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Abstract— A variety of novel orbital angular momentum
(OAM)-based communication or sensing systems have attracted
much attention over the past decade, the superiority is brought
about by nothing other than its orthogonality or vorticity.
Plane spiral OAM (PSOAM) mode-group (MG) technique as a
reconfigurable beamforming method can be used for building a
multiple-in-multiple-out (MIMO) system to achieve the reduction
in subchannel correlation, which benefits from the spiral phase
distribution within the mainlobe. However, the demultiplexing
process still depends on the MIMO algorithm, in which the
receiver complexity is same as the conventional MIMO sys-
tems. In this article, a PSOAM MG orthogonal multiplexing
communication link at the X-band using partial arc sampling
receiving (PASR) scheme has been demonstrated experimentally.
The MG channels have a good isolation of about 15 dB, and the
existing performance can ensure the reliable 16-QAM wireless
transmission. Besides, a real-time dual-channel video transmis-
sion experiment has been carried out to verify the channel isola-
tion caused by MG’s orthogonality intuitively. More importantly,
the demultiplexing procedure using the PASR scheme can be
implemented by simple analog phase shifting operation with a
lower receiver complexity compared with the conventional MIMO
systems.

Index Terms— Mode-group (MG), orbital angular momentum
(OAM), orthogonality, partial arc sampling receiving (PASR),
wireless communication.
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I. INTRODUCTION

THANKS to the phase diversity and the spatial orthog-
onality, orbital angular momentum (OAM) has caught

worldwide researchers’ interests in the fields of high-speed
microwave [1], [2], THz [3] or optical [4] communication sys-
tems, radar detection/imaging [5], [6], physical layer security
[7], [8], etc. OAM waves have the helical phase front of e jlϕ ,
where ϕ and l refer to the azimuthal angle and the OAM order,
respectively [9]. Different from the spin angular momentum
with only the finite multiplexing dimensions, theoretically,
OAM has infinite orthogonal modes that are allowed to be
multiplexed [10], which may increase the communication
capacity manyfold [11].

Except for the idea of mode division multiplexing
(MDM) [12], the superposition of several specific OAM
waves has been verified to be an eigenmode beamforming
method to realize the azimuthal pattern diversity [13], [16].
Such generated beam can be defined as OAM mode-group
(MG) [15]. However, owing to the center phase singularity and
inconsistency of beam divergence [16]–[19], it is quite hard
for the conventional OAM wave to overlap their mainlobes
in free space, and hence, it is difficult to realize eigenmode
beamforming. Zheng et al. [13] proposed a special form of
OAM wave called plane spiral OAM (PSOAM) wave. Com-
pared with the conventional OAM wave propagating along the
z-direction, PSOAM wave can be known as a 2-D structure
which propagates along the transverse plane with azimuthal
spiral phase distribution. Different PSOAM waves have consis-
tent divergence angles θd of 90◦, i.e., they can propagate along
the same propagation directions [20]. Meanwhile, the phase
singularity is inside the PSOAM antenna, and the energy hole
will be avoided reasonably along the propagation path. Thanks
to these characteristics, PSOAM waves are more suitable
for realizing the above-mentioned eigenmode beamforming in
practice. Certainly, PSOAM MG can be regarded as a special
kind of OAM MG.

A PSOAM MG possesses two prime features: the direc-
tionality brought about by beamforming effect and the vor-
ticity similar to the single-mode OAM wave [13], i.e.,
it presents a high-gain beam with spiral phase distribution
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Fig. 1. PSOAM MG multiplexing communication system. To use the PASR
scheme, the MGs need to be radiated coaxially; besides, the receiving antennas
also need to be placed symmetrically along the propagation axis.

within its mainlobe in the azimuthal direction and also prop-
agates along the transverse plane. In [21], a PSOAM-MG-
based multiple-in-multiple-out (MIMO) system (MG-MIMO)
has been demonstrated experimentally. It has been proven
that MG’s directionality can improve the signal-to-noise
ratio (SNR) level and its vorticity can introduce the addi-
tional phase shift to further decrease the spatial correlation.
Besides, the MG-MIMO system shows better robustness than
the existing MIMO system. However, MG’s orthogonality is
not used for realizing the demultiplexing process, and the
MG-MIMO system still needs to rely on common MIMO
algorithm to separate the multiplexed data streams. From the
perspective of receiver complexity, the MG-MIMO system has
no superiorities. Previously, the partial arc sampling receiv-
ing (PASR) scheme [22] has been proposed to demultiplex
several single-mode OAM waves orthogonally in a limited,
smaller, and reasonable aperture, which can overcome the diffi-
culty of receiving the beams with the whole angular aperture in
a long-distance transmission scenario. Thanks to its mainlobe’s
spiral phase distribution similar to the conventional OAM
wave, PSOAM MG also possesses the orthogonality under
the PASR scheme, which means that such PASR scheme can
also be used for demultiplexing the data streams orthogonally
in an MG multiplexing link. Remarkably, the demultiplexing
process can be completely realized by simple analog phase
shifting operation, and the receiver complexity will be reduced
significantly. Hence, this article is different from [21]. The
similarity between two works is that both adopt the PSOAM
MG technology, but they take advantage of different properties
of PSOAM MG. This work can be regarded as the extension,
expansion, and development of previous work [21], which may
provide the theoretical and practical basis for promoting the
applications of MG technology in the communication system.

