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Abstract: In this paper we present an experimental analysis of several modulation formats (pulse
amplitude modulation (PAM-2), quaternary pulse amplitude modulation (PAM-4) and electrical
duobinary (EDB)) for passive optical network (PON) applications at 25 Gbps bit rate in a C-band
10G-class directly modulated lasers (DML) and avalanche photodiode (APD) intensity modulation
and direct detection (IM-DD) system over a single mode fiber (SMF) of up to 25 km, optimizing
DML operations and demonstrating that PAM-2 is a promising choice. We also theoretically and
experimentally analyzed the channel frequency response of DML and SMF affected by DML chirp
and SMF chromatic dispersion.

Keywords: C-band; 10G-class DML; frequency response; chromatic dispersion; dispersion penalty;
power fading; chirp

1. Introduction

The time division multiplexed (TDM) passive optical network (PON) has been one
of the most important architectures to support the increasing bandwidth and traffic re-
quirements in access networks. The standardization of 25 Gb/s per A (25G-PON) has been
recently released by IEEE (25G-EPON [1]). Standardization of 50 Gbps PONs is under
development by IEEE and ITU-T. 50Gbps PONs exploit two wavelengths per direction,
each at 25 Gbps [2,3]. The 25G-PON physical layer will preserve the intensity modulation
and direct detection (IM-DD) scheme to allow low-cost transmitter (TX) and receiver (RX)
optics. For the first time in a PON standardization release, both the uplink and downlink
will operate in O-band (around 1300 nm) to cope with chromatic dispersion over the PON
standard reach from 0 to (at least) 20 km over single-mode fiber (SMF) [1-8].

Our group has analyzed in previous papers the performance of directly modulated
laser (DML)-based IM-DD PON systems in O-band [9-11]. In [12,13], the channel frequency
response of a DML-based IM-DD system was investigated in O-band through simulations
and theoretical calculations. In general, DML represents a good choice when it operates
in a system with low chromatic dispersion (CD), for example, in O-band, because of the
low cost and small footprint advantages [14-16], while, because of laser chirp effects, it is
usually less suitable for C-band operation. However, it was shown in [17] that DML, when
operated in some specific situations, can even achieve a better performance than electro-
absorption modulated laser (EML) and Mach-Zehnder modulator (MZM) in C-band, since
under proper combination of adiabatic and nonadiabatic chirp, DML can give a higher
nonfaded bandwidth than EML and MZM. The modulation bandwidth of DML is generally
smaller and the chirp is generally higher than those of external modulators. External
modulators, therefore, are more suited to higher data rate and longer reaches transmission
(i.e., >10 km) [18]. However, DML is better suited to optical access networks, such as
PON, due to low cost, low power consumption, low insertion loss, compactness, and high
optical output power [19,20]. The bandwidth of commercial DMLs can currently reach
21 GHz [21]. A 65 GHz bandwidth low chirp (enhancement linewidth factor « < 1.0) DML
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module was demonstrated in [22], in which a high data rate transmission of 294.7 Gbps
over 15 km single mode fiber (SMF) was achieved without using complex high speed
electronic compensations, a strong optical confinement effect, or optical fiber amplifiers.
Moreover, 100 Gb/s commercial DML has yet to be released [23].

Regarding modulation formats for 25 and 50 Gbps PON, besides traditional binary
NRZ (return-to-zero, and possibly in a duobinary version), two other modulation formats,
quaternary pulse amplitude modulation (PAM-4) and duobinary PAM-4 (DB-PAM-4) have
been studied in the literature. When using DML lasers, the key physical layer impairments
are well known to be the mix of laser chirp, fiber chromatic dispersion, and the limitations
in the available modulation bandwidth. For instance, in [24], the measured channel
frequency response of a DML based IM-DD system over a 0-20 km SMF and the measured
receiver sensitivity of an on—off keying (OOK) signal obtained at low extinction ratio (ER)
(below 2.7 dB) were shown. Typically, at bit rates above 10 Gbps for PON applications,
chromatic dispersion (CD) may have an important impact, and this is the reason why, as
mentioned before, both 25G- and 50G-PON currently under proposal in the ITU-T and
IEEE standardization bodies operate in the O-band (around 1300 nm), where CD is at its
minimum.

