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Multipoint Optical Networks
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Abstract

The fifth generation (5G) and beyond mobile networks support
increasing number of users with increasing bit rate per user. This has
encouraged researchers to propose coherent digital subcarrier multiplexing
(SCM) point-to-multipoint (P2MP) architectures to reduce the cost and
complexity of optical transport networks, particularly in the metro
aggregation scenario. However, coherent optical receiver is relatively cost
direct-detection (DD) counterpart due to
the use of a synchronized local laser. This paper addresses design issues and
petformance investigation of intensity modulation/direct-detection
(IM/DD) P2MP optical networks. P2MP architectures are designed using
digital RF multisubcarrier (MSC) waveform embedded on the intensity of
continuous-wave (CW) laser beside direct-detection scheme. The design
covers covers Conventional-band (C-band) and Original-band (O-band)

and complex compared with a

operation using a wavelength-division multiplexing (WDM) architecture.
Further single- and double-polatization (SP and DP) versions are teported
for each type of the networks. All the architectures are built in Optisystem
version 15 environment and simulated for different network parameters,
under the assumption of 25 Gbps per subcarrier data rate. The main
performance measures are maximum route reach and bit rate-distance
product (BDP). The simulation results indicate that DD networks can
replaced the coherent counterpart when number of subcarriers per optical
channel is 4. Further, the O-band P2MP networks offer high values of
maximum reach and BDP than C-band counterparts.

Keywords: Point-to-Multipoint Optical Network; Intensity Modulation/Ditect
Detection; Digital Multisubcarrier P2MP; 5G and Beyond.
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1. Introduction

Over the last years, the request for high-capacity
networks has increased to support multiple deployment
of broadband connectivity [1-3]. This is a growing
landscape, that is now being addressed by the
realization of fresher technologies such as fifth
generation (5G) and beyond, which present access to
user in higher than gigabit speeds [4-8]. Current
telecommunication networks use Internet Protocol
(IP) [9] for traffic between spoke (user location) and
hub (data center location) [10]. The low-speed (spoke)
is connected to high-speed (hub), and this topology is
called point-to-multipoint (P2MP) scheme [11-13].
Digital RF multisubcatriers (MSC) scheme can support
P2MP applications since it facilitates savings by
eliminating intermediate aggregation routets/switches
and associated transceivers [14-10].

Using coherent detection in the user- receiver side
to deal with high data in P2MP has attracted interest in
the recent years [17-19]. The scan of literature reveals
that the proposed P2MP optical networks used
coherent detection scheme. For example, an 8-
subcarrier (SC) P2MP network operating with 4 Gbps
bit rate per SC and SP 16-QAM was demonstrated for
24 km transmission distance using coherent detection
by Ren et al. [20]. Welch et al. [21] demonstrated P2MP
coherent transceivers for 16-SC SP 16-QAM network
each with 25 Gbps per SC over a transmission distance
of 25 km. Zhou et al. [22] demonstrated 3-SC coherent
P2MP network with transmission distance of 25 km
and using SP 4-, 8-, and 16-QAM formats; the SC data
rate is 2.14, 3.22 and 4.3 Gbps, respectively. Recent
research by Fan et al. [23] proposed low cost P2MP
coherent architecture using PAM-4 modulator with 2
SCs, and 10 Gbps bit rate for each subcartier with 10
km transmission distance.

The high-speed IM/DD optical networks offer the
advantages of low cost, low-power consumption, and
small receiver footprint [24,25]. Further, IM/DD
scheme (i.e., noncoherent scheme) is strongly
recommended for implementing these advanced
interconnects over coherent schemes. The main
charactetistics of IM/DD schemes ate firstly, intensity
modulation can be applied efficiently using directly
modulated laser (DML) [26-28]. Secondly, DD needs
one single-end photodiode (PD) and one analog-to-
digital converter (ADC) [29-31]. In contrast, coherent
receiver requires complex hardware including local
laser (to act as a local oscillator and should be
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synchronized with the transmitter laset), balanced PDs,
and more than one ADC [32,33].

In this paper, SP and DP MSC-P2MP optical
netwotks ate proposed using IM/DD scheme. The
proposed networks are then incorporated in
wavelength-division multiplexing (WIDM) architectures
to support C- and O-band operation. The transmission
performance of the network is investigated for
different network parameters using Optisystem ver.15
software.

