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ABSTRACT In the paper, we present and investigate an integrated wavelength-division-multiplexing
(WDM) free space optical (FSO) fiber access network for 51 km long-reach connection. Here, the proposed
network architecture also can mitigate Rayleigh backscattering (RB) interferometric beat noise. We employ
symmetric 4 x 10 Gbit/s on-off keying (OOK) WDM-FSO downstream and upstream wavelengths for
demonstration. According to the simulated and experimental results, the free space transmission length
of 400 to 940 m can be achieved based on various WDM-FSO downstream signals and their corresponding
power budget, when the wavelengths are without optical amplification.

INDEX TERMS Free space optical (FSO) communication, passive optical network (PON), wavelength-
division-multiplexing (WDM), Rayleigh backscattering (RB) noise mitigation, long-reach, on-off keying.

I. INTRODUCTION

Due to the rapid growth of broadband requirement, such
as cloud radio access network (C-RAN), big data, inter-
net, and video service, the integrated fiber-optics commu-
nication and high-speed wireless access network would
be the better candidate for supporting the future sce-
nario of broadband everywhere [1]-[4]. In recent times,
the capacity requirements of passive optical networks
(PONs) for the fiber to the home (FTTH) are extended
from 2.5 to 40 Gbit/s or even 100 Gbit/s, such as using
time-division-multiplexing (TDM) [5], [6], wavelength-
division-multiplexing (WDM) [7], [8] and time and
wavelength-division-multiplexing (TWDM) access tech-
niques [9], [10]. Furthermore, the fiber based PON networks
also can be exploited to provide the backhaul and fronthaul
connection for the millimeter wave (MMW) and free space
optical (FSO) communications [11], [12]. Owing to some
special geographical or environmental restrictions, the fiber
lines cannot be provisioned and connected for signal connec-
tion in PON system [13]. Thus, using the integrated FSO and
MMW signals in PON access could solve the problem via
wireless channel transmission [14], [15].
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The WDM-PON system would also bring the Rayleigh
backscattering (RB) interferometric beat noise [16], when
the same wavelengths were utilized for downstream and
upstream connections. To avoid the RB problem in
WDM-PON network, utilizing the advanced signal modu-
lations [17], matchless fiber network architecture [18] and
dual-band wavelengths [19] have been demonstrated.

In this work, we propose and investigate a WDM-FSO
PON architecture together with RB noise alleviation to pro-
vide the fiber signal and FSO traffic simultaneously for prove
of concept. In the experiment, 4 x 10 Gbit/s on-off key-
ing (OOK) downstream (A] to A4) and upstream (A to As)
signals are employed for 51 km long-reach fiber connec-
tion in PON access. In the presented network, some WDM
wavelengths can be received in each corresponding optical
network unit (ONU) directly through fiber connection. The
others may integrate the FSO link in PON architecture to
overcome the environmental restraint. Based on our experi-
mental and simulated results, the FSO transmission length of
400 to 940 m can be reached depending on different WDM
wavelengths and their related power budget after 51 km fiber
link without signal amplification. In this demonstration, if we
want to achieve a longer free space transmission length,
an optical amplifier may be required to apply in the cor-
responding optical wireless unit (OWU) for enhancing the
power budget.
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FIGURE 1. (a) Conventional WDM-PON architecture. (b) Hybrid WDM and
FSO PON system. OLT: optical line terminal; WDM:
wavelength-division-multiplexing; RN: remote node; ONU: optical
network unit; OWU: optical wireless unit; FSO: free space optical
communication.

Il. EXPERIMENT AND RESULTS

Fig. 1(a) exhibits the scenario of conventional WDM-PON
system for point-to-point (PtP) data access. Each ONU would
receive the corresponding wavelength for signal transmis-
sion. However, due to some special environment limits,
the fiber may be not connected between the wider rivers
and two mountains or other, as shown in Fig. 1(a). To solve
the disconnection in the such PON network, using the FSO
technology, which could be integrated in WDM-PON, may
be the better solution. As illustrated in Fig. 1(b), we can
utilize two optical wireless units (OWUs) between the OLT
and ONU according to the geographical feature for deliv-
ering wireless downstream FSO signal for data connection.
Then, the FSO signal would launch into the corresponding
ONU after a period of free space transmission. Therefore,
the FSO access can support the bidirectional signal transmis-
sion in WDM-PON system to overcome the environmental
restriction.

