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ABSTRACT In this paper, a high-performance and high-capacity ultraviolet (UV) communication system
is presented using orbital angular momentum (OAM) of the Laguerre-Gaussian beam. It is well known
that the Laguerre-Gaussian beams propagating along the same axis with different azimuthal states are
mutually orthogonal. This orthogonality property allows OAM beams to be potentially useful in improving
the performance of a UV communication system. In addition, an OAM beam with fixed angular momentum
value could act as a data channel. We first derive a novel analytical expression for the UV channel impulse
response considering the Laguerre-Gaussian beam with a fixed OAM mode value acting as a data channel.
Based on this impulse response, novel expressions for average symbol error rate (ASER) and channel
capacity are derived. It is shown via simulation that the proposed OAM based UV communication system
achieves significantly higher error performance and higher channel capacity than conventional UV systems.
It is also found that the received beam divergence is the main factor limiting the performance of the proposed

system.

INDEX TERMS Average symbol error rate, Laguerre-Gaussian beam, ultraviolet.

I. INTRODUCTION
Wireless communication using electromagnetic (EM) waves
carrying orbital angular momentum (OAM) has attracted
increasing interest in recent years. An EM wave carry-
ing OAM has a helical transverse phase structure of exp
(jlp), where ¢ is the transverse azimuthal angle and [ is an
unbounded OAM mode number. Beams carrying OAM with
different / values are mutually orthogonal, allowing them
to be multiplexed together along the same beam axis. This
feature offers a new degree of freedom and the potential to
increase the capacity [1], [2]. Unlike from the propagation
mechanism of conventional radio frequency, the energy of
OAM-carrying beam is focused within the bounded circle
region surrounding the beam axis, which results in different
propagation loss inside and outside the circle region [3].
Recently, the potential of OAM to increase the chan-
nel capacity has extensively been explored. As a method
to improve the communication reliability, an OAM based
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multiuser access technique was presented with OAM states
that act as new orthogonal dimensions for interference avoid-
ance [4]. It was also demonstrated that the spectrum effi-
ciency of a traditional frequency-division-multiple-access
(FDMA) was lower than that achieved using the OAM based
multiple access. The implementation of a Dammann opti-
cal vortex grating (DOVG) for the multiplexing of massive
OAM states with individual modulation and demodulation
was analyzed [5]. This work presented a significant gain
in the channel capacity and also removed the bottleneck of
massive OAM state parallel detection. In [6], an interesting
OAM-based index modulation (OAM-IM) scheme was pre-
sented as a technique to improve the bit error performance
with reduced system complexity. The OAM-IM used the acti-
vated OAM modes themselves to carry information through
the principle of IM. This scheme was found to outperform
the conventional OAM-based mode division multiplexing in
terms of bit error performance. In [7], a similar interesting
OAM-based spatial modulation (OAM-SM) scheme was also
proposed for millimeter wave communication systems, where
the OAM-SM based communication system outperforms the
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OAM-based multi-input multi-output system significantly in
terms of the energy efficiency and is more suitable for long-
range communication links.

Although the feasibility of OAM based free space com-
munication was studied, there are many research prob-
lems unresolved. For example, because the electromagnetic
wave with OAM is vorticose hollow and divergent [8], the
OAM beam needs to be converged for relatively long distance
transmission. Moreover, the phase error due to fading is hard
to be estimated at the receiver. Although OAM beam is vor-
ticose hollow and divergent, the divergence reduces greatly
as the frequency increases. For this reason, it is expected
to use OAM with high carrier frequency including visible
light or ultraviolet band.

Ultraviolet (UV) communication has attracted much inter-
est for applications in free space communication in recent
years, because of its relative insensitivity to pointing errors
and robustness against shadowing [9], [10]. In addition,
UV performance and link range were further enhanced
with various promising techniques [11]-[14]. Yet the strong
absorption and scattering in the UV channel impose a tem-
poral dispersion on the transmitted pulses. Thus, intersymbol
interference and low received power can be factors limiting
the performance in UV communication systems [15], [16].
To circumvent the above difficulty, we consider a UV com-
munication system implemented with the Laguerre-Gaussian
beam with a single fixed OAM state acting as a data channel.
The main contributions of our work are listed as follows:

o A closed-form expression for the UV channel impulse
response is derived, considering the radially polarized
Laguerre-Gaussian beam with a fixed OAM state acting
as a data channel.

o A closed-form analytical expression for the average
symbol error rate (ASER) is derived.

