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Abstract— We explore and find the fundamental system-
degrading effects when wusing multiple orbital-angular-
momentum (OAM) beams in a THz communications link under
atmospheric turbulence in simulation. Unlike optical links with
relatively small divergence effects, the crosstalk performance of
THz OAM links is dependent on divergence-related parameters,
including OAM mode order, frequency, and beam waist.
Simulation results show: (i) for the cases with the same ratio of
beam diameter to the Fried parameter (D/ro), the signal power
increases and the crosstalk (XT) decreases when increasing the
divergence-related parameters; and (ii) for the cases with the
same atmospheric structure constant Cn?, the signal power
decreases and the XT increases when increasing the divergence-
related parameters. Moreover, for building a link where OAM
+4 is transmitted with the parameters: (i) beam waist of 0.1 m
and link distance of 200 m, and (ii) beam waist of 1 m and link
distance of 1 km, the XT from neighbouring mode remains less
than -15 dB when carrier wave frequency is < 1 THz and 0.1
THz, respectively. In addition, simulation results also show that:
(i) limited aperture size of the system has high influence on the
XT performance under both weak and strong turbulence; and
(ii) displacement of the system has high influence on the XT
performance under no and weak turbulence.
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momentum; millimeter wave; spatial-division multiplexing

. INTRODUCTION

There is a rising interest in the potential of using mode-
division-multiplexing (MDM) to increase total transmission
capacity and spectral efficiency in a point-to-point
communications link [1-6]. Mode multiplexing is a subset of
spatial multiplexing, in which multiple data-carrying
orthogonal beams are efficiently multiplexed at the transmitter
aperture, spatially co-propagating through a free-space
medium, and demultiplexed at the receiver aperture [7]. All
this would occur with little inherent crosstalk due to the
orthogonality among the different beams [8].

One example of a modal basis set in which different beams
are structured to be orthogonal is orbital-angular-momentum
(OAM), which is a subset of Laguerre Gaussian (LG;p) beams
[7]. An LG, beam carrying OAM has a phasefront that
“twists” in a helical fashion as it propagates, such that the
mode order | represents the number of 21 phase shifts
occurring in the azimuthal direction, and 1+p represents the
number of radial intensity nodes (rings/spots) [7]. Moreover,
the intensity profile of an OAM beam is a vortex, such that
there is an intensity ring with a null in the center.

The use of multiple OAM beams in a communications link
has been reported for optical and millimeter-wave systems [1-
6]. In general, there are multiple possible fundamental issues

that could: (a) degrade the orthogonality among the different
beams, thereby causing coupling of power to other modes and
resulting in deleterious system crosstalk, and (b) reduce the
signal power that can be recovered from the uniquely shaped
vortex beam [9-16]. For optical systems in which the carrier
wave is ~200 THz, a key limitation is the interaction of the
beam with atmospheric turbulence [10-12]. On the other hand,
millimeter-wave systems with carrier waves below 100 GHz
tend to be significantly limited by beam divergence and signal
power loss [13-15].

There is growing importance within the communications
community of using the THz regime for high-capacity links
[15-20]. Therefore, a laudable goal would be to explore the
use of OAM-multiplexed links in the THz regime.
Specifically, a key question would be to determine the
fundamental system-degrading effects for a THz OAM link
under atmospheric turbulence that might be different than
what would be experienced by optical or mm-wave systems.

