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A PDM-based 128-Gb/s PAM4 fibre-
FSO convergent system with OBPFs 
for polarisation de-multiplexing
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A polarisation-division-multiplexing (PDM)-based four-level pulse amplitude modulation (PAM4) fibre-
free-space optical (FSO) convergent system with optical band-pass filters (OBPFs) for polarisation 
de-multiplexing is feasibly demonstrated for the first time. In a PDM scenario with PAM4 modulation, 
the transmission capacity of fibre-FSO convergent systems is enhanced four times with an aggregate 
channel capacity of 128 Gb/s (64 Gb/s PAM4/polarisation × 2 polarisations). With an OBPF, polarisation-
tracking free de-multiplexing is attained by eliminating other optical carrier with orthogonal 
polarisation. An OBPF is a simple polarisation de-multiplexing scheme in which the polarisation-
orthogonal carrier can be effectively de-multiplexed and the cross-polarisation interference can 
be nearly eliminated. Compared with traditional PDM-based fibre-FSO convergent systems with 
sophisticated polarisation-tracking mechanism and elaborate digital signal processing (DSP) approach, 
it reveals a noteworthy one with the advantage of simplicity. Through 25 km single-mode fibre transport 
and 500 m FSO link, sufficiently low bit error rate and qualified PAM4 eye diagrams are attained. This 
proposed polarisation-tracking free PDM-based fibre-FSO convergent system is notable because it not 
only incorporates the fibre backbone and optical wireless feeder, but it also simplifies the framework 
since complicated polarisation-tracking mechanism and DSP approach are not involved.

In the past few years, �bre-free-space optical (FSO) convergent systems have attracted considerable attention 
to connect �bre backbone and optical wireless feeder networks. Fibre-FSO convergence can make use of the 
traits of optical �bre and optical wireless communications, such as the naturally signi�cant bandwidth of optical 
�bre and the unlicensed electromagnetic spectrum of optical wireless communication1,2. To incorporate the huge 
bandwidth of �bre backbone and the �exibility of optical wireless feeder, �bre-FSO convergent systems present 
a powerful scenario for providing present and emerging technologies, such as the broadband Internet, virtual/
augmented reality, 4 K/8 K video streaming, and 5 G/Pre-6G mobile communications3–7. Compared with previous 
communication systems, �bre-FSO convergent systems can provide not only high transmission capacity but also 
satisfactory mobility.

Data center interconnect tra�c is growing rapidly, along with the increasing popularity of Internet and 
mobile telecommunication applications. Such exponential growth of data-transmission loading has pushed the 
requirements for high transmission capacity. A polarisation-division-multiplexing (PDM) scenario has been 
explored to provide high transmission capacity8–10. In the PDM scenario, the transmission capacity of �bre-FSO 
convergent systems can be improved. Moreover, to further enhance the transmission capacity, four-level pulse 
amplitude modulation (PAM4) rather than none-return-to-zero (NRZ) modulation is adopted, provided that 
PAM4 modulation is an e�cient approach to meet the targets of high transmission capacity11–13. In this study, a 
PDM-based 128-Gb/s PAM4 �bre-FSO convergent system over 25 km single-mode �bre (SMF) transport with 
500 m free-space transmission is proposed and experimentally demonstrated. Two optical carriers (wavelengths) 
are polarized in di�erent polarisations (x- and y-polarisations). �e transmission capacity of �ber-FSO con-
vergent systems is substantially multiplied by combining PDM scenario with PAM4 modulation. With optical 
band-pass �lters (OBPFs) for polarisation de-multiplexing, the polarisation-orthogonal carriers (x-polarised 
and y-polarised carriers) are simply de-multiplexed for each polarisation. To our knowledge, this demonstration 
is the �rst one that constructs a high-speed �bre-FSO convergence with OBPFs to e�ectively de-multiplex the 
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polarisation-orthogonal carriers. For traditional PDM-based lightwave transmission systems (two orthogonally 
polarised optical carriers with same wavelength), sophisticated polarisation-tracking mechanism and elaborate 
digital signal processing (DSP) approach are needed for polarisation de-multiplexing14–21. In 2018, Ding et al. 
achieved a polarisation-coherent scheme with adaptive polarisation control in wireless optical communication 
systems14. Li et al. demonstrated the delivery of a 54-Gb/s 8-quadrature amplitude modulation (QAM) W-band 
signal and 32-Gb/s 16-QAM K-band signal over 20 km SMF-28 and 2500 m wireless distance15. Hoang et al. 
achieved a 480-Gb/s single carrier signal with 60 Gbaud PDM-16-QAM over 80 km SMF with a bit-error-rate 
(BER) below the threshold of so� decision forward error correction16. Chagnon et al. proposed a DSP approach 
to process 4-D vectors and recover the intensity-modulation and phase-modulation information17. Wu et al. 
solved the polarisation-sensitive issue of radio-over-fibre systems by reprocessing polarisation-orthogonal 
lightwaves for upstream links18. Hou et al. attained a polarisation-stabilization control system based on 
polarisation-tracking mechanism and DSP approach19. Koch et al. established a 20-Gb/s PDM-RZ-DPSK trans-
mission with 40 krad/s endless optical-polarisation tracking20. In 2010, Qian et al. demonstrated a 108-Gb/s 
multiple-input multiple-output orthogonal frequency-division multiple access passive optical network frame-
work based on polarisation multiplexing and direct detection21. However, the polarisation-tracking mechanism 
and DSP approach will further complicate PDM-based lightwave transmission systems. For an actual deployment 
of a PDM-based lightwave transmission system, development of a polarisation de-multiplexing scheme with low 
sophistication is critically important.

