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Abstract—The structured beams, which can manipulate arbi-
trary intensity and phase of electromagnetic rays, are significant
in communication and sensing. The vortex electromagnetic wave
carrying orbital angular momentum (OAM) exhibits the phase
distribution of the helical wavefront, which can be viewed as a
complete set of eigenmodes for electromagnetic waves. It provides
a flexible beamforming method to achieve the azimuthal pattern
diversity by the spatial superposition of multiple specific OAM
modes. We have proposed a novel form of OAM wave with a
two-dimensional structure called plane spiral OAM (PS-OAM),
which is conducive to overlapping different modes. Based on this,
the PS-OAM mode-group can be employed to modify the spa-
tial beam structure and form structured electromagnetic beams.
This kind of beam not only retains the inherent vorticity and
orthogonality of the OAM waves but also tackles the difficulties
in applications stemming from the singularity-caused dark zone
and beam divergence of conventional OAM waves. In this paper,
the construction and manipulation of the structured beams are in-
vestigated, and the properties are analyzed. The potential applica-
tions in multiple-input multiple-output (MIMO) communication,
orthogonal multiplexing communication, and spatial field digital
modulation (SFDM) communication are envisioned.

Index Terms—Structured radio beam, orbital angular
momentum, plane spiral OAM, MIMO communication, space
division multiplexing, spatial field digital modulation.

I. INTRODUCTION

ORBITAL angular momentum (OAM) is the essential phys-
ical parameter of the electromagnetic wave manifesting

Manuscript received 31 August 2022; revised 12 October 2022; accepted 13
October 2022. Date of publication 17 October 2022; date of current version 3
April 2023. This work was supported by the National Natural Science Founda-
tion of China under Grants 62171409 and 61571391. (Corresponding author:
Xianmin Zhang.)

Xianmin Zhang is with the College of Information Science and Electronic
Engineering, Zhejiang University, Hangzhou 310027, China, and also with the
School of Information Science and Engineering, NingboTech University, Ningbo
315100, China (e-mail: zhangxm@zju.edu.cn).

Shilie Zheng, Xiaowen Xiong, Zelin Zhu, Yuqi Chen, Zhixia Wang, and
Wei E. I. Sha are with the College of Information Science and Electronic
Engineering, Zhejiang University, Hangzhou 310027, China (e-mail: zhengsl@
zju.edu.cn; xiongxiaowen@zju.edu.cn; zelinzhu@zju.edu.cn; chen_yuqi@
zju.edu.cn; wangzhixia@zju.edu.cn; weisha@zju.edu.cn).

Xiaonan Hui and Xianbin Yu are with the College of Information Science and
Electronic Engineering, Zhejiang University, Hangzhou 310027, China, and also
with the Zhejiang Lab, Hangzhou 311121, China (e-mail: x.hui@zju.edu.cn;
xyu@zju.edu.cn).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/JLT.2022.3215211.

Digital Object Identifier 10.1109/JLT.2022.3215211

Fig. 1. The schematic of OAM waves. (a) Plane spiral OAM (PS-OAM) wave,
and (b) general OAM wave.

the rotational symmetry of the electromagnetic field, which is
an extrinsic property describing the phase singularity and the
beam vorticity. OAM was first found in the optical domain [1],
and the applications based on OAM have ranged from optical
manipulation to high-capacity communications [2]. Over the last
decade, it was found that the photon OAM is not restricted to the
optical domain and can be used in the terahertz to microwave
domain [3], [4].

In recent times, structured light has become synonymous
with OAM. The richness of the topic, as well as its myriad of
applications, has attracted much attention. The superposition of
composite optical vortex has already been proposed to constitute
the structured beams, which are indeed emerging as a new fron-
tier in modern photonics [5]. In the same way, structured radio
beams with diverse radiation patterns exhibit colossal potential
in many applications. However, the divergence of conventional
OAM beam scales approximately with the square root of the
mode number |l| [6], indicating that the radio waves carrying
different OAM modes might have different divergence angles.
These features make it difficult to overlap the mainlobes of mul-
tiple OAM-carrying waves, which results in many challenges for
structured beamforming based on OAM in the radio frequency
regions.