In this paper, we explore and find the fundamental system-
degrading effects when using multiple OAM beams in a THz
communications link under atmospheric turbulence in
simulation. We analyze the crosstalk (XT) and signal-to-
interference ratio (SIR) performance of various systems when
varying frequency, OAM order, and beam waist, from 0.1-10
THz, +1 to +10, and 0.1-3 m, respectively. For the cases with
the same ratio of beam diameter to the Fried parameter (D/ro),
the signal power increases and the XT decreases when
increasing the divergence-related parameters. However, for
the cases with the same atmospheric structure constant Cn?,
the signal power decreases and the XT increases as the mode
order, frequency, and beam waist increases, which induces
larger values of D/ro. Moreover, for building a link where
OAM +4 is transmitted with the parameters: (i) beam waist of
0.1 m and link distance of 200 m, and (ii) beam waist of 1 m
and link distance of 1 km, the XT from neighbouring mode
remains less than -15 dB when carrier wave frequency is < 1
THz and 0.1 THz, respectively. Simulation results show: (i)
limited aperture size of the system has high influence on the
XT performance under weak and strong turbulence; and (ii)
displacement of the system has high influence on the XT
performance under no and weak turbulence.

Il. SYSTEM CONFIGURATION

A. Concept and Simulation Model

Figure 1 shows a schematic of a THz communication link
using OAM multiplexing. The multiplexed OAM beams
diverge and lose power when propagating through free space.
The divergence effect is dependent on the beams’ frequency,
beam size and OAM mode order [9]. The power loss is



dependent on many factors, such as atmospheric absorption
[17,20]. Moreover, after propagating through atmospheric
turbulence, the phasefront of transmitted OAM beam might
also be distorted, thus leading to power leakage to the other
OAM beams. Such power leakage results in crosstalk among
different channels when the transmitted OAM beams are
demultiplexed and converted back to Gaussian-like beams at
the receiver side. Besides, a limited receiver aperture size
induces additional power loss and misalignment between the
transmitter and receiver could further increase the inter-
channel crosstalk [9].
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Figure 1 Concept of THz communication links using OAM
multiplexing. An OAM beam propagates through turbulence, which
leads to the distortion of its phasefront. At the receiver side, such a
beam evolves to a beam with both distorted amplitude and phase
profiles. A receiver with limited aperture size and misalignment
could further degrade the system performance. Tx: transmitter; Rx:
receiver.

To study the influence of atmospheric turbulence on THz
OAM beams, we first build a model to emulate the turbulence.
According to Kolmogorov turbulence theory, the refractive
index fluctuation caused by atmospheric turbulence can be
described by a structure function Dy, which is determined by
[10]

D, (Ar) = 6.88(%)5/3 1)

where Ar is the distance between two points in space, and ro is
the Fried parameter, or the coherence length. Assuming the
value of C? keeps unchanged over propagation path, ro can be
calculated from the atmospheric structure constant C2 by the
formula [10]

1o = (0.423k2C2L)~3/5 2

where k = 2n/f is the wave number and L is the propagation
length. The values of C? are around 1 <103 and 1 <10 m?3
which represent weak and strong turbulence conditions for
THz beams, respectively [17].
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Figure 2 Schematics of the simulation model for studying the
atmospheric turbulence effects on THz OAM beams. 10 random-
generated phase plates with equal spacing of 100 m are used to
emulate the turbulence for a link of a distance up to 1 km.

Based on Egs. (1) and (2), the turbulence can be simulated
by using phase plates, which can be described as N-by-N
matrices of random phase numbers with statistics that match
Kolmogorov turbulence theory [10,17]. Our simulation model
of a single OAM or an OAM-multiplexed THz

communication link under atmospheric turbulence is depicted
in Fig. 2. The outer scale and inner scale of the turbulence are
set as 100 m and 0.01 m, respectively [10,17]. The outer scale
of the turbulence represents the upper limit of distance
between neighbouring phase plates for emulating turbulence.
In order to save the simulation time cost, we use 10 phase
plates, with each emulating 100-m turbulence distortion, to
study the turbulence effect on THz OAM beams in a 1-km
free-space link. We assume that the atmospheric structure
constant C2 remains the same at different distances. The input
OAM beams are a subset of LG, beams with zero p values.
The input beams are projected onto the 1-st phase plate and
then propagate in free space for 100 m. Such processes of the
projection onto the n-th phase plates and 100-m free-space
propagation are repeated 10 times to simulate 1-km free-space
propagation through turbulence. The size of the simulation
screen is 20 m, and N is 2000. The parameter definitions in
the model are listed in Table I.