We attainably constructed a PDM-based 128-Gb/s PAM4 fibre-FSO convergent system with OBPFs 
for polarisation de-multiplexing. In a PDM scenario with PAM4 modulation, the transmission capacity of 
�bre-FSO convergent systems is increased four times. With the adoption of polarization-independent OBPFs, 
the polarisation-orthogonal carriers are effectively de-multiplexed because they are modulated at differ-
ent wavelengths. By removing other optical carrier with contrasting polarisation, polarisation-tracking free 
de-multiplexing is feasibly acquired. As for the traditional PDM-based fibre-FSO convergent systems, the 
polarisation-orthogonal carriers can’t be de-multiplexed by utilizing OBPFs because they are modulated at the 
same wavelength. Furthermore, two orthogonally polarised optical carriers with same wavelength will induce 
cross-polarisation interference and worsen the performance of �bre-FSO convergent systems. �rough 25 km 
SMF transport and 500 m free-space transmission, competent BER performance and quali�ed PAM4 eye dia-
grams are achieved with an aggregate transmission capacity of 128 Gb/s (64 Gb/s/polarisation × 2 polarisations). 
�e free-space link is increased to 500 m with the utilization of doublet lenses. Doublet lenses play vital roles in 
propagating laser beams through the free space22,23. A polarisation-tracking free PDM-based �bre-FSO conver-
gent system is a promising convergence into which not only optical �bre backbone and optical wireless feeder 
networks are incorporated, but the traditional and complicated polarisation-tracking mechanism and DSP 
approach are not needed. �is illustrated polarisation-tracking free PDM-based �bre-FSO convergence provides 
high transmission capacity and directs an access to accelerate the widespread applications through SMF transport 
with FSO transmission.

Results
Schematic diagram of multiple carrier generator with optical signal-to-noise ratio (OSNR) 
enhancement and the multiple carrier generator’s optical spectra before and after the OSNR 
enhancement setup. Figure 1(a) presents the schematic diagram of the multiple carrier generator with 
OSNR enhancement. Multiple optical carriers are produced by directly modulating a distributed feedback (DFB) 
laser diode (LD) with a central wavelength of 1545.44 nm. �e DFB LD is modulated with 12.5 GHz sinusoidal 
RF signal. �e number of carriers is determined by the RF power level of the modulating signal on the DFB LD. 
For 12.5 GHz modulating signal with suitable RF power level, multiple coherent carriers will be produced with 
12.5 GHz channel spacing. �ese optical carriers travel through an optical band-rejection �lter, which is centered 
at 1545.44 nm and has a 0.03-nm 3-dB bandwidth, to �lter out the zero-order carrier. Subsequently, they are 
enhanced by an OSNR enhancement setup and �ltered by an OBPF, with a slope of 500 dB/nm, to pick up ±1 and 
±2 optical carriers. �e OSNR enhancement setup comprises an optical circulator (OC), a delay interferometer 

Figure 1. (a) �e schematic diagram of the multiple carrier generator with OSNR enhancement. (b) �e 
multiple carrier generator’s optical spectra before and a�er the OSNR enhancement setup.
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(DI) with 12.5 GHz free spectral range, and a re�ective semiconductor optical ampli�er (RSOA)24,25. �e OC is 
employed to dispatch the produced optical carriers into the DI. With the DI, an RSOA is deployed to amplify 
and re�ect the optical carriers. �e DI serves as a comb �lter to reduce each optical carrier’s valley power, and 
the RSOA serves as an optical ampli�er to promote each optical carrier’s peak power. Accordingly, each optical 
carrier’s OSNR value is enhanced.

For a directly modulated lightwave transmission system, the electric �eld of modulating an RF signal can be 
depicted by way of following equation26:

π β π φ= + 


+ 
{ }E t M f t j f t I f( ) 1 sin(2 ) exp cos 2 ( , ) (1)m m f o m

where M is the modulation depth, fm is the modulation frequency, β is the FM index, and φf is the phase delay 
which is determined by bias currents Io and fm. A DFB LD with direct modulation will create intensity modulation 
(square root items) and phase modulation (exponent items) concurrently. �e power di�erence among optical 
carriers can be reduced with an enhanced e�ect of phase modulation27.