In this article, it is the first time to demonstrate a PSOAM
MG orthogonal multiplexing communication link using the
PASR scheme experimentally. Fig. 1 shows the sketch map
of such the link. To demultiplex the MGs orthogonally, the
transmitting end needs to adopt the coaxial arraying way.
Moreover, the receiving antennas need to be placed at the
symmetric positions along the propagation axis. It is worth
noting that the demultiplexing procedure can be implemented

Fig. 2. Azimuthal angle and PSOAM modes can be connected by Fourier
transformation.

by pure hardware with a lower complexity in this system.
A compact PSOAM MG antenna [16] made up of coaxial
resonators and a reflector are used for radiating the MGs.
Furthermore, the significant experimental results including
the isolation between multiplexed MGs and raw BER have
also been evaluated in a realistic line-of-sight (LoS) scenario.
Based on this communication architecture, a real-time dual-
channel video multiplexing transmission experiment has been
carried out finally.

II. MG MULTIPLEXING COMMUNICATION

USING PASR SCHEME

A. Orthogonality Under PASR Scheme

As shown in Fig. 2, owing to the same propagation direc-
tion, PSOAM waves can be considered as a suitable set of
spatial eigenmodes to realize beamforming with azimuthal
pattern diversity [13]. The azimuthal angle and PSOAM modes
can form a set of Fourier transformation pairs [23]. Hence,
for a MGn {ln

0 , ln
0 +�l, . . . , ln

0 +(M −1)�l} superposed by M
PSOAM modes ln

0 , ln
0 +�l, …, ln

0 + (M −1)�l, its theoretical
pattern distribution in the azimuthal direction

FMGn(θ0, ϕ) =
M−1∑

m=0

Am(θ0) · e j[(ln
0 +m�l)ϕ+ϕm

0 ] (1)

where Am refers to the intensity of the mth PSOAM wave
among MGn; �l is the mode interval; ln

0 is the first PSOAM
mode among MGn; ϕm

0 is the initial phase of the mth PSOAM
wave; θ0 denotes the propagation direction of single-mode
PSOAM wave, and its value is equal to 90◦. For the case of
same amplitude (the values of Am are all set as 1) and in-phase
(the values of ϕm

0 are all set as 0◦), the pattern function (1)
can be given ulteriorly by [21]

FMGn(ϕ)
θ0=90◦= sin( Mϕ

2 �l)

sin( ϕ
2 �l)

· e j (ln
0 +�l M−1

2 )ϕ (2)

From (2), it can be seen that the pattern function has been
extended to the product of two parts: the former intensity
term and the latter phase term. The former represents the
directionality of MGn in the azimuthal direction, and the latter
characterizes the maiblobe’s phase distribution of MGn. With
a certain strategy to select several successive PSOAM modes
and superpose them into an MG, a high-gain pencil beam can
be realized by manipulating the amplitude and the phase of
each PSOAM mode among MG.
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Fig. 3. Typical 2×2 channel model of PSOAM MG multiplexing link using
the PASR scheme. TX/Rx: the transmitting and receiving antennas; D: the
communication distance; Ar: the receiving aperture; ϕ: the azimuthal angle
at the transverse plane.

Furthermore, what is noteworthy is that the MG still pos-
sesses the spiral phase distribution [13] in the azimuthal
direction similar to the conventional OAM wave. Without
special beam optimization methods, it is hard for common
phased array antennas [24] to achieve the same goal. Hence,
it can be considered that the MG also has vorticity. As can
be seen from the power of the red term in (2), the vorticity is
related to ln

0 , �l and M . The phase slope within its mainlobe
can be defined as the equivalent OAM order ln

e of MGn, and
its value can be described as

ln
e = ln

0 + �l · ( M − 1

2
). (3)

Due to similar helical phase distribution, with the help of
the PASR scheme [22], the data streams carried by multiple
MGs can be demultiplexed orthogonally with a lower receiver
complexity. The typical channel model diagram of PSOAM
MG multiplexing link using the PASR scheme is shown in
Fig. 3; to make it easier to be understood, the model is
illustrated as a 2 × 2 communication link. To use the PASR
scheme, hereinafter conditions need to be met: i)

1) multiple MGs need to be radiated coaxially;
2) the number of the receiving antennas must be at least

equal to the number of multiple MGs; and
3) the receiving antennas need to be placed uniformly

within MG’s mainlobe along the azimuthal direction.
For the special situation of a 2 × 2 communication link,
as shown in Fig. 3, the receiving antennas need to be
placed symmetrically along the propagation axis.