2. Design P2MP Optical Network

This section gives design guidelines for the P2MP
network under investigation. The network uses digital
RF SCM-WDM with IM/DD scheme and operates
either in C-or O- band. The group-velocity dispersion
(GVD) of a single-mode fiber (SMF) is about 17 and
0 ps/(nm.km) at 1550 nm (C-band network) and 1310
nm (O-band network), respectively. Therefore, a
dispersion-compensation fiber (DCF) is inserted in the
P2MP route to compensate the GVD of the SMF
when C-band operation is considered. In contrast, no
DCF is inserted in the P2MP route for O-band
operation. Further, a digital signal processing (DSP) is
used in each SC-optical receiver to extract the data
information from the photocurrent to enhance the
detection process for that receiver. The architecture of
P2MP can be explained with the aid of the block
diagram depicted in Fig. 1.

2.1. Transmitter Side

The transmitter side uses an RF subcartier
multiplexed/WDM transmitter unit. Here,
continuous-wave (CW) semiconductor lasers are
employed, with each laser acts as a source of an

unmodulated channel optical carrier. Figure 2
illustrates the first RF subcarrier modulation
subsystem  implemented in the  Optisystem

environment. This subsystem consists of quadrature
amplitude modulator (QAM) mapper acting as a
sequence generator that produces two parallel M-ary
symbol sequences from the binary data. The M-ary
generates multilevel pulses according to the M-ary
signal input. Two lowpass filters (LPFs) having a
cosine roll-off frequency transfer function are used to
shape the spectrum of both in-phase (I) and
quadrature (Q) components. The RF subcarrier
modulation is achieved using a QAM modulator.
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Figure. (1): Block diagram of the proposed P2MP wavelength-division multiplexing (WDM) network incorporating
intensity modulation/direct-detection (IM/DD) scheme
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Figure (2): Single-subcarrier radio frequency (RF)
QAM modulator used in the transmitter side of the
P2MP architecture.

All the subcarriers modulation subsystems have
identical configurations but each uses its own RF
subcarrier as illustrated in Fig. 1. The RF subcarriers
frequencies are separated by a subcarrier frequency
spacing Afy that prevents overlapping between
neighboring subcarriers spectra. The MSC electrical
signals (modulated RF signals) are combined using
Nsc:1 electrical combiner where Nsc is the number of
RF subcarriers. The combined signal is then applied to
an optical Mach-Zender modulator (MZM) driven by
a CW-laser. The generated optical signal goes to the
WDM multiplexer which gather all optical channels
(each channel has its own wavelength with channel
spacing Af¢p). The generated WDM signal is then
launched to the fiber link. Table 1 lists suitable values
for the optical channel frequency spacing required to
design the related WDM networks.

2.2. Transmission Link

The transmission link of the P2MP network
consists of a primary link (a common link that is shared
by all RF subcarriers and all optical channels) and
secondary links with each link provides connection to
a specific subcarrier optical receiver (i.e., user end). In
C-band operation, a DCF section is cascaded with
each SMF section link to compensate its GVD. Also,
an optical amplifire (OA) is inserted after the primary
link to amplify the transmitted MSC-WDM signal. The
gain of this amplifier is computed as [5]

16

G = %Xsyr (Lsmr1 + Lsurz2) + %per (Lpcrr +
Lpcrz) oo (1)

whete &gy and Xpcp is the loss parameter (dB/km)
of the SMF and DCEF, respectively, whose section
lengths Lsyr and Lpcr measured in km. The subscripts
1 and 2 are used to distinguish the primary link
(common link) from the secondary links that
connected the WDM demultiplexer to the subcarrier
optical receivers.

Table 1: Channel frequency spacing for different
P2MP WDM networks.

