OAM mode is
exactly equal to l.

Moreover, for the eight-arm ASA, there exist seven inde-
pendent modes [29], and the fed phases of these modes can
be given as follows:

A1 = (0,
2π
8
,
4π
8
, . . . ,

2π · (8-1)
8

) (2a)

A2 = (0,
4π
8
,
8π
8
, . . . ,

2π · (8-2)
8

) (2b)

...

A8−2 = (0,
2π · (8-2)

8
, . . . ,

8π
8
,
4π
8
) (2c)

A8−1 = (0,
2π · (8-1)

8
, . . . ,

4π
8
,
2π
8
) (2d)

It is observed that the fed phase arrangements expressed by
(2a) and (2d), (2b) and (2c) undergo a left–right flip starting
at the second element. Based on the incident and reflected
currents travelling along the spiral arms theory in [24], if this
out-fed spiral antenna is excited according to the mode 7,
it is possible to generate the vortex waves with the opposite
circular polarization and OAM mode to that of mode 1.
In addition, the spiral circumference is sufficiently smaller
than that of the required active region for the mode 7, which
is 7λ. Therefore, for the mode 7, the currents will be mainly
reflected from the arm origins and travel towards the ends of
the spiral arms. Then, they arrive at the active radiation zone
for the mode 1, mimicking the case of inner-fed spiral arms.
Finally, a radiation similar to the mode 1 but with an opposite
polarization and opposite OAM mode can be generated.

Moreover, the working frequency range depends on the
circumference range of the spiral arms, and the largest cir-
cumference determines the numbers of OAMmodes. In order
to generate all the OAMmodes, the circumference C = 2πr1
should be in the length range [3λmax , 5λmin], where r1 is the
outer radius, λmin and λmax are the minimum and maximum
equivalent wavelengths, respectively. Therefore, λmax should
be less than 1.67λmin, which means that fmax should be less
than 1.67fmin, where fmin and fmax are the minimum and
maximumworking frequencies, respectively. Therefore, once
the radius r1 is selected as a constant, the frequency range will
be determined.

Based on the above discussions, when this spiral antenna
with right-handed wire is excited according to the modes
1-3, the LCP vortex waves with topological charges of l =
0, 1, 2 can be generated over a respectable frequency band.
In contrast, when it is excited according to the mode 5-7,
the opposite RCP vortex waves with topological charges of
l = 0,−1,−2 can be generated over a respectable frequency
band.

The geometry of the ASA is presented in Figs. 1 (a-c).
It can be seen that the ASA consists of five main parts:
the first is the eight Archimedean spiral metal curves which
are engraved on the front of the substrate; the second is
a 0.762 mm thick Rogers 4350B substrate with a relative
permittivity of 3.48 and a dielectric loss tangent of 0.0031;
the third is a metal grounding ring printed at the bottom of
the substrate, which can also be used for better impedance
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FIGURE 1. The geometry of the proposed eight-arm ASA: (a) the top view
of dielectric plate, (b) the bottom view of dielectric plate, (c) the side view
of the whole eight-arm ASA.

TABLE 1. Main parameters of the antenna.

matching; the fourth is the eight feeding coaxial lines; and
the last is the metal reflector which is 0.25λ0 away from the
substrate, where λ0 is the wavelength of the center frequency.
The values of these parameters of the structure in Fig.1 are

presented in TABLE 1. The eight spiral curves are evenly
spaced on the top of the substrate but with 45degree of phase
difference between any two adjacent curves. The inner and
outer radius of the spiral curves are r2 = 4 mm and r1 =
85 mm, respectively. Each arm width is w = 2 mm. Each
arm growth rate of the spiral is a = 5.09mm/rad. The number
of turns is N = 2.5. Therefore, the space between any two
adjacent curves is d = 2 mm. The radius of the grounding
ring is also r1 = 85 mm and its width is dg = 8 mm. The
same radius of the reflector and the substrate is R = 300 mm.
Based on the above values of the parameters, this antenna can
produce the presented three LCP OAM modes and the other
three RCP OAM modes from 1.9GHz to 3GHz.

III. SIMULATED RESULTS AND DISCUSSION
The simulation is carried out with CST microwave stu-
dio [30]. The reflection coefficients of the eight wave ports
are shown in Fig. 2, in which the values of the whole
curves are almost below than −10dB in the frequency range
1.9-3GHz, and there exist less differences among these
curves, showing a good performance of this antenna.

In order to investigate the radiation characteristics of
the proposed antenna, the electric field distributions of
the six generated modes in 1.9-3GHz are simulated and

FIGURE 2. The reflection coefficients of the eight wave ports.