« An analytical expression for the channel capacity is also
presented.

o Impact of the OAM mode states and the radially polar-
ized index on the performance is presented.

In this work, it should be noted that, irrespective of the
OAM mode value of the Laguerre-Gaussian beam, the pres-
ence of a beam only represents the bit “1”’. That is, we con-
sider the OAM-carrying Laguerre-Gaussian beam as a data
channel to carry the bit “1”’. We do not employ the OAM
multiplexing to transmit the data.

The remainder of the paper is organized as follows.
Section II presents the signal model. Section III describes the
configuration of transmitter and receiver structures. An ana-
lytical approach to evaluate ASER and the channel capacity
is also presented. Results and discussions are provided in
Section IV and conclusions are drawn in Section V.

II. SIGNAL MODEL

The Laguerre-Gaussian UV beam with constant OAM mode
is considered to act as a data channel with bits “1” and
“0” represented by the presence and absence of a beam,
respectively. The system model is illustrated in Fig. (1).
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FIGURE 1. OAM based UV communication link in cylindrical coordinates.

The cylindrical coordinate system (r, ¢, z) is utilized for
the system analysis where we assume the reference plane is
the Cartesian xy-plane with z = 0. r represents the radius
of the cylindrical geometry formed, ¢ is the azimuth angle
between the reference direction on the chosen plane and the
line from the origin to the projection of the receiver R, on
the plane. z represents the axial distance from the transmitter
to the receiver. The transmitting antenna 7, is assumed to
be located at the coordinate (0, 0, 0). d represents the dis-
tance between the transmitter and the receiver located at the
coordinates (r, ¢, 2).

The electric field of the Laguerre-Gaussian beam is
given by

E= U(r,qb,z)g, @)

where a is a constant unit vector and the term U(r, ¢, z) is
given by [17]

U(r,¢,2)

_ p! 1 \/Er .
_aVﬂ@+MMW®<W@>
XL1|< 2r2 )exp <_i> exp |:_]£< r )2:|
P A\w?(2) w2 (2) R \W(2)

xexp [ (11| +2p+1) ¢ ()] exp (—jlgp) exp (—jkz)  (2)

where p is the radial index, [ is the topological charge (OAM
state), and w(z) is the Gaussian beam width defined as w (z) =

2
wo./ 1+ (é) , where wq is the minimum beam radius at

z = 0. zg is the Rayleigh range and is equal to %, where k is
the wavenumber. (|/| + 2p 4+ 1) ¢ (2) is the Gouy phase shift
with ¢ (z) = tan~!(z/zg). L,',” is the generalized Laguerre
polynomial of degree p and order /. It can be easily shown
that for a constant value of a radial index p, the principle of
orthogonality is satisfied [18]

(Ul(ra ¢5 Z)’ Um(r’ ¢7 Z))
2 /U,(r,¢,z)U;(r,¢,z)rdrd¢

Vm # 1

0,
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where the operator (-, -) represents the scalar product and the
operator * denotes the complex conjugate.

The angular momentum density associated with the trans-
verse electromagnetic field is expressed by [19]

— — — —
M:sorx(ExB). “4)
Using (4), the total angular momentum (consisting of the

OAM and the spin angular momentum) of the Laguerre-
Gaussian beam can then readily be obtained as

7=80/7X(Ex5)d7. (5)

The amplitude of Laguerre-Gaussian beam has an azimuthal
angular dependence of exp(—jl¢) and carry an orbital angular
momentum of /A [20].

A. CHANNEL IMPULSE RESPONSE

Assuming the distance d between the transmitter and the
receiver, the channel impulse response can be modeled as [21]

/ ;A 2md )

h, = ﬂpm exp (JT) exp (jlg) (6)
where X\ represents the wavelength of the UV signal and
'31[7 is the channel gain coefficient which denotes the attenu-
ation during the propagation of an OAM-carrying Laguerre-
Gaussian UV beam. ﬂzl, can then be modeled as

Bl =/ GsGa |AL(, 9)(2, @)

where the terms G, and G, denote the power attenuation
due to the atmospheric absorption and scattering of the UV
photons, respectively. Af,(b, 0) is the amplitude function of
the Laguerre-Gaussian beam and is defined as [22]