Fig. 2 presents the proposed hybrid and bidirectional
WDM and FSO PON architecture for prove of concept.
In the OLT, each laser diode (LD) with different output wave-
length is exploited to regard as the downstream WDM chan-
nels. Each LD connects to the polarization controller (PC),
Mach-Zehnder modulator (MZM) and 3-port optical circula-
tor (OC). Here, the WDM downstream wavelengths of A to
AN would leave the 2 x N WDM multiplexer through the ““a”
port, as plotted in Fig. 2. The WDM downstream wavelengths
will pass through the OC, single-mode fiber (SMF;) and
the remote node (RN). Then, the WDM wavelengths can be
divided via the 2 x N WDM multiplexer in the RN. Through
a length of SMF; link, the downstream wavelength could
transfer to wireless FSO signal by the OC and fiber-based
collimator (FC) in the optical wireless unit (OWU),
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as exhibited in Fig. 2. Next, the downstream FSO also
can be received through the focusing lens and FC in the
other OWU after wireless FSO link. Finally, the FSO wave-
length can enter the corresponding ONU for downstream
demodulation through a SMF;3 transmission. In addition,
the upstream modulation data is also applied on the MZM
in the ONU for upstream traffic. The upstream signal of 1, to
AN4+1 can transmit through the optical coupler (CP), SMF3,
SMF,, WDM multiplexer, OC and SMF{, and then into the
OLT for decoding, as seen in Fig. 2. In general, the WDM
multiplexer could be utilized with standard channel in the
available range of C- or L-bands. Moreover, the insertion
losses of WDM multiplexer, CP and OC are 6, 3 and 1 dB,
respectively.

As we know, the RB beat noise in WDM-PON network
would affect the signal performances, while the same wave-
lengths are applied for transmission [20]. The proposed
hybrid WDM and FSO PON system also can mitigate the
RB noise. Here, we can apply the 2 x N WDM multiplexer
in the OLT and RN for bidirectional data traffics. To realize
the operation mechanism of the designed PON network, the
2 x 4 WDM multiplexer can be used for demonstration.
Fig. 3 indicates the optical output characteristic of 2x4 WDM
multiplexer. As illustrated in Fig. 3, the WDM wavelengths
of A; to AN and Xy to Any| can pass through the WDM
multiplexer from the input/output ports of “a” and “b”,
respectively. Hence, the output/input ports of “1” to “4”
could allow the wavelengths of A1 and Ap, Ao and A3, A3
and A4, and A4 and As for passing, respectively. Due to the
periodic wavelength arrangement of 2 x 4 WDM multiplexer,
the output/input ports of “1” to “4” could also permit the
wavelengths of As and Ag, A and A7, A7 and Ag, and Ag
and X9, respectively, as seen in Fig. 3. Here, the downstream
and upstream wavelengths of A1 and X,, A» and A3, A3 and
A4, and A4 and A5 are applied in the demonstration, respec-
tively. Hence, according to the designed WDM architecture,
we exploit the downstream and upstream signals with various
wavelengths to avoid the RB interferometric noise, as exhib-
ited in Fig. 2.