TABLE I. PARAMETERS
D Transmitted beam diameter
f Transmitted beam frequency
Wo Transmitted beam waist

| Transmitted beam OAM order

Cn? Atmospheric structure constant

ro Fried parameter

B. Assumptions and definitions

For the convenience of analysis,
assumptions are made:

the following

(i) We note that the atmospheric attenuation could be
larger than 100 dB/km for THz waves with f > 1 THz [16].
Even though the loss is one key issue for THz link, we assume
that there is no absorption loss during the free-space
propagation. This assumption will help us to understand the
turbulence effects on THz OAM beams in the regime of OAM
spectrum (i.e., the received power distribution on different
OAM orders) outside the problem of absorption loss. If we
consider the atmospheric attenuation, the power of THz waves
on different OAM orders after free-space propagation would
decrease while there would be almost no influence on the SIR
performance for each OAM channels;

(ii) Each transmitted OAM beam has the same input power
of 0 dBm;

(i) The transmitter aperture is always larger than the input
beam size, and we assume that it does not affect the intensity
and phase profiles of the input beam. If the transmitter
aperture is less than the input beam size, the mode purity of
the transmitted OAM beams would decrease;

(iv) We only consider the case of a single-polarized
system. Since there is no obvious power coupling between
orthogonal polarization, most of the results could be extended
to the case of the double-polarized system.

(v) Except for Section V, we assume the receiver aperture
is always larger than the beam size of the received beam and
its center is overlapped with the input beam center. Thus, the
receiver aperture has no effect on the intensity and phase
profiles of the received beam.

(vi) Each data points in all figures with non-zero C?
represents the average of 50 simulation iterations.



For the convenience of analysis, the following definitions
about OAM beams are used:

(i) The input OAM beam with OAM order of | is an LG
beam with a zero p value, where its electrical field is given by
the following equation [7]

160,00 =S5 G5) e (-5 (355)

w(z) \w(z) _wz(z) w2(z)
2
exp (—i <k ZRZW) +10+kz—(z, w))) @)

where L',f' are the generalized Laguerre polynomials, C/'5 are
the required normalization constants, w(z) is the beam size at
a distance of z, R(z,w) =z(1+ (zzx(w)/2)?) is the
wavefront radius, where zz (w) is the Rayleigh range, k is the
wave number, w is the angular frequency, (r, 6, z) represents
the cylindrical coordinate, and y(z) is the Gouy phase and
equals (|I| + 2p + 1) arctan(z/zz (w));

(i) The beam diameter of the input OAM beam with OAM

order of | is calculated as D = wy+/|I| + 1, where wy is the
waist at the distance of 0 [9];

(iii) We calculate the OAM spectrum of the output beam
as the normalized power weight coefficient of each OAM
order I, namely, the ratio of the power on each OAM mode to
the total power of the received beam, which is given as [7]

|Cel® = 1f] Ex(x, y)E3 Cx, y)dxdy |? (4)

where E;(x,y) is the electric field of the output beam at the
receiver aperture, and E,(x, y) is the electric field of a pure
LG, , beam after propagating from the transmitter aperture to
the receiver aperture, where its beam waist wy, is set as the
same as that of the input OAM beam.

I1l. SYSTEM PERFORMANCE DEPENDENCE ON DIVERGENCE
RELATED PARAMETERS

In this section, we analyze signal power and crosstalk
performance of THz OAM links under atmospheric
turbulence when varying the divergence related parameters of
the input OAM beam. Specifically, we analyze the OAM
spectrum at the receiver aperture for OAM beams with
different frequencies, beam waists, and OAM orders.