Considering any two high-gain pencil beams realized by
PSOAM MGs with the equivalent OAM order l1

e and l2
e ,

respectively,

FMG1(ϕ) = sin( M1ϕ
2 )

sin( ϕ
2 )

· e jl1
e ϕ (4)

FMG2(ϕ) = sin( M2ϕ
2 )

sin( ϕ
2 )

· e jl2
e ϕ (5)

Under the PASR scheme [22], for 2π/ξ azimuthal arc within
the mainlobe and Q receiving antennas, the angle difference
between adjacent antennas meets 2π/(ξ Q). If the difference
value of equivalent OAM order �l12

e = l1
e − l2

e is equal to kξ ,
where k is a nonzero integer, the two sampled MG1 and MG2

Fig. 4. Schematic of the 2 × 2 PSOAM MG multiplexing link usifn the
PASR scheme: (a) transmitting end and (b) receiving end. SDR: software-
defined radio platform; IF: intermediate frequency signal; LO: local oscillator;
BPF: bandpass filter; LNA: low-noise amplifier; SA: spectrum analyzer,
R&SFSW67.

can still remain the orthogonality between each other

Q∑

q=1

FMG1 · F∗
MG2

=
Q∑

q=1

sin( M12πq/ξ Q
2 )

sin( 2πq/ξ Q
2 )

· sin( M22πq/ξ Q
2 )

sin( 2πq/ξ Q
2 )

· e jl1
e

2πq
ξ Q · e− jl2

e
2πq
ξ Q

= η

Q∑

q=1

e j · l1e −l2e
ξ

· 2πq
Q

= 0

s.t . Q ≥ 2, k ∈ Z ∩ k �= 0, l1
e − l2

e = kξ (6)

where η contains all the constants; by this time, the sampled
power of receiving antennas is the same, the amplitude factors
of MGs can be moved out of the summation sign, and
theoretically, the MGs are orthogonal strictly. Even though the
sampled power of receiving antennas is not equal completely,
if their values do not differ much, (6) will still be close to 0.
Under this circumstance, two multiplexed MGs can still be
considered nearly orthogonal. In practice, the latter situation
will be more common. The orthogonality will be impacted
mainly by the phase linearity within MG’s mainlobe and the
accuracy of receiving antennas’ placements according to (6).
In addition, deterioration of orthogonality is primarily reflected
in the decrease in channel isolation [2].

As can be seen from (6), the angle difference in adjacent
receiving antennas in azimuthal direction will be constrained
by �le between multiplexed MGs, i.e., the PASR scheme
needs a specific receiving aperture Ar . For the case of two
MGs multiplexing, the specific Ar can be given by [21]

Ar = 2 − D · tan(ϕa/2) = 2 − D · tan(π/2�le) (7)

where ϕa refers to the angle difference in the azimuthal
direction between the neighboring receiving antennas.
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Fig. 5. Measured far-field directivity and phase distribution for
(a) MG1{1, 2, 3, 4} and (b) MG2{−1,−2, −3,−4} at the X OY plane
(θ = 90◦).

B. System Architecture

Fig. 4 shows the block diagrams of the 2 × 2 PSOAM MG
multiplexing communication link using the PASR scheme. For
the transmitting end shown in Fig. 4(a), using the OFDM tech-
nique [25], two modulated baseband signals with a 20 MHz
bandwidth whose intermediate frequency (IF) is 800 MHz
can be generated by a software-defined radio (SDR, YunSDR
Y410s) platform. Two 9.36 GHz continuous wave (CW)
signals (local oscillator, LO) are fed to the LO ports of the
corresponding mixers, and two IF signals are fed to the IF
ports; at this point, the baseband signals will be upconverted
to the carrier frequency fc of 10.16 GHz (RF signals).
Passing through the bandpass filters (BPFs) first and low-
noise amplifiers (LNA) then, two RF signals carrying different
data streams are going to be input to the amplitude–phase
adjustable feeding networks [16]. Each feeding network is
made up of four electrically adjustable phase shifters, four
electrically adjustable attenuators, and a power divider, which
can be used for manipulating the intensity and the initial
phase of each PSOAM wave among an MG. By virtue of the
mentioned feeding networks and the MG antenna, two MGs
can be radiated into free space.

