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ABSTRACT Electromagnetic waves carrying orbital angular momentum (OAM) can improve the spectral
efficiency of communication systems by multiplexing a number of OAM modes. However, since being
not able to perform water-filling power allocation and adaptive modulation for each sub-channel like
closed-loop multiple-input multiple-output (MIMO) systems, the traditional orthogonal multi-mode OAM
multiplexing system usually has poor bit error rate (BER) performance due to the inherent large divergence
angle of high-order orthogonal OAM beams. Therefore, in this article we propose a non-orthogonal OAM
(NO-OAM) multi-mode multiplexing scheme based on uniform circular array (UCA), which regulates the
divergence angles of all non-orthogonal OAM beams to be the same, circumventing the problem that large
beam divergence of high-order orthogonal OAM modes results in low received signal-to-noise ratio (SNR)
at the receive UCA with a fixed aperture. Mathematical analysis and numerical simulations show that in
contrast to the existing uniform concentric circular array (UCCA) beam adjustment scheme, the proposed
NO-OAM scheme has slightly better beam adjustment effect but with only one UCA. Moreover, in
contrast to the traditional orthogonal OAM multi-mode transmission, the proposed NO-OAM multi-mode
multiplexing scheme has asymptotically equivalent channel capacity and much lower BER.

INDEX TERMS Orbital angular momentum (OAM), non-orthogonal, multi-mode multiplexing, uniform
circular array (UCA).

I. INTRODUCTION

WITH the increasing growth of emerging multimedia
services, such as short-form video, high-definition

(HD) video and virtual reality (VR), wireless applica-
tions require higher and higher data rate. To satisfy the
requirement, more and more high frequency bands such
as millimeter wave and terahertz bands are being licensed
for 5G and beyond wireless systems [1]. Besides exploiting
more frequency bandwidth, innovative techniques such as
advanced coding and modulation, cognitive radio (CR) and
massive multiple-input multiple-output (MIMO) have been

explored. In essence, all these techniques are based on planar
electromagnetic (EM) waves physically.
Since it was discovered in 1992 that vortex light beams

can carry orbital angular momentum (OAM) [2], a lot of
research has focused on vortex EM waves that carries OAM
as well [3]–[20]. The phase front of a vortex EM wave
rotates with azimuth exhibiting a helical structure ej�ψ in
space, where ψ is the transverse azimuth and � can be an
integer or a fraction that is defined as the OAM mode num-
ber [20]. It is demonstrated in [4] that a non-integer radio
OAM mode can be decomposed into a series superposition of
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FIGURE 1. The line-of-sight OAM communication based on transmit and receive
UCAs.

independent integer-order OAM modes. Due to the inherent
orthogonality among different integer-order OAM modes,
the OAM-based wireless communication enables a coax-
ial multiplexing approach, which utilizes a set of different
integer-order OAM modes on the same frequency channel
to achieve a high spectral efficiency (SE) [8], [11]–[18]. It
is shown in [8] that multiplexing 8 OAM channels gener-
ated by spiral phase plates (SPPs) achieves 32Gbit/s in a
wireless communication link at 28 GHz. Besides using SPP,
the feasibility of utilizing uniform circular array (UCA) to
generate and receive OAM waves has been verified in the-
ory [5] and in practice [3], [6], [9] as shown in Fig. 1.
After that, in order to further enhance the degree of freedom
and increase the multiplexing gain of the line-of-sight (LoS)
OAM communication systems, multiple concentric UCAs
have been exploited in the transmitter and the receiver to
achieve 100Gbit/s data rate [13].
However, there are still severe technical challenges for

