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Experimental Demonstration of sub-THz
Wireless Communications Using Multiplexing
of Laguerre-Gaussian Beams When Varying
Two Difterent Modal Indices

Amir Minoofar, Xinzhou Su, Huibin Zhou, Runzhou Zhang, Fatemeh Alishahi, Kaiheng Zou, Hao
Song, Kai Pang, Shlomo Zach, Moshe Tur, Andreas F. Molisch, Hirofumi Sasaki, Doohwan Lee, and
Alan E. Willner

Abstract— The ability to multiplex multiple structured beams
for sub-terahertz (sub-THz) wireless communications has been
recently explored. The spatial orthogonality of structured beams
enables mode-division multiplexing (MDM). In an MDM system,
multiple data-carrying beams are transmitted and received
simultaneously through a single aperture pair with low inherent
crosstalk. This can increase data capacity and spectral efficiency
of the system. Here, we experimentally demonstrate multiplexing
orthogonal sub-THz Laguerre-Gaussian (LG,,) beams when
varying two different modal indices (i.e., both £ and p); this
contrasts with prior reports when varying only one index (i.e., £)
and could potentially provide a larger set of channels and beams
in an MDM system. In our demonstration, specially designed
phase patterns are used: (1) at the transmitter, to convert two THz
Gaussian beams to two different LG beams, each carrying an
independent data channel; and (2) at the receiver, to separate and
convert the LG beams back to Gaussian-like THz beams. An 8-
Gbit/s quadrature-phase-shift-keying (QPSK) link containing two
multiplexed LG modes over 40 cm is experimentally
demonstrated. For the above link, three different LG modal sets
are chosen (i.e., {LG_; ¢ and LG4 1} or {LG3 and LGq 4} or {LG; ;
and LG ;}). All channels are recovered with bit error rates (BERs)
below the 7% forward error correction (FEC) limit. The
experimental results indicate that: (a) higher-order LG modes
experience more divergence, larger size, and lower conversion
efficiency, contributing to higher power loss; and (b) the modal
coupling and crosstalk for different LG modes is <-12 dB, which
could be due to the transmitter/receiver misalignments as well as
beam truncation by the limited-sized receiver aperture.

Index Terms— terahertz communication, terahertz photonics,
mode-division multiplexing (MDM), Laguerre-Gaussian modes.

I. INTRODUCTION

Exploiting 0.1 to | terahertz (THz) carrier frequencies in
wireless communications has gained interest due to the potential
for providing more system spectrum and capacity than millimeter
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waves [1-4]. Moreover, when comparing to free-space optical
communications, THz waves tend to be less affected by
atmospheric turbulence and weather conditions due to lower
interaction with matter [5-6]. Additionally, we note that photonic
technologies can play an important role in THz communications
since photonics can enable accurate generation and frequency
tuning of THz signals by heterodyning two sources at different
wavelengths [7-11].

As with many types of communication systems, there is a
motivation to further increase the capacity of these THz
communication links by using multiplexing, with one example
being MDM [12-14]. In an MDM system, multiple THz beams,
each carrying an independent data channel, are simultaneously
transmitted in the same frequency band [15]. In a typical MDM
system, each beam with a structured amplitude and phase profile
has one of N orthogonal modes from a modal basis set [16-19].
This orthogonality enables the multiplexing, spatial co-
propagation, and demultiplexing of each data channel
independently with low inherent crosstalk [16-18]. Moreover,
MDM can be compatible with and complement other
multiplexing techniques, such as frequency- and polarization-
division multiplexing (FDM and PDM) [20-23].