Optical channel frequency spacing
Number of Af, (GHz)
subcarriers 16-QAM 64-QAM DP
SP DP SP DP
4 150 75 100 50
8 250 150 200 100

2.3. Receiver Side

The first stage of the receiver side is a WDM
demultiplexer (WDM DEMUX) that produces 1:Ney
output optical signals whose central optical
frequencies match that of the transmitter channel
frequencies. Each WDM demultiplexer output is
connected to a proposed optical sideband
demultiplexer (OSD), This demultiplexer is illustrated
schematically in Fig. 3 and acts as a 1:(2Ns+1)
wavelength splitter (i.e. wavelength decoder) that
produces the lower-sideband (LSB) and upper-
sideband (USB) of ecach optically modulated RF
subcarrier beside the optical carrier component. This
generated optical carrier is then applied to 1:Nsc
optical splitter to support the N optical receivers. The
USB and LSB of each subcarrier are combined with
one of the optical splitter outputs (optical cartier) to
generate the intensity-modulated subcarrier optical
signal corresponding to the SC under obsetrvation.
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Figure (3): Proposed optical sideband
demultiplexer

2.4. Primary Design Computation

This subsection presents design parameters
computation related to a DD MSC-P2ZMP optical
network. The network consists of multi-RF subcartiers
embedded in a C-band optical carrier and the results
can be extended to O-band version. Both SP and DP
configurations are used for 16-QAM and 64-QAM
subcarrier modulation formats and assuming DD
scheme with 25 Gbps bit rate per subcarrier Ry. The
simulation is performed with Optisystem software
using the parameter values listed in Table 2. Design
guideline is as follows:

i. In the 16-QAM format, the symbol rate Rs
corresponds to SP- and DP-WDM channel is given,
respectively, by [5]
(R)sp = Rp/Log,M @
(Rs)pp = Ry/2Log,M ©)

The symbol rate R for each subcarrier in DP network
is 3.125 Gbaud (= 25 Gbps/(4x2)). This is to be
compared with 6.25 Gbaud for the SP counterpart.
The subcarrier frequency spacing is chosen according
to
Afic = 2Bme @

Therefor 14 GHz and 8 GHz chosen for SP and DP
networks, respectively. The first RF subcarrier

Therefore, subcattier spacing Afg. is chosen to be 10
GHz and 6 GHz for SP and DP networks,
respectively. The first RF subcarrier frequency for the
SP and the DP networks is 5 and 3 GHz, respectively
the center channel frequency of C—and O-band in the
WDM network is set to 193.1 THz (which
corresponds to 1553.6 nm wavelength) and 228.5 THz
(which corresponds to 1312.9 nm wavelength),
respectively.

ii. The length of the transmission link between the
transmitter and the ith
L is given by

Ly =Ls+ Ly ©)

where Lg is the lengh of the primary SMF connecting

subcarrier optical receiver

the transmitter to the WDM demultiplexer (common
for all subcarrier) while Lp; is the length of the
secondary SMF connecting the OSD output to the ith
subcarrier receiver. If Ly; is assumed the same for all
subcarriers, the P2MP network is then denoted by
(Ls + Ly;) network.

iii. The length of the DCF section is chosen to yield a
zero-average GVD over the fiber link

DsypLsur + DpcrLpcr = 0 ©)
where D is the GVD, L is the fiber length, and the
subscripts SMF and DCEF are used to distinguish the
two fiber types. From equ. (2)

DsmrLsmF
Lpcp = —————— 7
pep = — 2SMELS )

iv. The maximum transmission teach is estimated as
the maximum SMF route length that yields a bit error
rate (BER) < BERy, for all the subcarriers. Here, BERy,
denotes the threshold BER which is taken to 3.8x10-3
corresponding to 7% hard-decision (HD) forward
error connecting (FEC) code.

Table 2: Parameters values used in the simulation.

