IEEE

The journal for rapid open access publishing

Received October 8, 2015, accepted October 26, 2015, date of publication November 24, 2015,

date of current version December 10, 2015.

Digital Object Identifier 10.1109/ACCESS.2015.2503293

Radio Vortex—Multiple-Input Multiple-Output
Communication Systems With High Capacity

QIBIAO ZHU'2, TAO JIANG', (Senior Member, IEEE), DAIMING QU',

DA CHEN', AND NANRUN ZHOU?

!School of Electronics Information and Communications, Huazhong University of Science and Technology, Wuhan 430074, China

2School of Information Engineering, Nanchang University, Nanchang 330031, China

Corresponding author: T. Jiang (tao.jiang @ieee.org)

ABSTRACT As a potential technique to improve channel capacity, orbital angular momentum has been
developed in the radio field. In this paper, a novel radio vortex—multiple-input multiple-output (RV-MIMO)
system is proposed to provide high capacity in free space. In particular, the vortex channel of the proposed
system is modeled. Based on this model, the optimal vortex phase is derived, which results in the optimal
capacity of the proposed RV-MIMO system. Simulation results show that the proposed RV-MIMO system
could achieve higher capacity than the MIMO system in free space.

INDEX TERMS Orbital angular momentum, radio vortex, multiple-input multiple-output, vortex phase.

I. INTRODUCTION
The fourth generation of mobile communication systems
has rolled out across the globe, and the capacity demand
is very significant for the emerging data services like
ultra high definition videos and immersive multimedia [1].
In current wireless communications, capacity can be
upgraded by using multiple-input multiple-output (MIMO)
techniques. However, the existing MIMO systems have some
issues in capacity increase. For example, the number of
antennas is increased finitely. The employment of large-scale
antenna arrays in the field of massive MIMO can bring
substantial capacity improvements. However, the hardware
impairment at each antenna should be considered [2].
Furthermore, for very large-scale antenna arrays, the capacity
can be saturated to a certain level in the colored scatter-
ing environment [3]. In addition, propagation environment
is increasingly severe. Therefore, capacity increase of the
MIMO system becomes more difficult than before [4]. Even
for the short-range line-of-sight (LOS) MIMO system in the
three-dimensional (3D) space, the capacity is still limited
by the transceiver distance, the wavelength and the array
size [5]. Thus, capacity improvement of the MIMO systems
is a crucial problem for wireless communication systems.
Recently, orbital angular momentum (OAM) has emerged
as a promising technique to provide high capacity in the radio
field. In 2011, the first experimental test of an OAM-based
radio communication system was demonstrated. A radio
signal and a radio signal with OAM of the system

were transmitted and received on the same frequency
simultaneously in a real world [6]. Then, OAM multiplexing
was employed in millimetre-wave communications to
provide high capacity [7]. From the viewpoint of the multi-
plexing, an OAM-based MIMO system can be regarded as
a channel spatial multiplexing in the conventional MIMO
systems [8]. Therefore, OAM multiplexing can be considered
as a particular case of MIMO techniques, however, the mul-
tiplexing does not lead to any significant capacity improve-
ment [9]. In other words, OAM-based radio communications
do not bring any additional gains in capacity [10]. For an
ideal OAM-based MIMO system, the transmission of radio
signals with OAM could maximize channel capacity in the
LOS scenario [11]. Since an OAM-based radio communi-
cation system can be modeled as the MIMO multiplexing
system, the effective degrees of freedom in the OAM-based
radio communication system depend on the characteristics
of the circular array. The circular array is characterized by
three parameters [12]. If the selection criteria is satisfied,
multiple orthogonal sub-channels can be obtained in an ideal
LOS OAM-based MIMO system which confirms to theories
of conventional MIMO systems in spatial multiplexing [13].
In a word, the OAM-based MIMO system can be regarded
as a conventional MIMO system since there is only an
equivalent OAM mode at a certain time. When multiple
OAM modes are coexisted in an ideal LOS scenario at any
time, the channel of the OAM-base MIMO system should
be considered. Furthermore, the relationship between the
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vortex phase caused by the OAM and the capacity should
be studied.