An example of an orthogonal modal basis set is LG. LGy,
modes are characterized by two spatial modal indices: (1)
azimuthal (€), which is the number of 27 phasefront changes that
occur in a circle around the center, and (2) radial (p), which is
related to the number of concentric intensity rings in the beam
[24-25]. Previous reports have shown the generation and
multiplexing of orbital angular momentum (OAM) modes (i.e., a
subset of LG modes) for THz frequencies [26-30]. In these prior
art systems, the multiplexed spatial modes are varied in a one
dimensional (1D) (i.e., different £ values but the same p = 0
value). Therefore, it might be valuable to experimentally
demonstrate the potential of using both modal indices (e.g.,
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varying both € and p) for such THz MDM systems. Compared
with MDM using 1D OAM modal basis set (i.e., varying only £),
using 2D LG modal basis set (i.e., varying both £, p) can provide
an additional degree of freedom for mode multiplexing. Thus,
using a 2D set of modes rather than a 1D set of modes could
potentially provide a larger set of channels and beams for such
THz MDM systems [24-25].

In this paper, we experimentally demonstrate THz wireless
communications by multiplexing two LG beams with two
different modal indices (i.e., different £ and p ). At the
transmitter, an optical data signal and a continuous wave (CW)
laser are mixed in a photodiode for the generation of THz
Gaussian beams, and different phase patterns (PPs) convert these
beams to higher-order LG beams for MDM [31]. At the receiver,
we use corresponding down-conversion PPs to convert the LG
modes back into a Gaussian-like beam for data recovery after 40-
cm free-space propagation. We demonstrate 8-Gbit/s
communications at 0.3 THz using two LG beams, each carrying
a 2-Gbaud QPSK data signal. Different LG mode combinations
(i.e., {LG_ and LG, 1} or {LGg, and LGg,} or {LG,; and
LGy, }) for multiplexing are explored. The results show that: (a)
higher-order LG modes could experience more power loss (e.g.,
LGz has 4-dB higher power loss compared to LGi,1), which
might be due to the larger beam divergence and lower conversion
efficiency for the LG beam generation; (b) the modal coupling
and crosstalk among the two modal sets is <-12 dB, which could
be due to link misalignment and beam truncation by the limited-
sized receiver aperture; (¢) BERs below the 7% FEC limit are
achieved for all modal sets; (d) the multiplexed LG beams suffer
a signal-to-noise ratio (SNR) penalty of ~1 dB.
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II. CONCEPT AND EXPERIMENTAL SETUP
A. Concept

Figure 1 illustrates the concept of using multiplexing of LG
beams, in which both modal indices can be varied, for THz
communications. First, two Gaussian modes, each of which
carries an independent data stream, are generated at the
transmitter. Then they pass through two different PPs for the
generation of LG beams. These PPs are crafted such that the two
output THz beams are orthogonal to each other and maintain their
orthogonality in free-space propagation (in the absence of
turbulence and other perturbations). The two LG beams are
spatially combined and transmitted through a single aperture
transmitter aperture. As can be seen in the 2D modal spectrum of
the THz beams, each beam has different £ and p indices, which
indicates the MDM is utilized in a 2D modal space. At the
receiver, a beam splitter creates two copies of the multiplexed
THz beams. Finally, after passing through the corresponding
down-conversion PPs, the two LG modes are converted back into
the fundamental Gaussian mode (i.e., £ = p = 0) to enable data
recovery by the THz receiver. In this paper, we demonstrate such
an LG-based MDM THz system at a carrier frequency of 0.3
THz, which has gained much interest because of its low
atmospheric losses [20].

B. Generation and down-conversion of LG modes

The concept of generating and down-converting THz LG
modes is described in detail in Figs. 2(a, b). A blazed grating
with a periodic phase along one axis and a specific diffraction
angle can diffract an incident Gaussian beam to a tilted direction
compared to its propagation axis, as shown in Fig. 2(al). This
diffraction angle corresponds to the grating period [32-35]. By
manipulating the efficiency of the blazing pattern, the beam
intensity can be attenuated at a specific point in a transverse
plane. By tailoring the grating period, the beam redirects to
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Fig. 1. Concept of the MDM of beams having two different LG modal indices. First, two THz Gaussian beams (i.e., LGoo) with the same frequency are passed
through different phase patterns to generate two distinguished LG modes (i.e., LGijand LGmn). Second, these two LG modes are multiplexed and coaxially
propagate through the free-space medium using a single aperture at the same frequency. Finally, to recover each of the modes, corresponding phase patterns are
used to convert them back into the fundamental Gaussian mode, thereby enabling data recovery by the THz receiver.