FIGURE 3. The simulated intensities of the total radiated electric field and
the phase distributions of x-/y-/z-components at 2.45GHz with the
different modes of (a) LCP l = 0, (b) LCP l = 1, (c) LCP l = 2, (d) RCP l =
−2, (e) RCP l = −1 and (f) RCP l = 0, respectively.

discussed. As a representative of them, the intensities of the
total radiated electric fields and the phase distributions of
x-/y-/z-components of electric fields at 2.45GHz are shown
in Fig. 3. The observation plane with 1.68m × 1.68m is
0.4m away from the antenna. It is apparent that the phase
patterns have the anticlockwise rotations with 0, −2π , −4π
phase changes and clockwise rotations with 4π , 2π and
0 phase changes around one circle in Figs. 3(a-f), respectively.
Meanwhile, the phases of y-component are 90degree ahead
of that of x-component in Fig. 3(a-c), which is opposite to
that in Figs. 3(d-f). Therefore, the modes of the vortex waves
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FIGURE 4. The spatial phase distributions of x and y-components of the
electric fields at 2.45GHz (a-c) LCP l = 0, 1, 2 (d-f) RCP l = −2, −1, 0,
respectively.

are LCP l = 0, 1, 2 in Figs. 3(a-c) and RCP l = −2,−1, 0
in Figs. 3(d-f), respectively. And all of the phase shifts
for the z-component are 2π more than the phase shifts of
x-/y-components of LCP vortex waves, while −2π less than
the phase shifts of x-/y-components of RCP vortex waves,
which means the generated vortex waves are circularly polar-
ized. The reasons are summarized as follows: firstly, the
z-component contains the spin orbital angular (SAM) and
OAM, but x-/y- component only include OAM; secondly,
both of the SAM and OAM are determined by the same
traveling current. Once the turn of the traveling current is
determined, polarizations and OAM modes are determined
simultaneously and in line with the turn of the traveling
current. Therefore, left-hand circular polarization is bound to
positive OAM mode while right-hand circular polarization is
bound to negative OAMmode. In addition, except the modes
of l = 0 (a bright spot in the center), the intensities of the
electric field exhibit doughnut shapes with nulls in the center,
which are the important characteristics of the vortex waves
with different OAMmodes. The intensity and phase mutation
of mode l = −2 may be caused by the loss and the phase
unevenness of the reverse current.

For further verifications, the spatial phase distributions of
the x-/y-components of the electric fields at 2.45GHz are
calculated from the field distributions on the circles corre-
sponding to the magnitude maximum. As shown in Fig. 4,
one can see that the phases of y-components are 90degree
ahead (in Figs. 4(a-c)) and lag (in Figs. 4(d-f)) that of
x-component, respectively, corresponding to the LCP and

FIGURE 5. The axial ratios of vortex wave with different OAM modes at
2.45GHz in (a) E-plane and (b) H-plane, respectively.

FIGURE 6. The simulated intensities of the total radiated electric field and
the phase distributions of x-/y-/z-components with the same mode of
LCP l = 1 at (a) 2GHz (b) 2.45GHz and (c) 3GHz, respectively.

RCP vortex waves. Since the results of the phase changes
illustrated in Fig. 4 agree well with those in Fig. 3, where
spiral shapes are observed for LCP l = 0, 1, 2 and RCP
l = −2,−1, 0, the fact that this antenna can generate vortex
waves of six modes has been proven again. The circular
polarization characteristics of vortex waves with different
OAMmodes at 2.45GHz can also be proven by the axial ratio
distributions in E and H plane, as shown in Figs. 5(a) and (b),
respectively. Due to the situation that the RCP vortex waves
are formed by radiations from reverse currents reflected at the
origins of arms and there may exist some losses in reverse
currents, the axial ratios of RCP vortex waves are worse than
that of LCP vortex waves. Fortunately, most of the axial ratios
in low theta angles are still low than 3dB and the axial ratio
distributions in E-plane is almost same to that in H-plane,
which means the good performances of circular polarization
characteristics in low-theta angles and the whole phi angles.