In this paper, a radio vortex—multiple-input multiple-
output (RV-MIMO) system is proposed, where the vortex
channel of the proposed system is modeled. Different from
the MIMO systems, a radio signal with a vortex phase, is
named as a vortex signal. A radio system with the vortex
signal is called as a radio vortex (RV) system. Hence, the pro-
posed system is combined with the RV and MIMO systems.
The vortex phase of the proposed system brings an additional
degree of freedom for capacity improvement. The vortex
phase includes the azimuthal angle and the topological charge
which is the eigenvalue of the vortex signal. The azimuthal
angle depends on relative positions of the transmitting and
receiving antennas, which are arranged into the uniform
circular array (UCA), respectively. Therefore, variations
of the relative rotation angle between the two UCAs
could lead to different vortex phases due to different
azimuthal angles. Moreover, the optimal vortex phase could
be derived and the optimal capacity of the proposed
RV-MIMO system is obtained. The basic idea of this paper
is to exploit the vortex phase to achieve high capacity
in the proposed RV-MIMO system. The key contributions
are the modeling of the vortex channel and the derivation
of the optimal vortex phase. Finally, simulation results val-
idate the capacity improvement achieved by the proposed
RV-MIMO system.

The rest of this paper is organized as follows. The
RV-MIMO system model is introduced in Section II. Then
the vortex channel of the proposed system is modeled
in Section III. Based on this model, the optimal vortex phase
is derived in Section I'V. Simulations are conducted to verify
the capacity increase of the proposed RV-MIMO system
in Section V. Furthermore, the proposed system is compared
with some related studies in Section VI. Finally, conclusions
are drawn in Section VIIL.

Il. SYSTEM MODEL

The proposed RV-MIMO system model is shown in Fig. 1.
A pair of UCAs is employed at both transmitter and receiver.
At the transmitter, data information is modulated to the
millimetre-wave radio signals. The signals are then transmit-
ted by collimated lensed-horn antennas and passed through
spiral phase plates (SPPs) [7]. Note that, each transmitted
antenna is matched to an SPP with different thicknesses to
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FIGURE 1. The proposed RV-MIMO system.
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form different topological charges. Furthermore, the size of
the SPP is larger than that of the lensed-horn antenna in order
to limit possible effects that may arise from a truncated aper-
ture. Therefore, the transmitted radio signals are modulated to
the vortex signals due to the SPPs. At the receiver, multiple
conventional antennas are arranged into the UCA to receive
the vortex signals. The vortex signals could be demodulated
to the radio signals by measuring the phase distribution with
the phase interferometer [6] or other demodulation meth-
ods of the vortex signals. Then, the information could be
recovered from the radio signals by the traditional demod-
ulation method. The major notations in this paper are listed
in Table 1.

TABLE 1. Notations.

Notation ‘ Definition
M The number of receiving antennas
N The number of transmitting antennas
v(t, p) The vortex signal at time ¢ and the azimuthal angle ¢
s(t) The radio signal at time ¢
k The topological charge
© The azimuthal angle
m The m-th receiving antenna
n The n-th transmitting antenna
Pmn The azimuthal angle from the n-th transmitting antenna
to the m-th receiving antenna
U (t @mn) The n-th vortex signal at time ¢ and the azimuthal angle ¢,
Y (t, ©mn) The m-th received signal at time ¢ and the azimuthal angle ¢,
Sn(t) The n-th radio signal at time ¢
kn, The topological charge of the n-th vortex signal
Romn The transfer function from the n-th transmitting antenna
to the m-th receiving antenna
dmn The distance from the n-th transmitting antenna
to the m-th receiving antenna
Omn The rotation angle from the n-th transmitting antenna
to the m-th receiving antenna
(] The relative rotation angle
Rrx The radius of the UCA at the transmitter
Rrx The radius of the UCA at the receiver
B A constant contains attenuation and phase rotation
A Wavelength
C The capacity of the MIMO system
Cwm The capacity of the 2 x 2 MIMO system
CMiMo The practical capacity of the MIMO system
CrMm The capacity of the 2 X 2 RV-MIMO system
CRM—Om The optimal capacity of the 2 x 2 RV-MIMO system
H The M x N channel matrix
Hy The M x N vortex channel matrix
Hyn The N x N vortex channel matrix