�e multiple carrier generator’s optical spectra before and a�er the OSNR enhancement setup are exhibited in 
Fig. 1(b). �e �gure shows that an approximately 6–9 dB OSNR value enhancement is acquired for each carrier as 
the produced coherent carriers pass through the OSNR enhancement setup. �e connection between the Q-factor 
and the OSNR value is stated as28:
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where R is the ratio of the peak photocurrent to the average, ∆v0 is the OSNR measurement bandwidth, and B is 
the receiver bandwidth. Clearly, from Eq. (2), the Q-factor is proportional to the square root of OSNR. 
Additionally, higher Q-factor value gives rise to better BER performance on the basis of the equation between the 
BER and Q-factor29:
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A higher OSNR contributes to a higher Q-factor, leading to a better BER performance.

Polarisation-orthogonal carriers’ optical spectra (x-polarisation and y-polarisation) with 64-Gb/s 
PAM4 signals and the optical spectra of the filtered (de-multiplexed) carriers. Figure 2(a) dis-
plays the polarisation-orthogonal carriers’ optical spectra (x-polarisation and y-polarisation) with 64-Gb/s 
PAM4 signals. Moreover, the optical spectra of the �ltered (de-multiplexed) carriers are presented in Fig. 2(b) 
(y-polarisation) and Fig. 2(c) (x-polarisation), respectively. With the use of OBPFs, the polarisation-orthogonal 
carriers are de-multiplexed from the PDM scenario. Polarisation-tracking free de-multiplexing is attained when 
other optical carrier with orthogonal polarisation is �ltered out. �e residual carrier with orthogonal polarisation 
is almost nonexistent a�er passing through an OBPF; therefore, the cross-polarisation interference will be trivially 
small. As for two optical carriers with parallel polarisations, distortions caused by self-polarisation interference 

Figure 2. (a) �e polarisation-orthogonal carriers’ optical spectra (x-polarisation and y-polarisation) with 64-
Gb/s PAM4 signals. (b) �e �ltered carrier’s optical spectrum (y-polarisation). (c) �e �ltered carrier’s optical 
spectrum (x-polarisation).
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will degrade the performance of the PDM-based �bre-FSO convergent systems due to the natural feature of two 
optical carriers with parallel polarisations. However, self-polarisation interference can be eliminated with the 
adoption of two optical carriers with orthogonal polarisations.

For three optical carriers with parallel/orthogonal polarisations, the corresponding square law detection can 
be calculated as30:

+ + = + +

+ • + • + •{ } { }

S S S S S S

Re S S Re S S Re S S2 { } 2 2 (4)

x1 x2 y1 x1 x2 y1

x1 x2 x1 y1 x2 y1

2 2 2 2

where Sx1 and Sx2 are optical carriers in x-polarisation, Sy1 is optical carrier in y-polarisation, Sx1·Sx2 is the 
self-polarisation interference, and Sx1·Sy1 and Sx2·Sy1 are the cross-polarisation interferences. For two orthogo-
nally polarized optical carriers (Sx2 and Sy1) with di�erent wavelengths (proposed PDM scenario), given that 
no self-polarisation interference occurs and the cross-polarisation interference (Sx2·Sy1) is very small, good 
transmission performance can be acquired. For two parallel polarised optical carriers (Sx1 and Sx2) with wave-
lengths of λ1 and λ2, distortions caused by the self-polarisation interference (Sx1·Sx2) could be located at 2λ1 or 2λ2 
(second-order harmonic distortion), λ1 ± λ2 (second-order intermodulation distortion), 3λ1 or 3λ2 (third-order 
harmonic distortion), 2λ1 ± λ2 or 2λ1 ± λ2 (third-order intermodulation distortion). All these distortions will 
worsen the performance of systems. As for two orthogonally polarised optical carriers (Sx1 and Sy1) with same 
wavelength (traditional PDM scenario), distortions caused by the cross-polarisation interference (Sx1·Sy1) will lead 
to performance degradation. In comparison with two parallel polarised optical carriers and traditional PDM sce-
narios, this proposed PDM scenario is worth employing because it can dramatically reject distortions produced 
by the self-polarisation and cross-polarisation interferences.