A. Turbulence-induced distortion v.s. OAM mode order

We first explore the dependence of turbulence-induced
distortion of OAM spectrum on the transmitted OAM order
when THz OAM beams propagate through atmospheric
turbulence. Previous work has shown that for optical OAM-
multiplexed links, where the divergence effect is relatively
small, (i) the turbulence-induced distortion effect does not
depend on the OAM order too much, and (ii) the larger the
ratio of the transmitted beam diameter to the Fried parameter
D/ro, the higher the turbulence-induce distortion effect (i.e.,
the signal power loss on the transmitted OAM mode and the
power leakage to the other OAM modes become larger) [12].
However, for a 1-km THz link where the divergence effect is
relatively large, as shown in Fig. 3, the distortion effect on the
received OAM spectrum becomes larger when the transmitted
OAM order increases. Take OAM +1 and OAM +10 as
examples, when the transmitted OAM order increases from +1
to +10: (i) the normalized signal power, namely, the received
power on the transmitted mode decreases from -2.9 dB to -8.0
dB, and (ii) the crosstalk from right (higher) nearest mode

(XT1) and the crosstalk from right 2"-nearest mode (XT2)
increases from -7.7 dB to -1.9 dB and from -15.2 dB to -4.2
dB, respectively. This could be because that even though the
input beams have the same beam diameter of D = 0.17 m at
the transmitter side, the OAM beam with a higher OAM order
diverge faster and thus has a larger beam diameter after
propagating in free space for 1 km. Therefore, the value of
D/ro evolves higher when the higher-order OAM beam
propagates in free space due to higher divergence effect.
Thus, it leads to a larger distortion effect on the OAM
spectrum.
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Figure 3 Normalized power distribution on different OAM modes
when transmitting (a) OAM +1 with small divergence effect, and (b)
OAM +10 with large divergence effect through a 1-km link.
Parameters are setas C2 = 1 x 1072 m™2/3, D=0.17mand f=5
THz, where D/ro = 0.107 at the transmitter side.

To further evaluate the influence of the mode-order-
induced divergence effect on the turbulence distortion effect,
we compare the performance of two links with large and small
divergence effects. Figures 4(a) and 4(b) represent links of
distances of 1 km and 100 m, respectively. We can see from
Fig. 4(a) that the signal power decreases with the transmitted
OAM order while XT1 and XT2 increase with the transmitted
OAM order for a 1-km link. However, the signal power, XT1
and XT2 all fluctuate around their average values within a
range of less than 5 dB for a 100-m link. The reason might be
that: for a 100-m link, the OAM beam slowly diverges such
that different transmitted OAM beams still have a similar D/rq
at the receiver side.
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Figure 4 Effects of varying the transmitted OAM order on the
normalized power distribution on different OAM modes for a (a) 1-
km link with large divergence effect, and (b) 100-m link with small
divergence effect. The OAM order the transmitted beam is varied
from +1 to +10. Parameters are set as C2 =1 <102 m?3 D = 0.17
m and f =5 THz at the transmitter side. The legends in (a) and (b)
are the same. XT1: the crosstalk from right (higher) nearest mode;
XT2: the crosstalk from right 2"-nearest mode.

B. Turbulence distortion effect v.s. frequency

We then investigate the effects of varying frequency on the
turbulence-induced distortion of OAM spectrum. Simulation
results for transmitting OAM +4 show that : (i) for a THz link