practical application of OAM wireless communications. One
of the challenges is that orthogonal integer-order OAM
beams are divergent, and the larger the OAM mode is,
the larger the beam divergence angle becomes. Thus, dif-
ferent integer OAM modes result in large difference in
the received signal energies. Especially, high-order integer
OAM modes result in small received signal energy and
low signal-to-noise ratio (SNR) at the receive UCA with
a fixed aperture. Moreover, not like closed-loop MIMO
systems being able to perform water-filling power alloca-
tion and adaptive modulation for each sub-channel with
informed channel state information at the transmitter (CSIT),
the orthogonal multi-mode OAM multiplexing system, which
claims its advantage over MIMO system being low complex-
ity due to no need of CSIT [12], [19], usually has poor bit
error rate (BER) performance because the BER is dominated
by the sub-channel with the lowest SNR, i.e., the sub-channel
corresponding to the highest-order OAM mode.
To deal with the problem, several concentric circular

arrays, i.e., uniform concentric circular arrays (UCCAs),
are employed to adjust the orthogonal OAM beams’
directivity, each array generating a beam carrying special
OAM mode [21]. In spite of making sense for radar
imaging, the beam adjustment with UCCA will reduce

the spatial multiplexing gain for wireless communications.
Therefore, in this article, we propose a non-orthogonal
OAM (NO-OAM) multi-mode multiplexing scheme based
on uniform circular array (UCA), which includes the gener-
ation, multiplexing transmission and reception of NO-OAM
modes. The proposed generation method regulates the beam
divergence angles of all NO-OAM modes to be the same
with only one UCA, circumventing the problem of dif-
ferent OAM modes having large different receive SNRs.
As the sacrifice, the receiver has to utilize successive
interference cancellation (SIC) approach to cancel the inter-
mode interference caused by the non-orthogonality between
NO-OAM modes. Mathematical analysis and numerical sim-
ulations show that the proposed NO-OAM scheme has
slightly better beam adjustment effect than the UCCA beam
adjustment scheme [21], and has asymptotically equivalent
channel capacity and much lower BER in contrast to the
traditional orthogonal OAM multi-mode transmission.
Notations: Bold uppercase italic letter denotes a vec-

tor, bold lowercase letters denote column vectors, and bold
uppercase letters denote matrices. (·)T , (·)∗ and (·)H denote
transpose, conjugate and conjugate transpose, respectively. I
is the identity matrix.

II. SYSTEM MODEL AND ORTHOGONAL OAM
MULTIPLEXING
It is feasible and convenient to utilize the UCA to generate,
steer and receive OAM beams [14], [19], [20]. In general, the
UCA-based OAM communication system requires alignment
of the transmit and receive arrays [7]–[9]. However, in case
the transmit and receive UCAs are misaligned, beam steering
could be adopted to eliminate the effect of the misalignment
error and approaches the performance of an ideally aligned
OAM channel [22]. Therefore, we consider an OAM com-
munication system with aligned transmit and receive UCAs
here. The transmit and receive UCAs both have N antennas
and the radius of the transmitter and receiver are Rt and Rr,
respectively, as shown in Fig. 1.

A. GENERATION OF ORTHOGONAL OAM MODES
The transmitter generates OAM beams by attaching incre-
mental phases to N antennas of the UCA. The attached phase
of the nth antenna element is �uψn, where ψn = 2π(n−1)/N
is the azimuthal angle of the nth antenna element, �u is the
uth integer-order OAM mode. Thus, for the point T(r, ϕ, α)
in space, the electric field vector can be expressed as [3]

E�u(r, ϕ, α) =
βt

4π

N∑
n=1

ej�uψn
∫

ejk|r−r′n|∣∣r− r′n∣∣dV ′n
= βt

4π

N∑
n=1

ej�uψn
ejk|r−rn|

|r− rn|

≈ βt

4π

ejkr

r

N∑
n=1

e−j(k·rn−�uψn)
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FIGURE 2. The rotational phase of an orthogonal OAM beam simulated with mode
number: (a) �1 = 0, (b) �2 = +1, (c) �3 = −1, (d) �4 = +2 and the rotational phase of
the NO-OAM beam simulated with mode number: (e) �̃1, (f) �̃2, (g) �̃3, (h) �̃4.