BER performances of the PDM-based 128-Gb/s PAM4 fibre-FSO convergent system under dif-

ferent states. Figure 3(a) presents the BER performances of the PDM-based 128-Gb/s PAM4 �bre-FSO 
convergent system in the states of back-to-back (BTB), through 25 km SMF transport, through 25 km SMF 
transport and 500 m free-space transmission (x- and y-polarisations), as well as through 25 km SMF transport 
SMF and 500 m free-space transmission (single polarisation). Results show that the BER performances of x- and 
y-polarisations are almost exactly the same. �erefore, the BER performance’s impact in x- and y-polarisations 
is nearly identical. With 10−9 BER operation, a 6.6-dB power penalty emerges between the states of BTB and 
through 25 km SMF transport with 500 m free-space transmission (x- or y-polarisation). �is 6.6-dB power pen-
alty can be ascribed to the �bre chromatic dispersion associated with the 25 km SMF transport, atmospheric 
attenuation because of the 500 m free-space transmission, and coupling loss for coupling the laser light from the 
doublet lens 2 (doublet lens 4) to the ferrule of �bre31,32. �rough 25 km SMF transport, a 5.5-dB �bre chromatic 
dispersion induced penalty exists. Over 25 km SMF transport, distortions caused by �bre chromatic dispersion 
worsens the BER performance on account of the natural feature of optical PAM4 signal with broadened linew-
idth. Over 500 m free-space transmission, an atmospheric attenuation of 0.5 dB occurs33,34. When laser light from 
doublet lens 2 (doublet lens 4) couples with the ferrule of �bre, a coupling loss of 0.6 dB occurs. �erefore, a link 
budget of 6.6 dB (5.5 + 0.5 + 0.6) emerges. �e link budget of 6.6 dB exactly corresponds with the power penalty 
of 6.6 dB. �e analysis results reveal that this demonstration su�ces for the target of �bre backbone with optical 

Figure 3. (a) �e BER performances of the PDM-based 128-Gb/s PAM4 �bre-FSO convergent system in the 
states of BTB, through 25 km SMF transport, through 25 km SMF transport and 500 m free-space transmission 
(x- and y-polarisations), as well as through 25 km SMF transport SMF and 500 m free-space transmission (single 
polarisation). �e eye diagrams of 64-Gb/s PAM4 signal in the scenarios of (b) BTB, (c) through 25 km SMF 
transport and 500 m free-space transmission (x-polarisation), and (d) through 25 km SMF transport and 500 m 
free-space transmission (single polarisation).
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wireless reach extender. Moreover, for two optical carriers with single polarisation (parallel polarisations), the 
BER value obviously degrades to 10−6. A poor BER performance of 10−6 is acquired as a result of self-polarisation 
interference and �bre chromatic dispersion. Distortions caused by self-polarisation interference degrades the 
BER performance. �rough 25 km SMF transport, RF power reduction caused by �bre chromatic dispersion 
worsens the BER performance as well.

To verify the relation between the equalizer and the BER performance, we take away the equalizer and meas-
ure the BER values (x-polarisation) over 25 km SMF transport with 500 m free-space transmission. In the state 
without an equalizer, BER attains a value of 3.3 × 10−7. Whereas BER improves to 10−9 in the state with an equal-
izer (3.3 × 10−7 → 10−9). Equalizer is a type of ampli�er, its ampli�cation gain is a function of frequency. In here, 
the equalizer’s function is to enhance the amplitudes of high frequencies (18–30 GHz), compared to the ampli-
tudes of low frequencies (DC–18 GHz), and bring on an increased SNR and an enhanced BER. Consequently, for 
this real-time PDM-based PAM4 �bre-FSO convergent system without adopting an equalizer at the receiving 
end, a BER value of ≤3.3 × 10−7 satis�es the communication criterion.

A PDM-based PAM4 fiber-FSO convergent system with a channel spacing of 25 GHz could be con-
structed. However, it is challenging to �lter each optical carrier in such closely spaced optical carriers. �e 
polarisation-orthogonal carriers can’t be e�ectively de-multiplexed by utilizing OBPFs due to a closed channel 
spacing of 0.2 nm (25 GHz). A�er passing through an OBPF, the residual carrier with orthogonal polarisation will 
bring on cross-polarisation interference, and thereby degrade the performance of PDM-based PAM4 �ber-FSO 
convergent systems. In the state with a channel spacing of 50 GHz, BER reaches a value of 10−9. Whereas BER 
degrades to 1.8 × 10−6 in the state with a channel spacing of 25 GHz (10−9 → 1.8 × 10−6; y-polarisation).

Figure 3(b–d) display the eye diagrams of the 64-Gb/s PAM4 signal in the scenarios of BTB, through 25 km 
SMF transport and 500 m free-space transmission (x-polarisation), as well as through 25 km SMF transport and 
500 m free-space transmission (single polarisation). In the BTB scenario, with −5.2 dBm received optical power 
and 10−9 BER operation, open eye diagrams are acquired [Fig. 3(b)]. In the scenario of through 25 km SMF trans-
port and 500 m free-space transmission, with 1.4 dBm received optical power and 10−9 BER operation, clear eye 
diagrams are acquired [Fig. 3(c)]. In the scenario of through 25 km SMF transport and 500 m free-space transmis-
sion (single polarisation), with 10−6 BER operation, turbid eye diagrams exist [Fig. 3(d)].