where the input beam has the same value of D/r (similar to the
cases where the input beams with different frequencies
propagate through the emulated phase plates with the same
phase patterns), the higher frequency, the smaller the
turbulence-induced distortion effect (Fig. 5(a)); (ii) however,
for a THz link where the atmosphere has the same value of C?
(similar to the cases where the input beams with different
frequencies propagate through the same physical atmospheric
layer), the higher frequency, the larger the turbulence-induced
distortion effect (Fig. 5(b)). When the frequency increase from
0.03 THz to 10 THz for a 200-m link: (i) as shown in Fig. 5(a),
the signal power increases by ~ 8 dB and XT1 decreases by ~
5 dB, where the OAM beam has the same value of D/ro=0.224
at the transmitter side; (ii) in comparison, as shown in Fig.
5(b), the signal power decreases by ~ 11 dB and XT1 increases
by ~ 38 dB, where the OAM beam propagates through
turbulence with the same value of Cn? = 1 x 10" m3, This
could be because that for the case with the same value of D/ro,
the turbulence-induced distortion effect is mainly dependent
on the beam divergence effect. Therefore, the OAM beam of
a higher frequency diverges slower during free-space
propagation, leading to a smaller distortion effect. However,
for the case with the same C?2, the OAM beam propagates
through free space with the same turbulence condition. Eq. (2)
shows that the Fried parameter ro decreases with frequency.
Although higher frequency leads to a small divergence effect,
the value of D/rgstill increases with frequency, thus leading to
a larger distortion effect. We note that: (i) for a 200-m link
with a transmitted beam waist of 0.1 m, XT1 is <-15 dB when
frequency is < 1 THz (Fig. 5(b)); and (ii) for a 1-km link with
a transmitted beam waist of 1 m, XT1 is < -15 dB when
frequency is < 0.1 THz (Fig. 5(c)).
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Figure 5 Effects of varying the frequency on the normalized power
distribution on different OAM modes for a (a) 200-m link with D/ro
=0.224, wo = 0.1 m at the transmitter side, (b) 200-m link with C?2
=1 10" m?3 wo=0.1 mand (c) 1-km link with 2 =1 <10t mr

28 \wo = 1 m at the transmitter side. OAM +4 is transmitted for all
the cases. The legends in (a) to (c) are the same.

C. Turbulence distortion effect v.s. beam waist

We also study the effects of varying the beam waist on the
turbulence-induced distortion of OAM spectrum. Simulation
results show: (i) for a THz link where the input beam has the
same value of D/ry, the larger the beam waist, the smaller the
turbulence-induced distortion effect; (ii) however, for a THz
link where the atmosphere has the same value of C2, when
increasing the beam waist, the turbulence-induced distortion
effect becomes smaller at first and then becomes larger for
beam waist of > 0.3 m. Figure 6(a) can be still explained as
that OAM beams with larger beam waist diverge slower,
leading to a smaller distortion effect. Figure 6(b) might be
explained by the comprehensive effects of two factors: (i) wo-
related divergence effect, and (ii) the value of D/rq linearly
increases with wo. For the case where wp is < 0.3 m, increasing
the beam waist quickly slows down the divergence effect.
Even though D/rg linearly increases with wp at the transmitter
side, the comprehensive effects still decrease the value of D/rq
as the THz beam propagates. As a result, when wy increases
from 0.1 m to 0.3 m, the signal power increases by ~ 0.7 dB
and XT1 decreases by ~2.2 dB. For the case of wg> 0.3 m, the
distortion effect is mainly dependent on the linear relation
between D/roand wp, such that a larger wo leads to a larger
distortion effect.
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Figure 6 Effects of varying the transmitted beam waist on the
normalized power distribution on different OAM modes for (a) a
500-m link with D/ro = 0.224 at the transmitter side, and (b) a 500-
m link with C2 = 1 < 10" m?% OAM +4 at f = 0.5 THz is
transmitted. The legends in (a) and (b) are the same.

IVV. SYSTEM PERFORMANCE UNDER DIFFERENT TURBULENCE
CONDITIONS

THz OAM-multiplexing links of different distances might
have different system performance under different turbulence
conditions. In this section, we investigate the crosstalk and
SIR performance of single-OAM and multiple-OAM THz
links under different turbulence conditions.

