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ABSTRACT A transmission-type digital coding metasurface with features of ultrathin thickness and
high efficiency over a wide operating bandwidth is proposed. The proposed metasurface is composed
of low profile cascaded meta-atoms that can control the cross-polarized transmitted waves in the broad
spectrum of K-band. The effectiveness of the proposed method based on the predesigned coding sequences
is demonstrated by realizing various vortex beams (VB) that carry higher-order orbital angular momen-
tum (OAM) under normal and oblique incidences. VB with flexible feature and multiple VBs from the same
aperture are also realized by using the convolution operation. Two samples with 3-bit and 2-bit resolutions are
fabricated to experimentally demonstrate the simulated results with single and multiple VBs. The proposed
design can be easily extended to other frequency regimes to realize similar functionalities. We believe that
the proposed design will find potential applications in the transmission-type optical devices.

INDEX TERMS Metamaterials, coding metasurfaces, vortex beam, orbital angular momentum, optical
devices.

I. INTRODUCTION
Metasurfaces (MSs) are two-dimensional (2D) versions of
metamaterials (MMs) composed of periodic or aperiodic
sub wavelength resonators. These artificial structures have
minimized many challenges and drawbacks presented in 3D
metamaterials such as design complications, fabrication chal-
lenges, and high losses. So far, MSs have been applied
to achieve numerous functionalities such as anomalous
reflection / refraction [1], invisibility cloaking [1], perfect
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lensing [2], [3] and vortex/Bessel beam generation [4], [5].
With their flat, thin, and easy to fabricate features, MSs
are attractive choice for effective control of transmitted and
reflected electromagnetic (EM) waves, photonics and even in
acoustic domain.

To simplify the design procedure, the concept of coding
metasurface (CM) [6] is proposed, which provides more
freedom of EM-wave manipulation than conventional MS.
Each building block in CM is termed as a coding particle,
whose phase response can bemapped on binary number N-bit
(N = 1, 2, 3,. . . ) based on the number of discrete transmission
or reflection phases. In the past few years, CMs have been
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widely studied to realize various EM properties and to design
different functional devices in microwaves, terahertz and
acoustic regimes [7], [18]. Different from the aforesaid pas-
sive coding MS, the real-time control of EM waves has been
achieved using active elements. In this regard, programmable
MSs [9] have been realized with PIN diodes and / or varactor
diodes, and real time control is achieved by time modulation.
Thus, the idea of CM is not only limited to EM waves but
it can also be used to design acoustic CM [10], [11]. For
this purpose, an acoustic CM has been designed to split and
focus the sound waves in a certain bandwidth (BW) [10].
Furthermore, a multiband asymmetric transmission device
for acoustic waves has also been investigated based on the
same concept [11].

The digital characteristic of CM allows us to study them
from the perspective of information science. From this per-
spective, many digital algorithms can be performed. For
example, convolution operation has been proposed to steer
the reflected beam to the arbitrary direction [12]. In Ref. 16,
it has been demonstrated that the amount of information car-
ried by a CM can be evaluated by the Shannon Entropy, which
exposes the relationship between the coding pattern and its
radiation pattern. Furthermore, to realize multiple function-
alities from the same device, bi-functional and multifunc-
tional CM have been demonstrated. In this regard, anisotropic
CM [16] and frequency dependent CM [17] were designed
to realize independent functionalities based on the orthog-
onal polarizations and different frequency bands, respec-
tively. Moreover, multitasking CM [18] has been realized
to perform various distinct functionalities in each frequency
band.Whereas, CM provides newmethods to generate vortex
beam (VB) that carry orbital angular momentum (OAM)
with more flexibility in both transmission and reflection
modes [18], [29], [30], that were challenging to be realized
in traditional MS so far [19], [29].

For reflection mode, MSs have been explored a lot owing
to ease in tailoring electric and magnetic response. Although,
some works have been reported for transmission-type coding
MSs [31], [32]. However, they suffered few issues, i.e., nar-
row BW, multiple cascaded layers and high angular sensitiv-
ity [33], [35]. Therefore, wide band transmissive MSs are
rarely explored having high angular stability.