≈ Nβtj−�uejkr

4πr
J�u(kRt sinα)ej�uϕ

= A�u(r, α)e
j�uϕ, (1)

where the βt models all the constants relative to each transmit
antenna element, j = √−1 is the imaginary unit, k is the
wave vector, r is the position vector of T . The far-field
approximations are |r − rn| ≈ r for amplitudes and |r −
rn| ≈ r − r̂ · rn for phases, where r̂ is the unit vector of r,
rn = Rt(x̂ cosφn + ŷ sinφn), x̂ and ŷ are the unit vectors of
x-axis and y-axis of the coordinate system at the transmitter
respectively, and Rt is the radius of the transmitter, J�u(·)
is �uth-order Bessel function of the first kind. According to
(1), the generated phases of the orthogonal OAM beam with
different topological charges are shown in Fig. 2 (a)–(d) and
the orthogonal OAM beams radiation pattern with different
OAM modes is shown in Fig. 3(a).
Considering any two OAM-carrying beams with integer

OAM modes of �1 and �2, respectively,{
E�1(r, ϕ, α) = A�1(r, α)e

j�1ϕ,

E�2(r, ϕ, α) = A�2(r, α)e
j�2ϕ,

(2)

the inter-modal orthogonality can be simply proved by [12]∫ 2π

0
E�1E

∗
�2
dϕ =

{
0 if �1 �= �2,

A�1A
∗
�2

if �1 = �2,
(3)

which indicates that the OAM beams with different integer
modes are orthogonal to each other, and can be used as
independent carriers to send multiple spatially coaxial data
streams on the same frequency at the same time without
causing inter-channel interference (ICI) at the receiver.

B. ORTHOGONAL OAM MULTI-MODE MULTIPLEXING IN
FREE SPACE
The radio propagation through the free-space channel leads
to attenuation and phase rotation of the transmitted signal.
This effect is modelled through multiplying the transmit
signal by a complex constant h, whose value depends on
the frequency and the distance d between the transmit and

receive antennas. When the carrier frequency is determined,
h can be expressed as [7]

h(d) = β λ

4πd
exp

(
−j2πd

λ

)
, (4)

where β = βrβt, βr models all the constants relative to each
receive antenna element, λ is the wavelength of the carrier.
The distance between the n-th element of the transmit UCA
and the m-th element of the receive UCA can be expressed
as [22]

dm,n =
(
R2
t + R2

r + D2 − 2RtRr cos(φn − θm)
) 1

2
, (5)

where φn = 2π
N (n− 1)+ φ0, θm = 2π

N (m− 1)+ θ0, n,m =
1, 2 · · ·N, φ0 and θ0 are respectively the corresponding initial
angles of the first reference antenna elements in the transmit
and receive UCAs, for easier analysis, we assume φ0 = 0,
θ0 = 0 here, D is the distance between the centers of the
transmit and receive UCAs. Based on (4) and (5), the channel
matrix of the considered LoS OAM system can be expressed
as H = [h(dm,n)]N×N . Since dm,n is the function of |m− n|,
H is a circulant matrix, which can be diagonalized by the
N-dimensional discrete Fourier transform (DFT) matrix FN
as H = FHN�FN , and � = diag{λ1, λ2, . . . , λN} is a diagonal
matrix consisting of eigenvalues of H.
The uth OAM mode corresponds to an independent trans-

mit signal, denoted as x(�u). At the transmitter, the same
x(�u) is loaded on all antenna elements with incremental
phases to generate the uth mode OAM beam. After the trans-
mitted signal on mode �u propagates to the receiver through
the channel, the signal received by the mth element of the
receive UCA can be expressed as

ym(�u) = β

2k

N∑
n=1

ejk|r−rn+rm|

|r− rn + rm|e
j�uψnx(�u)+ zm

= β

2k

N∑
n=1

ejkdm,n

dm,n
ej�uψnx(�u)+ zm

=
N∑
n=1

h
(
dm,n

)
ej�uψnx(�u)+ zm

= hmfH(�u)x(�u)+ zm, (6)