BER performances of the PDM-based 128-Gb/s PAM4 fibre-FSO convergent system through 
25 km SMF transport with various free-space links (x-polarisation). �e BER performances of the 
PDM-based 128-Gb/s PAM4 �bre-FSO convergent system through 25 km SMF transport with various free-space 
links (x-polarisation) are presented in Fig. 4(a). As the free-space transmission distance reaches 500 m, a low 
BER value of 10−9 is acquired. As the free-space transmission distance extends to 600 m, the BER degrades to 
10−8 due to further coupling loss compared to the 500 m free-space link. As the free-space transmission distance 
further extends to 700 m, the BER deteriorates to 10−3 because of greater coupling losses compared to the 500 m 
free-space link. �e laser light sent from the transmitting side (doublet lens 1/doublet lens 3) will be expanded 
as it travels a 700-m free-space distance. With expanded laser light, the doublet lens (doublet lens 2/doublet 
lens 4) collects less light. �e received optical power is noticeably reduced, resulting in poor BER performance. 
Additionally, in the scenario of through 25 km SMF transport and 700 m free-space transmission, close PAM4 eye 
diagrams are observed [Fig. 4(b)].

Figure 4. (a) �e BER performances of the PDM-based 128-Gb/s PAM4 �bre-FSO convergent system through 
25 km SMF transport with various free-space links (x-polarisation). (b) �e eye diagrams of 64-Gb/s PAM4 
signal in the scenario of through 25 km SMF transport and 700 m free-space transmission.
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Discussion
A set of doublet lenses is utilized to send laser light to the free space and to guide laser light to the �bre’s ferrule. 
�e laser light’s transmission through the free space is extended to 500 m (50 m × 10) with the deployment of 
re�ective mirrors on both sides. At the receiving end, a convergent scheme (doublet lens 2) should be imple-
mented to couple laser light with �bre’s ferrule35. Doublet lens (AC508–150-C), with focal length/back focal 
length/diameter of 150 mm/150 mm/50.8 mm, is comprised of two lenses (concave and convex) that are paired 
together. �e SMF’s numerical aperture is 0.14; therefore, the laser light’s diameter (d) can be calculated as:

= × × . =d 2 (150 0 14) 42(mm) (5)

Because the laser light’s diameter (42 mm) is lesser than that of doublet lens 1 (50.8 mm), a free-space trans-
mission with doublet lens 1 is feasible. Over an L-m free-space transmission, the laser light diameter (dL) must be 
lesser than that of doublet lens 2 (dL < 50.8 mm) to comply with the �eld of view of receiver optics:

θ= + = + . < .d d L L(2 ) 42 (0 048 ) 50 8 (6)L
2 2 2 2

where θ is the beam divergence. L is computed as 595.4, indicating that the maximum free-space link is 595.4 m. 
�e free-space link adopted in this work is 500 m (<595.4 m) to satisfy the maximum free-space link target. A 
set of �bre collimators with convex lenses might be adopted to substitute for a set of doublet lenses and establish 
a 500-m free-space link. Nonetheless, it is challenging to establish a 500-m free-space link utilizing a set of �bre 
collimators with convex lenses. �e collimated laser light emitted from a �bre collimator with a convex lens will 
be spread as it travels over a certain free-space distance. In a free-space transmission of 500 m, the laser light’s 
diameter will be larger than that of doublet lens 2 (>50.8 mm). With large beam divergence, the convex lens with 
a �bre collimator at the receiving end will accumulate less transmitted light. An obvious decrease in the received 
optical power occurs, which is followed by poor BER performance.

Table 1 lists the optical spectral e�ciency, power penalty (BTB state and that through 25 km SMF transport 
with 500 m free-space link), and BER under di�erent scenarios. Although the optical spectral e�ciency of our 
proposed PDM scenario is lower than that of the traditional PDM scenario, however, our proposed PDM sce-
nario is worth adopting because it not only outperforms traditional PDM scenario due to a large reduction in 
cross-polarisation interference, but it also avoids the requirement of complicated polarisation-tracking mech-
anism and DSP approach. OBPFs adopted in the proposed PDM scenario remove the requirement for elabo-
rate polarisation-tracking mechanism and sophisticated DSP approach. Given that the channel spacing between 
two optical carriers is 50 GHz, OBPFs with low �lter slope and suitable cost are su�cient to meet the target. 
Additionally, our proposed PDM scenario outperforms the scenario of two parallel polarised optical carriers as 
well due to a reduction in self-polarisation interference.

Methods
Schematic framework of the proposed PDM-based 128-Gb/s PAM4 fibre-FSO convergent sys-

tem with OBPFs for polarisation de-multiplexing. �e schematic framework of the proposed PDM-
based 128-Gb/s PAM4 �bre-FSO convergent system with OBPFs for polarisation de-multiplexing is presented in 
Fig. 5. A multiple carrier generator modulated with a 12.5-GHz RF signal is adopted to acquire multi-carrier with 
coherent feature and 12.5 GHz channel spacing. Optical signal with multiple optical carriers is modulated in the 
format of zero-order optical carrier suppression [insert (a)]. �e multiple carrier generator’s output is then sent to 
a 12.5 G/25 G optical interleaver (IL) to separate odd and even optical carriers. Following the 12.5 G/25 G IL out-
put with even optical carriers, two even optical carriers (−2 and +2) with 50 GHz apart [insert (b)] are supplied 
in a 40-GHz Mach-Zehnder modulator (MZM). Moreover, following the 12.5 G/25 G IL output with odd optical 
carriers, two odd optical carriers (−1 and +1) with 25 GHz apart are generated.