Fig. 4 presents the experimental setup of the downstream
and upstream FSO transmission configuration, respectively.
To demonstrate WDM signal transmission in the pre-
sented PON network, five wavelengths of 1530.33, 1534.25,
1538.19, 1542.14 and 1546.12 nm are exploited to regard as
the downstream and upstream traffics, respectively, for prove
of concept. However, the standard WDM wavelengths with
fixed channel spacing would be the better choice for practical
signal connection. In the experiment, we utilize a tunable
laser source (TLS, produced by General Photonics) to regard
as the WDM wavelength for selecting. The output power and
optical signal to noise ratio (OSNR) of TLS are 13 dBm and
>50 dB over the tuning range of 1528.77 to 1563.86 nm.
In the downstream measurement, 10 Gbit/s on-off keying
(OOK) modulation signal with pattern length of 215—1
is applied on the 10 GHz MZM with 6 dB insertion loss.
The MZM could be operated over C-band wavelength range.
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FIGURE 2. Proposed hybrid WDM FSO PON architecture with RB beat noise mitigation.
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FIGURE 3. The periodic output characteristic of 2 x 4 WDM multiplexer.
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FIGURE 4. Experimental setups for downstream and upstream WDM-FSO
transmissions.

To achieve the optimal output power, the PC is adjusted prop-
erly. The operation bandwidth of PC is from 1260 to 1650 nm.
Here, the output power of each downstream wavelength is
set at 7.5 dBm at the “a” point, as seen in Fig. 4. The
SMF; + SMF, and SMF; (Corning SMF-28e, attenuation =
0.2 dB/km) transmission lengths of 26 and 25 km, and 50 and
1 km are utilized, respectively, for measurement. To receive
the downstream and upstream FSO signals, 10 GHz PIN
based PD is exploited for decoding.

In the measurement, the divergence angle, focal length, and
diameter of each FC is 0.016°, 37.13 mm and 20 mm, respec-
tively. The available bandwidth of FC is 1050 to 1620 nm. The
diameter and focal length of 50.4 mm and 75 mm is chosen for
the focusing lens. The lens is unmounted achromatic doublet
with AR coating over the range of 1050 to 1700 nm. The
gap between the focusing lens and FC is around 45 mm.
Between two OWUs, two FCs and a focusing lens are applied
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for the FSO connection. The coupling loss of ~2.6 dB can
be measured between the “b” and “c” locations through
2 m wireless FSO connections without the atmospheric inter-
ference of fog, rain, and turbulence etc. In addition, higher
modulation rate would reduce the obtained power sensitivity
after a length of SMF transmission due to the fiber chromatic
dispersion. The used 10 GHz MZM has negative chirp of
—0.7 in the demonstration. Hence, the fiber dispersion could
be pre-compensated to enhance the BER performance of
WDM signal.

Fig. 5(a) plots the observed bit error rate (BER) perfor-
mance of downstream WDM-FSO signal at the wavelengths
of 1530.33 (A1), 1534.25 (A7), 1538.19 (13) and 1542.14 nm
(X4), when the SMF; 4+ SMF,, SMF3 and free space trans-
mission length are 26 km, 25 km and 2 m, respectively. The
corresponding optical sensitivities of the four wavelengths
are measured at —25, —24, —20 and —21 dBm under the
error free status (BER < 1 x 10™7) respectively, as displayed
in Fig. 5(a). Moreover, the power sensitivities of —32.5, —31,
—27 and —27 dBm are also observed below the forward error
correction (FEC) level (BER < 3.8 x 1073). Hence, as moving
toward the longer wavelength slowly, the obtained power
sensitivity will also become higher, as also seen in Fig. 5(a).

Fig. 5(b) presents the detected BER measurement of
upstream WDM-FSO signal, while the four wavelengths are
1534.25 (Ap), 1538.19 (13), 1542.14 (A4) and 1546.12 nm
(Xs), respectively. Here, the attained power sensitivities are
—24, —21, —20 and —20.5 dBm under the error free level,
respectively. Moreover, to meet the FEC target, the cor-
responding sensitivities of four upstream wavelengths are
—31, —26.5, —27 and —26.5 dBm, respectively. As a result,
the total power budgets of four downstream and upstream
wavelengths are calculated at 39, 38.5, 34.5 and 34.5 dB
and 38.5, 34, 34.5 and 34 dB under the FEC threshold,
respectively. Due to the downstream and upstream traffics
with different wavelengths in the proposed WDM-FSO PON,
the RB noise effect can be ignored completely.