Given that M receiving antennas and N transmitting
antennas are configured, the proposed RV-MIMO system
model could be extended from the MIMO model. A standard
formulation of the input/output relationship in complex
base-band notation is

y=Hys+w, ey

where y is the received signal vector y = [yi(t, ¢1,),

2t 920). - Ymlt, @un)s -, yu (¢, @an)]", and [-]7 deno-
tes transposition. Analogously, s is the transmitted radio
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signal vector s = [s1(?), $2(2), ..., sp(2), ..., sy(®)]", and
w is the additive white Gaussian noise (AWGN) vector
w o= [wi(®), w2®), ..., wn(t), ..., wy(®)]". All the ele-
ments are independent and identically distributed (i. i. d.)
zero mean complex Gaussian random variables with unity
variance. Specially, Hy is the M x N vortex channel
matrix.

FIGURE 2. Different phase fronts of a radio signal and a vortex signal.
(a) Radio signal. (b) Vortex signal.

Ill. VORTEX CHANNEL

As demonstrated in Fig. 2, the radio signal has planar phase
fronts. However, the mentioned vortex signal in the proposed
RV-MIMO system has a helical phase front. For implemen-
tation, the helical phase front can be yielded by the SPP [7].
Theoretically, the vortex signal can be formed by multiplying
an e/%% term to a radio signal in order to achieve the helical
phase front. Thus, the vortex signal can be modeled as

W, ) = s(t)el*?, 2

where s(t) is the radio signal, k denotes the topological
charge, and ¢ is the azimuthal angle. When the transmitted
radio signal is passed through the SPP, the vortex signal is
generated with a topological charge. Given that the n-th radio
signal is expressed as s,(?), the corresponding n-th vortex
signal could be expressed as

Va(t, @) = sp(t)e s nom, )

where k;, is the topological charge of the n-th vortex signal,
and ¢, is the azimuthal angle from the n-th transmitting
antenna to the m-th receiving antenna in Fig.3. T, is the n-th
transmitting antenna, while R, is the m-th receiving antenna.
T, and R}, are the geometric projections of T, and R,
respectively.

FIGURE 3. Two UCAs are at the transmitter and the receiver, respectively.
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Suppose that the MIMO channel matrix is H, let H be an
M x N matrix as

hit  hiz hin
hy1 hxo hon
H= , 4
hmn
hvr  hyz - hun

where Ay, is the transfer function from the n-th transmitting
antenna to the m-th receiving antenna. Note that, a free-
space link has been employed in the current studies for the
propagation of the vortex signals [6], [7], [10] since the
singularity should be calibrated between the transmitter and
the receiver [6]. Hence, the proposed RV-MIMO system is
also applied to the free-space scenario. According to [10],
hpn 1s given by

— emi2m e )

A dy,

where § is a constant, which contains attenuation and phase
rotation, A denotes wavelength, and d,,, is the distance from
the n-th transmitting antenna to the m-th receiving antenna.
Thus,

[l -2 o2 T
di1 di2 diy
e~/ dle 2 dZTZ e 2T dZTN
Hzf—i dai 2 dy |, (6)
o L L) o2
L du 2 dun -

For the RV-MIMO system, when the vortex signal vectors

are denoted as v=[v{(t, 1), V2(t, ©2); - - -, Vults Qun)s - - - »
vN(t,gomN)]T, the m-th received signal y,,(#) could be
described as

N
Ym(t, Pmn) = Z v, @mn) + Win(t)

n=1
N .
=D hunsa (e 4wy (). (7)

n=1

Therefore, the received signal vector is

y=Hv+w
eskion pjkagin eJknoin
etk pikagn eJkn oo
=HO _ s+w. (8)
e.]km(p”l’l
eJkiomt pikaomn eJkn oMy
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According to (1), the vortex channel matrix could be
derived as

. . d . . 1 .
elkipni—j2n L elkn ey —j2m S

di o din

. . d . . d-
elkipa—j2m 3L ek oan —j2m 2

B ...
Hy = e dri don . )
T . . .