In order to consider the influence of the frequencies on
field distributions, the vortex waves with the six modes have
been simulated and analyzed in 1.9-3GHz. The intensity
distributions of the total radiated electric field and the phase
distributions of x-/y-/z-components of electric fields with the
modes of LCP l = 1 at 2GHz, 2.45GHz and 3GHz are
presented in Figs. 6(a-c), respectively. It can be seen that the
phase changes of x-/y-components in one turn are all 2π ,
corresponding to one-OAM-mode waves. The intensities of
the electric field exhibit doughnut shapes with nulls in the
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FIGURE 7. The radiation patterns of the generated vortex waves carrying
different OAM modes in (a) E-plane and (b) H-plane at 2GHz, (c) E-plane
and (d) H-plane at 2.45GHz, (e) E-plane and (f) H-plane at 3GHz.

center and the region with low field intensity becomes wider
with the increase of frequency. The reason is that with the
same observation distance of 0.4m, the ratio between the
observation distance and wavelength will change larger with
the increase of frequency, which results in a relative longer
propagation distance and a relative larger transmission loss.
Therefore, the generated vortex wave will have a larger beam
divergence angle, which leads to the wider region of low field
intensity.

In order to verify the far-field radiation characteristics of
the proposed antenna, the 2-D radiation patterns in the E and
H planes with different OAM modes at 2GHz, 2.45GHz and
3GHz are shown in Figs. 7(a-f), respectively. In addition, for
more clear understand, TABLE 2 gives the corresponding
direction angles and 3dB angular widths of these generated
vortex waves, respectively. Although the direction angles of
the main lobe and 3dB angular widths change a little with the
increase of frequency, these angles increase relatively faster
with the increasing of |l|, which is the radiation feature of
the OAM waves. Meanwhile, these angles are identical in
E and H-plane, which also shows the good performance of
the azimuthal circular polarization characteristics. Due to the
influences among the eight metal coaxial lines, the maximum
gain is not at 0 degree at the frequencies of 2.45 and 3GHz,
but the amplitude at 0 degree is just a little smaller than the
maximum amplitude, which is still acceptable.

In general, the gains of traditional planar antennas are rela-
tively low, hindering their relevant applications. Fortunately,
the proposed antenna has higher gains compared with the

TABLE 2. The far-field radiation characteristics of voertex wavs with
different oam modes at different frequencies.

FIGURE 8. The maximum gains of the vortex wave with different OAM
modes in frequency range of 2-3GHz.

traditional planar antennas. The reason is that it is fed by eight
waveguide ports, with the coupling of radiation fields from
the eight ports, which are similar to that of the antenna array,
higher gains can be obtained. The maximum gains of the
vortex wave with different OAMmodes in frequency range of
2-3GHz are obtained from the simulation, as shown in Fig.8.
The maximum gains decrease with the increase of |l| while
have few changes with the increase of frequency. In fact,
the higher |l|, the lower the maximum value of |Jl(ka sin θ )|
which represents the magnitude of the angular field com-
ponent in formula (1a), so the lower gain of the antenna.
Moreover, the whole gains are in the range of 4.3-11.2dBi,
which are still higher than these of the conventional planar
antennas.

IV. FABRICATION AND MEASUREMENT OF THE ASA
To verify the theoretical and simulated results of the pro-
posed antenna, a prototypes has been fabricated andmeasured
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FIGURE 9. (a) Prototype of the fabricated antenna, (b) the near field test
scenario, (c) the reflection coefficients test scenario.

accordingly. Prototype of the fabricated antenna, the near-
field and reflection coefficients test scenario are shown in
Figs. 9(a-c), respectively. The ports 1, 2, 3, 4, 5, 6, 7 and 8 con-
nect with eight coaxial lines of 50�, which are corresponding
to these eight ports in Fig. 2(b). The reflection coefficients
of the eight ports and near field distributions of ASA are
measured by a vector network analyzer (VNA, Rohde &
Schwarz, ZVA 40), in which an open waveguide is used as
the detecting antenna. In addition, an eight-way power divider
and an eight-way phase shift are used to feed the ASA for
measuring the near-field distributions. In the same way, seven
loads of 50� serve as the impedance matching apparatus
when measuring reflection coefficients. The sampling plane
paralleling in the x–y plane is 0.4m away from OAM antenna
along the z-axis. The size of the sampling plane is 1.68m ×
1.68m, and the number of the sampling points is 31× 31.
The experimental reflection coefficients of the eight ports

are presented in Fig. 10, all the lines are below than −10dB
in the frequency range of 1.9-3GHz, and each is almost the
same to the other, which agree well with the simulated ones.
The experimental intensity distributions of the total near field
and the phase distributions of x-/y-component of near field
with the OAM modes of LCP l = 0, 1, 2 and RCP l =
−2,−1, 0 at 2.45GHz are presented in Figs. 11(a-f), respec-
tively. The intensity distributions satisfy the ‘‘donut shape’’
and the phase distributions satisfy the ‘‘spiral shape’’, which
both shows their good performance. In addition, the null of
the intensity distributions, the phase shifts and the directions
of phase rotation are consistent with simulation ones, which
also demonstrate the circular polarization and OAM charac-
teristics of the generated vortex waves. Therefore, the vortex
waves with the same circular polarization and OAM modes
to that of simulations can be generated.