Here, we proposed a novel transmission-type CM with the
features of high efficiency, ultrathin thickness, high angular
stability and wide BW. It is worth mentioning that the BW
of the proposed design is BW = 0.098λ ≈ 10◦/◦, which is
not ultra-broadband, but still broader than many previously
reported designs. In this regard a comparison between the
BW and some other features of the proposed and previously
reported designs have been made in Table 1. Meanwhile, the
wideband of the proposed design is achieved by exploiting
Fabry- Perot mechanism. Although, this have been recently
proposed by using continuous gratings which completely
block one polarization [36]. On contrary to that concept,
here, we utilized the discrete elements to block only desired
band and the proposed design remains transparent for the

entire operating band. To validate the proposed concept, three
different codingMSs are designed, simulated and experimen-
tally tested for higher-order OAMgeneration with either 2-bit
or 3-bit coding cases. In addition, the convolution operation
is applied to realize the VB with steering features and also to
generate multiple VBs from the same aperture. The simula-
tion and experimental results of VBs confirms the validity of
the proposed scheme.

FIGURE 1. Unit cell design of 3-bit transmission type coding MS.
(a) Transparent perspective view of the unit cell. (b) Top view of the unit
cell and (c) Inner layer of the unit cell. (d, e, f) Top, middle and bottom
layer view respectively of 3-bit coding particles (e) It can be noticed that
the rotation and opening angles for the 3-bit coding MS are
θ/α = −45◦/10◦, −45◦/55◦, −45◦/95◦, −45◦/120◦, 45◦/30◦, 45◦/40◦,
45◦/70◦, 45◦/127◦. The other geometric parameters are as follows:
thickness of each substrate, p = 6 mm, h = 0.6 mm, w1 = 1.58, w2 = 0.91,
wc = 0.6 mm, radii, rin = 1.7 mm and rout = 2.3 mm.

II. MATERIALS AND METHODS
A. META ATOM DESIGN AND WORKING PRINCIPLE
To start with, the meta-atom in the proposed CM consist
of three layers of metallic resonators, separated by two
F4B dielectric substrates, as shown in Figure 1. Specially,
Figure 1(a) shows a transparent view of the coding particle,
Figures 1(b) and 1(c) represent the top and middle metallic
layers, respectively. Similarly, Figures 1(d), 1(e) and 1(f)
show the top, middle, and bottom metallic layers for all
eight coding particles, respectively. All the metallic layers
are made of annealed copper with a thickness 0.018mm.
The dielectric spacers F4B are used with ε = 2.65, tangent
loss δ = 0.001 and a thickness h = 0.6mm. The overall
thickness of the proposed meta-atom is 1.254mm (λ/12 at
operating frequencies), that is thinner than previous cascaded
coding meta-devices [30], [32]. The top and bottom layers
have hexagonal double split-ring resonator (DSRR)with their
openings oriented orthogonal to each other.While, themiddle
layer consists of C shaped split-ring resonator (CSRR) that
is responsible for imparting different phase responses for the
transmitted waves. Simulations of the proposed meta-atom
under normally incident y-polarized plane waves propagating
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along ‘-z’ direction are carried out in CST MWS (Com-
puter simulation technologyMicrowave studio) with unit cell
boundary conditions.

The working principle of the meta-atom can be explained
as follows: the proposed design can be treated as quasi ABA
type Huygens structure [40], [42], where the top and bottom
layers are oriented orthogonal to each other. It has already
been demonstrated that the ABA type MS has the ability
of EM wave tunneling [43] which can be explained using
effective medium theory.More comprehensive explanation of
this type cascaded MSs can be found in Ref. [44].

FIGURE 2. Electric field distribution at the bottom layer at central
frequency. (a) Electric field distribution under y-polarized incidence.
(b) Electric field distribution under x-polarized incidence.

Furthermore, the current analysis of the proposed design
is shown in Figure 2. It can be seen from Figure 2(a), that
an electric dipole is induced along y-direction in the bottom
layer. This dipole completely blocks the x-polarized wave
for the desired band and acts transparent for y-polarized
incident as obvious from Figure 2(b). The asymmetrically
placed CSRR acts as polarization converter as a result of
excited electric dipoles along 45◦ to the incident wave. The
y-polarized wave is fully converted to x-polarization and
transmits to the other side as a result of multiple polarization
conversions by CSRR and reflections by the top and bot-
tom orthogonally induced dipoles. Moreover, the broadband
operation from the proposed design is achieved by exploiting
Fabry-Perot cavity mechanism [36].