. . d, . .y d,
eJkiomi—j2m ML ek omn —j2m ML

L dui dun i
Compared with the MIMO channel H, the vortex channel Hy
of the RV-MIMO system can be considered as the MIMO
channel with vortex phase terms. The vortex phase of the
proposed RV-MIMO system includes the azimuthal angle and
the topological charge which is the eigenvalue of the vortex
signal. The azimuthal angle depends on relative positions of
the transmitting and receiving antennas, which are arranged
into the UCAs, respectively.

Two UCAs are shown in Fig.3. The two UCAs are placed
in parallel, and they face each other on the same beam axis
at a distance D. Rtx and Rrx are radii of the two UCAs at
the transmitter and receiver, respectively. @ is the relative
rotation angle of the two UCAs. The UCA at the transmitter
is fixed. However, the UCA at the receiver is active. In other
words, the relative rotation angle ® is variable. Specifically,
two cases are considered for the UCA at the receiver. Firstly,
the central point O is fixed and the relative rotation angle ®
of the two UCAs is variable. Therefore, the two central points
of the two UCAs coincide. Secondly, both the central point O
and the relative rotation angle ® are variable. The dots on the
two concentric circles indicate the positions of the antenna
elements. The dashed line denotes the geometrical projection
due to illustration of the azimuthal angle ¢, and the rotation
angle .

For the first case, when the central point O of the UCA at
the receiver is fixed, the distance d,,,, between arbitrary two
transmitting and receiving antennas is calculated as

dyn = (D* + Ry + Ry — 2RxRrxcostn)? . (10)
The rotation angle 6,,, between arbitrary two transmitting and
receiving antennas is written as
O =27 (= = 2) 4+ 0 11
mn = U ( M N> + 0, (1)
where m and n are the m-th receiving antenna and the
n-th transmitting antenna, respectively. For the proposed
RV-MIMO system, assume that the locations of antennas are
known, then the azimuthal angle ¢, is expressed as

©mn = Angle {RRXcos (2711% + @) — Rrxcos (aniv)
m n
[ Rexsin (27 57 +0) ~Rexsin (27 7 )]}
—i—][ RXSIN JTM+ TXSIN 7TN
(12)

where the Angle(-) denotes the achieving azimuthal angle
operation.
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Different from the first case, the central point O of the UCA
at the receiver is not fixed in the second case, and the central
point is assumed to move from the origin position (0, 0)
to the new position (xc,y:). According to the geometry,
dun 18 denoted as

_p LAY LAYE
dyn = { D”+ [xc+Rrxcos 271M+() Rtxcos ZnN

m n\i21] 2
+ [YC+RRXSin (27TM+@> —RTxsin (27‘[ ]V)] } .
(13)
In addition, the azimuthal angle ¢,,, can be expressed as

Omn = Angle (xe -+ Rrxcos(2r % + ©) — Rrxcos(2r 1%)

. m . n
+j [yc —i—RRxSln(ZJTM—i-@)—RTXsIH(ZT[ N]}
(14)

Hitherto, the vortex channel matrix Hy could be obtained
since the distance d,,, and the azimuthal angle ¢, are
achieved. Note that, A is a constant wavelength of the radio
signals. In addition, the topological charges k1, k2, . . ., k, are
constants determined by the SPP.

In summary, when the relative rotation angles of the two
UCAs are variable, two cases should be considered to the
vortex channel at the receiver: the fixed UCA and the mov-
able UCA. Moreover, the optimal vortex phase of the vortex
channel in the proposed RV-MIMO system should be derived.

IV. THE OPTIMAL VORTEX PHASE FOR CAPACITY

The variation of the relative rotation angles affects the
azimuthal angle ¢,,, and further affects the vortex phase and
the vortex channel matrix Hy. According to the Shannon’s
channel capacity theorem, the vortex channel matrix impacts
on the capacity of the proposed RV-MIMO system. Moreover,
the vortex phase is the main characteristic of the vortex signal.
The vortex signal of the RV-MIMO system is orthogonal and
independent in the time and the frequency domains since
the vortex phase of the proposed system is an additional
degree of freedom. Thus, there will be no impact on current
communication systems if the RV-MIMO system is deployed
in the future.