The PSOAM MG antenna [16] consists of several coaxial
resonators and a reflector. The photograph of the fabricated
antenna is shown in Fig. 6(a). Such antenna can generate eight
PSOAM modes simultaneously and its total physical aperture
is merely 17 cm. All eight PSOAM modes can be controlled
independently by the above-mentioned feeding network and
divided into multiple MGs as needed. Fig. 5(a) and (b) shows
the measured far-field directivity and phase distribution of
MG1{1, 2, 3, 4} and MG2{−1,−2,−3,−4} at X OY plane,
respectively. The mainlobe magnitude and 3 dB beamwidth
of the azimuthal angle for MG1 and MG2 are 6.3 dBi, 71◦
and 5.1 dBi, 66◦, respectively. Moreover, the measured phase
within two MGs’ mainlobes possesses the linear distribution
with respect to the azimuthal angle, which verifies that an
MG has the directionality and vorticity. Besides, the linearity
of phase slope is about good, and the measured values are in
good agreement with the corresponding reference values. The
estimated values of l1

e and l2
e are 2.5 and −2.5, respectively,

which means that these two MGs have orthogonality under the
PASR scheme. Due to the machining errors and the generation
of standing wave components in resonators, the intensity
patterns of two MGs are not exactly the same as they should
be. For MG2, the level of its first sidelobe is a little higher,

Fig. 6. (a) Experimental setup of the communication link. (b) Receiving end
adopts the standard gain horn antennas, and they are placed symmetrically
on both sides of the propagation axis. (c) 90◦ hybrid coupler can be used for
demultiplexing the signals based on the PASR scheme.

which leads to a slight decrease in beam gain. This issue might
have impact on the orthogonality, which will be reflected in
the decrease in channel isolation. Hence, in Section III, the
channel isolation caused by MG’s orthogonality should be
evaluated before carrying out the multiplexing communication
experiment. In addition, the design parameters and other
performances of this antenna have been taken on and discussed
meticulously in preceding works [16], [21].

As shown in Fig. 4(b), after the transmission in a realistic
LoS environment, the RF signals arrive at the receiving
antennas. Then, the signals will be input into the PASR
demultiplexing module, and the demultiplexing process can be
totally realized by analog phase shifting method with a very
low receiver complexity rather than software implementation
like MIMO systems do. Before importing into LNAs, the
RF signals can also be input to the spectrum analyzer (SA,
Rohde&Schwarz FSW67) to analyze their characteristics in
the frequency domain, in which the channel isolation can be
measured for evaluating the orthogonality. The RF signals
will pass through the corresponding LNAs and BPFs next.
Following by getting through the mixers, the RF signals will
be downconverted to the IF signals at 800 MHz. Ulteriorly,
the IF signals are fed to the SDR platform to achieve the
process of signal demodulation. Finally, the baseband signals
can be recovered, and their BER performances and received
constellation diagrams with corresponding error vector mag-
nitude (EVM) can be calculated and analyzed in the upper
computer.

III. EXPERIMENTAL RESULTS

Fig. 6(a) shows the experimental setup of the communica-
tion link in an LoS scenario. The total number M of PSOAM
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modes in each MG must be the same and the mode interval �l
must be set as 1, which can make sure that the directionality
of each MG can stay almost consistent [13]. According to
that, a pair of MGs used for conducting the experiments are
MG1{1, 2, 3, 4} with l1

e of 2.5 and MG2{−1,−2,−3,−4} with
l2
e of −2.5, and their difference value of equivalent OAM

order �l12
e is equal to 5. The communication distance is set

as 2 m. On the basis of (7), ϕa can be calculated as 36◦,
so Ar needs to be set as 1.29 m. According to Fig. 5, both
the receiving antennas are located in the mainlobes of these
two MGs, which guarantees that two signals with different
vorticity can be sampled.

The receiving end adopts 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. 6(b). Based on the PASR scheme [22], for the case
of two MGs multiplexing, a group of phase shift should be
set as 0◦ at Rx1 and 90◦ at Rx2 to demultiplex MG1. At the
same time, the other group of phase shift should be set as 90◦
at Rx1 and 0◦ at Rx2 to demultiplex the other one. In our
experiments, a 90◦ hybrid coupler [26] is used for realizing
such analog phase shift operation simultaneously, as shown
in Fig. 6(c). When in-port is excited, the signal is divided
into two parts: the half-power in-phase signal from output
port 1 and the half-power signal with 90◦ phase shift from
output port 2. Similarly, when isolation port is excited, the
signal is still divided into two parts: the half-power signal
with 90◦ phase shift from output port 1 and the half-power
in-phase signal from output port 2. It is worth noting that the
aforesaid functionality can also be implemented by several
power dividers and phase shifters.

A. Isolation Between Multiplexed MGs

Before carrying out wireless transmission experiments, the
channel isolation [2] between multiplexed MGs under the
PASR scheme should be evaluated. Considering that the
baseband signals transmitted in the existing communication
system [27] mostly have a certain bandwidth to achieve higher
communication capacity [28], it is necessary to verify the
isolation feature over the entire working band. We measured
it using not only the single-tone signal but also the bandpass
signal. To the best of our knowledge, it is rare to use the band-
pass signal to test it in most of the OAM-based communication
systems [1]–[3], [11], [29].