Subsystem Component parameter value
Power 0 dBm
CW-Laser Center frequency 193.1 THz @ C band
228.5 THz @ O band
P2MP Transmitter Modulation format 16-QAM
RF-Quadrature Modulator Frequency spacing 14 GHz for SP
’ 8 GHz for DP
Opucall\zz‘zli‘l‘ii:;)r MZ- | Extinction ratio 30 dB
Attenuation 0.2 dB/km @ C band
0.35 dB/km @ O band
Dispersion 17 ps/nm/km _@} et = 1550 nm
Single-Mode-Fiber 0@ A= 1310 nm
.. . . 0.08 ps/nm2/km @ Aes = 1550 nm
TranIs‘{n11(551on Dispersion slop 0.092 ps/nm?2/km @ Aer= 1310 nm
n Effective area 80 um?
n2 26x1021 m2/w
) ) ) Attenuation 0.5 dB/km @ Awer= 1550 nm
DISP“SIOHF?mpC“”“O“ Dispersion -85 ps/nm/km @ A= 1550 nm
et Dispersion slop -0.016 ps/nm?2/km @ Awer= 1550 nm
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Effective area 23 um?
n2 26X1021 m2/w
. . Noise figure 4dB
Optical amplifier Gain 6dB @ C and O band
Filter type Gaussian
Filter order 10
Wavelength demultiplexer Subcartier spacing 14 GHz for SP
8 GHz for DP
Center frequency 193.1 THz
. . Responsivity 1A/W
P2MP Receiver Photodiode Dark carrent T00A
Modulation format 16-QAM
RF-Quadrature N
demodulator frequency spacing 14 GHz for SP
8 GHz for DP
Digital Slz%gasllg))roccssmg Modulation format 16-QAM
3. Simulation Results ° ° ‘
The transmission performance of the P2MP B 8
networks incorporating MSC/WDM multiplexing and é g Es
DD scheme is investigated for different network £s Eg
parameters. Among these parameters are number of ES EG
WDM channel N, number of subcarriers per single- ®
optical channel N, modulation format (16-, 64-, and E,A = g

128-QAM) and SP and DP in C- and O-band
operation. For space limitation, sample of the obtained
results are presented here which correspond to P2MP
network designed with N, = 4 and N = 8 when DP
16-QAM signaling is used.
3.1 Spectral Results of 8-SC 4-Ch P2MP-
WDM Network

The P2MP network uses a WDM multiplexer at
the transmitter side and WDM demultiplexer at the
receiver side. The receiver side of each user also has an
optical sideband demultiplexer (OSD) at its starting
point that used to separate the spectra of upper and
lower sidebands for each optically modulated RF
subcarrier. These two side bands are combined with
the optical carrier and forwarded to each user. Figures
4 and 5 illustrate the spectra of WDM optical channels
that produced from WDM demultiplexer with channel
spacing 150 GHz for C- and O-band networks,
respectively. Each one of the four WDM
demultiplexer outputs has its own OSD that separate
optical channel to low- and upper-sidebands. The
networks operate with DP 16-QAM signaling,.
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Figure (4): Demultiplexed WDM channels for 8-SC 4-
Ch P2MP WDM network operating in C band with DP

16-QAM signaling.
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Figure (5): Demultiplexed WDM channels for 8-SC 4-
Ch P2MP WDM network operating in O band with DP
16-QAM signaling.

3.2 BER versus Transmission Distance for
DD P2MP-WDM Network

Figures 6 and 7 represent the variation of BER of
C- and O-band networks, respectively, with the
transmission distance (Ls+ Lyi) for the last subcarrier
(SC8) in each optical channel. The investigation
reveals that SC8 is the first subcarrier that becomes
out of service after number of km transmission. In
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other word, SC8 is the first subcarrier that yields
BERs>BER, when transmission distance increases.
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Figure (6): Variation of BER for SC8 with
transmission distance for each optical channel in 8-SC
4-Ch P2MP WDM network assuming C-band
operation with DP 16-QAM signaling.
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Figure (7): Variation of BER of SC8 with
transmission distance for each optical channel in
8-SC 4-Ch P2MP WDM network assuming O-
band operation with DP 16-QAM signaling.