We have proposed a novel form of OAM radio wave, termed
plane spiral OAM (PS-OAM) electromagnetic wave, to tackle
the difficulties stemming from the singularity-caused dark zone
and beam divergence [7], [8]. Fig. 1(a) shows the schematic
of the PS-OAM wave, for comparison, the conventional OAM
wave is also shown in Fig. 1(b). Instead of propagating along the
main axis with the helical phase fronts in the three-dimensional
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space (ρ× θ × ϕ in spherical coordinates) as the conventional
OAM wave, the PS-OAM wave propagates mainly along the
transverse direction with a two-dimensional structure (ρ× ϕ,
θ = 90°) and spiral phase distribution in the radial plane. There
is no singularity along the propagating path, and all PS-OAM
modes have the same radiation pattern with linearly polarized
in the far field region. Thus the overlapping of different OAM
modes can be easily achieved. It will significantly benefit the
mode grouping and multi-beam synthesis.

The mode-group superposed by specific single-mode PS-
OAM waves has been proved to be a flexible beamforming
method to achieve the azimuthal pattern diversity [9]. Since the
PS-OAM waves with the same propagation direction constitute
a complete set of eigenmodes, with a particular strategy to
select several PS-OAM modes and superposing them into a
mode-group, a reconfigurable beamforming scheme could be
achieved by manipulating the intensity and the initial phase of
each PS-OAM mode among the group. The structured beam
not only retains the inherent vorticity and orthogonality of the
conventional OAM wave but also can realize a high gain.

The rest of the paper is organized as follows. Firstly, the
beamforming for the structured beams based on PS-OAM is an-
alyzed, and the essential characteristics are discussed. Then, the
antenna for the structured radio beam is investigated. Finally, the
potential applications of the structured radio beams for multiple-
input multiple-output (MIMO) system, orthogonal multiplexing
communication, and spatial field digital modulation (SFDM) are
explored.

II. BEAMFORMING BASED ON PS-OAM

Periodic complex exponentials play a central role in treat-
ing signals and systems because they can serve as extremely
useful building blocks for many other signals. In the spatial
domain, OAM waves possess an azimuthal phase distribution
of exp(−jlϕ). The azimuthal angle ϕ is periodically linked
with the OAM mode number l by Fourier transform. Thus, the
transverse far-field radiation pattern of a structured radio beam
in the azimuthal domain can be constructed in terms of spiral
harmonics, i.e., a beam with arbitrary angular intensity and phase
distributions can be obtained by superposed PS-OAM modes.

A. Pencil Beam

This highly directional beam with a single mainlobe is some-
what like sinc function, thus can easily be achieved by superpos-
ing many PS-OAM modes with consecutive modes. Supposing
there are N PS-OAM modes with a constant mode interval Δl,
then the constructed beam can be described as

Φ(ϕ) =
N−1∑

n=0

Ane
−j[(l0+nΔl)ϕ+ϕn] (1)

where An, l0 + nΔl, ϕn are the amplitude, the OAM mode
number, and the initial phase of the nth PS-OAM mode among
the mode-group, respectively. For simplicity, let the weight of
each PS-OAM be equal and all the initial phases are 0, the pattern

Fig. 2. Normalized beam pattern for 4 PS-OAM modes of l = {1, 2} (red
line), 8 PS-OAM modes of l = {1, 2, 3, . . ., 8} (blue line), and 16 PS-OAM
modes of l = {1, 2, 3, . . ., 16} (green line).

Fig. 3. The angular intensity distribution of 8 PS-OAM waves with dif-
ferent OAM modes at the transverse plane. (a) PS-OAM modes of l =
{1, 2, 3, 4, 5, 6, 7, 8}; (b) PS-OAM modes of l = {1, 3, 5, 7, 9, 11, 13, 15}; (c)
PS-OAM modes of l = {1, 4, 7, 10, 13, 16, 19, 22}.

function can be expressed as [10]

Φ(ϕ) =
sin(N ·Δl

2 ϕ)

sin(Δl
2 ϕ)

· e−j[l0+
(N−1)·Δl

2 ]ϕ (2)

where l0 is the first OAM mode among the superposed PS-OAM
waves.
sin(N ·Δl/2 · ϕ)/ sin(Δl/2 · ϕ) is the amplitude factor,

which is dependent on N and Δl. It describes the directional
gain of the constructed radio beam, which provides an efficient
solution to generate high-gain beams. Fig. 2 shows the normal-
ized beam patterns at the transverse plane by grouping 2, 8,
and 16 consecutive PS-OAM waves, respectively. The mainlobe
becomes narrower, and the number of the sidelobes increases
with the increasing components of PS-OAM waves. It shows
clearly that a highly oriented beam can be synthesized when
many more PS-OAM modes are combined. The weight of each
PS-OAM can be complex, including the amplitude and phase,
and the OAM modes can be arbitrary orders.