As for the single-tone signal test, at the transmitting end, a
10.162 GHz CW signal and a 10.161 GHz CW signal are fed to
MG1 and MG2, respectively, where their power is consistent.
At the receiving end, by virtue of the PASR scheme, a power
transfer matrix can be obtained using SA. Then, the isolation
between multiplexed MGs can be calculated by such a matrix.
During the testing process, the resolution bandwidth (RBW)
and the video bandwidth (VBW) of the SA are set as 10 kHz
and 30 Hz, respectively.

Fig. 7 shows the result of no phase shifting operation,
i.e., the PASR scheme is not used. Two CW signals are at
almost the same power level, and their values are −45.74 and
−46.10 dBm, respectively. Using the PASR scheme, Fig. 8(a)

Fig. 7. Single-tone signal test: the result of no demultiplexing operation.
The RBW is set as 10 kHz, and the VBW is set as 30 Hz.

Fig. 8. Using the PASR scheme to (a) demultiplex MG1 carrying 10.162 GHz
CW signal and (b) demultiplex MG2 carrying 10.161 GHz CW signal.
Likewise, the RBW is set as 10 kHz, and the VBW is set as 30 Hz.

shows the demultiplexing of MG1 carrying 10.162 GHz CW
signal, the measured intensity is −43.30 dBm, and this value is
increased by 2.8 dB compared with that of no demultiplexing,
while the intensity of MG2 drops to −57.24 dBm. In the
same way, Fig. 8(b) shows the demultiplexing of MG2 car-
rying 10.161 GHz CW signal, the measured intensity is
−42.24 dBm, and this value is increased by 3.5 dB compared
with that of no demultiplexing, while the intensity of MG1 has
been suppressed to −57.94 dBm. So far, the power transfer
matrix can be obtained, as given in Table I. It can be seen
that the channel isolation between two MGs under the PASR
scheme is about 15 dB, which means that multiplexed MGs
are orthogonal to each other to a certain extent. The isolation
performance would be mainly impacted by the following
practical factors: the imperfect PSOAM MGs’ generation, the
inconsistency of link insert loss, and the misalignment between
the transmitting/receiving antennas.

As for the bandpass signal test, first, at the transmitting end,
a 20 MHz bandpass signal is merely fed to MG1, while the
port of MG2 is disabled. The modulation formats are QPSK
and 16 QAM. The LO power and the gain of the receiving
LNA are set as 10 dBm and 45 dB, respectively. At the
receiving end, using the PASR scheme, the spectrum of the
receiving signals, the BER performance, and the constellations
can be measured from both the output ports of the 90◦ hybrid
coupler.

Fig. 9(a) shows the typical receiving spectrums when only
the port of MG1 is enabled, where the power of transmitting
IF signal is set as −33 dBm. It can be seen that the central
subcarrier of a typical OFDM symbol with a bandwidth
of 20 MHz is set to null for overcoming the issues of
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TABLE I

POWER TRANSFER MATRIX OF SINGLE-TONE SIGNALS

Fig. 9. Using the PASR scheme to demultiplex MG1 carrying the 20 MHz
bandpass signal. (a) When the bandpass signal is merely fed into MG1 at the
transmitting end, and the receiving signal spectrum is measured from both
the output ports of the hybrid coupler. The RBW is set as 30 kHz, and the
VBW is set as 30 Hz. (b) When QPSK and 16-QAM signals with the 20 MHz
bandwidth are merely fed into MG1, the corresponding raw BER curves of
MG1 channel and MG2 channel.

Fig. 10. When (a) QPSK and (b) 16-QAM signals are merely fed into MG1 at
the transmitting end, the measured constellations with EVM performance:
MG1 channel (green) and MG2 channel (yellow).

dc shifting [30]. Besides, the subcarrier interval is set as
312.5 kHz [31]. The power level of MG1 channel (green line)
is ∼14 dB higher than that of MG2 channel (yellow line). The
measured BER performances are shown in Fig. 9(b). It can
be seen that all BER curves of MG1 channel can reach the
forward error correction (FEC) limit of 3.8 × 10−3 [32]. The
MG1 channel can attain the FEC limit at an SNR of 12.9 and
19.9 dB for QPSK and 16 QAM transmission, respectively.
In contrast, the BER curves of MG2 channel cannot reach the
FEC limit completely, that is because the SNR will deteriorate
rapidly and its value is not enough to be used for signal
demodulation [31] owing to the existence of channel isolation.
Obviously, in this case, the BER performance of MG2 channel
for both the modulation formats are all above the level 3.62%,
and it is an unacceptable level [27].