For further explanation, a comparison of the perfor-
mance of coding particle is presented in Figure 3, where
Figures 3(a) and 3(b) show the current densities for both
without and with small hexagonal resonator, respectively.
It can be observed that by adding an orthogonally oriented
smaller hexagonal DSRR on both top and bottom layers
of the meta-atom, the induced current strengths increase,
which causes the near field coupling stronger. Thus, the
cross-polarized transmission amplitude can be increased as
compared to the meta-atom, which contains only larger
hexagonal DSRR. Moreover, the transmission amplitude of
coding particle without small hexagonal DSRR can be seen
in Figure 3(c), whereas, Figure 3(d) gives the transmission
amplitude of coding particle with small hexagonal DSRR.
Further, we also simulated the unit cell in which the smaller
and larger hexagonal DSRR has the openings in the same
direction. In doing this, we observed that although the phase

FIGURE 3. Comparison of the performances of meta-atom with and
without small hexagonal resonator and the corresponding phase and
amplitude responses. (a) Current distribution on each layer of unit cell
without a small hexagonal resonator. (b) Current distribution on each
layer with small hexagonal resonators. (c) Amplitude response of 3-bit
unit cells without a smaller hexagonal resonator. (d) Amplitude response
of 3-bit unit cells with a smaller hexagonal resonator. (e) 3-bit
transmission phase response. Note: For a clear view of the current
distribution we took separate picture of each layer in the unit cell and
then combine it.

(not shown in figures for brevity) remains the same but the
amplitude falls to almost 50% of the results of the proposed
design (Figure 3(d)). Thus, it can be concluded that the
optimal results from the proposed meta-atom can be obtained
with only the orientations of the metallic resonators like that
of Figure 1.

The gap of SRR in the middle layer is oriented at θ =45◦

or θ =135◦ and is asymmetric with respect to x-axis and
y-axis. The incident electric field excites resonances at the
ends of the SRR that converts the polarization of the incident
waves. The function of the proposed SRR is exactly similar
to complementary SRR, as presented in Ref. [38], [45],
which interacts with the incoming EMfield leading to current
transfer resulting in electric field perpendicular to the original
one.

Moreover, Jones matrices [46] can also be used to study
the functionality of the proposed meta-atom. In the proposed
design a plane wave with time harmonic dependency eiωt and
propagating in the forward ‘‘-z’’ direction impinges on the top
surface ofmeta-atomwhich can bewrittenmathematically as:

Ei(r, t) =
[
ix
iy

]
e−i(kz−ωt) (1)

where ‘ω’ is the frequency and k = 2π/
λ is the wave

vector, while the entries ix and iy in the matrix describes the
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polarization states of the incident wave. Similarly, the trans-
mitted field can be mathematically described as:

Et (r, t) =
[
tx
ty

]
e−i(kz−ωt) (2)

Similarly, the transmission matrix which generally connects
the complex amplitudes of the incident and transmitted waves
can be written as:[
tx
ty

]
=

[
Txx Txy
Tyx Tyy

] [
ix
iy

]
=

[
A B
C D

] [
ix
iy

]
= T

[
ix
iy

]
(3)

Here in the above equation for simplicity the entries Ti,j are
replaced with A, B, C and D. Now the ‘T ′ matrix for a simple
anisotropic structure with a mirror plane parallel to y-axis can
be written as:

T =
[
A 0
0 D

]
Meanwhile, rotation by an angle 8 will result the matrix as

Dϕ =
[

cos(ϕ) sin(ϕ)
−sin(ϕ) cos(ϕ)

]
(4)

which will modify the transmission matrix from T to
Tϕ = D−1ϕ TDϕ .

The anisotropic split ring resonator is sandwiched by two
hexagonal double split ring resonator pairs, where its Tmatrix
can be described as:

T⊥hex =
[
1 0
0 0

]
and T ‖hex =

[
0 0
0 1

]
that modify the final

transmission matrix from T to Tnew = T⊥hexTϕT
‖

hex .
In special circumstances when the orientation angle

θ = 45◦ or θ =135◦, two transmission matrices are obtained,
which have equal magnitude but opposite phases, that can be
mathematically written as:

T45◦ =
[
0 A− D
0 0

]
, T135◦ =

[
0 −(A− D)
0 0

]
The two transmission matrices reveal that the CSRR ori-

ented with 45◦ and 135◦ have the same cross polarized trans-
mission amplitudes but with an 180◦ phase difference. It also
predicts the fact that a phase coverage of only 180◦ is required
to control for the whole 360◦ phase at one orientation, as the
other 180◦ phase can be realized by just rotating the CSRR
from θ = 45◦ to θ = 135◦.
Moreover, the wide band and high efficiency transmit-

tance is realized by the virtue of a Fabry Perot like cavity
phenomenon occurring in the proposed structure. When a
y-polarized plane wave interacts with the meta-atom, the top
hexagonal pair allows it to enter, which then interacts with
CSRR and converts to x-polarized states. After this conver-
sion the x-polarized part transmitted can go onward while the
reflected part interacts with top layer, which again reflect it
inside the meta-atom. In this way the reflected wave which
now has again y-polarization interacts with SRR and converts
to x-polarized state that enhances the operation in a wide
frequency range.