where k = 2π
λ
, rm = Rr(x̂ cos θm + ŷ sin θm), zm is additive

noise, hm is the mth row of H. Based on (6), the signal
vector received by the receive UCA can be expressed as

y(�u) = HfH(�u)x(�u)+ z, (7)

where y(�u) = [y1(�u), y2(�u), . . . , yN(�u)]T , f(�u) =
1√
N

[1, e−j
2π�u
N , . . . , e−j

2π�u(N−1)
N ], z is the noise vec-

tor. Considering U(U ≤ N) orthogonal OAM mode
multiplexing, (7) can be expanded as

y = HFHUx+ z, (8)

where y =∑U
u=1 y(�u), FU = [fH(�1), fH(�2), . . . , fH(�U)]H

is an U × N (partial) DFT matrix, x = [x(�1), x(�2),
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FIGURE 3. The beam radiation patterns generated by: (a) the orthogonal OAM scheme, (b) the proposed NO-OAM scheme at 9GHz, Rt = Rr = 3λ.

, . . . , x(�U)]T . Then, the despiralized signal vector x̂ takes
the form

x̂ = FU
(
HFHUx+ z

)
= �Ux+ z̃, (9)

where x̂ = [x̂(�1), x̂(�2), . . . , x̂(�U)]T , z̃ = FUz, �U =
diag{λ1, λ2, . . . , λU} is the effective multi-mode OAM chan-
nel matrix whose complex diagonal elements are the U
eigenvalues of H. Thus, the channel capacity of orthogonal
OAM multiplexing system is

COAM =
U∑
u=1

log2

(
1+ ρ

U
|λu|2

)
, (10)

where ρ is the transmit SNR.

III. APPLICATION DILEMMA OF ORTHOGONAL OAM
MULTIPLEXING AND EXISTING BEAM ADJUSTMENT
A. APPLICATION DILEMMA OF ORTHOGONAL OAM
MULTI-MODE MULTIPLEXING
It can be seen from the Section II that the independent
parallel multiple orthogonal OAM channels �U have no
ICI, which takes the form

�U = FUHFHU

= βλ

4πN
diag

{
N∑

m=1

N∑
n=1

1

dmn
e−j

2π
λ
dmn+j 2π

N �1(n−m),

N∑
m=1

N∑
n=1

1

dmn
e−j

2π
λ
dmn+j 2π

N �2(n−m), . . . ,

N∑
m=1

N∑
n=1

1

dmn
e−j

2π
λ
dmn+j 2π

N �U(n−m)
}
. (11)

When N is large enough and D � Rt,Rr, �U can be
approximately expressed as

�U ≈ Nβλ

4πD
e−j

2π
λ
Ddiag

{
(j)�1J�1

(
4πRtRr
λD

)
, (j)�2J�2

×
(

4πRtRr
λD

)
, . . . , (j)�U J�U

(
4πRtRr
λD

)}
.

(12)

FIGURE 4. The UCCA for adjusting beam divergence angles of different orthogonal
OAM modes in [21].

Due to D � Rt,Rr,
4πRtRr
λD is a small value, and the larger

the �u, the smaller the value of J�u(
4πRtRr
λD ). This conclusion

is consistent with the previous analysis that the larger the
OAM mode is, the larger the divergence angle becomes,
which can be seen from the Fig. 3 (a) apparently. Therefore,
high-order and low-order integer OAM modes result in quite
different received SNRs. Since not like closed-loop MIMO
systems being able to perform water-filling power allocation
and adaptive modulation for each sub-channel with CSIT,
the orthogonal multi-mode OAM multiplexing transmission,
which claims its advantage over MIMO system being low
complexity due to no need of CSIT [12], [19], therefore
has poor BER performance deteriorated by the higher-order
OAM modes with the low received SNRs.