4. Total Bit Rate-Distance Product of C-
and O-band P2MP Networks

It is clear that the total bit rate Ry cartied by the
P2MP network increases linearly with the number of
WDM channels N, and number of RF subcarriers per
optical channel Ng. This is true when each optical
channel is modulated by the same number of RF
subcarriers and each subcarrier carriers the same
amount of bit rate R,. Under these conditions, Ry, =
NiNwRp. However, the maximum reach L. of
P2MP network does not decreases linearly with
increasing Nic and Ne. This leads to an unpredictable
behavior describing the dependence of the total bit
rate-distance product (BDP) on the number of WDM
channels and number of RF subcartiers per each
optical channel. The parameter BDP is a figure-of-
merit (FoM) usually used to evaluate the transmission
performance of optical networks. In this section, the
parameters BDP is estimated for different P2MP
network parameter using the relation BDP =
(NseNenRb)Linax. The results are listed in Tables 3 and
4 for C- and O-band networks, respectively. The
results are presented for different values of Ny and
N, and for different modulation formats assuming
SP and DP architectures operating with Ry, = 25Gbps.
From the results reported in these two tables, one may
deduce the maximum BDP obtained when the
modulation format and the polarization type of the
architecture are fixed as shown in Table 5 and Fig. 9.
Investigation these results highlights the following
facts:
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i. The DP architecture offers higher maximum BDP
compared with SP counterpart and this effect is more
pronounce in O-band operation. For example, the 16-
QAM C-band P2MP network offers 9/6.5=138.5%
enhancement in BDPp, when the SP architecture is
replaced by DP counterpart. This is to be compared
with O-band operation where the enhancement is
80/14 = 571.4%.

ii. The O-band network offers higher BDP,
compared with C-band counterpart and this is true for
any modulation format and polarization architecture.
For example, the SP 16-QAM network has BDP . =
6.5 and 14.0 Tbps.km for C- and O-band operation,
respectively. These values are to be compared with 9.0
and 80.0 Tbps.km, respectively for DP 16-QAM
networks.

TABLE 3: Maximum reach and total bit rate-
distance product (BDP) for C-band P2MP network.
(a) Single-polarization network.

Modul Nsc per BDP
ation | TNeh chanIr)lel Lo (Tbps.km)
4 65 6.5
1 8 20 4.0
12 8 24
16 4 1.6
16-
4 60 6.0
QAM | 4 8 10 2.0
3 4 40 4.0
8 10 2.0
16 4 28 2.8
4 52 5.2
1 8 18 3.6
12 8 24
16 3 1.2
04- 4 50 5.0
QAM 4 8 12 2.4
8 4 35 3.5
8 8 1.6
16 4 25 2.5

TABLE 3: (Continued).
(b) Dual-polarization network.

. Nsc per BDP
Modulation | Nch chanlr)lel Lonax (Tbps.km)

4 88 8.8

. ;) 45 9.0

12 20 6.0

16 12 4.8

16QAM [, 4 87 8.7
;) 35 7.0

o 4 85 8.5

;) 20 4.0

16 4 70 7.0

4 56 5.6

. ;) 25 5.0

12 10 3.0

16 4 1.6

6QAM [, 4 [ 55 2>
;) 25 5.0

o 4 48 4.8

;) 12 2.4

20

A%»

TABLE 4: Maximum reach and total bit rate-
distance product (BDP) for O-band P2MP network.
(a) Single-polarization network.

Modulati Nch Nsc per Lo BDP
on channel (Tbps.km)
4 140 14.0
1 8 30 6.0
12 18 5.4
16 7 2.8
16-QAM 4 4 105 10.5
8 18 3.6
8 4 60 6.0
8 10 2.0
16 4 40 4.0
4 100 10.0
1 8 20 4.0
12 13 3.9
64-QAM 16 5 2.0
4 100 10.0
4 8 25 5.0
4 11 1.1
8
8 10 2.0
4 40 4.0
128-QAM | 1 i 18 5.0
12 10 3.0
16 3 1.2

TABLE 4: (Continued).
(b) Dual-polarization network

. Nsc per BDP
Modulation | Nch chanl:lel Lonss | Ty Jern)

4 800 | 800

. 8 300 | 60.0

12 35 105

16 25 10.0

16-QAM . 4 300 [ 30.0

8 70 14.0

g 4 240 2.4

8 40 8.0

16 4 100 10.0

4 400 10.0

. 8 120 2.4

12 32 9.6

16 25 10.0

64-QAM A 4 200 | 200

8 50 10.0

o 4 12 12

8 11 1.1

4 200 | 20.0

. 8 50 10.0

128-QAM 12 30 9.0

16 15 6.0

TABLE 5: Dependence of maximum BDP of P2MP
network on modulation format and polarization