Multi-beam synthesis can also be easily obtained using the
superposition of the PS-OAM waves. Fig. 3 shows the various
angular intensity patterns by (2). The number of the superposed
PS-OAM waves N = 8. Fig. 3(a)–(c) correspond to l0 = 1,
while Δl = 1, 2 and 3, respectively. It can be seen that the
interval of the superposed OAM mode Δl determines the num-
ber of the mainlobes. Δl = 1 corresponds to one mainlobe,
Δl = 2 corresponds to two mainlobes, and so on. If a large
OAM mode interval is adopted, multiple mainlobes are easily
obtained.
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Fig. 4. Normalized amplitude and phase distribution for 8 PS-OAM modes of
l = {1, 2, 3, 4, 5, 6, 7, 8}.

Fig. 5. Structured radio beams with 8 PS-OAM modes. (a) Normalized
beam pattern, and (b) the phase distribution within the mainlobe. S1 =
{1, 2, 3, 4, 5, 6, 7, 8} (red dash line), S2 = {11, 12, 13, 14, 15, 16, 17, 18}
(blue solid line).

B. Vorticity and Orthogonality

The vorticity and orthogonality are the two essential char-
acteristics of vortex waves. The structured beams retain the
inherent vorticity and orthogonality of the conventional OAM
waves.

As indicated by (2), exp{−j[l0 + (N − 1) ·Δl/2]ϕ} is the
phase factor depending on l0, N , and Δl. Interestingly, the
phase of the superposed beam changes linearly along the az-
imuthal angle, and the slope is the average of all the superposed
OAM modes which was defined as the equivalent OAM order
le in [11]. This means that the superposed beam retains the
vorticity, and the azimuthal phase distribution can be adjusted
by the superposed PS-OAM modes. Since equivalent OAM
order le = l0 + (N − 1) ·Δl/2, the phase characteristics of the
constructed radio beams can be manipulated by selecting the
appropriate OAM mode l0 and mode interval Δl.

Fig. 4 shows the normalized amplitude and phase distribution
of the structured radio beam superposed by PS-OAM waves with
modes {1, 2, 3, 4, 5, 6, 7, 8}. Phase is linearly distributed along
the azimuthal angle, and the slope of 4.5 exactly matches the
average of superposed OAM modes.

According to (1), there can be many PS-OAM groups to form
one specific angular intensity pattern. Although the intensity
pattern is the same for these beams, their phase characteristics are
different. One example is in Fig. 5, which shows the phase distri-
butions of two beams formed by two OAM mode groups. Mode

group S1 is the superposition of modes of {1, 2, 3, 4, 5, 6, 7, 8},
and mode group S2 is the superposition of the PS-OAM modes
of {11, 12, 13, 14, 15, 16, 17, 18}. It can be seen that these two
OAM groups possess different phase change periods. Moreover,
such beams with the same radiation pattern are orthogonal as
long as the superposed OAM modes are not overlapped. As
we know that more PS-OAM modes superposition results in
a narrow mainlobe, it can say that the hybrid wave of group
S1 is approximately orthogonal to that of group S2 within the
mainlobe region. Taking the two OAM groups in Fig. 5 as an
example, the correlation coefficient between them is 0 within
the 2π aperture while 0.0095 within the mainlobe.

C. Beam Scanning

For the OAM grouping of PS-OAM waves, both the intensity
and the phase of the RF beams can adeptly be manipulated. If
the superposed PS-OAM waves have regular initial phases, i.e.,
ϕn = ln ·Δϕ, then (2) can be expressed as

Φ(ϕ+Δϕ) =

N−1∑

n=0

Ane
−j(lnϕ+ϕn) =

N−1∑

n=0

Ane
−jln(ϕ+Δϕ)

(3)
As can be seen from (3), the initial phase difference between

adjacent modes Δϕ determines the directivity of the structured
beam. If the pattern wants to be rotated by Δϕ, the phase
shift of the feeding port for corresponding PS-OAM wave is
lnΔϕ. When the phase shift of each feeding port is regularly
controlled, the intensity pattern can be rotated to realize the beam
scanning.