B. EXISTING ORTHOGONAL OAM BEAM ADJUSTMENT
WITH UCCA
Since the angle of maximum gain reduces with the increasing
aperture of the array [3], the direct idea is adopting large
radius for high-order OAM modes and small radius for low-
order OAM modes. The UCCA are proposed to achieve this
concept in [21] as shown in Fig. 4, where aαm is the radius
of the αmth UCA in the UCCA, and the αmth UCA is used
to generate the mth mode OAM beam. The OAM beam
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divergence angle γG can be expressed as

γG = arg max
γ

{
J2
α(ka sin γ )

}
. (13)

Therefore, when the OAM mode and carrier frequency are
determined, the relationship between γG and a can be deter-
mined. It is proposed in [21] that the position tmax with the
maximum of J2

α(t) for a given α can be approximately by
curve fitting as

tmax(α) = 1.02α + 1.874, α > 0. (14)

Thus, the radius of the UCA for generating a specified OAM
beam divergence angle γG can be determined as [21]

a(α) = 1.02α + 1.874

k sin γG
. (15)

Therefore, the beam divergence angles of different orthog-
onal OAM modes are adjusted to be consistent, which is
plotted in Fig. 5(a) for illustration.

IV. NON-ORTHOGONAL OAM MULTI-MODE
MULTIPLEXING
A. GENERATION OF NON-ORTHOGONAL OAM SIGNALS
To deal with the application dilemma of orthogonal OAM
multi-mode multiplexing, we propose a NO-OAM multi-
mode multiplexing scheme. Compared with the orthogonal
OAM scheme, the proposed NO-OAM scheme can adjust the
beam divergence angles of all the modes to be consistent,
thus equalizing the SNR of each OAM channel. Specifically,
a NO-OAM mode is generated by the weighted superposition
of integer-order OAM modes. We assume p

�i,�̃u
represents

the weighting coefficient of the integer OAM mode �i in
the superposed NO-OAM mode �̃u. Then, the electric field
vector of the point T(r, ϕ, α) in spherical coordinates in the
direction of the NO-OAM beam can be expressed as

E
�̃u
(r, ϕ, α) =

U∑
i=1

E�i(r, ϕ, α)p�i,�̃u

≈
U∑
i=1

[
βt

4π

ejkr

r

N∑
n=1

e−j(k·rn−�iψn)
]
p
�i,�̃u

= βt

4π

ejkr

r

N∑
n=1

[
U∑
i=1

ej�iψnp
�i,�̃u

]
e−jk·rn . (16)

Correspondingly, a U × U matrix P = [p
�i,�̃u

]U×U can
be constructed for generating the U mode multiplexed
NO-OAM beams. Then, in contrast to the formulation of
generating orthogonal OAM beams with FHU in (8), the gen-
eration of NO-OAM beams can be expressed in the similar
matrix form as FHUP, and P is termed as the NO-OAM gen-
eration matrix. Since each NO-OAM mode is composed of
a set of specific orthogonal modes, the NO-OAM modes are
hardly orthogonal.
Then, we will design the NO-OAM generation matrix P.

Before proceeding further, we need to first introduce the
following lemma, which will be used later.

Lemma 1: The effective OAM channel matrix �U can be
decomposed as

�U = SLRSHRV, (17)

where R ∈ R
U×U is an upper triangular matrix whose diag-

onal elements are all equal to σ̄ , and σ̄ = (
∏U

u=1 |λu|)
1
U ,

SL ∈ R
U×U and SR ∈ R

U×U are unitary matrices, V ∈ C
U×U

is a diagonal matrix whose elements are the phases of the
diagonal elements of �U .
Proof: According to [23], the implementation algorithm

of geometric mean decomposition of �U can be summarized
as the following steps:

• Step 1: Decompose �U as �U = WV, where W ∈
R
U×U is a diagonal matrix, whose elements are the

amplitudes of diagonal matrix �U . Initialize R(1) =W
and enter a loop.

