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Abstract: Orbital angular momentum (OAM) with mutually orthogonal advantage attribute to
break through the high capacity and long-reach transmission limited in the classical passive optical
network (PON). Employing Laguerre Gaussian (LG) mode as the orthogonal OAM excitation, a
more dimensional multiplexing PON system is proposed to creatively hybridize OAM division
multiplexing (OAM-DM) based on wavelength division multiplexing (WDM) and orthogonal fre-
quency division multiplexing (OFDM). By utilizing the compatibility of OAM-DM and WDM, data
of 40 Gbit/s OFDM signals is successfully transmitted in 80 km multimode fiber (MMF) with low
crosstalk. Within this hybrid system, the effects of different wavelengths and different modes on the
bit error rate (BER) are discussed at varying transmission distances. Moreover, the performance of
several subsystems carrying quadrature phase-shift keying (QPSK), on-off keying (OOK), and OFDM
modulation signals is also compared at a BER less than 3.8 x 1073. It is observed that the proposed
OAM-DM-WDM-OFDM-PON system has favorable performance, which is a reasonable solution for
large-capacity PON architecture.

Keywords: orbital angular momentum (OAM); passive optical network (PON); Laguerre-Gaussian (LG)
mode; wavelength division multiplexing (WDM); orthogonal frequency division multiplexing (OFDM)

1. Introduction

Passive optical network (PON) has been widely applied in fiber to the x (FTTx) services
owing to its low cost and low energy consumption [1]. In comparison with traditional PON
architecture, next-generation PON (NG-PON) has the advantages of expanding network
coverage and increasing data rate. Typically, NG-PON mainly includes time wavelength
division multiplexing PON (TWDM-PON) [2], wavelength division multiplexing PON
(WDM-PON) [3,4], orthogonal frequency-division multiplexing PON (OFDM-PON) [5], etc.
Among these techniques, WDM-PON has attracted much attention due to its high band-
width, large capacity, and channel independence [6]. However, as the traditional photon
dimension resources are exhausted, the new capacity crisis of optical communication begins
to appear. Facing the explosive growth of global data traffic, it is urgent to design a more
dimensional hybrid PON system for enhancing the transmission capacity.

Beyond the multiplexing technologies, numerous advanced modulation formats and
multiplexing techniques such as OFDM, quadrature phase-shift keying (QPSK), on-off
keying (OOK), and so on, have been reported. Unfortunately, the exploitation of the
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conventional dimension resources of the photon has reached a limitation. In addition
to the known physical dimension (e.g., amplitude, phase, frequency/wavelength), the
spatial structure of the light wave should be fully considered. Meanwhile, mode division
multiplexing (MDM) using orthogonal spatial modes to load signals was an emerging
technique for large-capacity data communication [7]. Recently, a lot of research works have
been carried out on spatial modes in linearly polarized (LP) modes [8], orbital angular
momentum (OAM) modes [9], and vector modes [10]. Particularly, LP and OAM modes are
most widely used in MDM for efficiently increasing the capacity of the optical fiber link.

Allen et al. successfully revealed the property of Laguerre-Gaussian (LGj,) carrying
OAM in 1992 [11]. Since then, OAM of light was a promising means for exploiting the
spatial dimension of light to increase the communication capacity. However, the bottleneck
to implement this technique relies on the generation and detection of OAM states, either
inside free space optic (FSO) [12] or in optical fibers [13]. In addition, OAM is also used in
optical imaging [14], quantum communication field [15], and so on. For OAM-FSO com-
munication, Liu and Wang demonstrated OAM beams carrying four-level pulse-amplitude
modulation (PAM-4) signal in FSO polarization-insensitive links [16]. Xie et al. proved that
a data rate of 200 Gbps was achieved on a 1 m FSO link using two LG beams with different
radial indexes [17]. Various MDM efforts have been focused on FSO links, but have little
report devoted to optical fiber communication. Furthermore, the combination of OAM
with polarization modulation (PM), OFDM, and other multi-dimensional modulation tech-
niques is rarely considered in recent OAM optical fiber communication research. For OAM
optical communication, a report on two-dimensional multiplexing of TDM and OAM was
achieved in [18,19]. Yang et al. demonstrated the MDM-PON based on three-dimensional
carrier-less amplitude/phase (3D-CAP) modulation that transmits over 4.1 km ring-core
fiber (RCF) [20].

