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Generation of Terahertz Superimposed
Perfect Vortex Beams

Yongqiang Yang , Tianyi Wang , Kejia Wang , Zhengang Yang, and Jinsong Liu

Abstract—A terahertz (THz) superimposed perfect vortex (SPV)
beam is generated by using a designed superimposed optimal
phase element (SOPE) at 0.3 THz. As the superimposed topological
charge changes, the ring radius of THz SPV beams remains almost
constant in the experiment, whose relative error is only 0.96%.
The perfect vortex property is confirmed. The intensity profile of
THz SPV beams is a ring with equally spaced breakpoints. The
superimposed topological charge carried can be judged directly by
identifying the number of breakpoints. The ring radius is linearly
related to the radial wave vector, which can be adjusted. Such THz
SPV beams have promising applications for THz fiber communi-
cation systems based on vortex beams.

Index Terms—Terahertz, vortex beam, perfect vortex beam,
diffractive elements.

I. INTRODUCTION

T ERAHERTZ (THz) wave, whose frequency range between
microwave and infrared light wave, has the ability to pro-

vide large bandwidth and realize Tbps data rate transmission [1],
[2]. Vortex beams with helical phase structures have attracted
a lot of attention [3]. Optical vortex beams have been widely
applied in communication systems, both in free space [4] and
fiber [5], [6], because of the orbital angular momentum (OAM)
carried [7]. THz vortex beams go beyond conventional THz
waves, which will promisingly achieve ultrahigh data capacity
and speed based on THz communication systems [8]. The trans-
mission of the THz vortex beams in free space is easily affected
by atmospheric turbulence. A fiber capable of stably transmitting
the THz vortex beams is required. Currently, research on the fiber
for transmitting the THz vortex beams has emerged [9]–[11].
However, the ring radius of THz vortex beams is continually
larger as the topological charge increases. Vortex beams with
multiple topological charges will be a challenge to couple into
a fixed-aperture fiber.

Fortunately, Ostrovsky et al. [12] created a new beam, called
perfect vortex (PV) beam, whose ring radius is independent of its
topological charge. This property is called as the perfect vortex
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property. These PV beams already have some special applica-
tions in microparticle trapping [13], optical communication [14],
[15], and quantum optic [16]. Currently, the research related to
PV beams is mainly in the optical domain [17]. There are few
reports in the THz domain. Recently, an optimal phase element
(OPE) is employed to generate a THz PV beam at 0.1 THz
[18]. However, there are some disadvantages accompanying the
THz PV beam. On the one hand, the intensity profile of THz
PV beams is theoretically uniform along the angular direction,
which will make it not possible to determine the topological
charge directly from the intensity profile. A device to detect the
topological charge is necessary at the receiving end, which will
complicate the transmission system of THz PV beams. On the
other hand, as the topological charge changes, the ring radius of
THz PV beams remains constant in theory but varies consider-
ably in the experiment. This variation will reduce the coupling
efficiency of the fiber communication systems based on THz
PV beams.

In this paper, we generated a THz superimposed perfect vortex
(SPV) beam by using a superimposed optimal phase element
(SOPE). The SOPE is specially designed. The perfect vortex
property and variation of ring radius with radial wave vector are
investigated. The experimental results show that the ring radius
of THz SPV beams is nearly fixed as the superimposed topo-
logical charge changes, whose relative error is very small. The
intensity profile of THz SPV beams is a ring with equally spaced
breakpoints. The superimposed topological charge carried can
be determined directly. The ring radius is linearly related to the
radial wave vector, which can be adjusted. The THz SPV beams
may be more suitable for THz fiber communication systems than
the THz PV beams.

II. DESIGN

In previous work, OPEs have been employed to generate THz
PV beams [18], [19]. However, the ring radius of THz PV beams
varies considerably as the topological charge changes in the
experiment. This variation may be caused by the scattering of
the complex OPEs. Moreover, fabricating OPEs with complex
phase profiles is difficult. Although these diffractive elements
can be easily fabricated by 3D printing technology [20], [21], it
is a challenge for other machining techniques. To simplify the
diffractive element and then obtain a THz vortex beam whose
ring radius does not vary with topological charge, a SOPE is
specially designed. The SOPE is a superposition of two OPEs
with the same value and opposite sign topological charge. A THz
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Fig. 1. Generation process of a SOPE. (a) and (b) OPEs. (c) SOPE. (d) FT lens.