There are two interesting aspects here when compared with
the generally used beam scanning schemes. One is that using this
beam scanning technique, the beam pattern of the constructed
wave Φ(ϕ+Δϕ) remains constant while the whole pattern
rotates Δϕ along the azimuthal direction, which is difficult
to achieve in phased array systems. The other is that it is the
phase shift instead of the time delay that allows the realization
of beam scanning, which presents an easy solution for wideband
applications.

III. ANTENNAS FOR STRUCTURED BEAMFORMING

A traveling-wave circular slot antenna based on the resonant
ring cavity can generate a single mode OAM wave when a
90° hybrid coupler is used to excite the antenna and the phase
changes along a circle of 2πl in the cavity [12], [13]. The
amplitude distribution of OAM wave with mode number l in
the elevation direction satisfies,

A(θ) ∝ Jl[ka sin(θ)] (4)

where k is the wave number, and a is the radius of the traveling-
wave circular slot. The radiation direction can be calculated
by (4). A prominent feature of PS-OAM is that the radiation
direction is along the transverse plane regardless of the mode
number l. There are three ways to help the radiation concentrate
on the radial plane.

The first method is to reduce the radius a of the resonant ring
cavity. When ka sin(θ) is less than the first maximum point of
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Fig. 6. The section view of the ring dielectric resonator antenna.

Fig. 7. Electric far-field radiation patterns of the ring dielectric resonator
antenna. (a) The simulated 3D pattern, and (b) the simulated (blue solid line)
and measured results (red dash line) for the E-plane (xz-plane) patterns.

Fig. 8. (a) An antenna prototype for generation of PS-OAM waves of l = ±3
with two feeding ports, and (b) schematic of ring horn loaded traveling-wave
circular slot antenna.

Jl(·), the radiation direction of different modes are all toward
to θ = 90°. The ring dielectric resonator antenna is proposed to
generate PS-OAM as shown in Fig. 6 [14]. Fig. 7(a) shows the
simulated 3D radiation pattern. The generated wave propagates
mainly along the transverse plane. Fig. 7(b) shows the simulated
and measured 2D far-field radiation patterns in the transverse
plane.

The second method is to load the ring horn [8], [15]. A
prototype with OAM states l = ±3 for 10 GHz operation is
shown in Fig. 8(a), while Fig. 8(b) presents the internal structure
of the fabricated antenna. The simulated and measured far-field
patterns are shown in Fig. 9.

The third method is to load a rotating parabolic reflector
(RPR) [16]. As shown in Fig. 10(a), the proposed antenna con-
sists of a coaxial resonator group (CRG) and an RPR. The CRG
consists of four top-slotted TE coaxial resonators sequentially
arranged from inside to outside, which is displayed intuitively
in its cross-section view in Fig. 10(b). The nth resonator works
in TEn11 standing-wave mode and has two feeding ports, which
are fed by a 90° hybrid coupler. According to Euler’s formula,
the traveling-wave mode could be generated in the resonator, and

Fig. 9. Far-field radiation of ring horn loaded traveling-wave circular slot
antenna for l = ±3. (a) E-plane radiation pattern, (b) H-plane radiation pattern,
(c) and (d) Phase distributions with azimuthal angle.

Fig. 10. Antenna design: (a) antenna prototype; (b) cross-section view of the
antenna model.

Fig. 11. Near-field power and phase distribution of single mode at xoy plane:
(a) mode l = 1; (b) mode l = 2; (c) mode l = 3; (d) mode l = 4.

the OAM wave of mode ln is radiated from the slot. Similarly,
the OAM wave of mode −ln could be radiated when the iso-port
is fed. Hence the OAM waves of mode l = ±1,±2,±3,±4 can
be generated and controlled independently. The RPR converts
OAM waves to PS-OAM waves by reflecting them to the hori-
zontal plane according to the principle of geometrical optics. Its
surface satisfies parabolic equation Z =

√
2× P × ρ, where P

is the parabola focal length.
Fig. 11 shows each mode’s near-field power and phase distri-

bution at the E-plane, respectively. It is seen that the PS-OAM
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Fig. 12. Far-field gain, phase distributions and mode purity of the PS-OAM
modes at the H-plane (θ =90°): (a) gain and phase distributions of mode l = 1;
(b) mode purity of mode l = 1; (c) gain and phase distributions of mode l = 2;
(d) mode purity of mode l = 2; (e) gain and phase distributions of mode l = 3;
(f) mode purity of mode l = 3; (g) gain and phase distributions of mode l = 4;
(h) mode purity of mode l = 4.

beams have good phase linearity and amplitude uniformity in
the azimuthal domain in the near-field region.

