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Abstract

The orbital angular momentum (OAM) technique provides a degree of freedom for information
transmissions in millimeter wave communications. Condndethe spatial distribution characteristics
of OAM beams, a new OAM spatial modulation (OAM-SM) millineetwave communication system
is first proposed for future mobile networks. Furthermohe tapacity, average bit error probability
and energy efficiency of OAM-SM millimeter wave communiocatisystems are analytically derived
for performance analysis. Compared with the conventionatismput multi-output (MIMO) millimeter
wave communication systems, the maximum capacity and greffigiency of OAM-SM millimeter
wave communication systems are improved by 36% and 472.88pectively. Moreover, numerical
results indicate that the proposed OAM-SM millimeter waeenmunication systems are more robust
to path-loss attenuations than the conventional MIMO midlier wave communication systems, which
makes it suitable for long-range transmissions. Therefo#eM-SM millimeter wave communication
systems provide a great growth space for future mobile nisvo

Index Terms

Millimeter wave communications, orbital angular momentapatial modulation, capacity,
average bit error probability, energy efficiency.
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I. INTRODUCTION

To meet the 1000 times growth of wireless traffic in the nextade, the millimeter wave
transmission technology is becoming one of the key teclyiedofor the future fifth generation
(5G) mobile networks[[1]. With the implementation of milleter wave transmission technolo-
gies, a lot of frequency bandwidths are utilized for 5G mekibmmunication systems||[2].
Moreover, the high spectrumse,g, 100-300 GHz spectrums are proposed for future mobile
networks [3], [4]. Consequently, the orbital angular motnem (OAM) technology traditionally
used in optical communications is explored to be used fotimeter wave communications
in the high spectrums_[5]. Compared with the conventionajrele of freedoms in wireless
communications, such as degree of freedoms in time, frexyuamd space, the OAM technology
provides a new degree of freedone., the OAM state for millimeter wave communications [6].
A revolutionary improvement on millimeter wave communioat can be expected for future
mobile networks when the OAM technology is adopted for miélier wave communications.

Based on the electromagnetic theory, an electromagnetie wat only has the linear mo-
mentum along the beam propagation direction but also hasatigelar momentum which is
perpendicular to the beam propagation direction [7]. TheMO& one part of the angular
momentum whose electromagnetic fields are characterized tavefront that is shaped as
a helix,i.e., exp (—il¢), where¢ is the transverse azimuthal angle dnid the OAM statej.e.,
an unbounded integer. The OAM stédtenplies a2x/ phase delay over one revolution of a beam
in millimeter wave communications. Moreover, beams witfiedent OAM states are mutually
orthogonal and thus can be multiplexed together along theedaeam axis for propagation.
Thereby, the capacity of wireless communication systemdcbe obviously improved by the
OAM technology [ 7], [8]. Although the OAM feature of electragnetic wave has been indicated
in early years of20"* century [9], until recent years the OAM technology has besedufor
optical communications [8], [10]=[15]. Laser light with gaerre-Gaussian amplitude distribution
was first found to have an OAM and the Laguerre-Gaussian madebe transformed from
the Hermite-Gaussian mode in astigmatic optical systefp [dtilizing the OAM technology,
information was encoded into a light beam and was transthlitefree space communication
experiments[[8]. Using Laguerre-Gaussian mode beam, thgaspnode division multiplexing
with two OAM states was first demonstrated to achieve 10 Ghgssinission rate in optical
communications [11]. By Combining with low-density paritheck (LDPC) codes, OAM-based
modulation schemes were proposed to realize high speeshtissions over strong atmospheric
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turbulence channels in deep-space and near-earth opticahanications/[12]. Modulating 16-
guadrature-amplitude-modulation signals over four OAMtesd, a spectral efficiency of 25.6
bit/s/Hz was implemented by polarization-multiplexed tipié OAM optical communication
systems[[13]. A 2-Thit/s data link was presented in free spgutical communication systems
using two orthogonal OAM states with 25 wavelength divisionitiplexed channels on each state
[14]. In a 1.1 kilometer transmission scenario over an @pftiiber, 1.6 Thit/s data transmission
rate was demonstrated for optical communications with twadVOstates over 10 wavelengths
[15].

In addition to optical communications, the OAM technologsltalso been implemented for
wireless transmissions over millimeter wave and microvepextrums. Thidet al,, first proposed
that vector antenna arrays can generate radio beams with €@lvacteristics which is similar
with helical Laguerre-Gaussian laser beams in paraxiat®fit6]. Thereby, the OAM technology
was suggested to be used for wireless communications wittomave spectrums. Fabrizéh al.,
first demonstrated that two beams of incoherent radio wdxessmitted on the same frequency
but encoded in two different OAM states, simultaneouslggrait two independent radio channels
[17]. Experiments results in [17] have enkindled discussiabout the comparison between the
OAM and multi-input multi-output (MIMO) systems [18]-[20Based on the configuration of
uniform circular antenna (UCA) array in free space commaiimns, Oveet al, indicated that
communicating over the sub-channels given by OAM states ssil@set of solutions offered
by MIMO technology [18]. When the transmitting and recefyiantenna arrays have not been
aligned in free space, the capacity of OAM-based radio comaation decreases significantly
with disalignment antenna arrays and the rotation phaserisusly distorted [19]. Moreover, the
impact of crosstalk and poor signal-to-noise ratio (SNR)@AM-base radio communications
has been discussed in [20]. The above studies of OAM radionmoamcations are based on
UCA arrays. To overcome drawbacks of UCA arrays, éaml., utilized the spiral phase plates
(SPP) to generate OAM beams and implemented a transmisg®ifr32 Gbpsi.e., 16 bit/s/Hz
spectral efficiency, over millimeter wave channels muétqphg eight OAM stateg [5]. However,
it is very complex to generate OAM beams by SPP systems. T $ois problem, a dual OAM
antenna with traveling-wave ring resonators was desigoesinmultaneously generate multiple
beams with different OAM states for millimeter wave comnuations [21]. Furthermore, the
technology of using uniform linear array, which consistscotular traveling-wave OAM an-
tennas for multiplexing, was compared with the conventioddtMO communication method,
and simulation results implied that OAM waves could decegthg spatial correlation of MIMO
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channels[[22]. Based on the property that the intensity e€tdt field in radial direction is
characterized by the Bessel function of the first kind, thmesthods were proposed for beam
axis detection and alignment for OAM-based radio commuitna [23]. Utilizing OAM states,

