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Abstract—Orbital angular momentum (OAM) as a powerful candidate to enhance the spectral
efficiency and system capacity by providing the new degree of freedom for multiplexing has been
recently advocated in wireless communications. In this paper, we propose an OAM-based massive
multiple-input multiple-output (MIMO) scheme to significantly improve the transmission performance
of wireless communication system in line-of-sight scene. The uniform rectangular arrays (URAs) are
used as transceivers in our system model, and the ideal OAM antenna model that is capable of providing
OAM-channel independently is used as the array element. Multiple reference coordinate systems based
on per transmitting antenna and the cumulative phase of specific radio vortices are used to describe the
OAM-MIMO channel model. The results of numerical analysis indicate that the proposed OAM-based
massive MIMO system could obtain an overwhelming capacity gain against the conventional MIMO
system.

1. INTRODUCTION

The orbital angular momentum (OAM) of electromagnetic fields characterized by the spiral phase
factor of exp(jlyp) is considered a new degree of freedom for multiplexing, where [ and ¢ represent
the mode number of OAM waves and the azimuth, respectively [1,2]. This is of great significance to
the telecommunications industry as indicated in Fig. 1, which describes only six degrees of freedom
for multiple access, namely the time, frequency, code sequence, space, polarization, and OAM state.
They have been deeply developed and utilized at present, except for the OAM state. Hopefully, several
validated experimental reports are available in optics [3], millimeter wave [4, 5], and radio frequency [6—
9]. Due to good collimation, OAM-based communication performs much better in optical and millimeter
bands than in the radio frequency. What is worse, some initial reports suggest that OAM is just a
subset of MIMO technology and does not give any additional capacity gain [10, 11]. The reason for this
conclusion is that the presented uniform circular array (UCA) is treated as an OAM generator that only
produces a single OAM channel during a time slot. Thus the argued capacity limit of UCA system is
indeed the production limit of OAM carriers. Recent researches show more positive results about OAM
increasing the channel capacity [12,13].

As the basis for performance analysis, the channel matrix of wireless OAM-MIMO systems with
various array configurations has been studied, such as the typical UCA system [14, 15], misalignment
UCA system [16], nested UCA system [17], fractal UCA system [18], and uniform line array (ULA)
systems [19,20]. In spite of offering some inspirations, these reports do not use reference coordinates
in analysis process, which is actually of significance due to the extreme spatial coordinate dependence
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Figure 1. The map of resource lattice for multiplexing. Here f, ¢, w, s, and [ represent frequency-, time-
, code-, space-, and OAM-channel in turn; R and L are right-hand and left-hand circular polarization,

respectively.

of OAM fields. In addition, the use of non-OAM antenna model as array element causes some of the
above reports to fail to observe the expected capacity gain.

In this paper, we consider an OAM-based massive MIMO system for the line-of-sight wireless
communications, in which both the transmitter and receiver consist of a URA. An ideal OAM antenna
that is capable of generating OAM wave is used as the transmit-receive antenna in URAs. The relevant
wireless channel model is deduced theoretically. Then, the capacity performance of the proposed OAM-
based massive MIMO system is performed. The numerical simulation shows some exciting results.

2. SYSTEM MODEL

The proposed OAM-based massive MIMO system is shown in Fig. 2(a), where D is the space between
transmitter and receiver; A is the space among adjacent elements in URAS; d,,,,, denotes the propagation
distance from the n-th transmitting antenna 7,, to the m-th receiving antenna R,,; and ¢,,, represents
the initial azimuth of R,, referencing to T;,. R, is the normal projection of R,,. As depicted in Fig. 2(b),
we code the antennas with n(ps, ) in the transmitter and m(p,, ¢,) in receiver for the convenience of
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Figure 2. The OAM-based massive MIMO system. (a) Generalized M x N case. (b) Simplified 4 x 4
case.
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subsequent analysis. Here p; and p, denote the serial number of rows in the URAs, while ¢; and g,
represent the serial number of columns, respectively. In addition, o’-x'y’z’ is the original coordinate
system for the whole system, while o-zyz is the reference coordinate system of T;,. The transformation
relationship between them is given below

z=2"— (g — 1A, y=y —(p—1A, z=2 (1)

The reason for applying the reference coordinates is the intrinsic spatial dependence of OAM fields.
The azimuthal angle ¢ in spiral phase factor exp(jly) has to be the angular coordinate around the
beam-axis of OAM waves. In other words, ¢ has to be defined by o-zyz rather than o’-z’y’z’. In such

an OAM-based massive MIMO system, the received signals can be expressed as

Y =HX +n (2)

Here Y = [y1, - ,¥i, - ,yM]T is the received signal vector, in which y; = Z;V hi;Zj +n; is the
signals and noise obtained by the i-th receiving antenna. X = [y, , &, -+ , & N]T is the transmitted
signals with &; = [ly, - ,l§, - ,lQ]T denoting the OAM signals modulated by the j-th transmitting
antenna, where i, is the channel label of certain OAM signal. n = [ny, -+ ,n4, -+ ,n M]T is the complex
Gauss white noise vector introduced by the wireless link. H = [hy,--- hy,--- ,hN]T is the channel

matrix with h; representing the channel response vector between the j-th transmitting antenna and all
receiving antennas. When the channel state information (CSI) of the system is known, an optimal power
allocation will be applied at the transmitter. According to the Shannon’s channel capacity theorem,
the capacity of the proposed OAM-based massive MIMO system can be expressed as

g
CzZlogQ <1+
J

Here v and §; are the rank and singular value of channel matrix, respectively. o is the variance of
noise. p; is the sub-power allocated by the water-filling principle.