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 3

(a) Generation method

Down-conversion method

(b)

(al) blazed grating L_Go,o phase modulation

Multiplexed beams

Down-converted beams

omm m2m

—1 Omm 2:

=5

Intensit Phase
LG,
ln(ensli Phase

LG1 0

Intensity _Phase

Intensity "Phase Intensity Phase

Down-conversion
{ LGLl &

O 1 omm 27 oW 1M 27
(a3) desired mtens1ty carrier phase desired phase Generation Can be
lnlensn modulation lazed ratin Ilase modulation) PP-LGy
detected
O W m2m
by down
f x exp IIIII + ] p ONNNET1 NN 2r converter
Fabricated phase patterns
Grating period

(a4)

Generation

LGgo

Intensity 0,0 Phase

complex-amplitude
modulation

Generation PP Down-conversion PP

LGy

Fig. 2. (a) Generation approach for creating LG modes in the THz frequency range. (al) A blazed diffraction grating diffracts an incident Gaussian beam to a tilted
direction, which corresponds to the grating period. 6, is the diffraction angle. (a2) A Gaussian beam is converted to an OAM mode by creating a helical phase
front when passes through a spiral phase plate (SPP). (a3) For complex-amplitude modulation, both blazed grating and SPP are combined and multiplied by a
function of the intensity of the desired LG mode as a mask to generate an LG mode. (a4) An incident Gaussian beam is converted to the desired LG mode at a
specific diffraction angle by passing through the phase pattern. The unmodulated portion of the beam remains in the same axis. (b) A corresponding down-
conversion phase pattern converts the LG beam, which matches with its phase profile, into the Gaussian-like beam to enable data recovery. (c) Photos of fabricated
phase patterns with a 10 cm diameter for both generation and down-conversion and for LG20 and LG1,1 modes.

different angles. For our case, the grating period is 4.5 mm on
the horizontal axis, which diffracts the 0.3 THz beam by a ~13°
diffraction angle. One straightforward way to generate a
helically phased beam is to use spiral phase plates (SPPs) with
a helical surface [16-17]. Due to its subsequent helical phase
structure, the beam is spatially phase-modulated with a factor
of exp (j£6) in the azimuthal direction corresponding to its
designed OAM order (¥), as shown in Fig. 2(a2).

To generate an LG mode with a high mode purity, a complex-
amplitude modulation (i.e., modulating both phase and
amplitude) is required. Using a phase-only element and
combining a blazed diffraction grating and phase modulation, the
phase and amplitude can be modulated jointly, thereby
generating THz LG modes. In this method, a function of intensity
of the desired LG mode is multiplied with the superposition of
phases, including an SPP and a blazed grating [33-36], as
depicted in Fig. 2(a3). This results in an amplitude modulation
for the portion of the input Gaussian beam that will be diffracted
by the blazed grating. Accordingly, at a sufficient distance from
the PP and at a specific diffraction angle (e.g., 30 cm and 13° for
our case, respectively), over which the unmodulated zeroth-order
and modulated (i.e., LG mode) portions are separated, the desired
LG mode is generated, as shown in Fig. 2(a4).

To down-convert the generated THz LG modes to Gaussian
modes, a spatial phase modulation technique is used, as
presented in Fig. 2(b). Subsequently, a properly designed PP
down-converts a specific LG mode to a Gaussian-like mode for
detection by the THz receiver. Note that the spatial phase
modulation technique has higher conversion efficiency than
that of the complex-amplitude modulation technique, but it also
results in lower mode purity [24-25, 33]. We choose the spatial
phase modulation rather than an inverse of complex-amplitude
modulation because the former one alleviates the need for

another separation distance and detection of angle on the
receiver side.