To obtain the desired transmitted phase response that can
be mapped on binary numbers 000, 001, 010 and so on,
we used a C-shaped split ring resonator (CSRR) in the mid-
dle layer with different orientations and openings as shown
in Figures 1(c) and 1(e). Meanwhile, Figure 1(e) shows
all the orientation and opening angles of the 3-bit coding
particles. It is worth mentioning that, CSRR is excited in
response to the incident linearly polarized waves, generating
electric response at the operating frequencies which couples
with Fabry-Perot resonances to give wide band response,
as explained in antenna array theory [34]. At the designed
frequency, the circumference of the arc is nearly equal to the
half wavelength, i.e., λ

/
2 = 2πX−Xα, whereX = (Rout+Rin)

2 .
In the proposed 3-bit CM, initially, we keep the orientation

of CSRR at θ = −45
◦

= 135
◦

and optimize the opening
angle ‘α’ to obtain the desired four transmission phases cor-
responding to coding states, 000, 001, 010 and 011, respec-
tively. The corresponding values of the parameters ‘θ

/
α’

for the above-mentioned phases are: - 45◦/10◦, - 45◦/55◦,
- 45◦/95◦, −45◦/120◦. Similarly, to obtain the other four
desired phase responses, we apply the fact, that by rotating
the SRR with angle ‘θ’ will modify the transmission phase
to 8◦ ± 2θ , where ‘8◦’ is the transmission phase for ‘000’
digital state when the orientation of SRR is: θ = 45

◦

. In this
manner, we rotate the CSRR to θ = −θ , i.e. (θ = 45

◦

) and
optimize the opening angle ‘α’ to obtain the remaining four
desired transmission phase responses, i.e., 100, 101,110 and
111, where the corresponding optimized values of ‘θ

/
α’

are: 45◦/30◦, 45◦/40◦, 45◦/70◦, 45◦/127◦. The correspond-
ing amplitude responses are presented in Figure 3(d), which
almost have same (constant) values i.e. ‘AT ≥ 0.82’, which
for most of the coding states reaches to 0.90 except the ‘000’
coding states. It should be noted that, this small amplitude
difference of 0.90-0.82 puts no significant difference in the
results of the full structure.

Besides, phase differences between adjacent coding states
are about 45

◦

±7
◦

at the center frequency of 20.5 GHz, shown
in Figure 3(e). In addition, the design has the property to
operate for the normally incident waves propagating along
‘+z’ direction but with orthogonal polarization in the same
working band.

III. RESULTS AND DISCUSSIONS
CM gives us the freedom to achieve different functionalities
by changing spatial distribution of coding meta-atoms. Our
proposed design operating in broadband regime can com-
pletely control the transmitted wave (cross polarized) due
to the availability of eight meta-atoms with almost equally
distant smooth phases and almost constant high transmission
amplitudes of the cross-polarized field. Various full structures
for different functionalities are designed and in each case the
concept of the super unit cell is applied to avoid unnecessary
interference and to have freedom of designing full structures
with different periods of the coding sequences, so as to
manipulate the transmitted waves with more flexibility. In the
following, full-wave simulations are carried out by using CST
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MWSunder both normally and obliquely incident y-polarized
plane waves propagating along ‘-z’ direction to record both
near and far-field patterns.

A. HIGHER ORDER VBs GENERATION
VBs find its applications in modern communication systems
and other optical manipulations [35], [37]. The azimuthal
phase dependence of the VB can be expressed as exp(ilϕ),
where the phase distribution is described by the following
equation.

φ (x, y) = l × tan−1(y
/
x) (5)

In Equation (5) x, y are the spatial coordinates and ‘‘l ′′ is the
topological charge of OAM carried by vortex beam.