02]752 ) bps/Hz (3)

3. CHANNEL MODEL

The transfer function from 7, to R,, can be considered as the MIMO response superimposed by a spiral
phase term [14], and expressed as follows

. )\ .o Jod
B = B0 - o™ = %6 I dmn | oiln@mn,1 (4)
Here  is a constant containing attenuation and phase caused by antennas and their patterns on
both sides [10]; A denotes the wavelength; [,, =[1,...,lg contains all OAM fields generated by T},; and
©®mn, denotes the cumulative phases of the /-labeled OAM carrier after propagating from 7;, to R,,.
The channel matrix of the proposed OAM-based massive MIMO system is completely determined
by Eq. (4), in which only d,, and @, are pending. According to Fig. 2(a), the propagation distance
dmn can be calculated by

dn = st { D* + [(pi = pr) x A + [(ar — a,) x A} (5)

and the cumulative phases ¢, can be performed by

- - D
Pmn,l = Gmn + 27 - Ly - X (6)

The initial phase ¢,,, depends on only the relative position relationship between T,, and R,,, and is
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equal for all I, OAM carriers. It can be calculated by

arctan (|ps — prl/lae — qrl) » Pr > Dt, @r > Gt

m —arctan (|ps — pr|/lae — arl), Pr >, @& < @t

7+ arctan (Ips — prl/lge — ar|),  Pr <Pty @ < @

) 2m—arctan (Ipt — prl/lae — @) s Pr <Dt @ > @
) DPr =Dt, 4r = qt

/2, DPr > Dty Gr = Gt

, Pr=D0t, @r < qt

L 3m/2, Pr <Dt @r = Gt

In order to simplify the formulas without loss the generality, we consider the simple case of each
transmitting antenna generating only a single OAM carrier, and the topological charge of the generated
radio OAM carrier equals its own serial number, namely [, = n.

4. CAPACITY ANALYSIS AND SIMULATION

4.1. Conventional MIMO System

To show more details about the capacity analysis on the proposed OAM-based massive MIMO system,
we begin with a 4 x 4 URA based system as depicted in Fig. 2(b). The matrix of propagation distance
can be obtained by using Eq. (5) below

diy dyp diz dig D dy dy do
d— do1 dpg dyz doa | _ | dv D dy dy (8)

d31 dszz d3z d3g di do D dy

dgr dyo daz dag dy dy di D
where dy = (D? + A?)'/2, and dy = (D? + 2A2)'/2. The symmetry of d may be useful in reducing the
computational complexity. Substituting Eq. (8) into Eq. (4) and making h2%"™ = 1, the channel matrix

for conventional MIMO system can be written as

e_jkD/D e‘jkdl/dl e‘jkdl/dl e‘jde/dg
A3 | eI jdy e MDD eIk gy emikh /g,
dr | ik Jdi eIk /dy  eTIKD /D emikd1 /g,

eIkd2 jdy =ik ) eIk /g e=IRD /D

Hmimo =

where k = 27 /\.

4.2. OAM-Based MIMO System
The channel matrix of the 4 x 4 URAs-based OAM-MIMO system is obtained by applying Eq. (4) as
[ e~ JkD—=jvir  p—jkdi—j2p12  —jkdi—j3p13  p—jkd2—jdp1a T
D d1 d1 d2
e—JkD=j2p22  o—jkda—j3pas  —jkdi—jdpaa

e—Jkd1—jp21

- o D d - (10)
47 e—Jkdi—jes1  o—jkda—j2p32  o—jkD—j3p33  o—jkdi—jdpsa
dq do D dy

e—Jkd2—jear  o—jkdi—j2p12  o—jkd1—j3paz  o—ikD—jdpas
L do dq dy D i
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where @y, is ruled by Eq. (6) with I, = n. According to Eq. (7) and Fig. 2(b), the initial phase matrix
¢ is obtained as

P11 P12 b1z Pua 0 T 3m/2 br/4

6= $21 d22 P23 P2a | _ | O 0 7r/4 372 1)
®31 P32 P33 P /2 3w/4 0 7r
a1 a2 a3 Paa T/4 w/2 0 0

Substituting Eq. (11) and Eq. (6) into Eq. (10), the channel matrix for the 4 x 4 URAs based
OAM-MIMO system can be obtained as

B 1 e*jk(d1*4D) jefjk(d1*9D) _efjk(d2*16D) a
D dq dq do
o—ik(d1—D) J3kD o—ik(d2a—9D) pj21m/a  ,—jk(d1—16D)
BA d D dy dy
H= 1 . _ik(di—D) . ik(da—4D 8k D —jk(d1—16D (12)
je J 1 _je J ( 2 ) 6‘7 e J ( 1 )
dq do D dq
o—ik(d2=D) _ ojm/4  _,—jk(d1—4D) o—ik(d1—9D) ¢i15kD
- d2 dl d1 D .