Figure 2(c) shows the fabricated PPs that are used for
generating and down-converting the LG1,1 and LGz, modes.
The PPs have a diameter of 10 cm and are fabricated through a
3D printing process using a photosensitive resin material (i.e.,
VeroWhite glossy) with a refractive index of 1.655 at 0.3 THz.
The amount of power absorption loss for a single blank PPs is
~ 4-dB, which is mainly due to the THz beam attenuation for
the material of PPs. We believe that using diffractive optical
elements having lower absorption loss at 0.3 THz, such as high-
density polyethylene (HDPE) might help reduce the insertion
loss [36].

C. Experimental setup

The experimental setup used in this study is depicted in Fig. 3.
Figure 3(a) shows the generation, propagation, and detection of
THz LG modes based on the photonic generation of THz signals.
A 2-Gbaud QPSK data signal and a CW laser are combined and
then divided into two copies. One of the copies is delayed from
the other, thereby resulting in two decorrelated signals. The
combined modulated signal and a CW laser are mixed in a
positive-intrinsic-negative photodiode (PIN-PD) to generate 0.3
THz beams via the heterodyne photomixing. According to the
stated approach shown in Fig. 2, the generated THz Gaussian
beams are spatially modulated to generate two LG modes, which
coaxially propagate to the receiver. Subsequently, the LG modes
are converted back into the Gaussian-like beam for detection by
the THz receiver.

The details of the experimental setup are illustrated in Fig. 3(b).
Two tunable optical laser sources at A; = 1550.05 nm and
A, =1552.45 nm, in which AA = A4, — A, corresponds to 0.3
THz as a carrier frequency, are used. An arbitrary waveform
generator (AWG) drives the IQ modulator to modulate A; with a
Nyquist-shaped (roll-off factor of 0.1) 2-Gbaud QPSK data
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Fig. 3. (a) Concept of generation and detection of THz LG modes. A 2-Gbaud QPSK data signal and another CW laser are combined. The wavelength difference
(i-e., Ao — Asig ) corresponds to the 0.3 THz carrier frequency. The combined optical signal and a CW laser are split into two paths. One path is decorrelated, and
both are fed into a PIN-PD to generate two Gaussian beams at 0.3 THz frequency. (b) Experimental setup. EDFAs, a VOA, and an OSA are used to amplify,
adjust, and monitor, respectively, the input power of the PIN-PD. One lens for collimating and another for focusing the THz beams are used at the transmitter and
receiver. These lenses have ~ 5 and ~ 10 cm focal lengths, respectively. After ~ 40 cm of free-space propagation, an HA with a 26-dB gain and a THz amplifier
with a 25-dB gain are used to collect and amplify the received signal at the receiver side. Using an external RF source at 23.6-GHz, the received signal is down-
converted to an IF band to be received by the oscilloscope for offline DSP and data recovery. PIN-PD: positive-intrinsic-negative photodiodes; PP: phase pattern;
Gen. PP: generation PP; D. C. PP: down-conversion phase pattern; AWG: arbitrary waveform generator; EDFA: erbium-doped fiber amplifier; BPF: band pass
filter; PC: polarization controller; VOA: variable optical attenuator; OSA: optical spectrum analyzer; SMF: single mode fiber; BS: beam splitter; HA: horn antenna;

Osc: oscilloscope.

