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Abstract—Orbital angular momentum (OAM) beam is very
difficult to receive due to the divergence of the beam. The
position of the beam axis must be known by the existing
receiving methods, including the single point method and the
phase gradient method. This article proposes an OAM mode
estimation method with an unknown beam axis. This method
first estimates the position of the beam axis according to the
phase characteristics and then uses the phase gradient method
to estimate the OAM mode. The simulation results verify the
effectiveness of the method.

Index Terms—Orbital angular momentum (OAM), OAM de-
tection, OAM mode estimation, phase gradient method

I. INTRODUCTION

The application of light beams or electromagnetic (EM)
waves carrying orbital angular momentum (OAM), also called
vortex beam [1], is rapidly developed during the past few
decades [2]–[4]. Vortex beams have a helical phase wavefront
of exp(jlϕ) term, where ϕ is the transverse azimuthal angle
around the propagation direction and l is an integer indicating
the OAM mode [3], [5].

For radio vortex beam, the helical phase wavefront is
introduced by the feed with a linear phase gradient in the
azimuthal angle [6]. As a result, there is a phase singularity
along the beam axis [7], where its electric field (E-field) is
zero, resulting in a “doughnut” intensity profile [8] and a
divergent beam [9].

The centrally hollow and divergent characteristics make it
very difficult to detect OAM waves in full aperture over a
long distance. In 2010, Mohammadi et al. [10] introduced the
single-point method and the phase gradient method to estimate
the OAM modes of radio vortex wave. For the phase gradient
method, one should measure the phase difference between two
or more points on a circle or a circle segment with the circle
center on the beam axis [11]–[13]. Some other methods, such
as partial aperture sampling reception (PASR) [14], [15] and
variable scale aperture sampling reception (VSASR) [16], are
both variants of the phase gradient method. As an emerging
method, metasurface reception is a full-aperture reception
method, which requires the beam axis to coincide with the
receiving antenna center [17]–[19].
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The position of the beam axis must be known when all
methods mentioned above are used to estimate the OAM mode.
As far as we know, there is currently no such OAM mode
estimation method in the published literature when the beam
axis is unknown.

In this article, we propose an OAM mode estimation method
with an unknown beam axis. In this method, the phase
characteristics of the vortex beam on the plane perpendicular
to the beam axis are analyzed, and then the position of the
beam axis is estimated by the phase characteristics. Finally,
the phase gradient method is applied to evaluate the OAM
mode.

This article is organized as follows. In Section II, we intro-
duced the basic principles of the proposed method, including
the analysis of the phase characteristics of the OAM beams
and the steps of the proposed method. In Section III, some
simulation results based on the proposed method are presented.
Finally, Section IV draws the main conclusions and describes
future work.

II. BASIC PRINCIPLES

A. The Phase Characteristic of an OAM Beam

The phase expression of the general OAM beam can be
expressed as the following form [4],

E(k, r, l) = exp (−jkr) · exp (jlϕ) (1)

where k = 2π/λ is the wave number, λ is the wavelength, r is
the distance between the field point and the source point, l is
the OAM mode, j =

√
−1, and ϕ is the azimuth angle of the

field point with respect to the source point. For convenience,
the amplitude of the OAM beam is neglected here. The phase
distribution on the plane perpendicular to the beam axis is
shown in Fig. 1. The phase of a vortex beam is decomposed
into the phase caused by the free space and the phase caused
by the source.

1) The phase cause by the free space: Let the beam axis
be the origin, a polar coordinate system is established, and
let the distance between the source and the phase plane be
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Fig. 1. The components of the phase of a vortex beam. (a) The phase
caused by space exp(−jkr), (b) the phase only caused by the source
of the vortex beam exp(jlϕ), and (c) the addition of these two phases
exp(−jkr) exp(jlϕ). The black box is a sampling area at the same place.
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Fig. 2. (a) The isophase lines on the phase plane caused by space with the
value of φ0 (solid black lines). The radii of the isophase lines are ρ1, ρ2, and
ρ3, respectively. The distances between the adjacent isophase lines are ∆ρ1
and ∆ρ2. (b) The sketch figure of E-field reception of a rectangle sampling
area, whose center is located at (xc, yc), and the dimensions are ∆x and
∆y. The maximum azimuth angle covered by the sampling area with regard
to the origin O is ∆ϕ.

the fixed R0, so the distance between the point (ρ, ϕ) on the
phase plane and the source is expressed as

r =
√
ρ2 +R2

0. (2)

It can be seen from (2) that when ρ is constant, r does not
change, so the phase exp(−jkr) will not change either, as
shown in Fig. 1(a). The phase of the E-field is the same on
the circles with the same radius and therefore the isophase
lines are concentric circles with the beam axis as the center.

Now take any three adjacent isophase lines in Fig. 1(a) for
analysis, as shown by the solid black lines in Fig. 2(a). Let
the wrapped phase value of the isophase lines be φ0. The
radii of the three isophase lines are marked as ρ1, ρ2, and ρ3,
respectively. The distances between adjacent isophase lines are
noted as ∆ρ1 and ∆ρ2. For the general case, R0 � ρ1, ρ2, ρ3,
so (2) can be simplified to

r ≈ R0 +
ρ2

2R0
. (3)

Observing Fig. 2(a), we can assume that

φ0 + 2nπ = k ·
(
R0 +

ρ2
2

2R0

)
= kR0 +

πρ2
2

λR0
(4)

where n is an integer. Based on the geometric relationship and
the definition of the isophase lines, the phase change caused
by the adjacent phase line is 2π, and then

φ0 + 2nπ − 2π = kR0 +
πρ2

1

λR0
= kR0 +

π (ρ2 −∆ρ1)
2

λR0
(5)

φ0 + 2nπ + 2π = kR0 +
πρ2

3

λR0
= kR0 +

π (ρ2 + ∆ρ2)
2

λR0
.