a basic method was proposed for encoding and decoding datdréhess communications
[24]. However, most of the above studies on OAM-based radimaraunications are focused on
multiplexing OAM orthogonal channels. When the OAM teclowy is limited in the channel
multiplexing, the capacity of OAM-based radio communigatsystems can not be larger than
the capacity of MIMO radio communication systems![25]. Altigh the method ir [24] provided
a potential approach to extend a new degree of freedom inesgecommunication, the total
communication system has not been explained in detail aadctiresponding performance
analysis is insufficient.

The assumption that gains of OAM beams are the same in diff@m®pagation directions is
widely adopted in current OAM-based radio communicati@hg. this assumption conflicts with
the spatial distribution characteristic of OAM beams whttie energy of OAM beam is focused
on a circle surrounding the beam axis [6],[10]. Considethmgspatial distribution characteristic
of OAM beams, in this paper a new OAM spatial modulation (OAMD scheme is proposed
for multi-antenna millimeter wave communication systeiMsain contributions of this paper are
list as follows:

1) A new OAM-SM scheme is proposed for multi-antenna miltienevave communication

systems considering the spatial distribution charadtert8 OAM beams.

2) The capacity, average bit error probability (ABEP) andrgg efficiency of OAM-SM mil-
limeter wave communication systems are analytically @éetiin closed forms. Moreover,
the capacity, ABEP and energy efficiency of OAM-SM millimeteave communication
systems are simulated for performance analysis.

3) Compared with the conventional multi-input multi-outgIMO) millimeter wave com-
munication systems, the maximum capacity and energy eftigief OAM-SM millimeter
wave communication systems are improved by 36% and 472 .88pgectively. Moreover,
numerical results indicate that the capacity of OAM-SM imiktter wave communication
systems is larger than the capacity of MIMO millimeter wavemenunication systems
when the transmission distance is larger than 38 meters.

The remainder of this paper is outlined as follows. Sectiotekcribes the system model of

OAM-SM millimeter wave communications and the OAM wirelegsannel model is derived.
The capacity of OAM-SM millimeter wave communication systeis derived and analyzed in
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Section lll. The ABEP of OAM-SM millimeter wave communicai systems is proposed and
analyzed in Section IV. The energy efficiency of OAM-SM rmmikter wave communication
systems is presented and analyzed in Section V. FinallyGlasions are drawn in Section VI.

1. SYSTEM MODEL OF OAM-SM MILLIMETER WAVE COMMUNICATIONS

Based on the spatial distribution characteristic of OAM rheaan OAM-SM scheme is
proposed for multi-antenna millimeter wave communicasgatems. In the following, we illus-
trate the system model of OAM-SM millimeter wave commurimas, including the OAM-SM
scheme, the OAM wireless channel model and the OAM spatialod@lation scheme.

A. OAM-SM Scheme

The system model of OAM-SM millimeter wave communicationglustrated in Fig. 1, where
M transmission antennas are formed a uniform linear arralydasmitting OAM beams. Without
loss of generality, in this paper OAM antennas are configungadl traveling-wave ring resonators
to generate beams with different OAM states. To easy gem@AM signals, a millimeter wave
spectrum is used for wireless transmission by the OAM-SMes@h Considering the direction of
OAM signals, the receive antennas are assumed to be locatétla regions of OAM signals.
Moreover, receive antenna pairs are configured at the crezi@on of OAM signals. Every
receive antenna pair, including two receive antennas, etectithe phase of OAM signals and
then determine the OAM state of signals. Hence, every trassom antenna corresponds to
a receive antenna pair in the proposed OAM-SM millimeter ava@mmunication systems. In
this case, there aré/ pairs of receive antennas at the receiver of OAM-SM millienevave
communication systems when the transmitter is equippekd &st\/ transmission antennas.

Based on the OAM-SM scheme, only one transmission antenadoigted to transmit OAM
beams in one time slot. In this cadeg,M bits information can be transmitted by selecting
one antenna from\/ transmission antennas in the OAM-SM scheme. When the numiber
OAM states is configured as for every OAM signal transmitted by a transmission antenna,
log, L bits information can be transmitted by selecting one staten . OAM states. Moreover,
an OAM signal is modulated by the conventional P-point celfetion modulation,i.e., the
radiated symbok, € X, 1 < p < P, whereX is the set of radiated symbols corresponding
the P-point constellation modulation. The valueagfis assigned with equivalent probability
from P candidate values it’. Consequently, a symbol modulated at the OAM signal brings
log,P bits information and the power of the radiated symbol is a&sli asE (|z,|°) = 1.
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Therefore,log, M + log, L + log, P bits information can be transmitted by an OAM signal in
OAM-SM millimeter wave communication systems. The recaignal of OAM-SM millimeter
wave communication systems is expressed by

y = /b1, +w, (1)

wherey = [y1, ...¥ms - Yis s YT € CM2 1< m < M, 1< j <M, j+#m, is the signal
vector atM pairs of receive antennag,, = [ym.1,Ymz2] IS the signal vector at the: — th
receive antenna paiy,,; andy,, » correspond to the signals at the first and second antennas of
the m — th receive antenna pair respectively,, andy;. correspond to the signals at the first
and second antennas of the- th receive antenna pair respectivetyis the transmission power

of OAM-SM millimeter wave communication systemis! € CM*2 is the channel response
between the receive antennas andsthe th transmission antenna with the OAM stdid € £
and £ is the OAM state set. The channel respoh&gis extended by

hin = [hinh .