Then, we change the fiber distance of SMF; + SMF, and
SMF; to 50 and 1 km in the experimental setup. The free
space link length of 2 m is also maintained. Thus, Fig. 6(a)
display the observed BER characteristics of four downstream
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FIGURE 5. Obtained BER performances of four WDM (a) downstream and
(b) upstream signals through 26 km SMF; + SMF,, 25 km SMF, and 2 m
wireless FSO links, respectively.

wavelengths after 50 km SMF; + SMF;, 1 km SMF; and
2 m wireless FSO transmissions, respectively. The detected
power sensitivities of four downstream signals are —32, —30,
—25.5 and —25.5 dBm, respectively, as seen in Fig. 6(a),
when the BER is below 3.8 x 1073. Furthermore, Fig. 6(b)
exhibits the measured BER performance of upstream signal
transmission. In this measurement, the corresponding sen-
sitivities of —30.5, —25.5, —25.5 and —25.5 dBm are also
attained below the FEC target, respectively. Hence, the total
power budgets of the four downstream and upstream wave-
lengths are 39.5,37.5,33 and 33 dB, and 38, 33,33 and 33 dB,
respectively.

Next, we can estimate the total power budgets of the whole
downstream signals based on the demonstrated WDM-FSO
PON architecture of Fig. 2. The total insertion loss of the
proposed access network is nearly 24.8 dB, including a WDM
multiplexer (6 dB), 51 km SMF (10.2 dB), three OCs (2 dB),
a1l x 2 CP (3 dB) and FSO coupling loss (2.6 dB), respec-
tively. Moreover, to confirm the longest FSO transmission
length in the proposed access network, we can simulate the
divergence loss at the pure atmosphere based on the designed
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FIGURE 6. Obtained BER performances of four WDM (a) downstream and
(b) upstream signals through 50 km SMF; + SMF,, 1 km SMF, and 2 m
FSO transmissions, respectively.

FSO system by using the TracePro software. Here, the related
operation parameters of FC and focusing lens between two
OWUs are the same as above experimental setup. As seen
in the red diamond of Fig. 7, the simulated FSO powers are
obtained at the focal point of doublet lens between —8 and
6.4 dBm/mm? through the free space transmission lengths
of 20 to 1000 m. As the FSO link length increases, the laser
beam would diverge gradually. According to the simulation
result, the beam divergence diameter of 0.7 to 28.7 cm is
also obtained at the FSO connection length of 0 to 1000 m.
When the FSO length is 400, 500, 760, 840, 880 and 940 m,
the divergence diameter is observed at 11.9, 14.1, 22.0, 24.2,
25.3 and 27.0 cm, respectively. Fig. 7 also displays the corre-
sponding divergence loss under different FSO length, when
the atmospheric interferences of fog, rain, and turbulence are
ignored. Therefore, the simulated divergence loss of 1.1 and
15.5 dB can be observed between two OWUs in the proposed
FSO system through the FSO length of 20 to 1000 m, as seen
in the black circle of Fig. 7. In the experiment and simulation,
we only employ 50.4 mm diameter doublet lens to collect and
enhance the diverged FSO power. To increase the detected
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FIGURE 7. Simulation results of detected FSO power and corresponding
divergence loss between two OWUs under different free space
transmission length.

TABLE 1. Corresponding power budgets and insertion losses of four
downstream WDM wavelengths in the proposed WDM FSO PON
architecture, when the SMF, and SMF, are (a) 26 and 25 km and

(b) 50 and 1 km, respectively.