signal. The modulated light is subsequently amplified using an
erbium-doped fiber amplifier (EDFA). Then, it is combined with
A, and equally split into two copies. A 15 m length single mode
fiber (SMF) is used to impart delay on one copy and to create the
second decorrelated data channel. We employ a variable optical
attenuator (VOA) to adjust the input optical power to the PIN-
PDs. Polarization controllers (PCs) are used to align the state of
polarization of the optical signals launched into the PIN-PDs,
which are polarization sensitive. In the case of the launched
optical power being 30 mW and the reverse bias voltage being -
1.5V, the PIN-PDs have: (i) a 3-dB bandwidth of ~120 GHz, and
(ii) a responsivity of 0.33 A/W [37-38]. At the transmitter, a lens
with a ~ 5 cm diameter and 7.5 cm focal length collimates the
THz beam before it passes through the generating PPs. At the
receiver side, a lens with a ~10 cm diameter and 15 cm focal
length focuses the THz beam. Subsequently, a diagonal horn
antenna (HA) with a 26-dB gain and a low-noise THz amplifier
with a 25-dB gain for frequencies between 0.26 and 0.33 THz are
used to receive and amplify the THz data signal, respectively. A
sub-harmonic mixer, which has a 40 GHz IF bandwidth and
operates in the 0.22 to 0.33 THz band, is used to down-convert
the received THz signal to an intermediate frequency (IF) signal.
Another external radio frequency (RF) synthesizer of ~23.6 GHz
is frequency multiplied by 12 and then used to drive the THz
mixer to generate an IF at ~16.8 GHz. This IF corresponds to the
following relationship: fj 3ty = 12. frr + fir- Finally, a digital
oscilloscope captures the data streams, and the data are recovered
using off-line digital signal processing (DSP).

D. Intensity profiles of THz LG modes

To characterize the generated THz LG modes, we obtain
their intensity profiles both through simulation and experiment.

Figure 4 shows the intensities of 0.3 THz LG modes, in which
£ and p are {(0,0), (1,0), (2,0), (0,1), (3,0), (1,1), (2,1), and
(1,2)}. For both simulation and experimental results, only the
intensity of the spatially modulated beam (i.e., the desired LG
mode) is measured. While the other unmodulated beam remains
in the direction of the incident Gaussian beam and is not
considered. Figure 4(a) presents the simulated intensities of LG
beams at the link distance (i.e., ~ 40 cm from the generation
PP). The simulation model has a pixel size of 1.5 mm and 500
x 500 pixels at the transverse plane. As can be seen from the
intensity profiles, the number of rings equals p + 1. Here, the
LG modes are sorted based on their order according to |€| + 2p
[39]. Additionally, the conversion efficiency is calculated by
dividing the power of the final modulated beam into the total
power of the incident beam to the generation PPs [40]. We can
see that the conversion efficiency decreases with the order of
LG modes (e.g., LGi12 beam has ~ 2.2-dB lower conversion
efficiency compared to LG1,1 beam).

To obtain these profiles through experiment, the sub-
harmonic mixer is mounted on a 2D translation stage that can
traverse the XZ axis with a resolution of 5 ym. The number of
pixels is indicated for each profile in Fig. 4(b). The
experimental results are similar to the simulation results. For
both results, (i) the incident Gaussian beam (i.e., LGo,) has ~
20 mm beam width, and (ii) after the PPs, different LG modes
are generated with the designed beam width of ~ 10 mm. After
propagation, the divergence of an LG mode scales with the
mode order [41-43]. The table inside Fig. 4(b) shows the beam
diameters of LG modes at 40 cm far from the generation PP.
The beam width of each LG beam is measured by scanning its
intensity profile. As can be seen, higher order LG modes have
larger beam sizes due to the divergence corresponding to their
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Fig. 4. (a) Simulation and (b) experimental results for the intensity of THz LG
modes (¢,p) = {(0,0), (1,0), (2,0), (0,1), (3,0), (1,1), (2,1), and (1,2)}. The table
shows the beam width of different LG modes. For both the simulation and
experiment: (1) the beam width of the Gaussian beam and LG beams are 20
mm and 10 mm, respectively; (2) the intensity of the generated beam is
measured after 40 cm far from the generation phase pattern, when only
considering the modulation portion of the resultant beam. In simulation, a pixel
size of 1.5 mm and 500x500 pixels at the transverse plane are used.