FIGURE 4. Hardware architectures of vortex beam generators,
(a,b) Staged view of full structure for CV1 and the corresponding middle
layer. (c, d) Staged view of full structure for CV2 and the corresponding
middle layer. (e, f) Staged view of full structure for CV3 and the
corresponding middle layer.

In the proposed 3-bit CM, we have the freedom to
design VB generators by using either four coding parti-
cles hardware (which mimic the 2-bit coding case) or all
eight particles hardware (which mimic 3-bit coding case),
as shown in Figure 4, where Figures, 4(a), 4(c) and 4(e)
show the full structures hardware architectures of CV1 (cod-
ing VB generator with ‘l = 1’), CV2 and CV3, while
Figures, 4( b), 4(d), and 4(f) show their corresponding mid-
dle layers, which show the phase distribution.

Firstly, we design a VB generator labelled ‘CV1’ com-
posed of 2-bit meta-atoms only. The design ‘CV1’ is made
by dividing the area into four equal sections and each of these
sections is encoded with only one coding particle of the 2-bit
meta-atoms, so as to introduce a 2π phase loop of the 2-bit
meta-atoms, to introduce a 2π phase loop (see Figure 5(a)).
In Figure 5(b), the near field intensity has a donut like shape
in the cutting x-y plane, which is observed 180 mm away
from the surface. Similarly, Figures 5(c) and 5(d) show the
absolute and real part of near field intensity in the cutting
x-z plane, respectively, where a null at the centre and non-
diffractive nature, the two characteristics of a vortex beam
are obvious. The phase pattern which should have one period
in the 2π radians for ‘l = 1’, is shown in Figure 5(e),
in the x-y cutting plane. Moreover, Figures 6(a) and 6(b) show

the far-field pattern in 3D and 2D planes of the generated
VB, which clearly shows that a VB is generated with high
efficiency as the difference between the null and maximum
annular intensity is almost 20 dB.

FIGURE 5. Near field intensities and phase patterns of vortex beam
carrying OAM of order ‘l = 1’ and ‘l = 2’. (a) 2-bit coding MS ‘CV1’ for
vortex beam generation with l = 1. (b, c) Near field intensities in the x-y
and x-z cutting plane with l = 1. (d) Real part of near field intensity
(Electric field) in the x-z cutting plane with l = 1 (e) Phase response of
OAM with l = 1 in the x-y cutting plane. (f) 3-bit coding MS ‘CV2’ for
vortex beam generation with l = 1. (g, h) Near field intensities in the x-y
and x-z cutting plane with l = 1. (i) Real part of near field intensity in the
x-z cutting plane with l = 1 (j) Phase response of OAM with l = 1 in the
x-y cutting plane. (k) 2-bit coding MS ‘CV3’ for vortex beam generation
with l = 2. (l, m) Near field intensities in the x-y and x-z cutting plane
with l = 2. (n) Real part of near field intensity (Electric field) in the x-z
cutting plane with l = 2 (o) Phase response of OAM with l = 2 in the x-y
cutting plane.

In the second phase, we employ all the available eight
coding particles to design a VB generator labelled ‘CV2’
which also can carry OAM of order ‘l = 1’ but with differ-
ent hollow width and intensity. For this purpose, the design
‘CV2’ is equally divided into eight sections and each section
is encoded with one meta-atom among the 3-bit coding parti-
cles, as shown in Figure 5(f). Moreover, the same procedure
as in ‘CV1’ is adopted to simulate the design ‘CV2’. Inter-
estingly, the simulation results shown in Figures 5(g-j) and
Figures 6(c-d) demonstrate that a VB has higher efficiency
and smoother nature than ‘CV1’, indicating that efficiency
can be improved by increasing the number of digital states.