Gaussian beam passes through a SOPE and a Fourier transform
(FT) lens. The SOPE constructs the superimposed optimal phase
mask. The FT lens performs the FT. A THz SPV beam is created
at the back focal plane of the FT lens. So it can be stated that the
THz SPV beam is also a superposition of two THz PV beams
with the same value and opposite sign topological charge. This
superposition will cause some phase jump of the THz SPV beam
along the angular direction, resulting in a ring beam with equally
spaced breakpoints.

Superposing transmission function of two OPEs with topolog-
ical charges of l and –l, the superimposed transmission function
can be expressed as

U1 (r, θ) = sgn[Jl(αr)] exp(ilθ) + (−1)lsgn

× [J−l(αr)] exp(−ilθ) (1)

with (r,θ) the polar coordinates in the plane of the OPE, sgn(x)
the signum function, α the radial wave vector and Jl the lth order
Bessel function of the first kind. The (–1)l denotes a phase shift
between two OPEs. Due to sgn[J–l(αr)] = (–1)l sgn[Jl(αr)], the
superimposed transmission function can be simplified as

U1(r, θ) = sgn [Jl(αr)] [exp(ilθ) + exp(−ilθ)]

= 2sgn [Jl(αr)] cos(lθ). (2)

It is obvious that the transmission function of superimposed
two OPEs is a series of real numbers. Then, the phase profile of
superimposed two OPEs can be expressed as

Ψ1(r, θ) =

⎧⎪⎪⎨
⎪⎪⎩

0, 2sgn[Jl(αr)]cos(lθ) > 0,

any, 2sgn[Jl(αr)]cos(lθ) = 0,

π, 2sgn[Jl(αr)]cos(lθ) < 0.

(3)

The phase profile is the phase hologram of superimposed two
OPEs, which form the diffractive phase element, namely the
SOPE. Hence, the SOPE is a superposition of two OPEs. Figs.
1(a)–1(c) illustrate the generation process of a SOPE. Compared
to two OPEs, the SOPE is simple, whose phase contains two
main values, namely 0 and π. The SOPE is similar to the zone
phase plate [22]. The topological charge carried by SOPEs is
called the superimposed topological charge, which is written as
ls = +l&–l.

Generally, a focal lens can act as an FT lens, whose transmis-
sion function and phase profile can be expressed as, respectively,

U2(r, θ) = exp

[
− ik0r

2

2f

]
, (4)

Ψ2(r, θ) = −k0r
2

2f
. (5)

Here, k0 = 2π/λ is the wavenumber in free space, λ is the
wavelength, f is the focal length of the FT lens. The phase profile
of the FT lens is shown in Fig. 1(d).

According to the equivalency of optical path, the height
profiles of the SOPE and FT lens from the phase profiles of
Eq. (3) and Eq. (5) can be calculated as, respectively,

h1(r, θ) =
λ

2π(n− 1)
mod[Ψ1(r, θ), 2π] + h0, (6)

h2(r, θ) =
λ

2π(n− 1)
mod[Ψ2(r, θ), 2π] + h0 (7)

with n the material refractive index. The mod[Ψ ,2π] denotes
that Ψ is wrapped modulo 2π, which is to reduce the material
absorption. The h0 = 1.5 mm is the base plate thickness, which
can support the physical structure. The 3D models of the SOPEs
and FT lens can be created by the height profiles.