In this work, a more dimensional multiplexing OAM-DM-PON system, which com-
bines WDM and OFDM is discussed in great detail to further improve the communication
capacity of the access network. And the BER performance versus transmission distance
is investigated. On the one hand, LG modes with different wavelengths are used to load
OFDM signals at the transmitter side and a 10-80 km multimode fiber (MMF) for OAM
multiplexing is required at the downstream transmission link. On the other hand, the
case of a single OAM mode and a single wavelength system is examined and evaluated.
Furthermore, the simulation results of three (OFDM, OOK, QPSK) modulation schemes
with two LG modes multiplexing are also presented and compared. The simulation results
verified that OAM is compatible with other dimensions of photons and can well meet the
needs of high-capacity communication.

2. Principle

Three blocks are comprised in our OAM-DM link including LG mode generation,
modulation, and multiplexing. Firstly, the orthogonal property of LG mode and OFDM
modulation method are described theoretically. Figure 1 illustrates the transmitter struc-
ture of the hybrid OAM-DM-WDM-OFDM-PON system, where the OAM multiplexing is
achieved by LG modes with different radial values. In fact, OAM and OFDM have been
jointly used. Chen et al. proposed the 2D-FFT-based OAM-OFDM framework for broad-
band wireless communication [21]. As shown in Figure 1, the modulated two LG modes
are multiplexed at the transmitter terminal, together with its 2D and 3D mode diagram.
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Figure 1. The schematic of the OAM-DM-WDM-OFDM-PON system transmitter.
2.1. LG Mode with Orthogonal Properties
The light field of the general vortex in polar coordinates is expressed as:
E(r,0,z) = Ey(r,0,z0) exp(—ikz) exp(ilf), 1)

where k is the wave vector. [ is the azimuth value, Ey(7, 6, zg) is the complex amplitude of
incident light. z is the transmission distance.

After transmission for a certain distance, polar coordinates are converted to Cartesian
coordinates and diffraction integrals are used, the amplitude of vortex beam is expressed as:

k 1+1

Blopz) = i) (L

)Eg exp(ikz) explikz(x? + y?) /202 Az]. )

where A is light field amplitude. ¢ is the spot size.

It is well known that the most commonly used OAM beam is the LG beam, due to its
simplicity of generation. The azimuth index is constant / = 0 and the radial indexes are
p =2,4,two LGy, modes are adopted in this study which can be described as [22]

B ‘l| 2 2 . 2
1, (0, 9,2) = 55 (528 exp(— b )L () explikogh) )

x exp[—i(2p+|l|4+1)(z)] exp(il¢p),

where u, (p, ¢, z) represents light field intensity of the LGy, in a circularly symmetric form.

By, is the normalization constant which can be expressed as By, = +/2p!/[7(p + [I])!]. Li,(-)

is the generalized Laguerre polynomial. w(z) = wy \/ 1+ [Az/(mw?)] ? is the beam spot of
LGj—g,p—o which wy is the radius of the beam waist. ko represents the wave vector of a light
beam in a vacuum. R(z) equals to z — izg and zp is the Rayleigh range. (2p + |I| + 1){(2)
is the Gouy phase shift with {(z) = tan~!z/z.

Moreover, the orthogonality of LG modes in the transmission is reflected if they have
either a different p value or a different / value, which is expressed in cylindrical coordinates
as [23]:

27 « _ [ 0,y #Lorp #p2
/O /O M(T’, (P/ ll/ Pllwo)u (7’/47/ lZ/ PZ/ wO)dCPdV - { 1[ ll _ l2 and p] _ pzl (4)

where /1 and I, denote the topological charge. p; and p; are radial nodes. According to
Equation (4), LG modes are mutually orthogonal only when I; # I or p; # pp, which
offers a new degree for future communication systems.
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2.2. OFDM Modulation