1
AL(b,9)

oo 21

2
:<%> /fU(r,q),z)exp[—jkbrcos(¢—9)]i’d¢di’ (3)
0 0

where b and 6 are the angular spectrum variables [23].
On solving the double integration in Eq. (8), the closed
form expression for Afy(b, 0) is derived as

Al(b.0)
= (@) xexp[—j (Il +2p+ Do )]
4

X exp (—jl%) exp (j16)

p . 23/2 |l]42a 1 P+l
xago(—l) (T) b [bw (z)]1H2aH1 <p—a)

— || —a,a

0 )exp(—jkz) ©)

L 11 4
X —' GZ,] —2
al [w(z2)kb]
where Gf:;l() represents the Miejer G function.

The attenuation due to the absorption G, is modeled as
exp(-a,d), whereas G, can be expressed as exp(—ad), where
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FIGURE 2. Structure of the transmitter.

o, and o are atmospheric parameters called the absorption
and scattering coefficients, respectively. These parameters
determine the average distance that a UV photon travels
before being absorbed or scattered [24]. Considering a homo-
geneous atmosphere, a UV photon experiences Rayleigh
(due to air molecules) and Mie (due to aerosol particles)
scatterings. These scattering are often jointly modeled in a
single phase function of oy = oy + gy @y 1s the Rayleigh
scattering coefficient and is defined as [25]

2473 — 112 6+3p,
o A N2 2R 6—Tp, (10)
nm 2 pu

where A, denotes the wavelength of the OAM-carrying UV
beam in micrometers. N is the molecular number density and
Py is known as the depolarization ratio and is a function of
the UV wavelength. u is the refractive index of air, calculated
at the UV wavelength A, and is given by the relation [25]

n—1

=(8060.51+ 1
132.274— A2 39.32957—4j

o5, 1s defined as [26]

3.912 A\ 038572
Qg = ~ XsrGan=550) | X | 555 . (12)

2480990 17455.7
_%‘>x 108, (11)

v

where A, is the UV wavelength measured in nanometers and
v is the atmospheric visibility in kilometers.

Ill. SYSTEM ANALYSIS

The transmitter is illustrated in Fig. (2). The binary data is
first used to modulate the intensity of the UV carrier. Then,
it employs a compact Q-switched fourth harmonic Nd:YAG
laser which is triggered by a rectangular pulse from a signal
generator, thereby producing a laser pulse train with the pulse
width of (3-5) nano-seconds. To generate a helical phase
front, a spiral phase plate (SPP) antenna is employed, which
provides small divergence and low attenuation of the OAM
signal. Because of a helical phase front of an OAM-carrying
UV beam, it results in a twisting wave-vector as shown
in Fig. (2). Owing to the helical phase pattern, the beam
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FIGURE 3. Normalized intensity distribution of various LG modes at UV
wavelength.

typically has an annular ring intensity profile with a phase
singularity at the beam center, as depicted in Fig. (3). Every
OAM mode has a ring-shaped intensity profile depending
upon the radial index p value with p + 1 rings. The intensity
profile is represented by using Laguerre-Gaussian distribu-
tion. For example, with p = 1, the OAM mode has two rings
and the phase difference between the rings is 7. This phase
difference of 7 will result in destructive interference in the
focal region at the receiver.

At the receiver, as shown in Fig. (4), we assume that an
objective lens with a refractive index of 1 is used for the
focusing of an incident beam. Based on the vector diffraction
study, it is predicted that a smaller spot is achievable by
the tight focusing of a radially polarized Laguerre-Gaussian
beam [27]. On increasing the radial index p, the number
of rings increases in the focal plane. Generally, the outer-
most ring of the Laguerre-Gaussian beam is relatively wide,
suggesting that a significant amount of the beam energy is
distributed to this outermost ring [28]. Therefore, the contri-
bution of the outermost ring to the beam focusing must be
important. For the correct reading of the photodiode, a tran-
simpedance amplifier circuit is employed.