A 64-Gb/s PAM4 signal is adopted to modulate the MZM. Since that PAM4 linearity is important in the 
transmission performance, a high-linearity modulator driver is employed to linearize the electrical PAM4 sig-
nal. MZM’s output [insert (c)] is sent to a 50 G/100 G optical IL to separate two optical carriers. For the upper 
route, the optical carrier is inputted into a polarisation rotator to rotate the polarisation from x-polarisation to 
y-polarisation. �us, two optical carriers are orthogonally polarized. For the lower route, an optical delay line is 
deployed to make up for the phase mismatch between the two routes. Subsequently, these x- and y-polarized car-
riers are combined utilizing a polarisation beam combiner [insert (d)]. A�er ampli�cation by an erbium-doped 
�lter ampli�er and attenuation by a variable optical attenuator, the lights are transmitted over 25 km SMF trans-
port. �en, the optical carriers are separated using an optical splitter. For the upper route, the y-polarized carrier 
with 64 Gb/s PAM4 signal is �ltered by OBPF1 [inset (e)] and communicated over 500 m FSO transmission uti-
lizing a set of doublet lenses. Over 500 m FSO link, the �ltered y-polarized carrier is received and promoted by a 
photodiode (PD) with a trans-impedance ampli�er (TIA) receiver, and equalized by an equalizer. A�er electrical 

Scenario
Proposed 
PDM

Traditional 
PDM

Two Parallel Polarised 
Optical CarriersMetric

Optical Spectral E�ciency 64 Gb/s/λ 128 Gb/s/λ 64 Gb/s/λ

Power Penalty 8.8 dB 9.4 dB 6.6 dB

BER 10−9 2.2 × 10−5 10−6

Table 1. �e optical spectral e�ciency, power penalty, and BER under di�erent scenarios.
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equalization, BER measurement is performed in real-time using a high-sensitivity error detector (ED) and the 
PAM4 three-eye sampling approach36. Regarding typical DSP equalization algorithms, such as constant modulus 
algorithm (CMA) and decision-directed least mean square (DD-LMS) algorithm, adaptive combining techniques 
of so� and hard decision in a decision feedback equalizer structure with CMA and DD-LMS for blind acquisition 
and re-acquisition are required. Real-time BER measurement is attractive because it avoids the need of compli-
cated o�ine DSP using Matlab. In addition, a digital storage oscilloscope (DSO) is deployed to take the eye dia-
grams of the transported 64-Gb/s PAM4 signal. For the lower route, the x-polarized carrier with 64 Gb/s PAM4 
signal is �ltered by OBPF2 [inset (f)] and communicated through 500 m FSO link utilizing a set of doublet lenses. 
�rough 500 m FSO link, the �ltered x-polarized carrier is detected and enhanced by a PD with a TIA receiver. 
A�er electrical equalization, BER measurement is executed in real-time with a high-sensitivity ED and the PAM4 
three-eye sampling method. Also, a DSO is adopted to seize the 64-Gb/s PAM4 eye diagrams.

Received: 15 July 2019; Accepted: 16 January 2020;

Published: xx xx xxxx

References
 1. Li, C. Y. et al. A �exible two-way PM-based �bre-FSO convergence system. IEEE Photonics J. 10, 7901509 (2018).
 2. Zhang, J. et al. Fibre–wireless integrated mobile backhaul network based on a hybrid millimeter-wave and free-space-optics 

architecture with an adaptive diversity combining technique. Opt. Lett. 41, 1909–1912 (2016).
 3. Kotani, D. An architecture of a network controller for QoS management in home networks with lots of IoT devices and services. 

IEEE Annual Consum. Commun. & Netw. Conf.(CCNC). 1–4 (2019).
 4. Araújo, M., Ekenberg, L. & Confraria, J. Rural networks cost comparison between 5G (mobile) and FTTx (�xed) scenarios. IEEE 

Annual Intl. Symp. on Personal, Indoor, and Mobile Radio Commun. (PIMRC). 259–264 (2018).
 5. Carmo, M. et al. Slicing WiFi WLAN-sharing access infrastructures to enhance ultra-dense 5G networking. IEEE Intl. Conf. on 

Commun. (ICC). 1–6 (2018).
 6. Lee, S. H., Yoon, M. S., Cho, S. H. & Cho, H. K. Study on simpli�ed test bench for QoS analysis using tra�c models of Pre-5G service. 

IEEE Intl. Conf. on Ubiquitous and Future Netw. (ICUFN). 902–905 (2018).