architecture.
(a) C-band network
Maximum BDP
Modulation | Network Values Network
(Tbps.km) | parameter
sP 65 RS
16-QAM No =1
ch —
DP 9.0 Nsc = 8
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SP 52 Nen = 1
Nsc = 4
64-QAM N =1
ch —
DP 5.6 Nsc = 4
TABLE 5: (continued).
(b) O-band network.
Modulation Network Maximum BDP
format etwor’ Values Network
(Tbps.km) | parameter
SP 14 IN\ISZ - 14
16-QAM No=1
ch —
DP 80.0 Nsc = 4
SP 10.0 S;*;::‘;
64-QAM Y
ch —
DP 20.0 Nsc = 4
sp 40 S @ = 14
128-QAM NSC _—1
ch—
DP 20.0 Nsc = 4
mSP mDP
E\10 90
|3 8 65
B 5.6
a6 5.2
a
4
g
g
¢ 2
=
0
16-QAM 64-QAM
Modulation format
(2)
100
- mSP mDP
3 20.0 20.0
=}
=k 14.0 10.0
10
)
= 4.0
=]
£
i
=
1
16-QAM 64-QAM 128-QAM
Modulation format
(b)

Figure (9): Variation of maximum bit rate-distance
product (BDPp.y) with modulation format and type
of polarization. (a) C-band network. (b) O-band
network.

5. Comparison with Related Work

Table 6 compares the transmission performance of
optical networks reported in some recent related
works with those obtained after simulation them using
the methodology adopted in this paper. The optical
networks covered by this comparison are related to a
single-optical channel C-band P2P and P2MP
operation with 25 Gbps bit rate per subcarrier. It is

21

/Lg)

worth to mention here, that the related work uses
coherent-detection scheme and supported by
experimental results while the results obtained in this
paper are obtained using simulation based on direct-
detection scheme. The results in Table ¢ reflect the
following findings:

i. When Nsc = 4, the DD networks offer a maximum
reach longer than the transmission distance used to
implement the coherent-detection counterpart. For
example, the DP QPSK and SP 16-QAM networks
have been demonstrated over 50 and 35 km,
respectively, using coherent-detection scheme. These
are to be compared with Lmax = 85 and 65 km,
respectively, when these networks are simulated using
DD scheme

ii. When Nsc = 16, the DD network cannot support
the transmission distance covered by the implemented
coherent-detection counterpart. This network has
been demonstrated over 35 km assuming SP 16-QAM
while the simulated DD counterpart offers Lmax = 4
and 12 km for SP and DP version, respectively.
Further simulation reveals that Lmax = 20 and 40 km
when the P2MP network is designed with Nsc = 8 and
using SP and DP architectures, respectively.

6. Conclusions

The transmission petformance of IM/DD P2MP
optical networks incorporating MSC/WDM technique
has been investigated to support 5G and beyond
services. Results have been reported for both C- and
O-band operation assuming (16- and 64-QAM) and
(16-, 64-, and 128-QAM) signaling, respectively. The
main conclusions drawn from this paper are:
The maximum reach of optical route in C-band P2MP
network is enhanced by using both DCF and receiver-
side DSP for GVD compensating. The dual-
polarization version of P2ZMP network offers longer
route maximum reach (almost double) compared with
single-polarization version. This is true for both C- and
O-band operation. The O-band P2MP network
supports longer maximum reach compared with C-
band counterpart. For example, 16-SC 16-QAM
network has L. = 4 and 7 km for C- and O-band SP
network, respectively. These are to be compared with
12 and 25 km, for C- and O-band DP networks,
respectively. The DP architectures offer high
maximum BDP compared with SP counterpart and
this effect is more pronounced in O-band operation.
For example, in C-band 16-QAM and N = 16,
BDPiax = 1.6 and 4.8 Tbps.km for SP and DP,
respectively, while in O-band network, BDPp. = 2.8
and 10 Tbps.km for SP and DP, respectively.

Table 6: Comparison with related work.

Network Transmission
parameters distance
[=] — | § 9
<) - (9] B
Reference | S % | & .g 2 g 5
< o S O ° B
= E |2 &|lNgl &
5 &8 |EQlEEl & 2
2& | 8 -g =5 9] =
= |Z28£5 F E
Zhang et
al.[34] |QPSK| 4 | DP |50 km (Sg.sélg‘ﬁm
2020 * + 60 k)
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