Fig. 12(a),(c),(e),(g) present the far-field gain and phase
distribution of each mode at the E-plane, respectively. In the
near-field region, the wave keeps stable vortex phase distribu-
tion and relatively uniform energy distribution. Based on the
far-field distribution, the OAM mode purity of each resonator
is illustrated in Fig. 12(b),(d),(f),(h), respectively. It can be
seen that all the generated PS-OAM waves have high mode
purity, which is of great significance for the structured radio
beams.

With the designed antenna, eight PS-OAM modes can be
generated and controlled independently. A feeding network
composed of attenuators and phase shifters is cascaded before
the input ports (including in-port and iso-port) for weighting
all PS-OAM waves. Hence, this antenna can be used to realize
the structured radio beams. Any azimuthal target pattern can be
reconfigured by calculating the complex OAM mode purity and
feeding the corresponding amplitude and phase to the mode.

As described in Section II, a pencil beam can be constructed
by multiple OAM beams with consecutive modes of equal am-
plitude and the same phase. Fig. 13 shows the pencil beams built
by all eight modes with the different phase difference between
adjacent modes Δϕ. It is seen that the main lobe direction is
dependent on Δϕ. The PS-OAM based beam scanning has the
ability of omnidirectional 360° scanning without distortion in
the azimuthal domain as expected [17].

Fig. 13. Normalized theoretical (blue line) and measured (red line) patterns
of the pencil beams constructed by eight modes.

Fig. 14. System configuration of such MIMO system. dmn: the propagation
distance between the mth SB and the nth Rx.

IV. POTENTIAL APPLICATIONS

A. MIMO System

The structured radio beam can be applied to the transmitting
end in an LoS-MIMO system [11], [18]. The common high gain
beams used in MIMO systems just improve the signal-to-noise
ratio (SNR), and the differences among channels are simply
caused by different propagation paths. Whereas the structured
beams cannot only improve the SNR, but also decrease the
spatial correlations between sub-channels which benefits from
the abundant phase information.

The proposed MIMO system is shown in Fig. 14. The model
is illustrated as a 2× 2 LoS-MIMO system. At the transmitting
end, the antennas for structured beams (SBs) are placed coaxially
and then radiate into the free space from the same point. At
the receiving end, two general horn antennas are placed at the
symmetry positions along the propagation axis. Focusing on the
link performance, several considerations are assumed,
� The number of the structured beams equals the number of

horn antennas.
� By contrast, the transmitting aperture of the existing MIMO

system is lmaxλ/π, where lmax is the highest order OAM
mode among the structured beams.

The channel model of the proposed system could be expressed
as a narrow-band MIMO system, which is as follows [19],

y = HSBx+ n (5)
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Fig. 15. Capacity gain over SISO system for existing MIMO system, PSOAM-
MIMO system and SB-MIMO system. The receiving SNR is 30 dB and the
Rayleigh distance of 2A2

r/λ is approximately 82λ.

where HSB ∈ C2×2 is the transfer matrix consisted of several
transfer functions. The performance of channel capacity can be
analyzed utilizing singular value decomposition (SVD) algo-
rithm [19].

Fig. 15 presents the capacity gain of the existing MIMO
system and structured beam based MIMO system (SB-MIMO
or MG-MIMO) in an LoS scenario [11]. The multiplexed SBs
are SBa {1, 2, . . ., 9, 10}, SBb {11, 12, . . ., 19, 20}, SBc {−10,
−9,..., −2, −1}, and SBd {−20,−19, . . ., −12,−11}. Each
SB has the same certain intensity pattern. The capacity gains are
simulated numerically at a receiving SNR of 30 dB no matter
how long the relative distance D is.