To generate a higher order vortex beam that can carry OAM
with l =±2, we need to introduce a 4π phase loop. A coding
VB generator labelled ‘CV3’ is designed by choosing 2-bit
coding particles from the available 3-bit meta-atoms. The
corresponding design is divided into eight equal sections
where each section is filled with a coding particle among the
selected 2-bit meta-atoms in such a manner to introduce 4π
phase loop, as displayed in Figure 5(k). The similar scheme as
in ‘CV1’ and ‘CV2’ is applied here to simulate ‘CV3’ under
the normal incidence of y-polarized plane waves. Simulation
result in Figure 5(l) shows the near field intensity in the x-y
cutting plane observed at 180mm distance from theMS plate,
which has a donut like pattern with a wider hollow width
as compared to ‘CV1’ and ‘CV2’. It should be noticed that
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FIGURE 6. 3-D and 2-D Radiation patterns of the generated vortex beams
with ‘l = 1’ and ‘l = 2’. (a, b) 3-D and 2-D radiation pattern of vortex beam
with l = 1 for 2-bit vortex beam generator ‘CV2’. (c, d) 3-D and 2-D
radiation pattern of vortex beam with l = 1 for 3-bit structure ‘CV2’.
(e, f) 3-D and 2-D radiation pattern of vortex beam of OAM, l = 2 for 2-bit
structure ‘CV3’. (g-l) Vortex beams generation for obliquely incident waves
with different incident angles by 3-bit coding vortex beam generator
‘CV2’. (g, h) 3-D and 2-D radiation pattern of the vortex beam when the
incident angle is 30◦. (I, j) 3-D and 2-D radiation pattern of the vortex
beam when the incident angle is 45◦. (k, l) 3-D and 2-D radiation pattern
of the vortex beam when the incident angle is 60◦.

increasing the value of ‘l’ will increase the hollow width,
which is due to the self-cancelling effect induced by the
spiral phase distributions. Similarly, Figures 5(m-n) show the
near field intensity and real part of electric field intensity in
the x-z cutting plane respectively, which has a smooth and
non-diffractive pattern. Further, Figure 5(o) shows the phase
pattern of the near field in the x-y cutting plane where the
repetition of each color confirming that the OAMhas an order
l = 2. Moreover, Figures 6(e-f) show 3D and 2D far-field
patterns, respectively. The generated VB on the transmission
side has a wider hollow width, but relatively lower intensity
as compared to ‘CV1’ and ‘CV2’ due to the fact that for a
fixed number of digital states in a MS, and increasing the
topological charge ‘l’ of OAM will cause a decrease in the
intensity.

The other important feature of the proposed design is
its ability to work for a wide range of incident angles.
To demonstrate this property of the proposed design, VBs
for different incident angles are investigated. For this pur-
pose, we simulate the design ‘CV2’ illuminated by plane
waves at different obliquely incident angles. The simulated
results in Figures 6(g), 6(i), and 6(k) show the 3-D far-field
patterns of vortex beams generated for obliquely incident

plane waves with incident angles at 30◦, 45◦ and 60◦, respec-
tively. Similarly, Figures 6(h), 6(j), and 6(l) show the 2-D
equivalents of Figures 6(g), 6(i), and 6(k), respectively. It can
be noticed that the highly efficient VBs can still be generated
for obliquely incident plane waves with incident angles rang-
ing from 0◦ to 60◦.

B. FLEXIBLE AND MULTIPLE OAM-VB GENERATION
As mentioned above, an important feature of the CM is the
convolution operation which leads to the realization of scat-
tered (reflected or transmitted) beams to arbitrary directions.
The convolution operation in CM has been discussed in detail
in Ref. 13, where it has been explained that the multiplication
of two coding patterns is equal to the convolution of their
corresponding scattering patterns. In this way steering a beam
to arbitrary direction can be achieved by just multiplying two
different coding patterns.

Interestingly, the multiplication of two different coding
patterns (multiplication of phases) is equal to the binary addi-
tion of their coding digits, which means that beam steering
and/or beam shaping of an arbitrary scattered beam can be
obtained by adding the gradient coding sequence and/or the
beam shaping coding sequence with the coding sequence of
arbitrary scattered beam.

In this section, we will use the convolution operation to
realize flexible and multiple VBs with high efficiency in
transmissionmode. For this purpose, we first add the VB cod-
ing pattern (CV1) (Figure 7(a)) to the 2-bit gradient coding
sequence (Figure 7(b)) to construct a new coding pattern
(see Figure 7(c)), which can provide a VB with a deflection
angle ‘θd ’. The angle of deflection of VB can be calculated
the same way as the angle of deflection of a scattered beam
from a gradient coding MS, i.e.,

θd = sin−1(λ
/
0) (6)

where ‘Ã’ is the period of the gradient coding sequence. The
simulated results of this CM can be seen in Figure 6(d), which
present a VBwith a deflection angle ‘θd’ which can be further
steered by just varying the period of the gradient coding
sequence. In the second stage, VB coding pattern (CV1)
in Figure 7(e), is added to the coding pattern in Figure 7(f),
which can split the transmitted field into two equal beams
with deflection angles ‘‘±θd’’. The generated coding pattern
can be seen in Figure 7(g), which has the ability to provide
two VBs from the same aperture deflected at equal and oppo-
site angles. The simulated results for this scenario are shown
in Figure 7(h).