T
U LTS | LT L (2)

mm? mj’

whereh! == [hl .. bt .]is the channel response between the- th transmission antenna

and them — th receive antenna paih.,,,, andhl,,, correspond to the channel responses
hl

at the first and second antennas of the- th receive antenna paihl,; = [hfnﬂ, mﬂ} is
the channel response between the- th transmission antenna and thie- th receive antenna
pair, b/, and bl ;, correspond the channel responses at the first and seconthastef the
j — th receive antenna paiw = [wy,..W,,, ..., W;, ...,wM]T is the noise vector at OAM-SM
wireless channelsw,, = [wy, 1, wn 2] andw; = [w;1,w;,| are the additional Gaussian white
noise (AWGN) corresponding to channels at the- th and thej — th receive antenna pairs.
The AWGN is assumed to be governed by a random distributidh thie mean zero and the
variances? in this paper. Based on the OAM-SM scheme, the OAM-SM wietdsannel model

is further derived as follows.

B. OAM-SM Wireless Channel Models

In this paper the position of antennas in Fig. 1 is expressedhb cylindrical coordinate
system(r, ¢, 3), wherer is the polar axisg is the angular coordinate arilis the longitudinal
axis. Based on the system model of OAM-SM millimeter wave gamications in Fig. 1, Tx,

1 <m < M, is them — th transmission antenna, Rx and R, . are the first and second
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antennas of then — th receive antenna pair. The angle between the receive anfminas
assumed a@ which corresponds to the azimuth in cylindrical coordinaystems. Based on
results in[26], the accurate measurement of OAM statessesiatisfy a constraint < ﬁ
where |L,..x| is the maximum absolute value of the OAM state. Without loEgenerality,
the position of the Tx antenna is configured as the origin of cylindrical coordgnaystem
in this paper. Correspondingly, the position of the; Trlansmission antenna is expressed by
((j —m)&,0,0), where¢ is the distance between adjacent antennas. Consideringptiéal
distribution characteristic of OAM beams, the beam axis @&MDsignals is denoted by3
axis in this paper. When parabolic reflectors are used fopisQaOAM signals in OAM-SM
millimeter wave communication systems [21], [22], OAM beawith different OAM states are
assumed to have the same size of OAM circle regions. Furthresnthe positions of the, —th
receive antenna pair Rx and R, » are denoted byrmax (2), %, 2) and (rmax (2), 2 + 3, 2),
wherer,..(z) is the radius of the OAM circle region when the OAM propagatébstance is:
in the 3 axis. For thej — th receive antenna pair, the distances between the antenpnaic
the receive antenna pair Rx Rx; . are denoted by

Qg = /22 + (= m)’€2 + 12, (2), (3a)

Qg2 = /22 + (G = M)E = P (2) 510 B)? + 12, (2)c0s?B. (3b)

The azimuths of thg — th receive antenna pair are denoted by

Tmax(z) .
arctan Tmperd = M
Tmax (Z) .
Grmig = W—arctan,mai,j<m (4a)
i, j—ml[¢ ’
m™ .
-, =m
2 j
rmax (2) cos B .
arctan \j—mlﬁ—rmaxsz) smp ) > m
Tmax (2) COS .
B = 7T — arctan — e g —, ] <m (4b)
mj,2 |7 — m| & + Tmax (2) sin B :
™
— _'_ , ) — m
5 5.7

As a consequence, the positionsjefth receive antenna pair Rxand R, are expressed by
(VG = M€ 412, (), b, 2) @A (G — M)E — P (2) 50 B)° + 12,0 ()08, Gy, 2),
respectively.

In the OAM circle regions, the fading of OAM signals is govednby the Friis Law/([25],
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i.e., the strength of signal is attenuated with the inverse sjwérthe propagation distance.
Consequently, the channel responses between the tramsmestenna Ty and the receive
antenna pair Rx,, Rx,,» are expressed by

A , -
hl = 87 _demm,l —i %l 5a
e ey e (5a)
L = # _ikdmm,Q _Z<1+B)l
hme - 84 d (& e 1 , (5b)
7 TAmm,2

where) is the wave lengthi is the wave numbei,e, k = 22, i is the imaginary unitg=**dmn1
and e~*kdmn2 gre the phase changes corresponding the receive antennBxpai and R, o,
¢=5 and e~ (3*#)! are the OAM helical phases corresponding the receive aatpair R¥%,.1
and Rx, 2, B is the gain coefficient of transmission antennas in ciradgores which is configured
as a constant considering the Friis law in OAM circle regiofse channel responses between
the transmission antenna ;J>and the receive antenna pair RXRX; ., are expressed by

l )\

Pimja = Bimja— ¢~ thdmat g=tomit, (6a)
’ TQmj 1
A . .
l . ) —tkdmgj,2 ,—ildmj,2
hmj72 - ij’g Ard .26 e i (6b)
m]7

whereB,,;; andB,,; » are the gain coefficients of the transmission antenna autsidle regions
which correspond to the receive antenna paiy;Rand Rx ,. Since the receive antenna pair;Rx
and Rx . are not located at the OAM circle region transmitted by thtemma Tx,, 5,,;, and
B,.;» are not a constant and derived in the following.

The strength distribution of OAM signals is described by lage-Gaussian beam in the free
space!([6]. In cylindrical coordinate systems, the Lagu&aeissian beam is expressed by [10]

r ) — £l 1 V2 1~ Ga@) 2r®
(r0:2) =N T s me) we) R p(w?(Z>), (7a)

N 7\'7‘2 . .
e @ pH2841)d(2) o il

Tw?
Ry(z) =z |1+ ()\—Zl) ] ) (70)

where, /ﬂ%!\l\)! is a normalized constant, is the radial index which describes the number
of radial nodes in the intensity distribution, for the prepd OAM-SM millimeter wave com-
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munication systems, the radial index is configuredtas 0. [ is the OAM stateuw, (z) is the
radius at which the field amplitudes fall into 1/e of theiraxvalues. The expression af; (z)
is extended by

wy (z) =w 1+ <i> ; (8)