Furthermore, for QPSK transmission, when the power of
transmitting IF signal, the LO power, and the gain of receiving
LNA are set as −33 dBm, 10 dBm, and 45 dB, respectively, the
attainable SNR of the receiving IF signal for MG1 channel is
30.5 dB. Conversely, the receiving IF signal’s attainable SNR
of MG2 channel is only 13.5 dB. As shown in Fig. 10(a), the
EVM of MG1 channel is 4.0%. For the 16-QAM transmission,
the experimental parameters keep the same, the attainable SNR
of the receiving IF signal for MG1 channel is 28.2 dB, while
that value of MG2 channel is only 11.8 dB. As shown in

Fig. 11. Using the PASR scheme to demultiplex MG2 carrying the 20 MHz
bandpass signal. (a) When the bandpass signal is merely fed into MG2, the
receiving signal spectrum is measured from both the output ports of the hybrid
coupler. The RBW is set as 30 kHz, and the VBW is set as 30 Hz. (b) When
the QPSK and 16-QAM signals are merely fed into MG2, the corresponding
raw BER curves of MG1 channel and MG2 channel.

Fig. 10(b), the EVM of MG1 channel is 4.03%. Besides, due to
the channel isolation, both the constellations of MG2 channel
are aliasing distinctly.

Similarly, the measurement method and the experimental
parameters for evaluating the isolation of MG2 channel relative
to MG1 channel remain unchanged. At the transmitting end,
the port of MG2 is enabled, while the port of MG1 is disabled.
Fig. 11(a) shows the representative spectrums when the power
of transmitting IF signal is set as −33 dBm. As can be seen
that the power level of MG2 channel (yellow line) is ∼15 dB
higher than that of MG1 channel (green line), likewise such
the superiority profits from the channel isolation caused by
the orthogonality between multiplexed MGs under the PASR
scheme. In this case, the measured BER curves are given
in Fig. 11(b). The BER curves of MG2 channel can reach
the FEC limit. On the contrary, the BER performances of
MG1 channel could not reach it analogously. In addition,
MG2 channel’s BER performances are all more than a BER
level of 1.55%, and such a deterioration degree means that the
signal cannot be recovered even with the FEC codes.

For the situation of QPSK transmission, when the power of
transmitting IF signal, the LO power, and the gain of receiving
LNA are set as −33 dBm, 10 dBm, and 45 dB, respectively,
the attainable SNR of the receiving IF signal for MG2 channel
is 26 dB. However, the receiving IF signal’s attainable SNR
of MG1 channel is merely 13.6 dB. Fig. 12(a) shows that
the EVM of MG2 channel is equal to 2.25%, while the
constellation of MG1 channel is aliasing severely because of
channel isolation. For the 16-QAM transmission, the attainable
SNR of the receiving IF signal for MG2 channel is 25.3 dB;
meanwhile, that value of MG1 channel is just 13.4 dB.
As shown in Fig. 12(b), the EVM of MG2 channel is 2.5%.
Similarly, the constellation of MG1 channel is also aliasing.

By reason of foregoing, the channel isolation degree
between multiplexed MG1 and MG2 under the PASR scheme
can maintain the level of about 15 dB for the cases of
single-tone signal and bandpass signal. It is adequate for
establishing a dual-channel data multiplexing link when the
receiving SNR is large enough [2], [3], [33]–[35].

B. Data Multiplexing

At the transmitting end, two QPSK signals carrying different
data streams with 20 MHz bandwidth are fed simultaneously
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Fig. 12. When (a) QPSK and (b) 16-QAM signals are merely fed into MG2,
the measured constellations with EVM performance: MG1 channel (green)
and MG2 channel (yellow).

Fig. 13. PSD of the receiving IF signals from (a) MG1 channel at an SNR of
18.2 dB and (b) MG2 channel at an SNR of 18.9 dB. The modulation format
is QPSK.

to MG1 and MG2, respectively. At the receiving end, the
analog phase shifting operation based on the PASR scheme
can be implemented by pure hardware to demultiplex the MGs
orthogonally with a lower complexity.

Let us start off by observing the frequency-domain charac-
teristics of the receiving signals. Fig. 13(a) and (b) shows the
power spectral density (PSD) of the receiving IF signals from
MG1 channel at an SNR of 18.2 dB and MG2 channel at an
SNR of 18.9 dB, respectively. The spectrum can be obtained
by virtue of fast Fourier transformation (FFT) [36] to do the
calculation of the received IF signal in the upper computer,
where the IF signal is sampled by the analog-to-digital (ADC)
circuit [37] in the SDR platform. Especially, there is the sag
phenomenon at the zero frequency, which can be regarded as
the typical feature of an OFDM symbol [38].

Fig. 14(a) gives the measured BER performances. It can be
seen that both the curves are able to reach the FEC limit, which
has proved the validity of such communication link. In terms
of what we measured, for MG1 channel, it can attain the FEC
limit at a receiving SNR of 13.4 dB. For MG2 channel, the
required receiving SNR is 13.3 dB. Besides, Fig. 14(b) and (c)
shows the typical constellations with the measured EVM at
the corresponding SNR level. The EVM performances from
MG1 channel are 18.0% and 25.3% at the SNR of 18.2 and
15.1 dB, respectively. Likewise, for MG2 channel, its EVM
values are 18.6% and 24.1% at the SNR of 18.9 and 15.0 dB,
respectively. In our system, the OFDM symbol is made up
of 56 subcarriers, in which only 52 subcarriers are set to be
used for actual data transmission. Therefore, just like most of
the existing communication systems using OFDM technique
[2], [21], the attainable spectrum efficiency (SE) of the QPSK

Fig. 14. (a) Measured BER performances of QPSK multiplexing. (b) Typical
constellations with EVM performance from MG1 channel at the corresponding
SNR. (c) Typical constellations with EVM performance from MG2 channel.