A. Turbulence distortion effect v.s. the atmospheric
structure constant

We first explore the effect of varying the atmospheric
structure constant on the system performance. Figure 7 shows
that when transmitting OAM +4 with a beam waist wo = 1 m
through a 1-km link, the 0.1 THz OAM beam is distorted only
a little bit (XT1 < -15 dB) under strong turbulence condition
(C% =1 <10t m23), while the 10 THz OAM beam experience
a large distortion effect even under weak turbulence condition
(C% =1 %103 m?23), Moreover, the distorted OAM spectra in



Fig. 7(a) and 7(c) resemble those in Fig. 7(b) and (d),
respectively. The reason might be that they have the same
value of D/rpat the transmitter side, and such value does not
change to much due to the small divergence effect during
free-space propagation.

Strong Turbulence (b) Weak Turbulence

Cn2=1e-11,f=0.1THz 1 — . Cn2=1e-13,f=1THz| |
.HU
) r'f —~
-3 I
HEEENEN \
1234567 R 1«’}5 0
[+] r

10m

-
=)

d power (dB)

[
(=]

1234567
OAM order

Normialized power (dB
n
(=]

Normi

5
=

Cn2=1e-13,f=10THz

-20
-30

1234567
OAM order

1234567
OAM order

Normialized power (dB)
Normialized power (dB)

Figure 7 Normalized power distribution on different OAM modes
when transmitting OAM +4 with the same beam waist wo = 1 m
through a 1-km link. Parameters are set as (a) €2 = 1 <101 m?23, f
=0.1THz, (b) C2=1 =10 m?3 f=1THz, (c) C=1x10"m
2 f=1THz, (d) C2 =110 m?23 =10 THz.

(a) OAM spectrum (b) Signal power
0- L R
= e
m -10+ XT150: . L]
g Higﬁgg\ c 10, NNy
5 20-Xx12 Yo | S% W
2 oF g .20 \ \-
[s] o Q |
o -30 o 9 a
- o Cag—2 ©-30+ 4 -
° _,D/ T E \
N -40—/n_ —e—i=3 & = -40|-* =5THzd=100m |
© I/-' —A—l=¢ S £ —a— f=5THz,d=1000m
E 507 1=5 £ D.50| 4 f=05THz,d=100m |
z° —o0—i=6 ] —0— f=0.5THz,d=1000m
-60 17 s s < %0 A
10 10 10 10 107" 10" 10 10
cn? m23) cn? m23
(c) e - (d) : _—
04 v 0
w ot
10 /,./ e -0 s o'o/l
i e o A
—-20 | VAV 201 A/ ./ o/A 1
m A e o A o A o 0 A
a0 A T S
= o A‘/.'. &° A’A/ o~ =30 Aot S
x40/ /) ] % 0. ‘./ ../ o‘-'/ AA/
* 4 A
50/ / A/ 1 -50_/ ./ p/ /_\/
o'a A /. /D /A/
-60 17 A 43 B0 F R
10' 10' 10' 10' 10-17 10-15 10-13 10-11
cn2 (m-2F3) an (m-zra)

Figure 8 (a) Effects of varying C2 on the normalized power
distribution on different OAM modes for a 1-km link with wo =1 m
and f =5 THz, and effects of varying C?2 on (b) the signal power, (c)
XT1, and (d) XT2 for links with wo = 1 m and other parameters
labeled in (b). XT1: crosstalk to the neighboring mode; XT2:
crosstalk to the 2"-neighboring mode. OAM +4 is transmitted. The
legends in (b) to (d) are the same.