In the last case, the coding pattern of OAM-VB
(Figure 7(i)) is added to the coding pattern of quad-beam
generator Figure 7(j), (chess board configuration). As in the
chess board configuration MS, the transmitted field shape
into the quad-beam, consequently, the new coding pattern
(see, Figure 7(k)), which is the addition of chess board and
‘CV1’ patterns provides a quad VB. The simulated results for
this case can be observed in Figure 7(l). In all the three cases,
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FIGURE 7. Convolution operation to realize steerable and multiple vortex
beams for multiple OAM. (a, e, i) Vortex beam generator (CV1) with mode
‘l = 1’. (b) gradient coding sequence (c) coding pattern for vortex beam
steering. (d) 3-D far-field radiation pattern of deflected vortex beam.
(f) Coding sequence for beam splitting. (g) Coding pattern of vortex beam
splitting. (h) 3-D far-field radiation pattern of split OAM vortex beam.
(j) coding sequence for quad beam. (k) coding pattern of quad vortex
beam. (l) 3-D far-field pattern for quad vortex beam.

the simulation results have an excellent agreement with the
theoretically predicted results.

Further, since we claimed that our devices are highly
efficient, thus a quantitative estimation of the efficiency is
necessary. For this purpose, we calculate the working effi-
ciency [35], [38] of the proposed designs employing the
formula as:

ηt =

∫∫
s
(Et ×H∗t ).ds∫∫

s
(Ei×H∗i ) · ds

× 100 (7)

which results in ηt ≈ 830/0.
Further, the power reflected and absorbed can be calculated

using (4) and (5), respectively.

Pr =
∫∫
s

(Er ×H∗r ) · ds (8)

Pa = Pi−Pr −Pt =
∫∫
s

(Ei×H∗i ) · ds

−

∫∫
s

(Et ×H∗t ) · ds−
∫∫
s

(Er ×H∗r ) · ds (9)

where Pi and Pt shows the incidence and transmitted power,
Pr and Pa shows the reflected and absorbed powers while,
Ei, Et and Er shows the incidence, transmitted and reflected

electric fields, respectively. Similarly, the corresponding
magnetic fields are shown by Hi, Ht and Hr , respectively.
It is important to mention that the evaluated efficiency,
i.e. ‘ηt ≈ 830/0’ is for design ‘CV2’ and for normal incidence
only. For oblique incidences and for design CV3, the effi-
ciency degrades slightly but it still has the numerical values
η ≥ 77% which is still acceptable.

FIGURE 8. Fabricated samples and near-field experimental setup.
(a, b, c) Top, middle and bottom layer of the fabricated 3-bit coding MS
‘MS1’ for VB generation. (d, e) Top and middle layer of the fabricated
coding MS ‘MS2’ for split VBs. (f) Experimental set up for measuring
VB under oblique illumination of y-polarized plane waves.
(g) Experimental set up for measuring VB under normal illumination of
plane waves. (h) Experimental set up for measuring split VBs under
normal illumination of y-polarized plane waves.

IV. FABRICATION AND MEASUREMENT
In order to validate the above-simulated results, two MS
samples are fabricated by using the standard PCB (printed
circuit board) technology. The sample labelled as ‘MS1’,
(see, Figure 7) has an overall size of 144× 144 mm2,
which contains 22 × 22 unit cells. Three metallic lay-
ers, i.e., bottom, middle and top layer are displayed in
Figures 8(a)- 8(c) respectively. The final structure can be seen
in Figures 8(f) and 9(a), labeled as ‘MS1’, which is made by
cascading the three layers with the help of plastic screws.
It is worth mentioning that the fabricated sample ‘MS1’ has
a 3-bit resolution with coding pattern same as that of ‘CV2’
to generate a VB carrying OAM with order ‘l =1’.