Benefitting from the SNR improvement due to the direction-
ality of the structured beam, the proposed scheme has a better
peak gain about 2.6. Besides, to achieve the same capacity gain
such as 2, the proposed scheme can propagate much longer, e.g.,
multiplexed SBs are SBa and SBb (blue line), the propagating
distance is raised from 84λ of MIMO system to 328λ. Interest-
ingly, for the same receiving aperture and same mainlobe gain, if
the difference value of equivalent OAM mode orderΔle between
multiplexed SBs is larger, the correlation of sub-channels is
going to be lower.

We set up a 2× 2 MG-MIMO prototype to demonstrate and
verify the impact on communication performance of the vorticity
of structured beams [20]. Here, the sub-channel difference is
merely brought by the linear phase distribution of the structured
beams. At the receiving end, two horn antennas spaced 0.6 cm
apart are placed at the symmetry positions along the propagation
axis, as illustrated in Fig. 16(a). The communication distance D
is 5 m. Four pairs of MGs used for conducting the comparison
experiments are MG1{−1, 1} and MG2{−2, 2} with Δle of 0
(a pair of plane waves) [17], MG3{1, 2} and MG4{−2,−1}
with Δle of 3, MG5{2, 3} and MG6{−3,−2} with Δle of 5,
MG7{3, 4} and MG8{−4,−3} with Δle of 7, respectively.

The measured raw BER curves of the QPSK transmission and
the 16-QAM transmission have been shown in Fig. 16(b) and
16(c), respectively. For both two modulation formats, as Δle
increases from 0 to 3, 5, and 7, the corresponding BER value
is reduced to some extent, i.e., the communication performance
is getting better for the case of larger Δle. It’s worth noting

Fig. 16. (a) Experimental setup used to study the impact on communication
link performance of MG’s vorticity. (b) The QPSK transmission: the measured
raw BER performance for these four pairs of multiplexed MGs. (c) The 16-QAM
transmission: the measured BER.

that the difference of sub-channels is entirely caused by the
MG’s vorticity rather than the propagation path difference, as
the MIMO system does. Owing to the coaxial arraying way at the
transmitting end, for the receiving horns arranged symmetrically
along the propagation axis, the wave-path of two plane waves
to the two receiving antennas are almost the same, which means
that there is no spatial diversity between the multiplexed signals.
Hence, the system cannot support the multiplexing, and severe
aliasing occurs between the multiplexed signals, the BER values
at each SNR for both modulation formats are all above the level
of 20%. It’s an intolerable level in wireless communication.

For the QPSK transmission, as far as the test results are
concerned, whenΔle is 5 or 7, the MG-MIMO system can reach
the FEC limit of 3.8× 10−3. Thanks to the lower sub-channel
correlation, the multiplexing of MG7 and MG8 can reach the
such limit at a lower SNR of about 26 dB, and the multiplexing
ofMG5 andMG6 needs a 28 dB SNR to reach the same limit. As
for the 16-QAM transmission, similarly, when Δle is 5 or 7, the
MG-MIMO system can reach the FEC limit. The multiplexing
case of Δle = 7 reaches the FEC limit at a lower SNR of about
28 dB, and the multiplexing case of Δle = 5 requires a higher
SNR of 30 dB to reach this limit.

In addition, it has also been verified experimentally that the
BER and robustness performance of the proposed MG-MIMO
outperforms conventional MIMO [20], which benefits from
MG’s directionality and vorticity. In [21], it has been evaluated
that MG-MIMO has potential in long-distance point-to-point
wireless transmission scenarios through contrastive analysis.

B. Orthogonal Multiplexing Communication

Structured radio beam as a reconfigurable beamforming
method can be used to build a MIMO system to reduce sub-
channel correlation. However, the demultiplexing process still
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Fig. 17. (a) Experimental setup of the communication link. (b) The receiving
end adopts the standard gain horn antennas, they are placed symmetrically on
both sides of the propagation axis. (c) A 90◦ hybrid coupler can be used for
demultiplexing the signals based on PASR scheme.

depends on the MIMO algorithm, where the receiver complexity
is the same as conventional MIMO systems. Because of its main-
lobe’s spiral phase distribution similar to conventional OAM
wave, structured radio beam also possesses the orthogonality
under partial arc sampling receiving (PASR) scheme [17], [22].
It is worth noticing that the demultiplexing process can be
completely realized by a simple analog phase shifting operation,
and the receiver complexity can be reduced significantly.