Figure 8 shows the signal power and crosstalk
performance of THz-OAM links with different distances and
carrier frequencies. Figure 8(a) show the case of a 1-km link
where an OAM =4 with wp =1 mand f =5 THz is transmitted.
The signal power on the transmitted OAM mode decreases

by ~ 40 dB and the both XT1 and XT2 increases by ~ 40 dB,
when C2 increases from 5 <108 to 5 <101 m%2, This could
be because that the value of ro decreases when increasing C2,
which results in a larger value of D/r, such that the distortion
effect becomes stronger. Moreover, the results in Figs. 8(b) to
8(d) show that for the cases when propagating an OAM +4
with wo = 1 m through: (i) a 1-km link at f = 5 THz, (ii) a 100-
m link at f = 5 THz, (iii) a 1-km link at f = 0.5 THz, and (iv)
a100-m link at f = 0.5 THz, XT1 can keep < -15 dB when C?
<5 %10 m?3 5 %10 m?2 5 <1015 m?3, and 5 <1012
m23, respectively.

B. Turbulence distortion effect v.s. link distance

Changing the link distance can also vary the turbulence
distortion effect on the system performance of THz OAM
links. We also simulate various sets of THz OAM links with
different link distances. Figure 9(a) shows the effects of
varying the link distance on the normalized power
distribution on different OAM modes for links with C2 = 1 x
10 m22, OAM +4 is transmitted with wo =1 mand f=0.5
THz at the transmitter side. When increasing the link distance
from 100m to 1 km: (i) the signal power decreases by ~ 5 dB;
and (ii) XT1 and XT2 increases by ~ 9 dB and ~ 15 dB,
respectively. Figures 9(b) to 9(d) show that the system
performance of 5 other sets of links has similar dependence
on the link distance, as that shown in Fig. 9(a). In addition,
the curves for links with (i) C2 = 1 x10* m?3, f = 0.5 THz,
and (ii) C2 = 1 <10 m™??, f =5 THz resemble to each other.
It could be also explained by that these pairs of links have the
same value of D/rpat the transmitter side, and such value does
not change to much due to the small divergence effect during
free-space propagation.
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Figure 9 (a) Effects of carrying the link distance on the normalized
power distribution on different OAM modes for links with C2 =1 x
10 m23 wo =1 m and f = 0.5 THz, and effects of link distance on
(b) the signal power, (c) XT1, and (d) XT2 for links with wo =1 m
and other parameters labeled in (b). OAM +4 is transmitted. The
legends in (b) to (d) are the same.



C. Turbulence distortion effect for multiplexed OAM beams

We also simulate THz links, which multiplex various sets
of multiple OAM beams, to analyze the SIR performance.
Here, the SIR is defined as the ratio of the signal power to the
crosstalk from the other channels, where the signal power is
the received power on transmitted mode, and the noise is the
total power leakage from the other channels to the transmitted
mode. Figure 10 shows the cases when (i) multiplexing 3
OAM beams with mode spacing from 1 to 3 (OAM beams
[+3,+4,+5]; [+2,+4,+6]; and [+1,+4,+7]); (ii) multiplexing 3
to 7 OAM modes with mode spacing of 1 (OAM beams
[+3,+4,45]; [+2,+3,+4,+5,+6]; and [+1,+2,+3,+4,+5,+6,+7]).
For the cases of 3-muxed OAM beams, the SIR decreases by
~ 5-7 dB if the mode spacing increase by 1. This might be
because that channel crosstalk between adjacent OAM modes
is higher than that with mode spacing of 2 and 3. Moreover,
for the cases of 3-to-7-muxed OAM beams with mode spacing
of 1, the SIR also decreases with the mode number. For
example, SIR decreases by ~ 0.5-1 dB if the mode number
increase by 1. This small value change might be explained by
that the channel crosstalk from OAM modes with mode
spacing of >1 is small (such as < -15 dB) when the turbulence
distortion effect is not strong.
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Figure 10 Signal-to-Interference ratio performance for systems with
(a) 3-muxed OAM modes with mode spacing from 1 to 3 (OAM
beams of [+3,+4,+5]; [+2,+4,+6]; and [+1,+4,+7] are transmitted,
respectively), and (b) 3-to-7 -muxed OAM modes with a mode
spacing of 1 (OAM beams of [+3,+4,+5]; [+2,+3,+4,+5,+6]; and
[+1,+2,+3,+4,+5,+6,+7] are transmitted, respectively). Parameters
aresetas C2=1x10"m23 wo=0.1mandf=0.5THz.