• Step 2: In the ath (1 ≤ a ≤ (U−1)) loop, first check the
ith diagonal element of R(a): if R(a)(a, a) ≥ σ̄ , find a
certain element R(a)(b, b)(b > a) such that R(a)(b, b) ≤
σ̄ ; Otherwise, find a certain element R(a)(b, b)(b > a)
such that R(a)(b, b) ≥ σ̄ . Then, swap R(a)(a+1, a+1)
and R(a)(b, b) by the corresponding permutation matrix
M(a) ∈ R

U×U .
• Step 3: Construct two Givens matrices G(a)L ∈ R

U×U
and G(a)R ∈ R

U×U by modifying the elements in IU
which lie at the intersection of rows a and a + 1 and
columns a and a + 1. Focus on the relevant 2 × 2
submatrices of G(a)L and G(a)R , the specific expression is
as follows

σ̄−1
[
cδ1 sδ2
−sδ2 cδ1

][
δ1 0
0 δ2

][
c −s
s c

]
=
[
σ̄ x
0 y

]
, (18)

where δ1 = R(a)(a, a), δ2 = R(a)(b, b). If we take

c =
√
σ̄ 2 − δ2

2

δ2
1 − δ2

2

and s =
√

1− c2, (19)

we will get

x = sc
(
δ2

2 − δ2
1

)
σ̄

and y = δ1δ2

σ̄
. (20)

Let

{G(a)L }H = σ̄−1

⎡⎢⎢⎣
I(a−1) 0cδ1 sδ2

0 −sδ2 cδ1
I(U−a−1)

⎤⎥⎥⎦, (21)

{
M(a)

}H
R(a)M(a) =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

σ̄ ∗ ∗ ∗ ∗ ∗
. . . ∗ ∗ ∗ ∗

δ1 0 ∗ ∗
0 δ2 ∗ ∗

. . . ∗
∗

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
,

(22)
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FIGURE 5. The beam radiation patterns generated by: (a) the UCCA scheme proposed in [21], (b) the proposed NO-OAM scheme at 9GHz, Rt = Rr = 3λ.

G(a)R =

⎡⎢⎢⎣
I(a−1) 0

c −s
0

s c
I(U−a−1)

⎤⎥⎥⎦, (23)

R(a+1) =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

σ̄ ∗ ∗ ∗ ∗ ∗
. . . ∗ ∗ ∗ ∗

σ̄ x ∗ ∗
0 y ∗ ∗

. . . ∗
∗

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
, (24)

then({
G(a)L

}H)({
M(a)

}H
R(a)M(a)

)(
G(a)R

)
=
(
R(a+1)

)
.

(25)

• Step 4: Update a = a + 1 and go back to step2, until
a = U − 1.

Because M(a), G(a)L and G(a)R are all unitary matrices, we
can set

SL = M(1)G(1)L M(2)G(2)L · · ·M(U−1)G(U−1)
L , (26)

SR = M(1)G(1)R M(2)G(2)R · · ·M(U−1)G(U−1)
R . (27)

Thus,

R = SHLWSR. (28)

That is W = SLRSHR . Hence, �U =WV = SLRSHRV.
Now, we can design NO-OAM generation matrix as

P = VHSR and let the post-processing matrix at the receiver
be SHL FU . From (12), we know that once Rt, Rr and λ are
given, P and SHL FU can be completed characterized by D,
which is much easier than estimating the whole channel
matrix H in MIMO systems. Given N = 8, λ = 0.033m,
Rt = 3λ, Rr = 3λ, D=50m, the generated phases of the
NO-OAM beams with P are shown in Fig. 2 (e)–(h),
where (e) �̃1 = 0.0159ej0.0377�1 + 0.9999e−j3.1036�4,
(f) �̃2 = 0.6730e−j3.1039�1 + 0.7395e−j1.5330�2 +
0.0107e−j3.1036�4, (g) �̃3 = 0.5659ej0.0377�1 +
0.5152e−j1.5330�2 + 0.6436e−j1.5330�3 + 0.0090ej0.0380�4,
(h) �̃4 = 0.4759e−j3.1039�1 + 0.4332ej1.6086�2 +