OFDM is a multi-carrier modulation technology and it uses multiple sub-carriers to
convert the high-speed data streams to multiple sub-channels with relatively low rates
for parallel transmission. Firstly, the data stream gets through the 4-QAM generator and
OFDM modulator, as shown in Figure 1. Then, the OFDM signals are introduced into the
system and the generated OFDM signal is defined as [24]:

s(t) = Yo YN cusi(t —iTy), ()

where N represents the number of subcarriers, s is the subcarrier waveform, and c; defines
the information of kyj, subcarriers, Ts is the symbol period. In this system, the OFDM signal
is loaded into the LG mode through the LiNbO3; modulator and the signal after modulation
can be obtained by:

Eorpwm(t) = Eos(t)]1(b) cos(w)t + Eos(t)]J1(b) cos(w)t, (6)

where Ey and w are the amplitude and angular frequency of the LG mode, respectively.
After MMF propagation, the OFDM signal is detected and demodulated at the receiver
side. The photocurrent can be given by:

Tout orpm () = 1| Eout orpm(t) °, (7)

where y is the sensitivity of the PIN photodiode. In a word, the combination of LG mode
and OFDM signals successfully builds the transmitter part of the optical communica-
tion system.

3. Architecture of Hybrid OAM-DM-WDM-OFDM-PON System

The configuration of the hybrid OAM-DM-WDM-OFDM-PON system with two OAM
modes (LGj—q,p=2 and LGj—q p=4) over 10-80 km MMF is simulated using Synopis OptSim
as shown in Figure 2a. Here, a classic PON with splitters and one fiber per OLT port is used
in the proposed system. It consists of an optical line terminal (OLT), optical fiber link, and
optical network unit (ONU). Otherwise, two OAM modes, which have a relatively large
effective refractive index difference between each other, are transmitted in MMF, so mode
crosstalk would suffer little mode crosstalk.

In Figure 2a, OFDM modulation is adopted in the downstream link and the OOK re-
modulation technology is used in the upstream link, respectively. In addition, the spatial de-
multiplexer is used at the receiver, which can de-multiplex spatial signal channel according
to wavelength and then separates out all spatial modes associated with each wavelength.

There are many ways to generate OAM mode, such as helical phase plate, spatial light
modulator, etc. In our work, the LG mode generation method is depicted in Figure 2b.
The Laguerre Transverse Mode Generator device is employed, which attaches Laguerre-
Gaussian transverse mode profiles to the input Gaussian mode x and y polarizations.
It's worth noting that the X and Y indexes describe the azimuthal and radial indexes,
respectively. The list of mode indexes for each polarization, as well as the spot size and the
inverse of the radius of curvature for each mode are also provided. Obviously, the LG mode
can be generated successfully with this device. And the transverse electric field intensity of
the LG, ,—2 and LG~ ,—4 mode is shown in Figure 3a,b, respectively. A and B represent
the optical vortex radius. Due to the optical vortex, the petal shapes are achieved at the
mode center and the central ring becomes larger as the radial value p increases, while the
central light intensity gradually decreases, as plotted in Figure 3. Figure 3a,b are the 3D
diagram with the transverse mode of LGj—¢,,—> and LGj—¢,,—4 signal, respectively. The
X(m) and Y(m) denote x and y polarization. The colorbar is the normalized optical field
intensity distribution corresponding to Figure 3c¢,d.
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Figure 2. The schematic diagram of (a) the proposed OAM-DM-WDM-OFDM-PON system;
(b) LG =2, p = 0 mode generation.

The employed MMF in the downstream link is a conventional Yb** doped multimode
fiber with a step-index profile. The radii and refractive index of the fiber core are 3.4 um
and 1.45, respectively. Yb doping radius is 3.4 um as well. Additionally, the standard of
the single-mode fiber (SMF) fiber in the upstream link is ITU-T G.652D with dispersion
coefficient for 1550 nm about 16.75 ps/nm * km. OOK re-modulation is used for the
upstream link. Therefore, the system structure is simplified and source-free ONU is
realized owing to the modulation process without a new optical source.