Compared to O-band, there are two main advantages of C-band: lower optical loss and
lower optical nonlinearity (because CD is not zero at 1550 nm; on the contrary, CD equals
to zero at 1300 nm in O-band). Moreover, both downstream and upstream transmission in
both 25G- and 50G-PON standardizations currently operate in O-band. Therefore, in future
PON standardization, it may happen that the O-band window is full, so that it may become
of interest to move again to the C-band. This is the rationale behind our paper. In fact, it is
necessary to study DML based IM-DD systems in C-band 1550 nm. In the IM-DD system
in [17], the eye skewing effect caused by adiabatic chirp and higher CD in the C-band
mentioned before is mitigated by the intensity directed equalizer. Apart from IM-DD
PON systems, several studies have been carried out in C-band. To overcome the higher
CD in C-band, single sideband (SSB) modulation has been proposed in fiber-wireless
systems [25] and radio-over-fiber links [26], and the tunable dispersion compensation
module (TDCM) has been proposed in 5G networks [27]. In the high bit rate PON channel,
severe optoelectronic (O/E) bandwidth (BW) limitations and power fading due to CD
are two of the main issues [28]. The main limitation of the DML based IM-DD system
(compared to EML and MZM based systems) is the interaction induced by CD and the
adiabatic chirp of DML, which is a nonlinear impairment, in general complex to be analyzed.
Frequency fluctuations in the transmitted signal (i.e., chirp) due to the higher dispersion in
C-band over the link can generate intersymbol interference (ISI) at receiver [29]. The chirp
of DML therefore limits the maximum transmission distance. As discussed in [17], directly
modulated PAM symbols have different optical frequencies due to different intensity levels.
The resulting eye skewing effect and other nonlinear distortions are caused when PAM
modulated signals are transmitted over high dispersion links in C-band. Therefore, the
ISI of adjacent symbols is different for the different intensity levels of PAM symbols. A
fiber with negative dispersion was designed in [30] to gain from the positive chirp of DML.
In [31], a tunable optical filter (TOF) was designed to reduce the impairments. RX offline
digital signal processing (DSP), e.g., feed forward equalization (FFE) and decision feedback
equalization (DFE), can be used to partially overcome the impairments.

In this paper, we experimentally analyzed three problems: (1) the E/O frequency
response of the 10G-class DML, (2) the frequency response of the DML based IM-DD
system over a 25-118 km SME, and (3) the maximum ODN loss (max. ODN loss) that
can be achieved using this system employing electrical duobinary (EDB), NRZ-OOK (also
termed as pulse amplitude modulation (PAM-2)), and PAM-4 signals as a function of
extinction ratio (in a range from about 1 to 9 dB) at 25 Gbps over an SMF of up to 25 km
in C-band using direct detection. We considered feed-forward equalization (FFE) and
decision feedback equalization (DFE) approaches at the receiver, which were performed by
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using the offline processing approach in our laboratory experiments. We experimentally
obtained that PAM-2 should be the the most appropriate modulation format of 25G-PON.

The paper is organized in the following way: details of the experimental setup are
described in Section 2. The experimental results are reported in Section 3. In Section 3.1,
the E/O frequency response of our 10 G-class DML is characterized. In Section 3.2, we
experimentally and theoretically analyze the channel frequency response of SMF in a DML
based IM-DD system. In Section 3.3, we compare the performance of EDB, PAM-2, and
PAM-4 signals as a function of ER. We conclude in Section 4.

2. Experimental Setup

The experimental setup is schematically illustrated in Figure 1. At the TX side, EDB,
PAM-2, or PAM-4 optical modulation was generated using PRBS random sequences at
bit rate R; = 25 Gbps by an offline digital TX and digital signal processing (DSP) block,
which is described in detail in [10]. Here we briefly mention that for PAM-2 and PAM-4
options were generated in a standard way, while for EDB the following setup was used:
a 2-level pre-coded signal was generated at TX. It was precoded by using a standard
XOR-and-delay-based block. At RX, the received signal was detected by using a duobinary
equalizer-based receiver. A 3-level signal was used as a training sequence for adaptive
equalization (AEQ).
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Figure 1. Experimental setup.

The resulting offline TX block generated signal was converted into an analog electrical
signal i(t) by a Keysight © (Santa Rosa, CA, USA) 92 GSa/s arbitrary waveform generator
(AWG). We could change the DML’s resulting output ER by changing the peak-to-peak
voltage, which is a parameter could be set in the AWG. After the amplification, a DC-
bias was added to the signal by a Bias-T. The bias current of the laser i, was varied to
optimize the performance. Then, the experimental setup drove a 1550 nm C-band 10G-class
Gooch and Housego © DML (Ilminster, UK). The transmitted optical power was set as
Prx = 8.5 dBm. The resulting modulated optical signal was propagated over a conventional
SMEF with length L = 20 km or 25 km. The received optical power (ROP) was measured
by a power meter after a variable optical attenuator (VOA). At the RX side, the signal was
received by a 10G-class avalanche photodiode (APD) followed by an electrical amplifier
and a 100 GSa/s sampling rate Tektronix © (Beaverton, OR, USA) real time oscilloscope
(RTO). In the offline Digital RX + DSP block, we proposed two solutions: (a) an FFE with a
number of taps Nigps = 20 (we termed this as “FFE”) and (b) an FFE with Nygps = 20 followed
by a DFE with Njps = 5 (we termed this as “FFE + DFE”) to partially compensate for linear
and nonlinear impairments.