Algorithm 1 Successive Interference Cancellation

Input: R ∈ R
N×N : the effective channel matrix, x′ ∈ R

N×1:
the received signal after post-processing
Output: x∗ ∈ R

N×1

1: procedure SIC(R, x′)
2: x∗ ← 0
3: for i = N; i ≥ 1; i−− do
4: sum← 0
5: for j = 1; j ≤ N; j++ do
6: sum← sum+ R(i, j) ∗ x∗(j)
7: x∗(i)← (x′(i)−sum)

R(i,i)
8: x∗(i) ← Q(x∗(i)) : Q(·) maps the complex

signal to a point in the constellation diagram.

9: end
10: end
11: end procedure

0.7654e−j1.5330�3 + 0.0075e−j3.1036�4; �1 = 0, �2 = +1,
�3 = −1, �4 = +2. In addition, the beam radiation patterns
generated by the orthogonal OAM scheme and the proposed
NO-OAM scheme are compared in Fig. 3. It can been seen
clearly from the figure that the proposed method regulates
the beam divergence angles of all NO-OAM modes to
be the same with only one UCA, thus circumventing the
problem of different OAM modes having large different
receive SNRs at the receive UCA with a fixed aperture.

B. MULTIPLEXING AND RECEPTION OF NO-OAM
SIGNALS
According to the above design, the generation, transmission
and reception of NO-OAM signals could be formulated by
FHUP and SHL FU as the precoding matrix and the detection
matrix, respectively, which can be expressed as

x′ = SHL FU
(
HFHUPx+ z

)
= Rx+ z̄, (29)

where R is the effective NO-OAM channel, and z̄ =
(SHL FU)z is the noise. The proposed NO-OAM communica-
tion framework including the generation, multiplexing and
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FIGURE 6. The simplified implementation structures of UCA-based NO-OAM
(a) transmitter, and (b) receiver.

reception of NO-OAM signals is shown in Fig. 6, in which
the phase shifters network (PSN) and power combiners at the
transmitter are used for generating and multiplexing orthog-
onal OAM beams, PSN and power splitters at the receiver
enable the de-multiplexing and reception of multi-stream
OAM signals [14], and P and SHL are operated in base-
band processing. Due to R being upper triangular rather
than diagonal in (9), it results in the sub-channels no longer
orthogonal. Hence, the receiver has to detect the signals
through SIC technology. Because only the diagonal element
of the Uth row of R is nonzero, there is no interference from
other sub-channels. We first solve the Uth signal, and then
bring it back into the (U−1) row to eliminate the interference
it brings, and solve the (U− 1)th signal. After U iterations,
we solve all the U received signals. The implementation
steps of SIC in specified in Algorithm 1.
Since the SIC eliminates the non-diagonal elements of R,

the channel capacity of the NO-OAM multiplexing system is

CNO-OAM = U log2

(
1+ ρ

U
σ̄ 2
)
. (30)

Through a simple proof with mean value inequality, we can
obtain

FIGURE 7. Beam radiation patterns generated by NO-OAM with different carrier
frequencies, Rt = Rr = 0.1m.

FIGURE 8. Beam radiation patterns generated by NO-OAM with different:
(a) Rt (Rr = 3λ), (b) Rr (Rt = 3λ) at 9GHz.

lim
ρ→∞COAM − CNO-OAM = lim

ρ→∞ log2

∏U
u=1

(
U + ρλ2

u

)(
U + ρσ̄ 2

)U
= 0, (31)

which reveals the channel capacity of the proposed
NO-OAM multi-mode multiplexing scheme being asymp-
totically equivalent with traditional orthogonal OAM multi-
mode multiplexing.