Suppose that the transmitter does not know the chan-
nel state information (CSI), the transmitter cannot optimize
its power allocation. Thus, the best strategy would allo-
cate equal power to each transmitting antenna. Under
this assumption, according to the Shannon’s channel
capacity theorem, the capacity of the MIMO system is
given by

SNR___
C =log, [det [ I+ THH bps/Hz, (15)

where det (-) denotes the determinant, I is the identity matrix
with the size given by a minimum number of transmit-
ting antennas (V) and receiving antennas (M), SNR is the
signal-to-noise ratio, and H represents the M x N channel
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matrix with the HY denoting the conjugate transpose.
For the 2 x 2 MIMO system, the capacity is

2 2
SNR 5
Cm = logz {1 + T ZZ|hmn|

m=1 n=1
SNR\?
+ <T> (1 Pho* + |z A2 )
A\ 1
-2 <'6—> ————cosy ¢, (16)
4m ) didiadaidan
where,
2
Y= T(d” —dip —dy1 +dp). an
According to (13) and (14), suppose that ® = 0,
4nD Rrx—Rrx \* Rrx+Rrx \*
=7 (222 TRAY g (22 TTRA
=m0 (o) (et
(18)

Generally speaking, D is far larger than Rtx and Rrx in
practical radio communications. Therefore, y & 0 results in
cosy = 1. As a result, the practical capacity of the MIMO
system is

2 2
SNR
Cvivo = log, {1 + - Z Z ]

m=1 n=1

SNR \ 2
+ (T) (1h11 1o |* + 12?1 hat 1)

2(,6)\)4 1
4 ) dndiadandy |

However, the practical capacity of the RV-MIMO system
depends on the vortex phase associated with the relative posi-
tions. Varying relative positions of the UCA at the receiver in
a certain range to find the optimal vortex phase is a feasible
way to achieve the optimal capacity.

19)

A. THE OPTIMAL VORTEX PHASE OF THE
2 x 2 RV-MIMO SYSTEM
For the 2 x 2 RV-MIMO system in Fig. 4, T; and T

FIGURE 4. Distances and azimuthal angles of the 2 x 2 RV-MIMO system.

receiving antennas. When Hy is applied to (15), the capacity
of the 2 x 2 RV-MIMO system is expressed as (20), shown at
the bottom of this page, where,

Ba\* 1
A=2(22) — — cos(B- Q).
4w ) diidiadaidy

Note that, B is the vortex phase, and C denotes the phase of
the MIMO system.

2

B = ki(p11 — ¢21) + ko922 — ¢12),
C— an” —dip — dy) +d22'
A

Therefore, varying the relative rotation angle ®, even chang-
ing the central point of the UCA at the receiver could achieve
different azimuthal angles ¢;,,. Furthermore, different thick-
nesses of the SPP are selected for different topological
charges. Thus, the optimal vortex phase is attained and leads
to the optimal capacity of the RV-MIMO system. The optimal
capacity of the 2 x 2 RV-MIMO system could be achieved as

2 2
SNR
Crm-opt = log, {1 + == 2. D il

m=1 n=1

(22)

SNR

2
+ (T) (1h11 1o |* + 12 hat 1)

() dam
o(22)y -1
dm ) di1diadaidan

Correspondingly, the optimal vortex phase of the
2 x 2 RV-MIMO system should satisfy the following
condition:

(23)

are the transmitting antennas, while R; and R, are the B—C=QRa+1)r, a=0,%1,%2,... 24)
SNR
Crm = log, det(Ip + HHY)
SNR 2 SNR 2 )
1+ — Zlhlnth — Zl hlnhéne]kll((pln7¢2n)
= log, n= =
SNR 2 . SNR 2
— hznhgnejkn(wzrwm) 1+ —— Y holts,
2 n=1 2 n=1
SNR & o SNR)\?
_ 2 2 2 2 2
=logy Y1+ == > lhml® + (T) (11 P ho2? + i Py [ — A) (20)

m=1 n=1
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In summary, the optimal capacity of the 2 x 2 RV-MIMO
system could be attained when the optimal vortex phase is
satisfied (24).