Figure 5. �e schematic framework of the proposed PDM-based 128-Gb/s PAM4 �bre-FSO convergent system 
with OBPFs for polarisation de-multiplexing.

https://doi.org/10.1038/s41598-020-58558-7


8SCIENTIFIC REPORTS |         (2020) 10:1872  | https://doi.org/10.1038/s41598-020-58558-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

 7. Morra, A. E., Ahmed, K. & Hranilovic, S. Impact of �bre nonlinearity on 5G backhauling via mixed FSO/�bre network. IEEE Access. 
5, 19942–19950 (2017).

 8. Li, C. Y. et al. Real-time PAM4 �bre-IVLLC and �bre-wireless hybrid system with parallel/orthogonally polarized dual-wavelength 
scheme. OSA Continuum. 1, 320–331 (2018).

 9. Liu, S. J., Yan, J. H., Tseng, C. Y. & Feng, K. M. Polarisation-tracking-free PDM IF-over-�bre mobile fronthaul employing multiband 
DDO-OFDM. Conference on Lasers and Electro-Optics (CLEO). SF2F.3 (2016).

 10. Zheng, J. et al. Photonic microwave-signal-mixing technique using phase-coherent orthogonal optical carriers for radio-over-�bre 
application. Opt. Lett. 39, 5263–5266 (2014).

 11. Tsai, W. S., Lu, H. H., Su, C. W., Wang, Z. H. & Li, C. Y. Centralized-light-source two-way PAM8/PAM4 FSO communications with 
parallel optical injection locking operation. IEEE Access. 7, 36948–36957 (2019).

 12. Lu, G. W. et al. Flexible generation of 28 Gbps PAM4 60 GHz/80 GHz radio over �bre signal by injection locking of direct multilevel 
modulated laser to spacing-tunable two-tone light. Opt. Express. 26, 20603–20613 (2018).

 13. Szczerba, K. et al. 4-PAM for high-speed short-range optical communications. IEEE/OSA J. Opt. Commun. Netw. 4, 885–894 (2012).
 14. Ding, S., Li, R., Luo, Y. & Dang, A. Polarisation coherent optical communications with adaptive polarisation control over 

atmospheric turbulence. J. Opt. Soc. Am. A. 35, 1204–1211 (2018).
 15. Li, X., Yu, J., Chen, L., Zhao, L. & Zhou, W. Delivery of 54-Gb/s 8QAM W-band signal and 32-Gb/s 16 QAM K-band signal over 

20-km SMF-28 and 2500-m wireless distance. IEEE/OSA J. Lightw. Technol. 36, 50–56 (2018).
 16. Hoang, T. M. et al. Single wavelength 480 Gb/s direct detection over 80km SSMF enabled by Stokes vector Kramers Kronig 

transceiver. Opt. Express 25, 33534–33542 (2017).
 17. Chagnon, M. et al. Digital signal processing for dual-polarisation intensity and interpolarisation phase modulation formats using 

Stokes detection. IEEE/OSA J. Lightwave Technol. 34, 188–195 (2016).
 18. Wu, B. et al. Polarisation-insensitive remote access unit for radio-over-�bre mobile fronthaul system by reusing polarisation 

orthogonal light waves. IEEE Photonics J. 8, 7200108 (2016).
 19. Hou, Q., Yuan, X., Zhang, Y. & Zhang, J. A polarisation stabilization control system based on DSP. Appl. Mech. Mater. 631–632, 

806–810 (2014).
 20. Koch, B. et al. 20-Gb/s PDM-RZ-DPSK transmission with 40 krad/s endless optical polarisation tracking. IEEE Photon. Technol. 

Lett. 25, 798–801 (2013).
 21. Qian, D., Cvijetic, N., Hu, J. & Wang, T. 108 Gb/s OFDMA-PON with polarisation multiplexing and direct detection. IEEE/OSA J. 

Lightwave Technol. 28, 484–493 (2010).
 22. Yeh, C. H. et al. Utilizing single lightwave for delivering baseband/FSO/MMW tra�cs simultaneously in PON architecture. IEEE 

Access 7, 138927–138931 (2019).
 23. Li, C. Y. et al. A 100 m/320 Gbps SDM FSO link with a doublet lens scheme. Laser Phys. Lett. 13, 075201 (6pp) (2016).
 24. Ying, C. L. et al. A hybrid WDM lightwave transport system based on �bre-wireless and �bre-VLLC convergences. IEEE Photonics 

J. 6, 7200709 (2014).
 25. Su, H. S. et al. RoF transport systems with OSNR enhanced multi-band optical carrier generator. Opt. Express 19, 18516–18522 

(2011).
 26. Olesen, H. & Jacobsen, G. A theoretical and experimental analysis of modulated laser �elds and power spectra. IEEE J. Quantum 