Fig. 15. (a) Measured BER performances of 16-QAM transmission.
(b) Measured constellations with EVM performance from MG1 channel at
different SNRs. (c) Measured constellations with EVM performance from
MG2 channel.

Fig. 16. Signal flow diagram of the real-time dual-channel video transmission
link. Two different video signals are carried by MG1 and MG2, respectively.

transmission could be calculated as 3.7 bits/s/Hz (2 bits per
symbol × 2 multiplexed MGs × (52/56)).

To used high-order modulation format for achieving higher
SE, the 16-QAM transmission test has been carried out.
Similar to the frame structure of QPSK transmission, the
attainable SE would be 7.4 bits/s/Hz [4 bits per symbol × 2
multiplexed MGs × (52/56)]. As shown in Fig. 15(a), both
the BER curves of two channels can still attain the FEC
limit. Furthermore, Fig. 15(b) and (c) illustrates the typical
constellations with EVM performance at the corresponding
SNR level. The measured EVM values from MG1 channel are
11.4% and 13.3% at the SNR of 24.8 and 21.1 dB, respec-
tively. In addition, for MG2 channel, its EVM performances
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Fig. 17. Experimental photography to demonstrate successful transmission
of dual video signals in real-time. The experiment site is located in Yuquan
campus of Zhejiang University. The transmitted videos are The Best of Nanjing
(left) and Time-portrayed Hangzhou (right), respectively; the copyrights
belong to the original authors.

are 10.97% and 11% at the SNR of 27 and 25 dB, respectively.
For higher modulation formats, such as 64 QAM, it has been
verified that the existing channel isolation cannot support its
transmission after our tests.

C. Real-Time Video Transmission

Moreover, we attempt to build a dual-channel video trans-
mission link in an LoS scenario to display signal demultiplex-
ing visually in real-time. Fig. 16 shows the signal flow diagram
of such link. The demonstration system adopts the loopback
way, which is the routing of data streams back to their source
for signal processing. In addition, the proposed system is set
up based on the IEEE 802.11a standard [39], [40].

At the transmitting end, two different digital video signals
are transmitted to the SDR platforms by the upper computers
and then converted into the analog IF signals in the SDR
platforms. Getting through the mixers, such signals can be
upconverted to carrier frequency and then fed into MG1 and
MG2, respectively. At the receiving end, the video signals are
demultiplexed using the PASR scheme, after passing through
the mixers, and the receiving IF signals can be obtained and
then transmitted back to the SDR platforms at the transmit-
ting end. Finally, the video signals can be demodulated and
displayed on the corresponding upper computers in real-time.
In the above section, it has been proven that the existing chan-
nel isolation is sufficient to support 16-QAM transmission.
Hence, both the video signals adopt the 24 Mbps 16 QAM
1/2 coding rate format according to the 802.11a protocol [39].

Fig. 17 shows the experimental scenario, and real-time dual-
channel video transmission has been carried out successfully.
When conducting such an experiment, there is a certain delay
in video transmission; however, both the videos can play
smoothly, which verifies the orthogonality between multi-
plexed MGs more intuitively. The above-mentioned results
show that two separate wireless channels with the certain
isolation are established successfully based on the PSOAM
MG antenna under the PASR scheme. Furthermore, when the
PASR scheme is not enabled properly, two video signals will

Fig. 18. Without the phase shifting operation based on the PASR scheme,
the channel isolation will cease to exist, and the multiplexed video signals are
going to be aliased.

be aliased due to the disappearance of isolation. As shown in
Fig. 18, the received videos all occur with the Mosaic problem,
which suffers from that the digital video signals cannot be
decoded correctly.

IV. DISCUSSION

The comparison of the proposed work with other analog
spatial multiplexing transmission systems is shown in Table II.
The so-called “analog” means that the demultiplexing process
is implemented by pure hardware rather than algorithm.
Moreover, there are several points that need to be explained
further. The bandwidth in [1] is not given directly, such
value in Table II is calculated based on data rates and total
SE. The remaining performance parameters can be obtained
firsthand from relevant references. In [2], only the QPSK
signal transmission experiment uses the analog demultiplexing
method, and other experiments adopt sparse channel equaliza-
tion. In [41], a novel OAM-based direct antenna modulation
(DAM) [42] system has been demonstrated. In this system,
a digital symbol is mapped to a particular OAM mode and
transmitted to the receiving end directly. The implementation
method of communication link in [43] adopts the radio-over-
fiber (RoF) technique; besides, other works all adopt the RF
link.