V. PERFORMANCE FOR THE SYSTEMS WITH LIMITED
APERTURE SIZE OR DISPLACEMENT

In this section, we analyze the crosstalk performance of
various sets of links with: (i) limited aperture size or (ii)
displacement between the transmitter (Tx) and receiver (Rx).

A. Signal power and crosstalk analysis for the system with
limited aperture size

We first explore the effect of limited receiver aperture size
on the crosstalk performance. Figures 11(a) to 11(c) show that
the normalized power distributions on different OAM modes
depend on the receiver aperture size. We consider the cases
for 100-m links with C2 = 0 (no turbulence), 1 <1073, and 1
x 10" m23, Other parameters are set as wo =1 m, and f =5
THz, and the OAM +4 is transmitted. In Fig. 11(a), as the
aperture size decreases, the signal power decreases under no
turbulence and the crosstalk to the other OAM modes are all
< -100 dB in simulation. Moreover, as shown in Figs. 11(b)
and 11(c), the aperture size changes the crosstalk performance
of those links under turbulence, which shows dependence on

the mode order. Specifically, the XT to the left neighbouring
(lower) OAM modes decreases with the RX size under
turbulence, however the XT to the right neighbouring (higher)
OAM modes increases with the RX size under turbulence. As
an example, the XT from OAM +3 increases by ~ 4 dB while
the XT from OAM +5 decreases by ~ 6 dB, when the Rx size
decrease from 2 m to 1 m, as shown in Fig. 11(c). This might
be because that lower OAM modes diverge slower such that
these modes have smaller beam sizes at the receiver side. As
a result, a limited Rx could receive more power on lower
OAM modes. By comparing the cases in Figs. 11(b) and 11(c),
we observe that the signal power under C2 =1 <10t m?3 s
smaller than that under C2 = 1 %103 m?3, which might be
due to a larger value of D/ryat the transmitter side.
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Figure 11 Effects of varying the receiver aperture size on the
normalized power distribution on different OAM modes for 100-m
links with (8) C2 =0 m?3, (b) C2 =1 %101 m?3 and (c) C2 =1 x
10" m23, Other parameters are set as wo =1 m, f =5 THz, and OAM
+4 is transmitted. The legends in (a) to (c) are the same.

B. Signal power and crosstalk analysis for the system with
displacement

Besides the limited aperture size, the displacement might
also occur at the receiver side. This could be considered as an
additional lateral shift to the phasefront of the received beam,
which might result in channel crosstalk to the system.

We explore the effect of varying the displacement between
Tx and Rx on the crosstalk performance. Figures 12(a) to
12(c) show that the normalized power distribution on different
OAM modes for 100-m links with C2 =0, 1 <10 and 1 x
101t m23, respectively. OAM =4 withwo =1 m, and f=5
THz is transmitted. We assume the Rx aperture size is larger
than the received beam. For the cases with no turbulence and
weak turbulence (C2 = 1 x10"*® m23), a larger displacement
leads to lower signal power and higher XT. However, for the
cases with strong turbulence (C? = 1 %10 m2?), the signal
power and XT fluctuate in a small range of < 5 dB when the
displacement increases from 0 to 0.5 m. One of the reasons for



this might be that the power of the received beam is almost
averagely leaked to many neighbouring modes under strong
turbulence. Even if there is displacement between Tx and Rx,
the power leakage to the other modes does not change to
much.
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Figure 12 Effects of varying the displacement on the normalized
power distribution on different OAM modes for 100-m links with
(@) C2=0m?23,(b) C2=1>x101 m?3 and (c) C2 =1 <101 m23,
Other parameters are set as wo = 1 m, f = 5 THz, and OAM +4 is
transmitted.
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