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Abstract—An orbital angular momentum (OAM) detection ap-
proach at microwave band is proposed. A transmittance function is
exploited to model a transmissive metasurface. Then, the metasur-
face is designed to convert an OAM wave to multiple waves, only
one of which is Gaussian. The radiation direction of the Gaussian
wave is distinguishable according to the order of incident OAM.
Consequently, by locating the Gaussian wave, the incident OAM
can be conveniently determined. We use a simple field source to
simulate the incident OAM wave in full-wave simulation. It largely
simplifies the simulation process when an incident wave carrying
OAM is needed. Both numerical and full-wave simulation results
are provided to validate our design, and they show good agreement
with each other. Then, the metasurface is optimized for high di-
rectivity. Our work can provide an efficient and effective way for
OAM detection in radio communications.

Index Terms—Multiple orbital angular momentum (OAM)-
beam detection, OAM, transmissive metasurface.

I. INTRODUCTION

LECTROMAGNETIC (EM) waves can carry orbital an-

gular momentum (OAM), which provides them with an
extra degree of freedom. The OAM waves have been applied
in wave multiplexing and demultiplexing in communications
[1]-[3] and microwave imaging [4]. Recently, research on
the generation of OAM has been carried out extensively.
Approaches for OAM generation include using spiral phase
plates [5], [6], antenna arrays [7], [8], computer-generated holo-
grams [9], and metasurfaces [10], [11]. As a reciprocal process,
detection of OAM at the receiver side is of equal importance but
challenging due to the divergence and spatial-dependence nature
of an OAM wave. The approaches for OAM detection include
mode analysis based on field data [13], [14] and observation of
the rotational Doppler shift [12]. The former approach needs
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Fig. 1. Schematic representation of multiple OAM-beam detection by a single
metasurface.

to acquire the distributed complex field data, which is usually
realized by near-field scanning technique. The complexity of
measurement is high. The latter approach requires the rotation
of the OAM wave, so mechanical rotation of the OAM source
is needed.

It is known that a metasurface can be designed to control
EM waves by abrupt phase changes at patterned scatterers on
it [15]-[17]. The high feasibility of tailoring the geometry of the
scatterers makes metasurface a wonderful candidate to achieve
various wave manipulation. In this letter, we propose a novel
and effective approach for multiple OAM-beam detection by a
single transmissive metasurface. This process is schematically
summarized in Fig. 1. The wave carrying OAM impinges on the
metasurface and then is converted to a directional beam without
OAM. The directivity of the output beam depends on the incident
OAM. Furthermore, the metasurface is optimized based on a
modified transmittance function to obtain high directivity.

II. METHODOLOGY

EM wave with OAM possesses a spatial phase dependence
expressed by e/'®, where [ is the OAM index and ¢ is the
azimuthal angle. To generate an OAM of order /, scatters on a
metasurface with azimuthal location ¢ are designed to provide
a phase change of /¢.

For the generation of multiple OAM beams, the transmittance
of the metasurface is given by

1(r, §) = Z Amej(lm¢+kxmx+kymy) (1)

m

where r is the radial position, ¢ is the azimuthal position, A,,
is the weight of the mth beam, /,, is the corresponding OAM
index, and k,,,, ky,, are the transverse wavenumbers of the mth
beam.

Then, the far-field response of the metasurface illuminated
by an incident wave Ej, is calculated by doing the Fourier
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Field intensity

Fig. 2. Intensity of the electric field along the x-axis at the focal plane for
LGy, Each beam carries the same power and the beam waist w = 1.7854,
where 1 is the free-space wavelength.

transform [18]
E = F{E;, - t}. 2)

If we consider a Laguerre—Gaussian beam (LG,;) at normal
incidence with radial index p = 0 and azimuthal index [y, at the
focal plane, the beam is expressed by [19]

Ein(r, ¢) = re™"/"" e/ 3)

where w is the beam waist.

Clearly, the field modulus described in (3) is cylindrically
symmetric. By setting the same beam power and beam waist
for each LGy, the field intensity along the x-axis at the focal
plane when [y =0, &1, 2, £3, £4 is shown in Fig. 2. The
field intensity at the beam axis is zero when [y % 0, which is
a common feature of an OAM beam. Meanwhile, the beam
diverges when [y # 0 and as |/y| increases, it diverges faster,
resulting in a decreased field intensity.

Then, under the illumination of LGy, the far-field response
is estimated by [20]

E = Z A, Frhe /0" od Un oo (onxthymy)y

m

= AnF{Eoawq, +1pKksms kym)}.