Electron. 18, 2069–2080 (1982).
 27. Yoshino, M., Miki, N., Yoshimoto, N. & Kumozaki, K. Multiwavelength optical source for OCDM using sinusoidally modulated laser 

diode. IEEE/OSA J. Lightwave Technol. 27, 4524–4529 (2009).
 28. Kilper, D. C. & Weingartner, W. Monitoring optical network performance degradation due to ampli�er noise. IEEE/OSA J. Lightwave 

Technol. 21, 1171–1178 (2003).
 29. Hui, R. & O’Sullivan, M. Fibre optic measurement techniques. Academic Press. 486–498 (2009).
 30. Chen, Y. W., Tseng, C. Y., Liu, S. J. & Feng, K. M. PDM DDO-OFDM with self-polarization diversity for the backhaul of radio-over-

�ber system. Optical Fibre Communication Conference (OFC) �4A.2 (2016).
 31. Moosavi, S. A. et al. Improvement of coupling e�ciency in free-space optical communication with a multi-actuator adaptive lens. 

Opt. Lett. 44, 606–609 (2019).
 32. Bloom, S., Korevaar, E., Schuster, J. & Willebrand, H. Understanding the performance of free-space optics. J. Opt. Netw. 2, 178–200 

(2003).
 33. Kaushal, H. & Kaddoum, G. Optical communication in space: challenges and mitigation techniques. IEEE Commun. Surv. Tuts. 19, 

57–96 (2017).
 34. Khalighi, M. A. & Uysal, M. Survey on free space optical communication: a communication theory perspective. IEEE Commun. 

Surv. Tuts. 16, 2231–2258 (2014).
 35. Wang, W. C., Wang, H. Y. & Lin, G. R. Ultrahigh-speed violet laser diode based free-space optical communication beyond 25 Gbit/s. 

Sci. Rep. 8, 13142 (2018).
 36. Pavan, S. K. et al. 50Gbit/s PAM-4 MMF transmission using 1060nm VCSELs with reach beyond 200m. Optical Fibre Communication 

Conference (OFC) W1F.5 (2014).

Acknowledgements
This work was supported by the Ministry of Science and Technology of Taiwan, under grants MOST-107-
2636-E-027-002, MOST-107-2221-E-027-077-MY3, and MOST-107-2221-E-027-078-MY3.

Author contributions
Hai-Han Lu and Hsiao-Wen Wu contributed to the experiment design. Chung-Yi Li, Qi-Ping Huang, Shi-Cheng 
Tu, and Yong-Cheng Huang contributed to the experimental construction and measurement. Hai-Han Lu and 
Chung-Yi Li contributed to the data analysis. Hai-Han Lu, Hsiao-Wen Wu, and Chung-Yi Li contributed to the 
manuscript writing.

Competing interests
�e authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.-H.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

https://doi.org/10.1038/s41598-020-58558-7
http://www.nature.com/reprints


9SCIENTIFIC REPORTS |         (2020) 10:1872  | https://doi.org/10.1038/s41598-020-58558-7

www.nature.com/scientificreportswww.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© �e Author(s) 2020

https://doi.org/10.1038/s41598-020-58558-7
http://creativecommons.org/licenses/by/4.0/

	A PDM-based 128-Gb/s PAM4 fibre-FSO convergent system with OBPFs for polarisation de-multiplexing
	Results
	Schematic diagram of multiple carrier generator with optical signal-to-noise ratio (OSNR) enhancement and the multiple carr ...
	Polarisation-orthogonal carriers’ optical spectra (x-polarisation and y-polarisation) with 64-Gb/s PAM4 signals and the opt ...
	BER performances of the PDM-based 128-Gb/s PAM4 fibre-FSO convergent system under different states. 
	BER performances of the PDM-based 128-Gb/s PAM4 fibre-FSO convergent system through 25 km SMF transport with various free-s ...

	Discussion
	Methods
	Schematic framework of the proposed PDM-based 128-Gb/s PAM4 fibre-FSO convergent system with OBPFs for polarisation de-mult ...

	Acknowledgements
	Figure 1 (a) The schematic diagram of the multiple carrier generator with OSNR enhancement.
	Figure 2 (a) The polarisation-orthogonal carriers’ optical spectra (x-polarisation and y-polarisation) with 64-Gb/s PAM4 signals.
	Figure 3 (a) The BER performances of the PDM-based 128-Gb/s PAM4 fibre-FSO convergent system in the states of BTB, through 25 km SMF transport, through 25 km SMF transport and 500 m free-space transmission (x- and y-polarisations), as well as through 25 k
	Figure 4 (a) The BER performances of the PDM-based 128-Gb/s PAM4 fibre-FSO convergent system through 25 km SMF transport with various free-space links (x-polarisation).
	Figure 5 The schematic framework of the proposed PDM-based 128-Gb/s PAM4 fibre-FSO convergent system with OBPFs for polarisation de-multiplexing.
	Table 1 The optical spectral efficiency, power penalty, and BER under different scenarios.