mode orders. The results indicate that THz LG modes having
higher modal indices (e.g., LG12) experience higher power loss
(e.g., LG12 beam has ~ 4-dB lower power compared to LG1,1
beam), which can be explained by: (a) the larger beam
divergence [41-43] and (b) the decrease in the conversion
efficiency for LG beam generation [32-33]. These effects make
observing outer rings for these modes (e.g., LGi2) more
difficult compared to lower-order modes (e.g., LG1,1).

E. Interferograms of THz LG modes

The interferograms of THz LG modes are also measured to
verify their characteristics. We use the interferometric
arrangement to evaluate the interferograms of the LG modes
experimentally, as shown in Fig. 5(a). A reference beam (i.e.,
LGoy) in the first branch and the generated LG beam at the
second branch are combined in a beam splitter (BS). A 4-dB
attenuator and a lens with a 75 mm focal length—both of which
are 50 mm in diameter—are used to equalize the power and
enlarge the beam size of the reference beam, respectively. Like
intensity measurements, the sub-harmonic mixer, which is
mounted on a 2D translation stage and is placed 60 cm far from

the PP, is used to scan the received THz power.

The interferogram results when the modal indices of THz LG
modes are varied among the set of (¢,p) = {(0,1), (3,0), and
(1,1)} are shown in Fig. 5(a-b). To investigate the phase front,
we first employ a simulation model with a pixel size of 1.5 mm
and 500 x 500 pixels at the transverse plane. Then, a single
Gaussian mode with 20 mm beam waist is interfered with the
desired LG modes with 10 mm beam waist. Both the LG modes
with p # 0 and OAM modes (i.e., p = 0) have a twisting shape
that follows the OAM order (£). However, another twisting
pattern is observed for the p # 0 case at the outer rings due to
the m phase difference between the two neighboring concentric
rings [24-25]. The differences between the simulation and
experimental results can be explained by: (a) some
misalignment of the devices in the setup, (b) the lower
resolution of experimental results compared to the simulation
results, and (c) the fact that the emitted THz beam from the PIN-
PD is not a pure Gaussian beam as shown in Fig. 4 (b).

It should be noted that we could get the mode purity of the
generated LG modes using other approaches, such as off-axis
digital holography [44]. Although, such approaches are not
considered due to the limitation of experimental setup and
explicitly the small diffraction angle of grating patterns (i.e.,
13°). Furthermore, one can also measure the LG modal power
spectrum and evaluate the power coupling to other LG modes,
which requires fabricating multiple down-conversion PPs to
find the optimum size for matching with the received beam size.

(a) y %‘Mirror

/3, Attenuator Lens

2D stage

%@ (1]

z
THZ
9 ' [H Down —L}
onvertel
BS h X
< 9 ~

PP

(b)

Simulation
results

80*80 pixels

()

Experimental
results

50*50 pixels

«~— 12cm —

Fig. 5. (a) Experimental setup for capturing the interferogram images. An
attenuator with 4 dB loss and a THz lens with 75 mm focal length both having
50 mm diameter are used to equalize the power of reference beam and
generated beam as well as enlarge the reference beam, respectively. (b)
Simulation and (c) experimental results for the interferograms of LG modes
(¢, p) = {(0,1), (3,0), and (1,1)}. A simulation model with a pixel size of 1.5
mm and 500x500 pixels at the transverse plane is used. The beam waist of
Gaussian beam and LG beams are ~ 20 mm and 10 mm, respectively. The
interferogram images are measured after 60 cm far from the generation PPs.
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Fig. 6. (a) Input optical spectrum of 2-Gbaud QPSK data signal and CW laser source located at 1550.05 nm and 1552.45 nm, respectively. (b) Received electrical
spectrum of data and RF source located at an IF frequency of 15.42 GHz and an RF frequency of 23.6 GHz, respectively. (c-e) Normalized channel crosstalk
matrix in dB for Set 1 {LG_, and LGy}, Set2 {LG3, and LGy, }, and Set 3 {LG;; and LG, }; the BER performance of each data channels versus the SNR when
an optical power of 10.7 dBm is launched into the PIN-PD. Also shown are signal constellation diagrams at two different points with their EVM values. CW:
continuous wave; IF: intermediate frequency; RF: radio frequency; BER: bit error rate; SNR: signal-to-noise ratio; EVM: error vector magnitude.