When a radially polarized optical light is focused by an
objective lens, the electric field component in the tangential
(azimuthal) direction becomes zero and the total composite
electric field in the focal region consists of two components
i.e., the transverse (radial) component E, and the longitudi-
nal (axial) component E,. These components near the focus
region can readily be obtained as

E (r,p,2=C / A‘f,(b, 0)y/cos (t) sin (2t) J1 [kr sin (7)]
0

x exp [ikzcos (t)]dt, (13)
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FIGURE 4. Structure of the receiver.

and
/ Al(b, 6)y/cos (7) sin*(7) Jo[kr sin()]

0
x exp [tkzcos (T)]dr. (14)

EZ (rs ¢’ z):lZC

Tmax 10 (13) and (14) represents the maximum angle of the
numerical aperture of the objective lens. C is the constant,
and Jp and J; represent the Bessel functions of first kind with
order 0 and 1, respectively.

The output sequence is related to the input sequence by

Yy = Yk (n—q)x(q)+wn(n), (15)

g=—00

where x(n) is the input bit stream. w,(n) is the sequence
of independent and identically distributed Gaussian random
variables, with E[w,(n)] = 0.

A. OPTIMUM THRESHOLD VALUE AND ASER
As shown in Fig. (4), the unit energy basis function y(¢) is
modeled as

1
— O=<t<T
x®=1JT -

0, otherwise

(16)

Using (16), the conditional probability density function
(PDF) of the sampled outputs is obtained as

sl =0)= exp(— Vg) (17)
V2mwo? 207
and
N2
C )
f(vslle):mexp _T (18)

where P; is the transmitted optical power. Assuming that the
transmitted signals are equally probable, the decision rule
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may be expressed as

vjz, X0
oxp(—5z)
RN 1. (19)
JPTHb
(Vf V8rd ) x1
exp 4 — 207

Using Eq. (19), the optimum threshold value is then given
by

(20)

The ASER for equally probable transmission can be written
as

00 VT
1 1
ASER:E/f (vs Ix:O)dvs—}—E /f(vs [x =1Ddvs. (21)
—00

VTh

On substituting Egs. (17), (18), and (20) into (21) and also
solving for the integration, the ASER is derived as

ASER = PT_fp 22
~C\V o7 Vizma ) @)

B. CHANNEL CAPACITY ANALYSIS

As a basis for the capacity gain, the proposed system needs a
certain transmit power to achieve a minimum threshold level
of the received signal for different propagation distances.
Using (6), the minimum required transmit power can be

calculated as
drrd ?
T
Pt,min =P, <_,3[[,)»> . (23)

In general, it is important to note that the time scales of
the fading are far larger than the transmitted bit interval. h[l,
can therefore be considered constant over a larger amount
of transmitted bits. In addition, the delay spread in a UV
channel can be neglected as it is on the order of one hundred
nanoseconds [29]. Therefore, assuming the narrowband flat-
channel with h;,(n) = hIl7, we obtain the discrete transfer
function of the channel impulse response as

o
H (@) =Y hme ™ —m<Q<nx
n=0

ht s
I _ )4
Hy (@) = 1~ +k Z T8Q —27k), —T<Q<m (24)
=—,00

Using Eq. (24), the capacity of the OAM-carrying UV beam
can be derived as [30]

Vg

C = ! 0,1 Ky aQ 25
_E/W{J&Gmﬁ] (25)

-7
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FIGURE 5. Normalized path gain relative to axial distance (p = 1).

where K, can be deduced from the expression
1 i
Pi=— / max [0, K, — T ()]dQ (26)
b4
—TT

and I'(£2) is given by the expression

rQ)= [H]ﬁ(sz)r1 o2 {[Hli(sz)]l }* L —r<Q<Q @7

where the operator * represents the conjugate operation.

IV. SIMULATION RESULTS AND ANALYSIS
A UV wavelength equal to 260 nm is considered for the
communication link. oy and «g, are obtained using (10),
(11), and (12). o is set to 0.802 km~! [24]. v is set to 21 km.
Both 7, and ry are set to 5 m. The molecular number density
N is equal to 2.4481 x 10 m™3, given the air pressure
of 1013 hPa and temperature of 300 K [25]. At A equal
to 260 nm, the depolarization ratio p,, is 3.501 x 1072 [25].