At the OLT side, two random binary sequences with a 10 Gbps data rate are provided
by pseudo-random binary sequences (PRBS) generator for each wavelength and then
entered into a 4-QAM generator with 2-bits per symbol sequence. Subsequently, the output
4-QAM signal is transmitted to the OFDM modulator for mapping 512 subcarriers, 1024 FFT
points, and 64 cyclic prefix points. As shown in Figure 4a, the power of OFDM modulation
signals is 30 dBm at both 20 GHz and 40 GHz. After the OFDM modulator, the signal
gets into the quadrature modulator (QM) with a 7.5 GHz frequency through the low pass
cosine roll-off filter. Both the downstream and the upstream frequencies (193.1 THz and
193.2 THz) are set with an interval of 100 GHz. These frequencies are emitted by utilizing
pairs of continuous wave (CW) lasers with a linewidth of 0.01 MHz. Besides, the Gaussian
mode is converted to LG mode carrying a special radial index p in a Laguerre Transverse
Mode Generator. The LiNbO3 Mach-Zehnder modulator (MZM) has three input ports
comprising LG mode and two electrical signals from QM. The signal spectrum at 193.1 THz
after the LINbO3 MZM is shown in Figure 4b. After that, two modulated OFDM signals
based on LG mode with two wavelengths are multiplexed through a WDM multiplexer
(mux) before coupling into the MME. The multiplexed signal spectrum before and after
MMF transmission is depicted in Figure 4c,d, respectively. One can be observed that the
spectrum power has a remarkable decrease after MMF, which is mainly caused by the
noise and attenuation effect of fiber. After propagating for a certain distance in MMF, the
multiple LG-WDM signals are de-multiplexed into a single LG mode through a spatial
de-multiplexer. The transmission attenuation is 0.2 dB/km. It is worth noting that the
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signals carried by different OAM modes cannot interfere with each other. Then, the signal
is divided into two streams by a WDM de-multiplexer (de-mux) through the wavelength,
as shown in Figure 4e.
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Figure 3. 3-Dimension and 2-Dimension transverse electric field intensity of the (a,c) LG | = op=2;
(b,d) LG | =0p=4 mode. A, B: optical zero vortex radius.

At the ONU side, a fork component splits signals into two different paths, one for
de-multiplexing, and one for the carrier of the upstream link. In the de-multiplexing path,
the received signal via the photodetector and obtain gained by the electrical amplifier.
As shown in Figure 4f, the modulated signal is de-multiplexed back to the initial signal
through quadrature, OFDM demodulator, and QAM decode. For the other path, the optical
carrier from the downstream link loads the non-return-to-zero (NRZ) signal through MZM
for upstream transmission. In the end, the electrical signal is regenerated through the
3R regenerator and sent to the BER analyzer for bit error rate, Q-factor, and eye diagram
performance measurement.

For the upstream link, each ONU using carrier re-modulation technology goes through
the MZM to modulate the 20 Gbps OOK signal onto the light wave from the downstream
link. It effectively saves communication costs by reducing the number of light sources.
Then, the modulated signal enters into the SMF. The spectrum of upstream subcarrier
re-modulation signal before and after propagating through SMF is shown in Figure 5.
One can see that the power at the center frequency decreases from —10 dBm to 0 dBm after
transmitting through SMEF, which is mainly caused by the dispersion and propagation loss
in the fiber. The receiver side consists optical amplifier, PIN photodiode, low pass Bessel
filter, and 3R regenerator, as well.
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received OFDM signal.
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Figure 5. The upstream spectrum of the re-modulated signal (a) before; (b) after SMF transmission.

4. Results and Discussion

In this section, the performance of the proposed OAM-DM-WDM-OFDM-PON system
is characterized. Especially, some key parameters adopted in this study are listed in Table 1.
Under the same parameter conditions, the system with QPSK and OOK modulation formats
is also investigated. In the meantime, the electrical constellation diagram, eye diagram,
Q factor, and BER are measured.
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Table 1. The Main Parameters of the OAM-DM-WDM-OFDM-PON System.