4)

Therefore, multiple beams are generated, and at the designed
k-space position (ky, kyn), the OAM order is [, +lo . It can
also be noticed in (4) that the power of each produced beam
P,, is modulated by A,, and P,, o< E2 o< A2 In the following,
we will set A,, = 1 so that the generated beams have the same
power level.

We design five beams with [,, =2, 1,0, —1, —2 at the di-
rections of 6 =40° and ¢ = 90°, 18°, 306°, 234°, 162°. The
corresponding wavenumbers are k,/ko =0,0.6113, 0.3778,
—0.3778, —0.6113 and k,/ko = 0.6428, 0.1986, —0.5200,
—0.5200, 0.1986, where k) is the free-space wavenumber. Then,
the transmittance 7(7, ¢) is calculated based on (1) and the phase
information is extracted. The phase distribution is discretized by
11 x 11 pixels as shown in Fig. 3(b) so that a metasurface with
11 x 11 unit cells can be used for the implementation. Under
the Gaussian beam incidence (I, = 0), five beams with OAM
of order [,, are generated, which is shown in Fig. 3. Since the
five beams are designed to carry the same power, their field in-
tensity follows the trend in Fig. 2, i.e., as the OAM increases, it
decreases. The straight line in the area of each beam in Fig. 3(d)
is the first zero-phase line. We find some distortions in the gen-
erated beams. There are several reasons.

0
k /k,
© @

Fig. 3. Response of the metasurface under the Gaussian beam incidence.
(a) Amplitude of the incident wave with /o = 0, w = 30 mm. (b) Phase distri-
bution on the metasurface. (c) Far-field intensity pattern of the diffracted beam.
(d) Far-field phase pattern of the diffracted beam.

(a)

Fig. 4. Response of the metasurface under the LGpy beam incidence.
(a) Amplitude of the incident wave with I =2, w =20 mm. (b) Far-field
intensity pattern of the diffracted beam.

1) Based on the Fourier transform, the larger the metasurface
aperture, the more concentrated the generated beam will
be. Due to the finite metasurface aperture in real case, the
beam will diverge and interfere with each other.

2) The divergence nature of the OAM beams will make the
interference effect more severe, and the larger the OAM
18, the more severe the scenario will become.

3) The metasurface only retains the phase information in
the transmittance function. Therefore, the quality of the
generated beam will inevitably be degraded.

When the incident wave carries an OAM ([ is chosen from
0, £1, £2), it is converted to five beams, only one of which is
Gaussian beam when /o = —I;. The output Gaussian beam is at
the k-space position (kyys, kypr). Obviously, for different /o, M
is different, so as (ky s, kyp). Therefore, by examining the field
along the five beam axes, we can tell where the Gaussian beam
locates, i.e., determine M. Then, the OAM of the incident beam
can be determined. An example with [, = 2 is shown in Fig. 4.
As expected, the location of the Gaussian beam is at (kys, kys)
because /o = —Is. This process is reversed when [ is unknown.

III. SIMULATION

We use the unit cell proposed in [21] for the metasurface
design. Its geometry and equivalent dipole model are shown in
Fig. 5, and at the designed frequency of 17.85 GHz, it converts
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(b)

Fig. 5. Schematic of the unit cell and its equivalent magnetic dipole model.
(a) Bilayer complementary unit cell. Each layer contains four split rings. The pa-
rameters are p = 7mm, ¢; = 5.2mm, a; = 3.9mm, g = 0.2mm, 2 = 0.8 mm,
and the width of the slots is 0.2 mm. Substrate is F4B220 with permittivity
€, = 2.2 and loss tangent 0.003. (b) Unit cell is modeled by two orthogonal

magnetic dipoles.
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Fig. 6.  Right circularly polarized component of the incident wave at a trans-
verse plane z = —5 mm. The focal plane of the wave is at z = 0. The plotting
frequency is 17.85 GHz. Beam waist is 30 mm. (a) Amplitude and (b) phase of
the incident wave with [ = 0; (c) amplitude and (d) phase of the incident wave
with [ = 2.

aright (left) circularly polarized wave to a left (right) circularly
polarized wave. By axially rotating the unit cell an angle «, an
additional phase e*? can be introduced. This phase is used to
construct the required transmittance function.

Full-wave simulation is done in CST MWS. Circularly po-
larized LG sources are required in the full-wave simulation. We
import the transverse components E,, E,, H,, H, of the right
circularly polarized LG, wave on a transverse plane as a field
source. Field components of two incident waves LGy and LG,
are shown in Fig. 6. According to our best knowledge, no full-
wave simulation with the field source carrying OAM has been
published, so we compare the results from full-wave simulation
in CST MWS with those from the numerical calculation based
on the equivalent dipole model proposed in [21].