An important metric is how molecular scattering and
absorption affect the OAM-carrying Laguerre-Gaussian UV
beam. Fig. (5) illustrates the normalized path gain of the chan-
nel as a function of axial distance. The path gain is normalized
to the peak value. It is interesting to note that the minimum
value corresponds to the UV optical cage consisting of a dark
region surrounded by an intense UV field near the focal point.
In addition, as expected, the amplitude of the OAM based
UV channel impulse response decreases as the transmission
distance increases. This substantial decrease indicates that
the amplitude of the OAM-carrying Laguerre-Gaussian UV
beam is highly attenuated by molecular scattering and absorp-
tion, thereby potentially impairing the detection performance
at the receiver as the distance increases. It should also be
noted that as the OAM state value [ increases, the normalized
path gain increases. This is due to the fact that a larger / value
results in a larger beam size at the receiver, therefore resulting
in a higher path gain.

The performance dependence of the proposed system on
the topological charge / and the radial index p is illustrated
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FIGURE 6. ASER relative to the OAM state for different radial indexes p.

in Fig. (6). At a fixed radial index p value, the OAM beams
have ring shaped intensity profiles for different / values with
zero or low intensity at the center and radii of the outer ring
proportional to /(). Since the outermost ring of an OAM-
carrying Laguerre-Gaussian UV beam is relatively wide,
a significant amount of the total beam energy is distributed
to the outermost ring. For example, for a particular case of
p = l and [ = 5, the intensity at the center is nearly zero
with the outermost ring containing 44.4 percent of the total
beam energy [28]. Because the significant amount of total
beam energy is distributed to the outermost ring, the outer-
most ring is important for the performance of the system.
We employed an objective lens to focus the energy of the
outermost ring on the receiver. The tightly focused outermost
ring of Laguerre-Guassian beam results in a spot formation at
the receiver. As a result, as OAM state increases with p fixed,
the size of the outermost ring increases with lower destructive
interference, thereby resulting in higher received energy at the
receiver. This higher received energy with increased / leads to
a higher received SNR and a lower ASER.

In addition, from Fig. (6), it can also be seen that the ASER
increases with the radial index p. This can be attributed to
the fact that as p increases, the spot size decreases in the
focal region because of the destructive interference caused by
the longitudinal electric field components of the inner rings
to the outermost ring. For example, in particular, a radially
polarized UV beam with p = 2 can effectively reduce the
focal spot size because of 180° phase shift between the inner
and the outer ring. Note that the radial index p indicates a
degree of radial polarization. That s, a larger value of p means
a higher level of divergence (lower received intensity). Since
the number of rings for Laguerre-Gaussian beam increases
with p, the influence of the inner rings increases, leading to
a decrease in the focal spot size due to an increase in the
destructive interference, thereby resulting in lower received
optical power and higher ASER.

Fig. (7) compares the proposed OAM-carrying UV beam
with a conventional UV communication employing on-off
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keying (OOK) modulation in terms of the ASER perfor-
mance. As can be seen, the ASER performance degrades
with the transmission distance. The substantial decrease in the
performance with increasing distance is attributed to the fact
that as the distance increases, the amplitude of the channel
impulse response decreases, thereby attenuating the trans-
mitted OAM-carrying UV beam. However, it is important to
note that the performance of the OAM-carrying UV beam
is still superior to the conventional UV communication sys-
tem without OAM. The propagation pattern of OAM beams
is different from that of the conventional UV beam link,
as the energy of the OAM beam is focused within a circular
region surrounding the beam axis. This results in different
propagation gains inside and outside the circle region. This
characteristic is found to contribute the outperformance of the
OAM-based UV link over the conventional UV link.

In Fig. (8), the achievable capacity of the OAM-based UV
communication system is depicted against the axial distance,
considering different OAM states. When the transmission
distance is fixed, the capacity of the OAM-based UV system
increases with the increasing OAM mode. That is, a larger
OAM state [ value results in a larger beam size at the receiver
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and therefore the received power increases, thus providing
a higher capacity. It is also apparent that for increased dis-
tances, less power will be received at the receiver aperture
due to the divergence of the OAM beam and higher path loss.

V. CONCLUSION

In this paper, a free space wireless channel model for the
Laguerre-Gaussian UV beam with the fixed OAM mode
has been considered. The exact closed-form expressions for
the ASER and the channel capacity have first been derived.
Based on these novel expressions, the performance and
capacity have been analyzed. It is demonstrated that the
OAM-carrying UV communication system outperforms
the conventional UV communication system in terms of the
performance and capacity. The received beam divergence is
found to be a limiting factor as the distance increases. This
limitation is, however, envisioned to be readily addressed by
employing multiple receivers.
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