Component Parameter Value Unit
power -8 dBm
CW laser wavelength 193.1,193.2 THz
linewidth 0.01 MHz
PRBS generator bit rate 10, 20 Gbits
power ratio array 1 -
LG mode generator pox. m. n index 0.2,04 -
QAM sequence generator bits per symbol 2 bits
LiNbO3 MZM extinction 30 dB
number of subcarriers 512 -
OFDM de/modulator number of FFT points 1024 -
number of cyclic prefix points 64 -
Quadrature de/modulator frequency 7.5 GHz
length 10-80 km
attenuation 0.2 dB/km
MME refractive inde.x profile step-index -
core radius 34 um
core refractive index 1.45 -
dispersion slope 0.075 ps/nm?/km
WDM de/mux frequency 193.1,193.2 THz
Spatial de-multiplexer number of spatial modes 1
Optical amplifier gain 15 dB
sequence length 16,384 -
Global parameter sample per bit o _

To start, the received OFDM constellation diagrams of the proposed OAM-DM-WDM-
OFDM-PON system at 10 Gbps and 20 Gbps are presented in Figure 6a,b, respectively.
It can be seen that the quality of the constellation diagram degrades with the data rate
increases, which means the stronger attenuation introduces distortion into the signal. As
shown in Figure 7, under 10 Gbps data rate, the eye diagrams of upstream and down-

stream links after 10 km propagation distance are successfully demonstrated with favorable
transmission performance.

Amplitude-Q (a.u.)

Amplitude-Q (a.u.)

0 1
Amplitude-I (a.u.)

(a) (b)

Amplitude-I (a.u.)

Figure 6. Constellation diagrams of received OFDM at (a) 10 Gbps; (b) 20 Gbps data rate after 80 km
transmission distance.
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Figure 7. Eye diagrams of (a) downstream; (b) upstream link after 10 km transmission distance.

As shown in Figure 8a, the influence of OAM mode number and different trans-
mission distances on BER is investigated in the hybrid OAM-DM-WDM-OFDM-PON
system. Here, we mainly focus on the performance of the upstream link. The black dots
show the BER of single OAM mode (LGj=0,p=2) whereas the red dots and the blue dots
show the 2 multiplexed OAM mode (LG—¢,,=2 ,LG=g p=4) and 4 multiplexed OAM mode
(LGi=0,p=2, LGi=0,p=4, LG| =0 p=6 , LG)=0,p=8), respectively. It is observed that with the trans-
mission distance increased, the BER performance is getting worse. The system performance
of a single mode is better than multiple modes in short-distance transmission case, which
is caused by mode crosstalk. Under the same BER, the 2 multiplexed OAM mode system
shows significant advantages in transmission capacity thanks to its orthogonal property
and low crosstalk. For the 4 multiplexed mode system, the performance deteriorates sig-
nificantly over long distances owing to the mode crosstalk. With example constellation
diagrams, two curves of BER under the data rate with 10 Gbps and 20 Gbps are displayed
in Figure 8b. From the graph, one can find that raising the propagation rate would increase
BER values. Note that all values are lower than the forward error correction (FEC) threshold
of 3.8 x 1073, Thus, future improvements to the MMF may lead to lower crosstalk and
better system performance.

—=—10 Gbps=2
07 FEC._ [—*— 20 Gbpsx2
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Figure 8. BER curves with (a) single OAM mode versus multiplexed OAM modes; (b) 10 Gbps versus
20 Gbps single channel data rate in the OAM-DM-WDM-OFDM-PON system upstream link.
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Table 2 shows the BER and Q factor with CW laser power of —8 dBm, 0 dBm, and
3 dBm under 10 Gbits transmission rate, respectively. The performance of the system is
degraded with the input power reduction, which is caused by the low power efficiency of
each channel and thermal noise.

Table 2. CW power versus BER and Q factor with 10 Gbit/s for OAM-DM-WDM-OFDM-PON
upstream transmission.

Power BER Q Factor
—8dBm 2.31201 x 10~30 11.3421
0dBm 1.50521 x 10730 11.3798
3 dBm 1.50344 x 1030 11.3824

In addition, the main limitation to the system performance is fiber mode crosstalk. We
measure the power before and after transmission through MMF, as depicted in Table 3. As
a consequence, different OAM modes would suffer little mode crosstalk (<0.01 dB).

Table 3. The signal-noise ratio (SNR) versus transmission distance before and after MMF.