III. EXPERIMENTAL SETUP AND FABRICATION

Fig. 2 schematically illustrates the experimental setup for
generating THz SPV beams. A multiplier-chain (Virginia Diode
Inc., Charlottesville, VA, USA) driven by a Gunn diode (Spacek
Lab Inc., Santa Barbara, CA, USA) acts as a source with the
output power 0.3 mW, which radiates THz continuous waves
with a frequency of 0.3 THz. The THz continuous waves are
transmitted into free space via a WR-3.4 diagonal horn antenna.
A high-density polyethylene lens acts as a collimating lens (CL)
to collimate the diverging THz beam. The collimated beam has
a diameter 2w0 = 24.32 mm, whose normalized intensity profile
is shown in Fig. 2(a). A SOPE is employed to modulate the phase
of the collimated beam. A Fourier transform is then performed
by placing an FT lens behind the SOPE. In theory, a THz SPV
beam will be generated at the back focal plane of the FT lens.
An experimental intensity profile of the THz SPV beam with
ls = +3&–3 is shown in Fig. 2(b). A THz ultra-broadband
detector (Gamma Technologies Inc., Shanghai, China) can be
utilized for receiving the THz waves, where a lock-in amplifier
(SR830, Stanford Research Systems, Sunnyvale, CA, USA) is
connected to a chopper for amplifying the dynamic range of the
THz signal. A three-axis translation stage drives the detector for
3D scanning. In the xy-plane, the detection area and sampling
interval are 90 mm×90 mm and 0.5 mm, respectively.
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Fig. 2. Schematic of the experimental setup for generating the THz SPV beams. (a) Collimated beam. (b) SPV beam. (c) SOPE. (d) FT lens.

Fig. 3. (a) Experimental and (b) simulated intensity profiles of THz SPV beams with different superimposed topological charges.

The height profile of SOPEs is mainly composed of two
values. The SOPEs can be manufactured using some simple
techniques, such as Machine Polishing [23]. Recently, a vari-
ety of terahertz structured beams have been generated by the
diffractive elements fabricated by 3D printing technology [24],
[25] and liquid crystal polymer [26]. The 3D printing technique
is quick and cost-efficient. In this study, the SOPEs and FT
lens are fabricated from the created 3D models by 3D printing
technology. The 3D printing material selected is a photosensi-
tive resin, whose refractive index and absorption are 1.61 and
1.35 mm−1 in 0.3 THz, respectively. Figs. 2(c) and 2(d) show the
pictures of the fabricated SOPE and FT lens, respectively. Here,
the superimposed topological charge ls = +3&–3, the radial
wave vector α = 1.339 mm−1, the focal length f = 50 mm.
These elements all have a diameter of 76.2 mm. The maximum
heights of the SOPE and FT lens are 2.319 mm and 3.138 mm,
respectively.

IV. RESULTS AND DISCUSSIONS

To verify the perfect vortex property, THz SPV beams with
different superimposed topological charges are generated ex-
perimentally at the back focal plane of the FT lens (f =

50 mm). Fig. 3(a) shows the normalized intensity profiles.
For the SOPEs, the superimposed topological charge ls ranges
from +1&–1 to +5&–5, the radial wave vector α = 1.339
mm−1. Intuitionally, the intensity profile of THz SPV beams
is a ring with equally spaced breakpoints. These breakpoints are
the result of phase jumps, whose number is equal to 2|l|. As
the superimposed topological charge changes, the ring radius
remains almost constant. Meanwhile, the ring radius of THz
SPV beams is computed by fitting the intensity profile. We
assume that the fitting formula for these intensity profiles is
I(x, y) = A0exp[(

√
x2 + y2 −R)2/w

2
]. The optimal parame-

ters including the intensity scale factor A0, ring radius R, and ring
width w. Using the least-squares criterion, the fitted ring radius
is marked in the intensity patterns. As can be seen from the fitted
results, the ring radius remains almost constant, which only has
some very slight differences appearing in the experiment. The
relative error of the maximum and minimum of the ring radius
is only 0.96%, which is very small. In the experiment, this very
small relative error will increase the coupling efficiency of the
fiber communication systems based on THz SPV beams. The
numerically simulated results based on the angular spectrum
[27] are shown in Fig. 3(b), which has the same experimental
parameters. The simulated intensity profile of THz SPV beams
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Fig. 4. (a) Experimental and (b) simulated ring intensity curves along the angular direction.

Fig. 5. (a) Experimental and (b) simulated intensity profiles of THz SPV beams with different radial wave vectors.

is also a ring with equally spaced breakpoints. Moreover, the
ring radius is the same as the superimposed topological charge
changes. The experiments match well with simulations. There-
fore, both experimental and simulated results confirm the perfect
vortex property of the THz SPV beams.