However, we measure the power coupling for few sets of modes
in Fig. 6.

F. Experimental vresults for an LG-multiplexed THz
communication link

We measure the modal crosstalk and evaluate the data
transmission performance of an LG-multiplexed THz
communication link in Fig. 6. The 2-Gbaud QPSK signal and a
CW laser source are launched into the PIN-PD for the
heterodyne photomixing process. The measured optical
spectrum is shown in Fig. 6(a). The spectrum is obtained using
an optical spectrum analyzer (OSA). The generation of a 0.3
THz beam corresponds to the optical wavelength difference of
~ 2.4 nm. Figure 6(b) shows the received THz electrical
spectrum evaluated by the coherent receiver. The small
deviation (i.e., 1.4 GHz) of IF at 15.42 GHz compared to the
desired value (i.e., fy 3 7z — 12. frr) might be due to frequency
drifts of the optical laser sources and the stability of the RF

frequency source.

Figs. 6(c-e) show the evaluation of the 2-Gbaud QPSK signal
transmission for each THz LG mode. The three different sets of
modes used for multiplexing are as follows: Set 1, {LG_,,
LG, ,}; Set 2, {LG3o, LGo,}; and Set 3, {LG, 4, LGy1}. The
first row in the figure shows the crosstalk matrices for these
sets. These values are normalized received IF power when (a)
two optical CW laser sources are combined and launched into
the PIN-PD; (b) the input optical power to the PIN-PD is 10.7
dBm; (c) the generation and down-conversion PPs are used to
generate and detect the THz LG beams; and (d) the link distance
is ~ 40 cm. The modal coupling and crosstalk between the two
chosen modes is < -12-dB. Specifically, the crosstalk from
LG21 to LGo,1 (-12 dB) is 5-dB higher than the crosstalk from
LGs,0to LGo,1 (-17 dB). This increase in the modal coupling and
crosstalk for higher-order LG modes might be because of (a)
the transmitter/receiver misalignments and (b) the larger beam
size of LG modes with higher modal indices and the subsequent
beam truncation by the limited-sized receiver aperture [41-43].
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To provide a larger number of channels/beams in sub-THz
wireless communications using MDM of LG beams,
theoretically smaller channel mode spacing (e.g., adjacent
modes) between LG modes is preferred. However, in practice
due to the system misalignments and imperfect components the
LG modes with smaller modal spacing tends to have higher
crosstalk [42-43, 45]. We have experimentally measured >-10
dB intermodal crosstalk between two adjacent modes of {LGi,o,
LGui.1} for multiplexing, which is larger than Set 1 (i.e., {LG-2.0,
LGu.1}). Such higher crosstalk could potentially be reduced by
improving the tracking and pointing system for alignments and
LG (de)multiplexers with lower modal conversion loss and
crosstalk [4, 45, 47].