B. THE OPTIMAL VORTEX PHASE OF THE

N x N RV-MIMO SYSTEM

To simplify the analysis for the N x N RV-MIMO system, the
amplitude of the vortex channel could be normalized to unity.
We have,

) o d
elkion—j2m % g/kNﬁﬁlN_JZ”%
) o d
e/k1021 JZN% .. eJkn Qv —j2m 2
Hy, = ) . ) . (25

. . d . . d
ko —j2m ML kv oy —j2m M

log, det (

Based on this idea, the derivation is repeated as the optimal
vortex phase of the 2 x 2 RV-MIMO system. The optimal
vortex phase of the N x N RV-MIMO system should satisfy
the following condition:

(ks P> A}
SNR
= argmax B Vn)
Hn: T;[an]<P
arg min 1_[ 1_[ 2¢0s |: Z Z( 1yt
Kovs @ m=1 n=1 m=1n=1
dmn
X (kn(pmn —2r . ):|, (26)
where P is the total power. Obviously, the optimal condition
could be expressed as
N N d
DD ICE i (kngomn —21 ;’")
m=1 n=1
= (2a+ D,

a=0,+1,42, ... Q7

In summary, the optimal capacity of the N x N RV-MIMO
system could be achieved when the amplitude of the
N x N RV-MIMO system is normalized and the vortex phase
satisfies the condition (27).

V. SIMULATION RESULTS

In this paper, both the proposed RV-MIMO and the MIMO
systems are discussed in free space. The main parameters of
the RV-MIMO and the MIMO systems are listed in Table 2
The radii of the UCAs at the transmitter and receiver are

TABLE 2. Parameters of the RV-MIMO system.

Parameter | Value

A 0.01m
Rrx 0.6\
Rrx 0.8\

D 7000\

e 0~ 27
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Rrx and Rgrx, respectively. In addition, the total powers of
the two systems are the same, and each transmitting antenna
is assigned power equally. Note that, when a transmitted radio
signal is passed through an SPP, a vortex signal is generated.
Each vortex signal carries a topological charge k, which is
from 0 to N — 1. The number of topological charges has no
relationship with the power.

In the following configurations, the UCA at the transmitter
is fixed. Nevertheless, there are two cases about the central
point of the UCA at the receiver to be considered: One is
fixed, the other is movable in a certain range. For both of
the two cases, the relative rotation angles ® are varied from
0 to 27 in order to find the optimal vortex phase for the opti-
mal capacity of the RV-MIMO system. The optimal capacity
of the RV-MIMO system is labeled as “Optimal” in the simu-
lation results. Note that, the capacities of the RV-MIMO sys-
tem and the MIMO system are defined as the average capacity
for the variations of the relative rotation angles.
In addition, the capacity gain is defined as the optimal capac-
ity of the RV-MIMO system to the capacity of the MIMO
system with the identical SNR.

A. THE FIXED UCA AT THE RECEIVER

In this case, the central points of the two UCAs are coincided.
As shown in Fig. 5, for the 2 x 2 RV-MIMO system and the
2 x 2 MIMO system, three types of capacities are illus-
trated with the Monte Carlo method. In addition, the opti-
mal capacity of the RV-MIMO system in theory is demon-
strated under the condition of the optimal vortex phase (24).
Obviously, it is consistent with the Monte Carlo result.
Therefore, in the next simulations, we could employ the
Monte Carlo method to replace the theoretical method to
achieve the optimal capacity avoiding complicate derivations
for two more antennas. The optimal capacity is a little higher
than the capacity of the RV-MIMO system with the identical
SNR since the optimal vortex phase is employed. For exam-
ple, the optimal capacity and the capacity of the RV-MIMO
system are 13.32 bps/Hz and 12.93 bps/Hz at SNR=20 dB,
respectively. Furthermore, the capacity of the RV-MIMO sys-
tem is higher than that of the MIMO system with identical

14 T T

= Optimal (Monte Carlo) D
12| © Optimal (Theoretical) i
RV-MIMO
—e— MIMO
10 i
N
z
:é“ 8r »
2
£ | |
% 6
]
4r i
2r i
o . . . . .
-10 -5 0 5 10 15 20
SNR (dB)

FIGURE 5. Capacities of the 2 x 2 RV-MIMO system and the 2 x 2 MIMO
system.
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SNR since the vortex phase is exploited. For instance, the
capacities of the RV-MIMO system and the MIMO system are
12.93 bps/Hz and 7.65 bps/Hz at SNR=20 dB, respectively.
Thus, with the increase of SNRs, the capacity improvement
of the RV-MIMO system is more significant than that of its
counterpart due to the contribution of the vortex phase.