(6)

Combining (4)(5)(6), we obtain

ρ2 =
(∆ρ1)

2
+ (∆ρ2)

2

2 (∆ρ1 −∆ρ2)
. (7)

It can be seen from (7) that for the phase distribution shown
in Fig. 1(a), the radii of the three adjacent isophase lines can
be calculated by the distance between the adjacent isophase
lines, to determine the center of the isophase lines, i.e., the
beam axis.

2) The phase caused by the source: The phase caused by
the source is only related to the azimuth angle, i.e., the polar
angle, as shown in Fig. 1(b). The phase of the E-field is the
same along the ray with the same polar angle and therefore
the isophase lines are the rays that radiate outward from the
beam axis.

Now consider a rectangular sampling area whose center is
(xc, yc), and the dimensions along the horizontal axis and
vertical axis are ∆x and ∆y, respectively. The sampling
area is located in the interval I =

[
xc − ∆x

2 , xc + ∆x
2

]
×[

yc − ∆y
2 , yc + ∆y

2

]
, as illustrated in the red rectangular box

in Fig. 2(b). The azimuth angle covered by the sampling area
is denoted by ∆ϕ. If the sampling area is far enough from the
beam axis, the azimuth angle covered by the sampling area
can be approximated as

∆ϕ ≈

√
(∆x)

2
+ (∆y)

2

ρc
. (8)

If ρc �
√

(∆x)
2

+ (∆y)
2, the azimuth angle covered by

the sampling area is very small, so the phase caused by the
source lϕ can be regarded as a constant.

The true vortex phase is the superposition of the phase
caused by space and the phase caused by the feed, as shown
in Fig. 1(c), whose isophase lines are helical. It can be seen
from Fig. 1(b) that in a small area far from the beam axis,
as shown in the black box in Fig. 1, the change of the phase
is very small, making the superimposed phase similar to the
phase in the same area in Fig. 1(a). Therefore, the isophase
lines in this sampling area can be approximated as concentric
circles.

B. The Steps of the Proposed Method

According to Section II-A, we propose a method to esti-
mate the transmitting OAM mode. The flow diagram of the
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Fig. 3. The flow diagram of the proposed method for OAM estimation.
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Fig. 4. The phase pattern of the vortex beams with OAM order (a) l = 1
or (b)l = 2 generated by the same UCA in 4nec2 on the transverse plane in
far-field. The plane is 10 m away from the source antenna.

proposed method of OAM mode estimation is illustrated in
Fig. 3.

The specific steps are as follows. First, perform two-
dimensional rectangular sampling on a plane perpendicular
to the beam axis of a vortex beam carrying OAM in the far
field. Second, perform two-dimensional interpolation on the E-
field value of the samples to make the phase smoother. Third,
choose three suitable adjacent isophase lines to determine the
coordinates of the beam axis according to (7). Finally, based on
the coordinate of the beam axis, the OAM mode is estimated
with the help of the phase gradient method.

III. SIMULATION RESULTS

To verify the effectiveness of the proposed method, this
article uses the free software 4nec2 [20] to generate far field
OAM beams generated by a uniform annular array (UCA). The
UCA is composed of 16 ideal electric dipoles with an array
radius of 2λ. The frequency is 9.6 GHz. The phase patterns
of OAM mode l = 1 and l = 2 are shown in Fig. 4.

Based on the flow diagram illustrated in Fig. 3, we first
extract the complex E-field of 15×15 sampling points at
equal intervals (about 0.07 m) in the area far from the beam
axis, as shown in Fig. 5(a). Second, the interpolated E-field
is shown in Fig. 5(b), and the arc-shaped isophase lines
can be seen. Third, select adjacent isophase lines and draw
a perpendicular bisector (blue line in Fig. 5(c)) based on
geometric properties. The perpendicular bisector and the three
isophase lines intersect at points A, B, and C, respectively.
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Fig. 5. The process steps of the proposed method. (a) The phase distribution
of the directly sampled E-field, (b) the phase distribution of the interpolated
E-field, (c) the intersection of phase fronts and the line crossed the beam axis,
and (d) the phase distribution of the unwrapped E-field and the radius fronts.
The numbers on the dotted line show the values of radii.
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Fig. 6. The histograms of the estimation results using the proposed method.
(a) l = 1, (b) l = 2.

Let ∆ρ1 = AB and ∆ρ2 = BC, and we can determine the
position of the beam axis using (7). Finally, according to the
obtained beam axis and the phase gradient method, we can
estimate the OAM mode via unwapped E-field shown in Fig.
5(d). The results are shown in Fig. 6. For the transmitting
OAM mode l = 1 and l = 2, the bin counts of values 1
and 2 reach the maximum. The results show that the proposed
method can accurately estimate the corresponding OAM mode.

IV. CONCLUSION

In this article, an OAM mode estimation method with un-
known beam axis is proposed. The main idea of the proposed
method is to first estimate the position of the beam axis and
then use the phase gradient method to estimate the OAM
mode. The simulation results proved the effectiveness of the
method. Future work will focus on conducting experiments
and analyzing the errors of each step in detail.
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