On the basis of PASR scheme [23], for 2π/δ azimuthal
arc and Nr receiving antennas, the angle difference between
neighbouring antennas meets 2π/(δNr). If Δl12e = l1e − l2e is
equal to k′δ, where k′ is a non-zero integer, the multiplexed
MG1 and MG2 can be demultiplexed orthogonally.

A PS-OAM mode-group (PSOAM MG) orthogonal multi-
plexing communication link at X-band using the PASR scheme
has been demonstrated experimentally [24]. Fig. 17(a) shows the
experimental setup in an LoS scenario. A pair of MGs used for
conducting the experiments are MG1{1, 2, 3, 4} with l1e of 2.5
and MG2{−1,−2,−3,−4} with l2e of −2.5, Δl12e is equal to 5.
The communication distance is set as 2 m; based on the PASR
scheme, the receiving aperture Ar needs to be set as 1.29 m.
The receiving end adopts the standard gain horn antennas to
form the uniform linear array, which guarantees that they could
be placed symmetrically along the propagation axis, as shown
in Fig. 17(b). According to PASR scheme [22], for this case, a
group of phase shifts should be set as 0◦ at Rx1 and 90◦ at Rx2
to demultiplex MG1. Meanwhile, the other group should be set
as 90◦ at Rx1 and 0◦ at Rx2 to demultiplex MG2. A 90◦ hybrid
coupler is used for synchronously realizing such analog phase
shift operation, as shown in Fig. 17(c).

First, the channel isolation between two PSOAM MGs is
tested over the entire working band. At the transmitting end, we

Fig. 18. The channel isolation between multiplexed PSOAM MGs over the
entire working band.

Fig. 19. (a) Measured BER performances of the 16-QAM multiplexing. (b)
The typical constellations with EVM performance from MG1 channel at the
corresponding SNR. (c) The typical constellations with EVM performance from
MG2 channel.

only feed the bandpass signal into MG2 while MG1 is disabled,
then the spectrum of receiving signals is obtained from the
corresponding channels. As shown in Fig. 18, the power level of
MG2 channel is ∼15 dB higher than that of MG1 channel. The
channel isolation between multiplexed MGs under the PASR
scheme can maintain the level of about 15 dB, which means that
two independent wireless channels have been established under
existing conditions.

Then, the multiplexing communication experiment is carried
out. At the transmitting end, two 16-QAM signals carrying
different data streams are fed simultaneously to MG1 channel
andMG2 channel, respectively. As shown in Fig. 19(a), the BER
curves of two channels can reach the FEC limit, which proves the
validity of multiplexing communication. Besides, Fig. 19(b) and
(c) show the typical constellations with EVM performance. The
measured EVM values fromMG1 channel are 11.4% and 13.3%
at the SNR of 24.8 dB and 21.1 dB, respectively. Moreover, for
MG2 channel, its EVM performances are 10.97% and 11% at
the SNR of 27 dB and 25 dB, respectively.

Moreover, the comparison of this work with other analog
spatial multiplexing transmission systems has been shown and
discussed detailedly in [24]. In terms of measured channel
isolation, single-way spectrum efficiency, and total spectrum
efficiency, the performances of our system are relatively good.
The next step is to further improve system bandwidth and data
rate.
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Fig. 20. The architecture of the OAM-SFDM system.

C. Spatial Field Digital Modulation

To pursue higher spectral and energy efficiency, a type of new
modulation scheme, index modulation (IM) has been proposed
and studied [25]. There are various of IM schemes directly
modulating information in the spatial distribution of the electro-
magnetic field, including space shift keying [26], media-based
modulation [27], channel modulation [28], directly digital mod-
ulation [29], and spatially encoded data transmission [30]. The
key to realizing these modulation schemes is to radiate different
electromagnetic fields, i.e., different far-field patterns.

The PS-OAM based beamforming is a flexible method to
control both the amplitude and the phase distributions of the
electromagnetic field, and provides the azimuthal pattern di-
versity. Thus, a PS-OAM based spatial field digital modulation
(OAM-SFDM) system is proposed [31] [32] to realize the afore-
mentioned IM scheme.