Different types of the capacities are demonstrated in Fig. 6.
The capacities of both the RV-MIMO and MIMO systems are
enhanced when SNR increases.

25

T
—#— 4 x 4 Optimal

4 x4 RV-MIMO
—sk— 4 x 4 MIMO
2 % 2 Optimal
2 x 2 RV-MIMO
—8— 2 x 2 MIMO

20

o

Capacity (bps/Hz)

SNR (dB)

FIGURE 6. Comparisons between the RV-MIMO system and the
MIMO system.

For the identical number of antennas, the capacities of
the RV-MIMO system are higher than those of the MIMO
system under the same SNR due to the vortex phase. For
example, when SNR is 20 dB, the capacities of the 4 x 4
RV-MIMO system and the 4 x 4 MIMO system are 21.57 and
8.648 bps/Hz, respectively. Furthermore, the optimal capacity
is 22.4 bps/Hz at SNR=20 dB. Compared with the capacity
of the MIMO system at SNR=20 dB, the optimal capacity
and the capacity of the RV-MIMO system are increased
by 13.752 and 12.922 bps/Hz, respectively.

For the identical types of capacities, the capacity improve-
ment of the RV-MIMO system is more significant than that
of its counterpart with the increase of SNRs. For the MIMO
system, it could not obtain the obvious capacity improvement
although SNR is increased. For example, when SNR is 20 dB,
the capacities of the 4 x 4 MIMO system and the 2 x 2 MIMO
system are 8.648 and 7.651 bps/Hz, respectively. Therefore,
the capacity is improved 1.13 times at SNR=20 dB. With
the same SNR to the RV-MIMO system, the capacities of the
4 x 4 RV-MIMO system and the 2 x 2 RV-MIMO system
are 21.57 and 12.9 bps/Hz, respectively. Hence, the capacity
of the RV-MIMO is improved 1.67 times at SNR=20 dB.
Analogously, the optimal capacity is increased 1.68 times at
SNR=20 dB. Thus, the optimal capacity is promoted higher
than both the capacities of the RV-MIMO and the MIMO
systems in the identical situation.

Fig. 7 shows the relationship between the capacity gain
and SNR. For the identical number of antennas, the gains are
advanced with the increase of SNRs. For example, the gains
of the 4 x 4 RV-MIMO system are 1.113 at SNR=—10 dB
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FIGURE 7. Capacity gains of the RV-MIMO system over the MIMO system.

and 2.59 at SNR=20 dB, respectively. The capacity gain is
about 2.33 times increased for the 4 x 4 RV-MIMO system.
Therefore, the improvement of the capacity gains is signifi-
cant with the increase of SNRs. For the identical SNRs, the
more antennas, the better benefits. For instance, when SNR
is 20 dB, the gains of the 4 x 4 RV-MIMO system and the
2 x 2 RV-MIMO system are 2.59 and 1.74, respectively. The
capacity gain is improved about 1.49 times at SNR=20 dB.
Therefore, the capacity gains of the RV-MIMO system are
increased with increasing antennas.

In conclusion, with the increase of the antennas and SNRs,
the capacity of the RV-MIMO system is more remarkable than
that of the MIMO system since the optimal vortex phase is
exploited.

B. THE MOVABLE UCA AT THE RECEIVER
In this case, the central point of the UCA at the receiver is
active within an alignment range, and SNR is 8 dB. Based
on this scenario, the relative rotation angle is still varying
from 0 to 27 to find the optimal vortex phase.