It is worth noting that the ring profile of THz SPV beams is
split by some breakpoints and the number of breakpoints is equal
to 2|l|. Thus, the superimposed topological charge carried by
these THz PV beams can be determined by measuring the num-
ber of breakpoints. According to the normalized intensity pat-
terns of THz SPV beams, the normalized intensity curves along
the angular direction are plotted. Figs. 4(a) and 4(b) show the
experimental and simulated curves, respectively. The detailed
data processing is as follows: using coordinate transformation,
an intensity pattern is transformed from Cartesian coordinates
(x,y) to polar coordinates (r,θ). In such a situation, the ring is
straightened in polar coordinates. Along with the straightened
ring, a ring intensity curve along the angular direction is plotted.
The minimum of the curve less than a certain value (e.g., less
than 0.5, the position of the dotted line in Fig. 4) is considered as
a valid valley. The location of these valleys corresponds to the
breakpoint of the ring. The number of valleys obtained by this
data processing is consistent with the number of breakpoints.
The effectiveness of this data processing is confirmed by the
experimental and simulated curves. In addition, some other
methods can be introduced to identify such vortex patterns with
superposition states, such as the artificial neural network [28].

Therefore, the superimposed topological charge of the THz SPV
beams can be determined by its intensity patterns rather than
detected by a device. This property can simplify the transmission
system of THz SPV beams.

To obtain THz SPV beam with various sizes, the variation of
ring radius with radial wave vector is investigated. We generated
THz SPV beams with different radial wave vectors in the exper-
iment. Fig. 5(a) shows the normalized intensity profiles. For
the SOPEs, the superimposed topological charge ls = +1&–1,
the radial wave vector ranges from α = 1.0043 mm−1 to α =
1.6738 mm−1. As the radial wave vector increases, the ring
radius becomes larger, but the number of breakpoints remains
the same. Meanwhile, the ring radius of THz SPV beams is
computed by fitting the intensity profile. The fitting formula for
the intensity profiles is the same as the previous one. The fitted
ring radius is marked in the intensity patterns. In the experiment,
the fitting relationship between the ring radius R (units: mm) and
radial wave vector α (units: mm−1) can be expressed as a linear
function: R=−0.10+7.92α, whose correlation coefficient up to
0.99986. This indicates that the ring radius is almost positively
linearly related to the radial wave vector. Along with the same ex-
perimental parameters, the numerically simulated results based
on the angular spectrum are shown in Fig. 5(b). In the simulation,
the fitting relationship between the ring radius R (units: mm) and
radial wave vector α (units: mm−1) can be expressed as a linear
function: R =−0.18+8.07α, whose correlation coefficient is 1.
This indicates that the ring radius is positively linearly related
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to the radial wave vector. The experimental function is very
closely related to the numerically simulated one. Therefore, the
ring radius of THz SPV beams is controllable. By controlling
the radial wave vector, the THz SPV beam with any desired ring
radius can be obtained.

V. CONCLUSION

In summary, we generated the THz SPV beams by using the
designed SOPEs at 0.3 THz. The designed SOPEs are simple and
easy to fabricate, whose phase mainly contains two values. The
intensity profile of THz SPV beams is a ring with equally spaced
breakpoints. The superimposed topological charge carried by the
THz SPV beams is directly judged by identifying the number of
breakpoints. The transmission system of THz SPV beams can
be simplified. As the superimposed topological charge changes,
the ring radius of THz SPV beams remains almost constant in
the experiment. The relative error of the maximum and minimum
of the ring radius is only 0.96%, which is very small. A small
relative error will increase the coupling efficiency of the fiber
communication systems based on THz SPV beams. The ring ra-
dius of THz SPV beams varies with the radial wave vector, which
can be expressed as a linear function. The correlation coefficient
up to 0.99986 in the experiment. This means that the ring radius
of THz PV beams is controllable. It is possible to obtain a THz
SPV beam with any desired ring radius by adjusting the radial
wave vector. The experimental results are in good agreement
with the numerically simulated ones. This work can couple
the THz SPV beams with multiple superimposed topological
charges into a fiber with fixed radius, which has promising ap-
plications for THz fiber communication systems based on vortex
beams.
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