Similarly, another sample labelled as ‘MS2’ is fabricated
with the coding pattern as that of shown in Figure 7(g) for
split VBs where the top and middle layers of ‘MS2’ are
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FIGURE 9. Measured near-field intensities and phase patterns for
samples ‘MS1’ and ‘MS2’. (a) Experimental setup of near field
measurement for sample ‘MS1’ (b, c) The near-field intensity and phase
pattern respectively of the VB carrying OAM with ‘l = 1’ generated by
‘MS1’ under the normal illumination of y-polarized plane waves.
(d, e) The near-field intensity and phase pattern respectively of the
VB carrying OAM with ‘l = 1’ generated by ‘MS1’ under the oblique
illumination of plane waves. (f, g) The near-field intensities and phase
patterns, respectively, of the split VB carrying OAM with ‘l = 1’ generated
by ‘MS2’ under the normal illumination of y-polarized plane waves.

shown in Figures 8(d) and 8(e), respectively. It should be
noted that as the bottom layer of the ‘MS2’ is the same as that
of the top layer, but only orthogonally oriented, which is not
shown in figures for brevity here. The overall size of ‘MS2’ is
200× 200 mm2 which contains 32× 32 unit cells.

For experiment, near-field microwave anechoic cham-
ber is employed and the experimental setup is illustrated
in Figures 9(a) and Figure 8(f). A rectangular horn antenna
operating from 18 to 24 GHz serves as a feeding source,
while the movable probe operating in the same frequency
band is used to receive the cross-polarized transmitted field.
In the first stage, the antenna is adjusted to impinge the
y-polarized incident waves on sample ‘MS1’, meanwhile,
the movable probe is adjusted 180 mm away from the sam-
ple, to scan an area of 305 × 305mm2 with 61 × 61 sam-
pling points, where the space between each two consecutive
sampling points was 5mm. The measured results plotted in
Figures 9(b) and 9(c) show the electric field intensity (Ex)
and phase pattern respectively, and experimentally demon-
strated that an efficient VB is generated carrying OAM of
order ‘l = 1’.

In the second stage, we adjusted the horn antenna to
impinge the incident waves obliquely (see Figure 8(f))
in order to verify the angular stability of the fabricated
sample ‘MS1’. The corresponding measured field inten-
sity and phase pattern for a 45◦ incidence are plotted in
Figures 9(d) and 9(e), respectively. It can be observed that
the intensity still has a donut like shape deflected rightwards

TABLE 1. Comparison of some features of the proposed work with
previous designs.

which confirms that the design can work in a wide range of
incident angles. However, due to the limitation of the area
scanned by the receiving probe, we were not able to collect
all the information of the realized VB, and thus a small loss in
information appears in the measured results for oblique inci-
dence case, which can be observed in Figures 9(d) and 9(e).

Further, in order to verify the generation of split VBs,
we test the fabricated sample ‘MS2’ in the same microwave
anechoic chamber, (see Figure 8(g)) by making only minor
adjustments in the setup. Similar procedure as that for MS1 is
employed to measure the near fields of ‘MS2’. The probe in
this case is adjusted to scan an area of (x×y= 480×300mm2)
with sampling points 240 ×60 along the horizontal and ver-
tical axis respectively. Note that, here, the space between
the two consecutive sampling points along the horizontal
axis is 2mm while that of between two vertical sampling
points was fixed to be 5mm. All the measured results have a
close agreement with their theoretical counterparts. However,
a distortion occurred in the measured results of split VBs,
especially in field intensities which is due to the lower bit
we have used only 2-bit (four coding particles) among the
available eight meta-atoms to fabricate the sample. The other
possible reasons may be the external noise and the distribu-
tion of transmitted energy due to multiple beams from the
same aperture.

Moreover, the hollow in the near-field intensities in this
case are very small, which is due to scanning a large area,
plotting the results in the same plane and shrinking the pic-
ture. Further, it is important to verify the claimed function-
alities and novelty of the proposed design. For this purpose,
we compared the demonstrated design and its features (see
Table. 1) with the previously reported designs.
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V. CONCLUSION
We have presented a novel 3-bit transmission type CM. The
proposed design has the features of ultrathin thickness, high
efficiency, and broadband performance with angular stability.
Various functionalities were realized by using different cod-
ing sequences with a unique distribution of coding particles.
VBs were generated for both normal and oblique incident
plane waves with different topological charges and distinct
hollow widths by distributing the coding particles in a spiral
profile. Further, flexible and multiple VBs were also realized
by applying the convolution operation. Experiments for nor-
mal and oblique incidences with single and split VBs were
performed by fabricating and testing two different samples,
where the measured results had excellent agreement with
their theoretical counterparts. We remark that the same struc-
ture can be extended to other frequency regimes to realize
similar functionalities, and we believe that the proposed CM
will find potential application to transmission-type optical
devices.
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