As illustrated in Fig. 8, different numbers of antennas are
considered in the relationship between the alignment range
and the capacity. For the MIMO system, the capacities of the
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FIGURE 8. The relationship between the capacity and the alignment
range.
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2 x 2 and 4 x 4 MIMO systems keep fixed values:
3.768 bps/Hz and 4.714 bps/Hz, respectively. The capacities
are not variable when the alignment range from O to 10A since
the MIMO systems have no vortex phases, and the capacities
of the MIMO systems have no relationship with the alignment
range.

For the capacities of the 2 x 2 and 4 x4 RV-MIMO systems,
both of them descend slowly with the increase of the align-
ment range since the larger alignment range means the UCA
at the receiver is placed beyond the suitable position with the
higher probability. Therefore, the increase of the alignment
range has a negative impact on the capacity of the RV-MIMO
system. Nevertheless, the capacity of the RV-MIMO system
is still higher than that of the MIMO system with the identical
numbers of antennas and the identical alignment range since
the vortex phase is employed.

For the optimal capacities of the RV-MIMO systems, the
capacity of the 4 x 4 system is fluctuant within a little
scope since multiple antennas are placed in a small range
Rrx = 0.8A, and the antenna correlation could lead to the
fluctuation of the capacity. However, the optimal capacity of
the 2 x 2 system keeps a line since less antennas are easier
to find the optimal vortex phase. With the identical numbers
of antennas and the alignment range, the capacities of the
optimal RV-MIMO systems are higher than the RV-MIMO
systems since the vortex phase is optimized.

Note that, when the alignment range is 0, the central point
of the UCA at the receiver is considered to be fixed. For
example, when SNR=8 dB in Fig. 5, the optimal capac-
ity of the 2 x 2 RV-MIMO system, the capacity of the
2 x 2 RV-MIMO system and the capacity of the 2 x 2 MIMO
system are 5.74 bps/Hz, 5.437 bps/Hz and 3.768 bps/Hz,
respectively. When the alignment range is O in Fig. 8, the
optimal capacity of the 2 x 2 RV-MIMO system, the capacity
of the 2 x 2 RV-MIMO system and the capacity of the 2 x 2
MIMO system are 5.74 bps/Hz, 5.437 bps/Hz and 3.768
bps/Hz, respectively. Since the two groups of data are exactly
the same, the results of the Fig. 5 and Fig. 8 are consistent.

Overall, the proposed RV-MIMO system could provide
much higher capacity than the MIMO system under the same
situation since the vortex phase is exploited. Furthermore,
when the central point of the UCA at the receiver is moved
and not coincided with that of the UCA at the transmitter, the
capacity of the RV-MIMO system decreases slowly. However,
the minimum capacity of RV-MIMO system is still higher
than that of the MIMO system with the same number of
antennas.

VI. DISCUSSIONS

Compared with some related studies [10], [11], [13], the pro-
posed system is different. Firstly, multiple SPPs are employed
at the transmitter. Each transmitting antenna is matched to
an SPP with different thicknesses to form different vortex
signals. Therefore, multiple vortex signals are transmitted
simultaneously, and multiple OAM channels are exploited
beyond the spatial multiplexing of the MIMO system.

VOLUME 3, 2015

There is no effective method to create multiple vortex sig-
nals simultaneously in [10], [11], [13], although they can be
generated separately. Thus, there is only one vortex signal
at any time, and no extra capacity gains are created beyond
the MIMO spatial multiplexing. Secondly, the UCAs in the
proposed system are the same as those employed in [10].
However, the results are different since different SPPs are
employed at the transmitter. In [11] and [13], the concentric
array is adopted. The array is different from the UCA in
this paper. In a word, multiple vortex signals are generated
simultaneously in the proposed RV-MIMO system. Different
vortex signals provide different vortex phases which can be
employed as degrees of freedom to provide higher capacity
than the conventional MIMO system.

VII. CONCLUSION

In this paper, we proposed an RV-MIMO system and
modeled the vortex channel of the proposed RV-MIMO
system in free space. The proposed RV-MIMO system
exploits the vortex phase of the vortex channel matrix to
improve the capacity significantly. Moreover, we derived
the optimal vortex phase to enhance the capacity of the
proposed RV-MIMO system efficiently. Simulation results
show that the RV-MIMO system can provide promi-
nent improvements for both the capacity and the opti-
mal capacity compared with the MIMO system in free
space.
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