In general, following the Huygens principle, the measured
data in the near field can be transformed into the far field [31]

ψ(r ′) =
∮
S

[
G(r, r ′)∇ψ(r)− ψ(r)∇G(r, r ′)

]
· n̂dS (3)

FIGURE 10. The experimental reflection coefficients of the eight wave
ports.

where G(r, r ′) is the Green function, ψ(r ′) and ψ(r) denote
the potential functions in the far field and near field, respec-
tively. Through the inverse Fourier transform, the experimen-
tal far-field 3D intensity and phase patterns at 2.45GHz with
the different OAM modes of LCP l = 0, 1, 2 and RCP
l = −2,−1, 0 are displayed in Figs. 12(a-b), respectively.
With the transmission of the vortex waves, the far-field inten-
sity and phase distributions seem to grow better than these
of near field, and their distributions are more in line with
the characteristics of the corresponding vortex waves, which
demonstrates their good radiation performances.

In order to obtain the far-field gains, the inverse Fourier
transform are used again, and the experimental radiation
patterns in the H and E planes of vortex waves at 2.45GHz
with different OAM modes of LCP l = 0, 1, 2 and RCP l =
0,−1,−2 are shown in Figs 12(c-d), respectively. The fields
in H and E planes are almost same to the other and the maxi-
mum gains of in E plane with different OAM modes of LCP
l = 0, 1, 2 and RCP l = 0,−1,−2 are 10.02dBi, 8.52dBi,
7.73dBi, 9.38dBi, 8.25dBi and 8.45dBi, respectively. The
corresponding directional angles are −0.1deg, −23.24deg,
43.32deg, −1.76deg, 23.59deg and −42.27deg, respectively.

Meanwhile, in order to further prove the advantages
of the proposed antenna, TABLE 3 presents the perfor-
mance comparisons of this work with other recently reported
OAM-generating antennas. Compared with the existing
antennas in [18]–[21], [25], the proposed antenna can pro-
ducemultiple OAMmodes over a respectable frequency band
while maintaining a higher gain of the radiated field. As for
the antennas in [21]–[23], they can only generate different
OAM modes in different frequency ranges, not all of the
OAM modes over all the frequency range. Last but not the
least, the proposed antenna structure is much smaller and
lower cost than that of 16 horn array in [28] while keeping
multiple OAM modes over a respectable frequency band.

However, there has been a large debate between OAM
multiplexing technology and other space diversity tech-
niques [32], [33], from which the capacity of OAM system
is not larger than other space diversity techniques. The larger
divergence angle and smaller gain of the vortex waves, will
greatly decrease the SNR of the signal in long distance
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FIGURE 11. The experimental intensity distributions of the total near field
and the phase distributions of x-component and y-component of near
field at 2.45GHz with the OAM modes of (a-c) LCP l = 0, 1, 2 and (d-f) RCP
l = −2, −1, 0, respectively.

FIGURE 12. The experimental far-field (a) 3D intensity and (b) 3D phase
patterns, and radiation patterns in (c) H plane and (d) and E plane at
2.45GHz with the different OAM modes of LCP l = 0, 1, 2 and RCP l = −2,
−1, 0, respectively.

transmission, hindering the improvement of communication
capacity. Fortunately, there are some methods that can sup-
press this problem to some extent, such as addingmetal cavity

TABLE 3. Performance comparisons with reported OAM antennas.

(the references [21], [22] and adding metal parabolic reflec-
tor [20]. Meanwhile, the dissymmetry of field distributions
influences the purity of OAM modes and then affects the
communication capacity [33]. Therefore, the consistency and
accuracy of the fed intensity and phase should be enhanced
to produce symmetrical field distributions.

V. CONCLUSION
An eight-arm ASA is proposed to generate multiple OAM
modes in an enough frequency range of 1.9-3GHz. The
designed patch is eight-arm metal right-hand spiral line with
outer-fed ports at the end of line. Based on the incident and
reflected currents theory, the vortex waves with OAMmodes
of LCP l = 0, 1, 2 and RCP l = 0,−1,−2 can be generated
in frequency range of 1.9-3GHz by changing the fed phases of
the eight ports and controlling the radius of the antenna arm.
In addition, simulated and experimental results both demon-
strate the proposed antenna can produce the six high-quality
vortex waves. The smaller structure, higher gain, larger fre-
quency bandwidth as well as multiple OAM modes of this
antenna are also proven by the comparisons in TABLE 3.
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