V. NUMERICAL SIMULATIONS AND RESULTS
In this section, we show the performances of the proposed
NO-OAM multi-mode multiplexing scheme by numerical
simulations. First, we investigate the performance of the
beam divergence angle adjustment of the NO-OAM scheme.
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FIGURE 9. BER performances of NO-OAM and traditional OAM.

TABLE 1. Beam adjustment comparison between UCCA [21] and the proposed
NO-OAM for a fixed divergence angle.

We mainly focus on the four metrics: divergence angle, min-
imum number of UCAs, mainlobe width and peak sidelobe
rate (PSLR). In Fig. 7 and Fig. 8, we verify the effects of
the carrier frequency, Rt and Rr on the beam divergence
angle. It can be seen from the figures that the larger the Rt
or the higher the carrier frequency is, the smaller the diver-
gence angle becomes, however, the divergence angle does
not change with Rr.

The four metrics comparison between the UCCA
scheme [21] and our proposed NO-OAM scheme, which
has been illustrated in Fig. 5, are quantitatively listed in the
Table 1. For fair comparison, the divergence angles of both
schemes are adjusted to the same 16.4◦. We observe that the
3-dB mainlobe width of the beam generated by the NO-OAM
scheme is smaller than that of the UCCA scheme, which
means that the beam directivity of the NO-OAM scheme is
better. The PSLR values of the two schemes are close. It is
worth noting that the UCCA scheme requires U UCAs with
different radii, while the NO-OAM scheme only requires
1 UCA. It follows that the NO-OAM scheme can reduce
the hardware cost and take full use of spatial degrees of
freedom.
Then, we verify the BER and channel capacity perfor-

mances of the proposed NO-OAM scheme through com-
paring with traditional orthogonal OAM scheme. In the
simulation, N = 4, 8, 32, U = 4, (�1 = 0, �2 = +1,
�3 = −1, �4 = +2), and QPSK is adopted for modula-
tion. In Fig. 9, the BER performances of the two schemes

FIGURE 10. Channel capacity of NO-OAM and traditional OAM.

are compared. It can be seen from the figure that the BER
of the NO-OAM scheme is much lower than that of the
traditional orthogonal OAM. The results coincide with the
previous theoretical analysis. The NO-OAM equalizes the
power of all OAM beams thus improving the SNR of the
worst channel of the traditional orthogonal OAM, which is
reflected by the phenomenon that the divergence angles of all
the OAM beams being regulated. Thus, the improvement of
SNRs of the worst channels greatly enhance the system BER
performance. In Fig. 10, the channel capacity performances
of the two schemes are compared. When N is small and the
SNR is in low regime, the channel capacity of NO-OAM
system is lower than that of the traditional orthogonal OAM
system. As the SNR and N increase, the gap between the
two schemes is vanishing small, which coincides with our
previous theoretical analysis in (31) as well.

VI. CONCLUSION
In this article, we propose a NO-OAM multi-mode
multiplexing scheme based on UCAs, which includes
the generation, multiplexing transmission and reception
of non-orthogonal OAM modes. The proposed genera-
tion method regulates the beam divergence angles of all
non-orthogonal OAM modes to be the same with only
one UCA, circumventing the problem of different OAM
modes having large different receive SNRs. As the sac-
rifice, the transmitter requires the knowledge of distance
information to generate the NO-OAM beams and the receiver
has to utilize SIC to cancel the inter-mode interference.
Mathematical analysis and numerical simulations show that
the proposed NO-OAM scheme has slightly better beam
adjustment effect and lower hardware cost than the UCCA
beam adjustment scheme, and has asymptotically equiva-
lent channel capacity and much lower BER in contrast
to the traditional orthogonal OAM multi-mode transmis-
sion. The proposed NO-OAM multi-mode multiplexing
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scheme provides another novel idea for OAM multi-mode
multiplexing.
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