<R
where w; is the beam waist radius with the OAM stateand = = 0. zp = ”—1;12 is the
Rayleigh distanch,le| ( 2 ) is the generalized Laguerre polynomiat¢ is the helical phase

w2 ()

distribution when the OAM state+# 0, ¢ (z) = arctan(i) is the Gouy phase af i.e., an extra

phase term beyond that attributable to the phase velocigigofal. The energy of OAM signal
is focused in the OAM circle region. The radius of the OAM k@recegion with the maximum
energy strength is configured by

P (2) = %wl(z) — leé (1 n (i) ) (9)

In this paper OAM beams with different OAM states are assutoedave the same size of

OAM circle regions,i.e.,, the same radius of OAM circle regions. Moreover, thewith the
OAM state ! is assumed as a constant. For other OAM signals with diffe@&M state /’,
I"# 1,1 € L, the following equation should be satisfied by

@) ) e

Substitute the Rayleigh distaneg = ”—;"12 into (10). Furthermore, (10) is transformed by

Awyp — Bwj, + C =0, (11a)
with
A=wi|l| 7 (11b)
B = |l] (72w} + 22)\?), (11c)
C =wi|l'| 2°)?, (11d)

Based on the solution of (11), the beam waist radiyscorresponding the OAM stat® is
obtained. When the result af;: is substituted into (7), the strength distribution of OANrsal
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with the OAM statel’ is derived. In this case, the(r, ¢, z) is regarded as the response of OAM
electromagnetic wave in the cylindrical coordinate syssdtar a unit pulse is input. When the
OAM beam is transmitted by the antenna,,lin OAM-SM millimeter wave communication
systems, the response at the antenng Ris denoted by, 1 = hinm,@ and the response at
the antenna Ry is denoted byu,,;; = hfnjﬁ, wherex is the unit pulse input. Furthermore,
the following equation is satisfied by

hl
= e (12)
umjvl hm]71

Umm,1 o

The results ofu,,,,1 andu,,;; can be derived by (7). Substitute the results:@f, ; andw,,; 1,
(5), (6) into (12), the gain coefficients of the transmissaitenna corresponding the receive
antenna Ry, is derived by

d. . ro ] _ "mgj,1 " "max (%) _‘7\'(7'"Lj’177‘[21)ax(z)) ) ‘
ij7l —B m]71< mj,1 ) e w?(z) e Z—ARL(Z) elk(dm],l_dmm)’ (13)
Am \ Tmax(2)

wherer,,; ;1 is the radial distance between the transmission antenpaand the receive antenna
Rx; 1. Substitute (13) into (6a), the channel response betweetrdhsmission antenna ;;xand

the receive antenna Rxis derived by

I 71— Tmax(®) 2 2

)\ Tmil I _LZ— _iﬂ(rm],l Tmax (%)) . . )

hlmjl =B J: e vi) e IO g~ thdmm g =ildmj1 (14a)
’ AT \ Tmax (2)

Based on the derivation process in (14a), the channel resgmetween the transmission antenna
Tx,, and the receive antenna Rxis derived by

i W _T"L]‘,Qirmax(z) _77(7‘377, i 277‘1211'&)((2))
B = B A T'mj,2 e Tz €_Z—J’ARZ(Z) e~ kdmm o —ildmjz2 (14b)
md> AT d i \ "max (2)

In the end, the OAM wireless channel model is derived for O&M-millimeter wave commu-
nication systems.

C. OAM Spatial Demodulation

Assume that the perfect channel state information is obthiat receivers of OAM-SM
millimeter wave communication systems. In generally, thexmmum likelihood method can
be adopted for demodulation of OAM-SM millimeter wave conmeation systems, which is
expressed by

[m,i, ip] = argmin {Hy—hﬁnpoz}, (15)

1<m<M,IEL,TEX
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wherer is the estimated transmission antenna indeis, the estimated OAM state;, is the
estimated radiated symbol. When the OAM signal is transwehiftom them — ¢th transmission
antenna, then — th receive antenna pair are assumed to be located at the OAM cagion.

In this case, the power of OAM signal at the— th receive antennas are obviously larger than
the power of OAM signal at other receive antenna pairs. Hetieetransmission antenna index
can be estimated by the receive antenna index with the mawireaeive power of OAM signal.
Based on the phase gradient method [9], the OAM state is atnby the receive antenna
pair with the maximum power of OAM signal. Furthermore, thaximum likelihood method is
used to demodulate radiated symbols from the receive aateain Consequently, the OAM-SM
demodulation process is decomposed by the following thtegss

2
1) m=arg max{‘[y]ml‘ }, (16)
1<m<M ’
s Pl — P2
9) [ = L 2 17
) 5 (17)
. 2
3) = ang i { [0 — W . 18)
zeX ' ’

where[y],. , is the element at the: — th row and the first column of the matrix, ¢;,,;1 and
omm,2 are OAM phases at the first and second antennas ofitheth receive antenna pair.

[1l. CAPACITY OF OAM-SM MILLIMETER WAVE COMMUNICATION SYSTEMS
A. Capacity Model

Assume that the radiated symhe| (z, € X, 1 < p < P) is transmitted by then — th
antenna with the OAM staté Based on the expression of (1), the signal received by tke fir
antenna of then’ — th (1 < m’ < M) receive antenna pair is expressed by

Ymi1 = \/ﬁhﬁnmﬂxp + Wy 1. (19)

Considering the assumption that, ; is the AWGN with zero mean and varianeé,, the
conditional probability density function (PDF) of,.; is expressed by

B ‘ym’,l - \/ﬁhiyzm’,lx:l?f)

> (20)