The dependence of BER performance with respect to the
SNR is shown in Figs. 6(c-e). For each of the two paths in the
setup, three cases of transmission are considered: (1) single
Gaussian, (2) single LG mode, and (3) multiplexed LG modes.
For simplicity, instead of using PPs based on complex-
amplitude modulation to generate LG beams (p # 0), SPPs are
used to generate OAM beams in a direct path, and a blazed
grating is placed in the angled path of the setup to generate
Gaussian beams. All channels appear to have BERs below
3.8x 1072 (i.e., the FEC limit [46]). Compared to a Gaussian
beam transmission, multiplexed LG modes suffer from a higher
SNR penalty (e.g., ~ 0.5 for Set 1 and 2, ~ 1 dB for Set 3). This
penalty might originate from (a) the conversion efficiency of
the generation and down-conversion approaches [32-33]; (b)
the fact that the emitted beam at the output of the PIN-PD is not
a pure Gaussian beam; and (c) the higher divergence and modal
coupling of the higher-order LG modes (e.g., LG2,1) [41-43].

Two examples of constellation diagrams with their
corresponding error vector magnitudes (EVMs) are shown in the
last row of Figs. 6(c—e). The EVM values are ~25% for the
Gaussian modes and ~35% for the multiplexed LG modes at an
optical power of ~10.7-dBm. The distortion of constellation
diagrams and higher EVM values for multiplexed LG modes
can be due to the increase in modal power coupling and higher
power loss compared to those of Gaussian modes at the same
SNR level.

It is worth noting that implementation and performance of
MDM in sub-THz frequencies have some differences compared
to optical frequencies despite their similar concept. In terms of
performance, MDM system in sub-THz frequencies: (i)
experiences relatively higher divergences, (ii) has smaller
available spectrum for communication, and (iii) suffer less by
the atmospheric turbulence and weather conditions [5-6, 8, 20].
In terms of implementation, in this experiment THz waves are
generated by beating two laser sources in a PIN-PD using the
heterodyning approach, wherein one of the laser sources is
modulated to carry data streams. In optical frequencies, the data
channels are commonly generated by modulating a single
optical carrier using an amplitude/phase modulator [7-11].

We note that our demonstration is for a ~ 40 cm link distance.
When transmitting longer wireless distances, LG beams will
experience higher divergence and more beam truncations
induced by a limited-size receiver aperture. This can increase
the power coupling to neighboring LG modes with different £

and p indices [41-43]. For instance, we simulate a sub-THz link
(e.g., 0.3 THz) while transmitting an LG1,1 mode, as shown in
Table I. When increasing the beam width and receiver aperture
diameter by a factor of five in the simulation model, the power
loss and highest crosstalk could be reduced. However, longer
link distances may be feasible to accommodate by the
following: (i) higher transmission power to overcome the
atmospheric attenuation [8, 46]; (ii) different diffraction
patterns with higher conversion efficiencies for different LG
modes [33-34], and (iii) larger transmitted beam waist and
receiver aperture to address the issue of beam divergence [47].

TABLE
SIMULATION RESULTS OF LONGER WIRELESS DISTANCES WHEN
TRANSMITTING AN LG1,1 MODE

Link distance | 04m | 4m | 10 m
Case 1 Powerloss(dB) | ~04 | ~74 | ~13.7
beam width 10 mm
. . Crosstalk (dB) | ~-15 | ~-86 | ~-62
receiver aperture diameter 10 cm
Case 2 PowerlossdB) | ~0 | ~16 |~115
beam width 50 mm
receiver aperture diameter 50 cm | Crosstalk dB) | ~-28 | ~-7 | ~-6

III. SUMMARY

In summary, we have experimentally demonstrated THz
MDM of LG beams when varying two different modal indices.
By designing specific PPs, THz LG beams can be generated and
detected. The proposed method can enable THz MDM in a 2D
modal basis set using LG modes (i.e., both £ and p) instead of
a 1D modal basis set using OAM modes (i.e., only £). Data
transmission at a total data rate of 8-Gbit/s is performed at 0.3
THz over a ~ 40-cm link for two multiplexed modes. When
using higher-order LG modes varying two indices for MDM:
(a) divergence, beam size, and power loss can increase; and (b)
a higher modal coupling and crosstalk can occur due to link
misalignment and beam truncation by the limited-sized receiver
aperture.
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