(a) SMF1+SMF: = 26 km; SMF3 =25 km

Wavelength | Total Power = Insertion | Redundant FSO Length Divergence

(nm) Budget (dB) = Loss (dB) | Budget (dB) (m) Loss (dB)
1530.33 39 24.8 14.2 880 14.1
1534.25 38.5 248 13.7 840 13.6
1538.19 345 248 9.7 500 9.6
1542.14 345 24.8 9.7 500 9.6

(b) SMF1+SMF: = 50 km; SMF3 =1 km

Wavelength | Total Power | Insertion | Redundant = FSO Length | Divergence
(nm) Budget (dB) = Loss (dB) | Budget (dB) (m) Loss (dB)
1530.33 39.5 248 14.6 940 14.6
1534.25 37.5 248 12.7 760 12.7
1538.19 33 24.8 8.2 400 8.0
1542.14 33 24.8 8.2 400 8.0

divergence power, we could use a larger diameter lens in the
proposed FSO system.

If we consider the weather conditions in the investigation.

Tabs. 1(a) and 1(b) present the corresponding power
budgets and insertion losses of four downstream WDM
wavelengths in the proposed WDM-FSO PON architec-
ture, when the SMF; + SMF, and SMF, are 26 and
25 km, and 50 and 1 km, respectively. Here, the total
power budgets of four WDM-FSO signals are also shown
in Tabs. 1(a) and 1(b), respectively. Based on the redundant
power budget and corresponding divergence loss through
various FSO transmission length, we can estimate the longest
FSO transmission length of each downstream WDM wave-
length. Therefore, the FSO transmission length of 400 to
940 m in the presented WDM-FSO PON can be supported,
as seen in Tabs. 1(a) and 1(b). In this demonstration, we can
select properly wavelength for the FSO connection based
on different FSO transmission length without optical sig-
nal amplification. In addition, for the FSO upstream traffic,
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we can apply an optical amplifier in the OLT side to compen-
sate the total upstream losses for demodulation. Hence, we do
not need to consider the power budget for FSO upstream link.

Compared with the previous works [21], we only exploit
two FCs with 20 mm diameter, a doublet lens with 50.4 mm
diameter and an OC in each OWU for bidirectional FSO
transmissions. The proposed geometric optics design of
OWU could be integrated in cost-effective compact size for
longer FSO wireless transmission under precise alignment.
The proposed hybrid WDM FSO network architecture is not
only simple, but also can avoid the RB beat noise. Here, we do
not utilize the optical amplifier to compensate the insertion
losses induced by other components for long-reach SMF
and wireless FSO transmission based on the obtained power
budget. Furthermore, the haze- and rain-induced atmospheric
attenuations of FSO system have been demonstrated and
analyzed in [22]. If the atmospheric state is light-haze, heavy-
haze, light-rain and heavy-rain, respectively, the observed
attenuation would be 0.61, 2.62, 6.8 and 19.77 dB/km. The
atmospheric turbulence and misalignment are also the factors
to cause the attenuation of FSO power [13], [23]. Therefore,
an optical amplifier could be applied in a properly location
to compensate the attenuation and increase the power budget
for practical FSO transmission.

Ill. CONCLUSION

In summary, we demonstrated a bidirectional WDM-FSO
PON system together with RB noise mitigation through
51 km long-reach SMF transmission. In the experiment, 4 x
10 Gbit/s OOK downstream (A1 to A4) and upstream signals
(A2 to A5) were applied for data transmission. After 25 km
SMF; and 26 km SMF; transmissions, and 2 m free space
link length, the measured downstream and upstream power
sensitivities were —32.5, —31, —27 and —27 dBm and —31,
—26.5, —27 and —26.5 dBm, respectively, under the FEC
target (BER < 3.8 x 10_3). When the SMF; and SMF,
length changed to 50 and 1 km, respectively, the obtained
power sensitivities were —32, —30, —25.5 and —25.5 dBm
and —30.5, —25.5, —25.5 and —25.5 dBm. Here, to determine
the longest FSO transmission length in the proposed PON
system, we could simulate the corresponding optical param-
eters for demonstration by utilizing the TracePro software.
Based on the experimental and simulated results, the free
space transmission length of the proposed WDM network
without signal amplification could be reached from 400 to
940 m according to the different FSO wavelengths. In addi-
tion, to extend the FSO transmission length in the proposed
WDM-FSO access network, we could use an optical amplifier
in the corresponding OWU to compensate the whole insertion
losses.
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