1
7) (ym’,l |m7 l?'rp) = 7TO'2 €xp (

According to the proposed OAM-SM scheme, the selectiond@fttansmission antenna, the
OAM state, and the radiated symbol are based on the randout bfs. The input bits are
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assumed to follow independent uniform distributions. Ef@e, each transmission antenna is
selected with the same probability /. Similarly, each OAM state is selected with a probability
1/L and each radiated symbol is selected with a probability, respectively[[2[7]. Thus, the
PDF of the signal received by the first antenna of thie— th receive antenna pair.e., . 1,

is derived by
M L P
P (ym’,l) = Z Z Z P (ym’,b m, l? 'TP)

m=1 (=1 p=1
M L P

=> 3> P lm. La,)P (m)P (1) P (x) . (21)
m=1 (=1 p=1

- 1 M L P 1 ‘ym',1 _ \/ﬁhinm’,lxp‘z

~ MLP ZZFeXp - o2

m=1 (=1 p=1 w w

The input symbols that are composed by the transmissionaaiadex, the OAM state and the
radiated symbol are discrete symbols, thus they do notfgditis requirement of Gaussian input
for wireless communication systems in general. In this cds® Shannon capacity can not be
achieved for wireless communication systems with non-&aunsnput [28]. On the other hand,
because of the additive Gaussian channels in OAM-SM mitieme&ave communication systems,
the signals received by antenna pairs are continuous sig@ainsequently, the discrete input
continuous output memoryless channel (DCMC) capacity si¢edbe derived for analyzing the
capacity of OAM-SM millimeter wave communication syster@8][ Furthermore, the capacity
of OAM-SM millimeter wave communication systems is expegkas

/+oo P (Y 1, my 1, xp) -

M L P

1
Coam-sm = max — s Imila dy,,1. (22
OAM-SM P(zp),P(1),P(m) M ZZZ - log, (P(ym,ll ,l,p)) 1. (22)

P(ym’,l)

The mutual information between the input and output in (Z2)alculated by the signal
received by the first antenna of the — th receive antenna paire., v, 1. Since the selection
of the receive antenna only depends on the transmissionramiadex, the mean of the mutual
information corresponding to all receive antenna pairBésaverage mutual information of OAM-
SM millimeter wave communication systems considering aBgible selections of transmission
antennas. Moreover, the average mutual information in (2)aximized when discrete inputs
are uniformly distributed [30]. In this paper discrete itgu.e., the transmission antenna index,
the OAM state and the radiated symbol are governed by unifdistributions. Therefore, the
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average mutual information in (22) is maximized and then E@MC capacity of OAM-
SM millimeter wave communication systems is obtained. Bage (20) and (21), the PDF
P (Y1, m, 1, x,) In (22) is derived by

P (ym’,b m7 l7 xp) = P (ym’71 |m7 l? xp) P (m7 l’ xp)

1
= WP (Ymr 1 |, L, )
2
_ 1 exp | — Y1 = Pl 10| (23)
- mo2MLP P o2,

7D(ym’,1 h,l ,

where equation (a) is obtained by substituting (19) intg.(ZBe term oflog, ( = mmf), 1wfr/*p))
within (22) is further derived by ’

M L P Y/, —\//_)hfnll m! 1% 2
! WP 2 0. 2. eXp —‘ : — oL pl’
P (ym’,l ‘hmm’ 1 xiﬁ) mi1=141=1p1=1 w
log2 ’ = —10g2 -
P (ymf,1> exp ( ‘yj’l_\/ﬁhin’ml,lmp’ )
_ =) 7

= log, M LP — log, (Z Z Z f(wm/,1)>

mi1=1/41=1p1=1

(24)
. Substitute (23) and (24) into

2

2 l
l 1
‘wmlvl ‘ _‘\/ﬁhnwn’,lxp_\//_)hmlm/,lxpl +wml71
2
Ow

whereF (w,, 1) = exp
(22), the DCMC capacity of the OAM-SM millimeter wave comnmation systems is finally
derived by

COAMSM—_ZZEL:ZP:/

logo M LP — log, <Z > ZP: F (w1 )] :

m1=1/01=1p1=

:% - {logQMLP—%f:ZL:ZP:Ew 2 [log2 (i ZZP:I s )]}

m=1 ¢=1 p=1 mi1=1/01=1p1=1

whereE,, , stands for the expectation operation with respect 9.
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B. Performance Analysis of Capacity

Based on the proposed capacity model of OAM-SM millimeteveveommunication systems,
the performance of capacity is simulated. Moreover, a catiweal MIMO communication
system [[30] are simulated and compared with the proposed &MVimillimeter wave com-
munication systems in the following performance analy$ise default simulation parameters
are configured as follows: the carrier frequency is 60 GHe,ldandwidth is 20 MHz, the OAM
state is 8, the transmission distance between the tramsmitd receiver ig = 50 meters, the
noise power spectral density is -174 dBm/Hz|[31],/[32], ane dlistance between transmission
(receive) antenna elementsgs= 20\ [21], [22], [33]. The OAM-SM communication systems
are configured with 4 transmission antennas and 4 receienaatpairs. The MIMO communi-
cation systems are configured with 4 transmission antenmésg! aeceive antennas. The 4PSK
modulation is adopted for OAM-SM and MIMO communication teyss. The total transmit
power of the MIMO communication system is configured to beagdo the transmit power of
OAM-SM communication systems.

Fig. 2 illustrates the capacity of OAM-SM and MIMO millimetave communication systems
with respect to the transmission SNR. As shown in Fig. 2,ahiserved that the capacity of OAM-
SM and MIMO millimeter wave communication systems alwaysréases with the increase of
the transmission SNR. When the transmission SNR is fixedzdpacity of OAM-SM millimeter
wave communication system is larger than the capacity of MIMillimeter wave communica-
tion system. Compared with the capacity of MIMO millimeteawe communication systems, the
maximum capacity of OAM-SM millimeter wave communicatioysgem is improved by 36%.

In Fig.3, the capacity with respect to the transmissionagisé between the transmitter and
the receiver is analyzed for OAM-SM and MIMO millimeter wagemmunication systems.
From Fig. 3, the capacity of OAM-SM and MIMO millimeter waveramunication systems
decreases with the increase of the transmission distanbhen\he transmission distance is less
than 38 meters, the capacity of OAM-SM millimeter wave comination systems is less than
the capacity of MIMO millimeter wave communication systeM#en the transmission distance
is larger than or equal to 38 meters, the capacity of OAM-SMimméter wave communication
systems is larger than the capacity of MIMO millimeter wawenenunication systems. Hence,
OAM-SM millimeter wave communication systems are morealé for wireless transmission
in a long distance than conventional MIMO millimeter wavercounication systems.