4.3. Simulation Results

In this section, both the conventional massive MIMO and OAM-based massive MIMO are discussed in
wireless line-of-sight scenario. To observe the capacity performance of the simplified 4 x 4 URAs based
system, the main simulation parameters are set as below: the carrier frequency and corresponding carrier
wavelength are 66 GHz and 4.55 mm, respectively; the gain coefficient 8 equals 40 dB; the transmitting
power is 1 W; the signal-noise-rates (SNR) are 10 dB and 30 dB, respectively; the space among adjacent
elements A takes 20\. The OAM state of transmitting antennas is set by [, = n, namely, the 1st, 2nd,
3rd, and 4th transmitting antennas radiate the OAM carriers with the topological charge of 1, 2, 3, and
4 in order.

Figure 3(a) depicts the capacity performance of the 4 x 4 URAs based conventional MIMO system
and OAM-MIMO system, with the space between transmitter and receiver D varying from 100X to
20000A. Obviously, the OAM-MIMO system shows a better capacity performance than the conventional
MIMO system. For instance, at the propagation distance of D = 10310\, the OAM-MIMO system
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Figure 3. The capacity performances of 4 x 4 URAs based systems versus: (a) propagation distance,
(b) SNR.
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obtains a channel capacity of 25.82bps/Hz and 7.744 bps/Hz corresponding to SNR = 30dB and
SNR = 10dB, respectively. The conventional MIMO system’s channel capacities are 7.455bps/Hz
and 0.9715bps/Hz with the same setting, which are only 28.87% and 12.55% of the OAM-MIMO
system, respectively. Fig. 3(b) shows the capacity performances of the two systems over an SNR region
of —10dB ~ 30dB, with the propagation distances taking 2000\ and 20000\, respectively. We can
draw the conclusion that is consistent with Fig. 3(a). Taking SNR = 20dB as an example, we can see
from Fig. 3(b) that the conventional MIMO obtains a channel capacity of 1.765 bps/Hz at D = 20000\
and 18.15bps/Hz at D = 2000\, while the channel capacity of the OAM-MIMO is 11.82bps/Hz and
25.91 bps/Hz at the same setting. The OAM-MIMO performs 6.7 times and 1.43 times better than
the conventional MIMO, respectively. This infers that the conventional MIMO is capable of promoting
multiplicative capacity gain by joining the OAM techniques, and the capacity gain increases significantly
with the increase of propagation distance and the decrease of SNR.

According to the theory of the massive MIMO system, no matter the conventional case or the OAM
based case, the capacity performance will be enhanced significantly with the used transmitting-receiving
elements increasing. This is revealed by Fig. 4, in which the propagation distance is 5000; the space
among adjacent elements is 5\; the n-th transmitting antenna radiates the n-labeled OAM carrier; and
the used antennas are 4 x4, 9 x 9, 16 x 16, 32 x 32, 64 x 64, 100 x 100 in order. The transmitting power
is 1 W. Taking SNR = 30dB into account, the channel capacities with the used elements ascending are
8.737, 12.85, 19.6, 33.65, 53.48, 78.86 (bps/Hz) for the conventional massive MIMO systems, and 24.58,
61.97, 119, 299.1, 587.5, 973.8 (bps/Hz) for the proposed OAM-based massive MIMO systems, and
4.719 (bps/Hz) for the single-input single-output (SISO) system. Therefore, the OAM-based massive
MIMO is orderly more excellent than the conventional massive MIMO 2.813 times, 4.823 times, 6.072
times, 8.89 times, 10.99 times, and 12.35 times, and much more overwhelming than SISO system.
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Figure 4. The capacity performance of: (a) conventional massive MIMO system and SISO system; (b)
the proposed OAM-based massive MIMO system.

5. CONCLUSIONS

We propose an OAM-based massive MIMO system for the line-of-sight wireless communications. The
URAs and OAM antennas are respectively used as transceivers and transmitting-receiving antennas in
this paper. Multiple reference coordinate systems are used to correctly describe the OAM-MIMO
channel model. Channel matrixes and capacity analyses for the OAM-based massive MIMO and
conventional massive MIMO are deduced theoretically and performed numerically. The results of
simulation show a significant enhancement of channel capacity in the proposed OAM-MIMO system
by comparing with the conventional MIMO system and SISO system.
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