The cross-circularly polarized components are examined. The
numerical results based on the equivalent dipole model and
full-wave simulated results are shown in Figs. 7 and 8, respec-
tively. Whatever value of OAM the incident wave carries, the nu-
merical and simulated radiation patterns show good agreement
with each other, which validates the correctness of full-wave
simulation by importing the transverse OAM-source compo-
nents in CST MWS. Meanwhile, the azimuthal locations of the
main lobes under the five incident OAM waves are labeled in
Fig. 7(a)—(e), namely ¢ = 90°, 18°, 306°, 234°, 162°, which is
consistent with the theory.

It is worth noting that when the incidence wave carries higher
order OAM, the sidelobe level increases. Particularly, for the
case when [y = 2, the sidelobe is very high. The high side-

Fig.7. Numerically calculated far-field power pattern when the incident wave
carries OAM of order (a) —2; (b) —1; (¢) 0; (d) 1; (e) 2.
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Fig. 8. Full-wave simulated far-field power pattern when the incident wave
carries OAM of order (a) —2; (b) —1; (¢) 0; (d) 1; (e) 2.

lobe results from the constructive interference among multiple
beams, especially between two adjacent beams. In Fig. 3(c) and
(d), there is a constructive interference between the beams with
| =2 and !/ = 1. The phase values of the two beams at the inter-
ference area are close to each other so that the two beams merge
together. It is known that when two beams are superimposed,
the resultant interference pattern depends on their relative am-
plitude and phase [22]. Therefore, the constructive interference
can be weakened by introducing different phase constants in the
two beams. This phase constant, denoted by «,, is added into
the transmittance function as follows:

(@ +km X +Kym y+am
tmoa(r, @) =y _ e/ U@ Hhamxhumyten), )

m

To disturb the constructive interference in Fig. 3(c) and (d),
we can rotate one beam by adding a phase constant to it. A
specific example is shown in Fig. 9. The beam with [ =1 is
rotated —90° by setting o, = —1.5708. This rotation changes
the phase of the beam at the previous interference area, resulting
in a weakened constructive interference.
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k /k,
(2) (b)
Fig. 9. Response of the modified metasurface (ap = —1.5708) under the

Gaussian beam incidence. The far-field (a) intensity and (b) phase patterns
of the diffracted beam.

after optimization

- - - - before optimization

Field intensity

100
Azimuthal angle ¢ (deg)

Fig. 10. Original and optimized far-field power patterns at & = 40° for the
five incident OAM waves.

Based on our analysis, the side-lobes in Figs. 7 and 8 can
be suppressed by eliminating the constructive interference be-
tween any adjacent beams using the additional phase term e'®"
in (5). We use the brute-force method to find the values of a,,.
For the five cases when the incident OAM [, = —2, —1,0, 1,
and 2, the sidelobe levels are different. Hence, our objective be-
comes maximizing the minimum peak-to-sidelobe ratio. The op-
timal solutionis oy = 1.0472, o = 1.0472, a3 = 2.0944, oy =
2.7925, a5 = 4.5379. The comparison results after optimization
are shown in Fig. 10. The field intensity along the azimuthal co-
ordinate is plotted at & = 40° for each incident case. We can see
that when [y = £1, 2, the field intensity at desired location
is increased. Particularly, for [y = 2, the field is enhanced sig-
nificantly. Originally, the sidelobe is the highest when /y = 2,
and since our objective is to maximize the minimum peak-to-
sidelobe ratio, it is reasonable that this scenario presents the
most obvious improvement. Meanwhile, it can be noted that the
intensity becomes lower for /o = 0. This is also a consequence
of the objective we use for optimization. It is not possible to
achieve improvement for all the five incident cases, but there
has to be a tradeoff among each case to get the maximized mini-
mum peak-to-sidelobe ratio. Overall, we can observe suppressed
sidelobes and increased field intensities at desired locations.

IV. CONCLUSION

We proposed a novel approach for multiple OAM-beam de-
tection by using a single metasurface. By examining the field
intensity at the predesigned locations, the OAM of the inci-
dent beam can be conveniently determined. A metasurface that

can detect five OAM beams was demonstrated. Furthermore,
based on the modified transmittance function, the metasurface
was optimized for better performance. The effectiveness of our
proposed scheme was verified by both numerical and full-wave
simulations.
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