The capacity of OAM-SM millimeter wave communication systewith respect to the trans-
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mission SNR considering different numbers of transmissiotennas is illustrated in Fig. 4(a).
When the transmission SNR is less than -15 dB, the capacitf@A€-SM millimeter wave
communication systems decreases with the increase of thberuof transmission antennas.
When the transmission SNR is larger than or equal to -15 d&ctpacity of OAM-SM mil-
limeter wave communication systems increases with theeas® of the number of transmission
antennas. The capacity of OAM-SM millimeter wave commuticasystems with respect to
the transmission SNR considering different numbers of OAMes is illustrated in Fig. 4(b).
When the transmission SNR is fixed, the capacity of OAM-SMim#ter wave communication
systems decreases with the increase of the number of OAMsstat

The capacity of OAM-SM millimeter wave communication systewith respect to the trans-
mission SNR considering differeiit-point constellation modulation methods is illustratedFig.

5. WhenP is configured as 2, 4, and &-point constellation modulation corresponds to 2PSK,
4PSK and 8PSK, respectively. When the transmission SNRss tlean -15 dB, the capacity
of OAM-SM millimeter wave communication systems decreaséh the increase of the point
number inP-point constellation modulation methods. When the trassion SNR is larger than
or equal to -15 dB, the capacity of OAM-SM millimeter wave aoomication systems increases
with the increase of the point number i+point constellation modulation methods.

The capacity of OAM-SM millimeter wave communication systewith respect to the trans-
mission distance considering different numbers of trattsmgi antennas is shown in Fig. 6(a).
When the transmission distance is fixed, the capacity of Cal-millimeter wave communi-
cation systems increases with the increase of the numbeargrhission antennas. The capacity
of OAM-SM millimeter wave communication systems with resp® the transmission distance
considering different numbers of OAM states is presenteBigt 6(b). When the transmission
distance is less than 17 meters, the capacity of OAM-SM mdter wave communication
systems increases with the increase of the number of OAMsstéthen the transmission distance
is larger than or equal to 17 meters, the capacity of OAM-SMimméter wave communication
systems decreases with the increase of the number of OAMsstat

The capacity of OAM-SM millimeter wave communication systewith respect to the trans-
mission distance considering differeRtpoint constellation modulation methods is depicted in
Fig. 7. When the transmission distance is fixed, the capafitP AM-SM millimeter wave
communication systems increases with the increase of tim pomber inP-point constellation
modulation methods.
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IV. AVERAGE BIT ERRORPROBABILITY OF OAM-SM MILLIMETER WAVE
COMMUNICATION SYSTEMS

A. Average Bit Error Probability Models

Based on the proposed OAM-SM millimeter wave communicatigstems, the receiver re-
trieves symbols conveyed from receive signals, which is aterfated from the transmission
antenna index, the OAM state and the radiated symbol. Asshateorrect demodulation events
conveyed from the transmission antenna index, the OAM satk the radiated symbol are
denoted asAan, Aoam, Amoss FeSpectively. If there exist any errors in correct dematioh
events, the total demodulation process of OAM-SM millimet@ve communication systems is
determined as a failure. Therefore, the probability of t@ltcorrect demodulation everk is
expressed by

P(A) =P (AanAoamAmod)
: (26)
=P (Amod|AantAoam ) P (Aoam [Aant) P (Aany)

whereP (+) is the probability of an even® (Amod|AantNoam ) is the conditional correct estima-
tion probability of bits conveyed by the radiated symbol Hiits conveyed by the transmission
antenna index and the OAM state have already been correettyodulated P (Aoam |Aant)

is the conditional correct estimation probability of bitgsngeyed by the OAM state while bits
conveyed by the transmission antenna index have already dwreectly demodulated? (A,n)

is the correct estimation probability of bits conveyed bg transmission antenna index. Based
on (26), the incorrect demodulation probabilitg. the ABEP is expressed by

P(E)=1-P(A)

. 27)
=1-P (Amod ‘AantAOAM ) P (AOAM ‘Aant) P (Aant)

In the proposed OAM-SM millimeter wave communication syste the judgement of the
transmission antenna index depends on the power strengtbcefve antenna pairs. Based
on OAM-SM scheme, the receive antenna pair correspondingpgatransmission antenna is
configured within the intensity-focused circle region wdehe transmitted OAM beam has
the maximum intensity. Since two antennas of a receive aatgrair corresponding to the
transmission antenna locate within the same intensityged circle region, the received power
of two antennas of a receive antenna pair is equal. In this,aasly one of two antennas of
receive antenna pair is used when the signal power of reaeiamna pairs needs to be compared.
Without loss of generality, the: — th transmission antenna I xis assumed for transmitting
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OAM signals in OAM-SM millimeter wave communication systenThe corresponding receive
antenna R ; is located within the intensity-focused circle region wettihe other receive antenna
Rx;1 (j # m) is located outside the intensity-focused circle regiohe Bignal received at the
antenna R ; is expressed as

Ym1 = \/ﬁhlmmxp + Wm, 1, (28)

where the AWGN is governed by,, ; ~ CN (0,02). Let o3 = o2 /2, the following results are
derived by
Y l* = R(Ym1)” + 1(Ym1)°
, (29a)

N (R (Vi) . 03) + N (L (/) . 07)
yial* = R(yj1)? + L(yja)
~ N (R (Vphh,m,)  02) + N (1 (y/phb,) ,02)

whereR (-) and I (-) denote operations taking the real and imaginary part fronomaptex

(29b)

variable, respectively. Based on the definition of chi-squistribution, (29) is further formulated
by [34]
Ymal® ~ X3 (95 M) (30a)

lyial” ~ X3 (g5 Aja) s (30b)

wherex2 (g; A1) is a chi-square distribution with the random variab)éwo degrees of freedom
and non-centrality\,,, ;. In (30) the non-centralities are expressed\gs = } phfnmxp\z / o2 and
Ajg = \phfnjxp\z/o—g. Based on the power strength of received signals, the piidgabat the
transmission antenna index is correctly estimated is dertwy