Channel 1 Channel 2
0 10 km 0 20 km
SNR 35.938069 dB 35.932641 dB 36.181936 36.174332

In Figure 9, simulated investigations are undertaken for the OAM-DM-PON system
over a single wavelength, 2 wavelengths, and 4 wavelengths channel. For transmission
distances varying from 10 km to 80 km, the BERs of the hybrid system with single and
2 wavelengths fluctuate around 107 and 1073, respectively. It can be seen that the
performance of 2 wavelengths system is similar to the 4 wavelengths system. It shows
that the system with 2 wavelengths as well as 4 wavelengths has a better performance
compared with the single wavelength transmission. Furthermore, it can also be seen from
Figure 9 that as the transmission distance increases, the BER performance of the three
systems is deteriorated.

= single wavelengt
2 wavelengths

4~ 4 wavelengths

LogBER

=254 / vf

_—

- I A
-30—<k;" — —> L 3 A > 4

/

Length (km)

Figure 9. BER versus transmission distance of the hybrid OAM-DM-WDM-OFDM-PON system with
different wavelengths.

To investigate the influence of optical fiber dispersion on system performance, the
eye diagrams are measured in back-to-back (B2B) transmission and 50 km fiber links,
respectively. As can be seen in Figure 10, the performance of the system will decrease
with the influence of the dispersion. The BER of the system under back-to-back and 50 km
MMEF transmission is 2.8 x 10773 and 2.3 x 10739, Besides, modal dispersion also affects
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the power of the signal. For B2B transmission, the received power of OAM is —13.13 dBm,
while the power of OAM is —27 dBm after 50 km MMF.
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Figure 10. The upstream receiver eye diagram at (a) B2B; (b) 50 km MMF transmission distance.

The comparative analysis of the BER features based on the OOK and QPSK modulation
is plotted in Figure 11a,b. Especially, it only takes a low data rate with 5 Gbps and 10 Gbps
in the system. As shown in Figure 11a, the BER values of the two systems are relatively
large under 10 Gbps transmission rate. One possible reason is that the signal carriers from
downstream links suffer from modal crosstalk, which reduces the optical power. Another
possible reason is that the limitation of SMF leads to the attenuation of signals. Figure 11b
also depicts the BER of the downstream link versus the transmission distance and a total
capacity of 10/20 Gbps below the FEC limit is achieved. The results of this figure highlight
the importance of modulation format and transmission rate to system performance.
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Figure 11. BER curves of the system on the OOK and QPSK modulation versus transmission distance
at (a) upstream link; (b) downstream link.

From the above results, it can be concluded that the hybrid OAM-DM-WDM-OFDM-
PON system based on OFDM modulation is more suitable for long-distance and large-
capacity downstream transmission compared with other modulation methods.

5. Conclusions

In summary, a novel hybrid OAM-DM-WDM-OFDM-PON system is proposed, which
can support two OAM (LG~ p—» and LGj—g p—4) modes multiplexing. With the combi-



Photonics 2022, 9, 448 12 of 13

nation of OAM-DM, WDM, and OFDM modulation, the communication capacity of the
system is significantly improved. Meanwhile, the simulation results effectively prove the
compatibility of OAM with WDM and OFDM techniques. Benefiting from the orthogonality
of OAM modes, each LG mode over 80 km of MMF is successfully recovered at the receiver
side. Besides, the measured BER of multiplexed LG mode system based on different wave-
lengths, as well as a single LG mode system with the same wavelength, is verified to be
less than 3.8 x 102 in our OAM-DM-PON system. Compared with QPSK and OOK modu-
lation, the proposed hybrid system with OFDM modulation is preferable for improving
transmission capacity which can up to 40 Gbps with BER values below the FEC threshold.
The simulation results demonstrate that the hybrid OAM-DM-WDM-OFDM-PON system
has a strong ability to realize capacity enhancement.

The limitation of this work is that all the results are simulated. Furthermore, our research
team will continue to apply it to practical environment and investigate the effects of multi-
mode crosstalk on the OAM-DM-PON system to improve communication quality. In the
future, the transmission capacity of optical access networks is expected to be greatly increased
by introducing more OAM modes and advanced multiplexing/modulation formats.
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