For the analog demultiplexing method, the channel isolation
is affected by communication distance. All the systems in
Table II are merely suitable for short-range point-to-point
wireless communication. In [2], the cassegrain antenna with
double reflectors is used for converging OAM waves, and its
link achieves the longest distance of 10 m.

In terms of system complexity, the OAM-based DAM
system [41] possesses significant superiority. Due to that, it can
remove some active devices such as mixers, power amplifiers,
and related auxiliary circuits, and such an architecture may
have superiorities in low complexity and low power consump-
tion. Its data rate performance depends on the switching speed
of beam pattern. Shuang et al. [41] claimed that the 100 MHz
switching speed can be achieved.

In Table II, highest data rate and highest total SE
are 32 Gbits/s and 16 bits/s/Hz [1], respectively, and such
link uses four OAM modes, two polarizations, and 16-QAM
modulation format. However, its bandwidth performance is not
optimal. The data rate mainly depends on the SE and the
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TABLE II

COMPARISON WITH OTHER WORKS

bandwidth. The former is related to the modulation format
and the number of multiplexing, while the latter relies on
the antenna bandwidth and the signal bandwidth generated by
the communication module. Thanks to higher antenna band-
width and bandwidth superiority of RoF link, the rectangular
coordinate orthogonal multiplexing (ROM) link [43] realizes
largest relative bandwidth of 14.6%. Besides, it also realizes
a 9 Gbits/s data rate, and hence, the ROM technique is most
likely to be extended to the THz band.

In the aspects of measured channel isolation, single-way SE,
and total SE, the performances of our system are relatively
good and acceptable. The corresponding performances are
∼15 dB, 3.7 bits/s/Hz/stream, and 7.4 bits/s/Hz, respectively.
Different from the conventional OAM wave, MG can over-
come the phase singularity and severe divergence problems.
In general, this article is aimed at verifying the feasibility
of PSOAM MG orthogonality multiplexing communication,
it can be considered as a proof-of-principle experiment. Hence,
there are still some areas for improvement.

Our system mainly possesses two issues: the limited system
bandwidth and the relatively large receiving aperture. The for-
mer leads to the decrease in data rate. The system bandwidth
relies on the antenna bandwidth and the signal bandwidth
generated by the communication module. The PSOAM MG
antenna in our experiment adopts the resonant structure similar
to [2]. Generally, the bandwidth of resonant cavity antennas is
narrow, and hence the radiation efficiency and mode purity
can be improved. According to [16], such MG antenna’s
impedance bandwidth is merely 140 MHz. Besides, limited by
the performance of our SDR platform, the signal bandwidth
is only 20 MHz. To improve the data rate, the future research
should be initiated from the following areas. By optimizing the
antenna structure, the impedance bandwidth can be increased.
Meanwhile, the signal bandwidth also needs to be improved,
which requires the update of the communication module.
In addition, our proposed system has the scalability in terms
of the multiplexing number. We may improve the total SE by
increasing the number of data streams or using higher order
modulation format, and thus the data rate will be boosted.

Furthermore, the PASR scheme requires a specific receiving
aperture which is related to le of MG. If without MGs
with higher le, the proposed system is still a laboratory-level
research and cannot become more practical. For such low
�le in this article, the PASR scheme needs a large or even
unacceptable Ar as D increases. For instance, if D is set as
20 m, the corresponding Ar will be extremely big, which can
be regarded as an unreasonable Ar for practical application.

It is worth noting that if we can generate two MGs with �le

of 205 [44], for the same D, the corresponding Ar can be
reduced to ∼0.31 m. The biggest difficulty for fabricating
this kind of antenna is to find a high-precision machining
method of metal cavity. This work is ongoing. To sum up, it is
necessary to generate an MG with higher le, and the partial
arc transmitting (PAT) scheme might be a feasible way to
achieve that [45], [46]. In addition, to further improve channel
isolation, we should generate PSOAM MGs with more perfect
spiral phase distributions, i.e., each PSOAM mode among the
MG needs to possess the good mode purity characteristic.

V. CONCLUSION

We have demonstrated a PSOAM MG orthogonal multiplex-
ing communication link at the X-band using the PASR scheme
experimentally. The channel isolation between multiplexed
MGs has also been evaluated, and it can maintain the level
of 15 dB approximately. Furthermore, it has been verified that
such an isolation is adequate for building a reliable 16-QAM
transmission link with an attainable SE of 7.4 bits/s/Hz in a
realistic LoS environment. Finally, by virtue of the proposed
communication architecture, a real-time dual-channel video
transmission experiment has been conducted successfully to
prove the orthogonality between multiplexed MGs under the
PASR scheme intuitively. Different from [21], the demulti-
plexing process in this work is realized only by the analog
phase shifting operation, where the receiver complexity can
be reduced dramatically.
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