P @uPhna) = [ [P (nal® < gmts s lmea < gl < g
0
|?/M,1|2 < gm,l) P (Iym,1|2 = gm,1 |)\m71)} dgm.1
o M
(a)
- / H P (|yj71|2 < gm,l)P (|ym,1|2 =0m,1 |)\m,1) dgm,l ) (31)
0 j=1j#m
oS M
= / L Fa (g; Ajvl)] - frz (95 Ama) dg

where© . is the event that the transmission antenna index is coyrestimated? (|ym71\2 = Gm1 |)\m,1)
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is the probability that the amplitude of the signal receigdthe antenna Rx; equals tog,, ;
when the non-centralitp,,,; is given.P (Jyii|* < gm1, -, [yaal”> < gm1) is the probability
that the power of the signals received by the other antennas & # m) are less thamw,, ;.
Fe (g; A\j1) is the cumulative distribution function (CDF) of the chiusge distribution with the
random variablgy, two degrees of freedom and non-centrality. f,: (9; Am.1) is the PDF of
the chi-square distribution with the random variapéwo degrees of freedom and non-centrality
Am,1- EQuation (a) within (31) is established with the constrémat signals received by different
receive antennas are independence each other [13]. Fudheerthe average probability that the
transmission antenna index is correctly estimated is dertwy

M M M
1 1
P (Oan) = 77 2~ P (Damlha) = 77 2 / [ II Fel Am] fe (05 Amn) dg. (32)
m=1 m=17  Lj=1j#m
When the transmission antenna index is not correctly estidpahe average symbol error
probability of the transmission antenna index is expressed

6zmt =1-P (@ant) . (33)

Furthermore, the ABEP conveyed by the transmission antartex €2, is expressed by [35]

S
b €ant * Nog, M
ant= 7 34
ant IOgQM ( )
. 2logaM =1 o1 iAiti it
where 7,17 IS extended byyiog,nr = Yiog,mr—1 + SToEs 1 with an initial condition

v = 0. Consequently, the correct estimation probability of basveyed by the transmit antenna
index is derived by
P(Aa) =1 — el (35)

When the transmission antenna, Jkas been estimated, OAM phases at the corresponding
receive antenna pair are denotedggs, 1 and ¢, 2, respectively. As a consequence, the OAM
state of the receive signal is derived by [[26]

¢mm1 _¢mm2
l = ’ =, 36
3 (36)

As illustrated in Fig. 1, the azimuthal angtebetween R ; and Rx, > should satisfy3 <

In this case, the OAM statkis always correctly estimated [24], [26]. In other words,

I
|Lmax| '

the corresponding receive antennas always obtain theatd&M state based on (36) if the



IEEE JOURNAL ON SELECTED AREAS IN COMMUNICATIONS, VOL. XX, ®. Y, MONTH 2016 19
transmit antenna index is correctly estimated. Therefweehave
P (AOAM |Aant) =L (37)

Based on the OAM-SM scheme, the maximum likelihood methoadispted to demodulate
the radiated symbol after the transmission antenna indeéxtenOAM state have been estimated.
Hence, the bit error probability of the radiated symbol isivce by [36], [37]

P 2
%Od P10g2 Z Z ]D xp’ xpl (\/R|h£nm| |xp> Tpy |2>7 (38)

p=1 p1=1

where z,, is the input radiated symbol and,, is the demodulated output radiated symbol,
D(x,, x,, ) is the Hamming distance betweepandz,,, Q (-) is the Q-function[[37]|z,, x,, | =

2R [z,(x, — x,,)"] is the codeword difference betweep andz,,. Furthermore, the conditional
correct estimation probability of bits conveyed by the ahed symbol is derived by

P (Amod |AantAOAM) =1- 6bmod' (39)

Substitute (32)-(35), (37)-(39) into (27), the ABEP of thal®SM millimeter wave commu-
nication systems is derived by

(40)

P
RN % ). o o,/ meﬂx%xmf)l

p=1 p1=1

B. Performance Analysis of Average Bit Error Probability

To analyze the performance of ABEP in OAM-SM millimeter was@mmunication systems,
some default parameters are configured for simulations lasvia the number of transmission
antennas is 4, the 4PSK modulation is adopted, the humbeAM Elate is 8, the distance of
transmitter and receiver is 50 meters.

Fig. 8 illustrates the ABEP of OAM-SM and MIMO millimeter waxcommunication systems
with respect to the transmission SNR. When the transmisSMR is less than 7 dB, the ABEP
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of MIMO millimeter wave communication systems is largerrit@a equal to the ABEP of OAM-
SM millimeter wave communication systems. When the trassion SNR is in the range of 7
dB and 19 dB, the ABEP of OAM-SM millimeter wave communicatigystems is larger than
the ABEP of MIMO millimeter wave communication systems. Whae transmission SNR is
larger than 19 dB, the ABEP of MIMO millimeter wave commurtioa systems is larger than
or equal to the ABEP of OAM-SM millimeter wave communicatigystems.

Fig. 9(a) shows the ABEP of OAM-SM millimeter wave commurtica systems with respect
to the transmission SNR considering different numbers afgmission antennas. When the
number of transmission antennas is fixed, the ABEP of OAM-Sillimeter wave communica-
tion systems decreases with the increase of the transmiS$iiR. When the transmission SNR
is fixed, the ABEP of OAM-SM millimeter wave communications$gms increases with the
increase of the number of transmission antennas. When dnsniission SNR is less than 10
dB, the impact of the number of transmission antennas on BiePAIs obviously reduced. The
ABEP of OAM-SM millimeter wave communication systems witspect to the transmission
SNR considering different P-point constellation modwaatschemes is illustrated in Fig 9(b).
When the transmission SNR is fixed, the ABEP of OAM-SM millterewave communication
systems increases with the increase of the point numbé?-point constellation modulation
schemes. When the transmission SNR is larger than 10 dB,ntpact of differentP-point
constellation modulation schemes on the ABEP is obvioustiuced.