Fig. 20 shows the architecture of the OAM-SFDM system.
The transmitted binary data is truncated into k-bit fragments.
Each bit fragment is mapped to a symbol, and is input to the
OAM mode encoder. In the OAM mode encoder, the combina-
tions of the amplitude and the initial spatial phase of each OAM
mode are determined. Then, the multimode OAM antenna is
controlled to transmit the SFDM signal, i.e., the EM field with a
specific amplitude and phase distribution. In the receiving end,
the receiver array measures the EM field at several points in
the spatial dimension and outputs the results to the sampling
quantizer. According to a predefined demodulation criterion, the
sampling quantizer estimates the transmitted symbol from the
received signal, and recovers the original information.

Different demodulation methods with different performance
and complexity can be chosen to demodulate the SFDM signal.
In [31], a maximum likelihood (ML) detector based on the
Euclidean distance is adopted. The ML detector requires the
phase difference between the transmitter and the receiver, which
is usually impractical. To develop an alternative demodulation
method that can work without requirement for the phase dif-
ference, the spatial matched filtering criterion is proposed to
demodulate the SFDM signal [32].

A proof-of-principle experiment is carried out to verify the
validity of the spatial matched filtering criterion [32]. Fig. 21(a)
is the schematic diagram of the SFDM system architecture. In

Fig. 21. The schematic diagram of the SFDM system architecture in this ex-
periment with 1.5 m communication distance, in which the transmitting antenna
operates at 10.16 GHz. SDR: software defined radio, BPF: band-pass filter, LNA:
low-noise amplifier, PA: power amplifier, PS: electrically-tuned phase shifter,
AT: electrically-tuned attenuator, Detector: logarithmic RMS power detector. (a)
The high-speed SFDM system. (b) The low-complexity SFDM system.

Fig. 22. (a) The photo of the implemented high-speed SFDM system. (b) The
antenna controller of the low-complexity SFDM system. (c) The detectors of
the low-complexity SFDM system.

this experiment, the bit rate is about 92 kbit/s. Moreover, an al-
ternative low-complexity SFDM scheme is shown in Fig. 21(b).
In this alternative scheme, the phase difference of the signals
fed into the OAM antenna is controlled by the electrically tuned
phase shifters, and the output powers of the filters are measured
by the logarithmic RMS power detectors. This low-complexity
SFDM system has a lower cost than the original one, but its
bit rate is lower as well, which is about 400 bit/s. Fig. 22
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Fig. 23. (a) The far-field patterns of two selected states in the high-isolation
scheme. (b) The far-field patterns of two selected states in the low-isolation
scheme. (c) The simulated BER performances of the high-isolation and the low-
isolation scheme. (d) The experimental BER performances of the highisolation
and the low-isolation schemes. The BER measurements are carried out for 5
times at each C/N, and the results are marked with two different crosses. The
black and the red solid lines are plotted from the average of the measurement
results at each C/N.

are the photos of the two implemented SFDM systems. The
communication distance of each SFDM system is 1.5 m.

Fig. 23 are the numerical simulation and the experiment re-
sults of the low-complexity SFDM system. The far-field patterns
carrying the information are shown in Fig. 23(a), (a). In this
experiment, two different modulation schemes having different
state isolations are designed. The state isolation is defined as
the difference of the output powers between the Filter 0’s and
Filter 1’s at the same state. Since a more significant difference
between the output power of the “matched filter” and those
of the “mismatched filters” can lead to a lower BER and a
stronger anti-noise ability, the high-isolation scheme is expected
to have a better BER performance. The results of the numerical
simulation and the experiment both support the hypothesis. The
figure indicates that the low-complexity SFDM system can also
realize error-free transmission.

V. CONCLUSION

We extend the concept of structured light to radio-frequency
electromagnetic wave. The complex spatial phase and amplitude
distribution in a specific beam can be constructed by grouping
OAM mode waves in space. This novel kind of beam inherits
the inherent vorticity and orthogonality of OAM wave, and has
three advantages. Its amplitude directional gain can improve the
signal-to-noise ratio of communication link. The phase vortex
characteristic can enrich the difference between subchannels in
MIMO system. The quasi orthogonal property between beams
can simplify the signal processing at the receiving end. There-
fore, spatial structured radio beam is expected to overcome the
problems of traditional OAM beam and expand the applications
of OAM characteristics in communications.
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