Fig. 10(a) presents the ABEP of OAM-SM millimeter wave conmeation systems with re-
spect to the transmission SNR considering different degtaetween transmitters and receivers.
When the transmission SNR is fixed, the ABEP of OAM-SM millierewave communication
systems increases with the increase of the distance betveaemitters and receivers. The ABEP
of OAM-SM millimeter wave communication systems with resp& the transmission SNR
considering different numbers of OAM states is depictedim EO(b). When the transmission
SNR is fixed, the ABEP of OAM-SM millimeter wave communicatisystems increases with
the increase of the number of OAM states.

V. ENERGY EFFICIENCY OF OAM-SM COMMUNICATION SYSTEMS
A. Energy Efficiency Models

Considering the circuit energy of communication systeins,anergy efficiency of OAM-SM
millimeter wave communication systems is analyzed and @vetpwith the energy efficiency of
conventional MIMO communication systems in the followigssuming the transmit power is
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equally distributed among all transmission antennas, tveep consumed by the multi-antenna
transmitter is modelled as [37]
p* = Nepe + aNep, (41)

where N¢ is the number of the active transmission antenngsis the power consumed by

circuits associated with an active transmission antepimathe transmit power of a transmission

antennay is the slope of the load dependent power consumption. Cantgpér transmitters,

the power consumed by the receiver is very small and netgig®/], |[38]. Therefore, only

the power consumed by transmitters is considered for OAM-&M MIMO communication

systems. In general, the energy efficiency of communicatimtems is expressed by
_ W C(Nep)

total )
p

(42)

where N¢p is the total transmit powef})” denotes the bandwidtld; (Ncp) denotes the capacity
as a function of the total transmit power. In OAM-SM commuatiign systems, at any time only
a single transmission antenna is active. Consequentlyjs configured as one for OAM-SM
communication systems. In this case, the energy efficieh€AM-SM communication system
is expressed by

W - Copm - sm (p)

TIOAM - SM = ) (43)
pc + apy

where Coawm - sm (p) is derived by (25).
For MIMO communication systems with/ transmission antennas aidd receive antennas,
the energy efficiency is derived by

W - Cyvimo (MPMIMO)
Mpc + aMpMMo

MIMO = (44)

where the capacitfvimo (M pM™M°) is given by [39, Eq.8]pMM° is the transmission power at
every antenna.

B. Performance Analysis of Energy Efficiency

To evaluate the energy efficiency of OAM-SM and MIMO millireetwave communication
systems, some default parameters are configured as foltb@spower consumed by circuits
associated with each active transmission anteimgyc is 6.8 W, the slope of the load dependent
power consumption,e., « is configured as 4.0 [40], the distance of transmitter andivec is
50 meters. To compare the OAM-SM millimeter wave commuicasystems with MIMO
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millimeter wave communication systems, the transmit poeeIOAM-SM millimeter wave
communication systems is configured to be equal to the triarmower of MIMO millimeter
wave communication systemisg., p = M pMMO

The energy efficiency of OAM-SM and MIMO millimeter wave coranication systems
with respect to the transmission SNR is illustrated in Fi§. When the transmission SNR
is less than 10 dB, the energy efficiency of OAM-SM millimeteave communication systems
increase with the increase of the transmission SNR. Whenrsimsmission SNR is larger than
or equal to 10 dB, the energy efficiency of OAM-SM millimeteave communication systems
decrease with the increase of the transmission SNR. Thése @&xnaximum energy efficiency
of OAM-SM millimeter wave communication systems considgrdifferent transmission SNR
values. When the transmission SNR is fixed, the energy effigief OAM-SM millimeter wave
communication systems is always larger than the energyieefig of MIMO millimeter wave
communication systems. To be specific, compared with theggreficiency of MIMO millimeter
wave communication systems, the maximum energy efficiedic®AM-SM millimeter wave
communication system is improved by 472.3%.

VI. CONCLUSIONS

Exploiting spatial distribution characteristics of OAM draes, a new OAM-SM millimeter
wave communication system is first proposed for future neofdtworks. Important performance
metrics like capacity, ABEP and energy efficiency of OAM-SMImmeter wave communication
systems are analytically obtained in closed forms. It isnghanalytically that significant per-
formance gains can be achieved by the OAM-SM millimeter wav@munication systems over
the conventional MIMO millimeter wave communication sys& e.g., the maximum capacity
and energy efficiency are improved by 36% and 472.3%, reispbctFurthermore, numerical
results indicate that the OAM-SM millimeter wave commuti@a system is more suitable for
long-range communications, where a higher capacity isexeki than the conventional MIMO
millimeter wave communication system when the distanceaiiger than 38 meters. Owing to
its promising performance, the proposed OAM-SM millimeig&ve communication system can
be regarded as a candidate solution to future mobile neswvdtkis a challenge to perfectly
align the transmission and receive antenna arrays in theemegntation of OAM-SM millimeter
wave communication systems. For the future work, we willlesgpotential solutions to OAM-
SM millimeter wave communication systems with misalignedeana arrays in future mobile
networks.
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Fig.1. System model of OAM-SM millimeter wave communicago
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Fig.2. Capacity of OAM-SM and MIMO millimeter wave commuat®n systems with respect to the
transmission SNR.
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Fig.3. Capacity of OAM-SM and MIMO millimeter wave commuat®n systems with respect to the
distance between the transmitter and the receiver.
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Fig.4. Capacity of OAM-SM millimeter wave communicationsggms with respect to the transmission
SNR considering different number of transmission anteramassOAM states.
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Fig.5. Capacity of OAM-SM millimeter wave communicationsggms with respect to the transmission
SNR considering differenP-point constellation modulation methods.
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Fig.6. Capacity of OAM-SM millimeter wave communicationsggms with respect to the transmission
distance considering different numbers of transmissideraras and OAM states.
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Fig.9. ABEP of OAM-SM millimeter wave communication systemith respect to the transmission SNR
considering different numbers of transmission antenndsiapoint constellation modulation methods.
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