As performance metrics, we used the required ROP (RROP) at bit error rate (BER)
target of BERT = 10~2; the resulting ODN loss, defined as the difference in dB between the
transmitted optical power Prx and the received one (i.e., ODN loss, dB = Prx — ROP, both
in dBm); and the maximum ODN loss (max. ODN loss, dB = Prx — RROP, both in dBm).
This is the typical metric used in the PON environment, since PON standards are very
demanding in terms of ODN loss.

3. Experimental Results

In this section, we present our main experimental results. Different bias currents of
the DML i, and different fiber lengths L were used to experimentally analyze the overall
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electrical-to-electrical frequency response of the experimental DML based IM-DD system
with SMF fiber. Then, we show the performance of three modulation formats, i.e., EDB,
PAM-2, and PAM-4, which were compared by employing two solutions, i.e., FFE and
FFE + DFE.

3.1. Measured E/O Response of the 10G-Class DML

We start by showing the measured back-to-back (B2B) response of 10G-class 1550 nm
DML. The results are shown in Figure 2 to characterize the DML used in this experiment.
The measured frequency response was normalized to | Hpp (f = 0) 1. The frequency re-
sponses were measured by using an optical network analyzer (ONA) connected directly to
the DML. As shown in the figure, the measured 3 dB bandwidth of the 10G-class DML was
about 4.5 GHz, 8 GHz, 10 GHz, 12 GHz, and 12.5 GHz for the values of DML input bias
current i = 20 mA, 30 mA, 40 mA, 50 mA, and 60 mA, respectively. In the datasheet of our
DML [32], an S21 frequency response characterization of the device is shown. However,
it is not specified at which bias current 7, this measurement was performed. From our
measurements, a similar frequency response as that reported in the datasheet was obtained
at 60 mA. When observing Figure 2, please note the DML BW strong dependency versus
the DML bias current i,. The BW is positively correlated to 7, when i}, is below the sug-
gested maximum i, (100 mA, which is indicated in the datasheet [32]). We experimentally
demonstrated that i, = 60 mA keeps the operation of the DML on the safe side as well as
guaranteeing optimum performance [10]. Therefore, we will only use i, = 60 mA in the rest
of the paper.
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Figure 2. Measured E/O response of the 10G-class DML with different bias currents of the DML 7, in
C-band (1550 nm).

3.2. Frequency Fiber Channel Response Analysis

We continue by analyzing the measured frequency response after different lengths
of SME. The frequency responses were measured by again using the ONA. The frequency
responses shown in Figure 3 were obtained by extracting the frequency response measured
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in Figure 2 with i, = 60 mA, i.e., with 0 km fiber, to show the overall frequency response
including SMF and DML chirp effects. The channel frequency response of SMF in a DML
based IM-DD system can be theoretically evaluated using Equation (1) [33,34]:

P
H(w) = vVa+ 1cos (9 + tan_1a> +j%sin9 (1)

where « is the enhancement linewidth factor, x is the adiabatic chirp factor (the DML chirp
parameters), Py in W is the average output power of the DML (i.e., Prx), w = 2I1f (where f
is the frequency in Hz), § = DA?w?L/4T1c (where A is the wavelength of the signal in m),
D is the CD parameter in s/ m2, L is the fiber length in m, and ¢ in m/s is the speed of
light in vacuum. The black solid lines with circles show the measured frequency responses.
On top of the experimental graph, the red lines specify the theoretical responses by using
Equation (1), obtained after a fitting procedure on the free parameters [35]. Please note that
the DML parameters o and « are not normally available on the DML datasheet, so we used
simulations and experimental measurements to evaluate them. In the fitting procedure, «,
x and D were set as three free parameters. After the fitting procedure, we obtained « = 2.1,
x = 3.3 GHz/mW, and D = 16.64 ps/(nm-km) (which were obtained from fitting procedure
performed in this section) as well as Py = 8.5 dBm (which Was measured at the output
of the DML by using an optical power meter). The measured frequency responses are
remarkably consistent with the theoretical ones calculated by using Equation (1) for all
three different fiber lengths L = 25 km, 75 km, and 118 km. As shown in Figure 3, we can
observe several frequency notches. For instance, as shown in Figure 3b, the three frequency
notches are at around 10 GHz, 14 GHz, and 18 GHz.

15 T T T T T T T T T

10 o
(a1)]
© 5
o
2
O 0
Q.
(72]
L 5
()
=
-
C_U -10
()
0

-15

—O— Measured
_20 Theory | | | 1 1 | |

o 2 4 6 8 10 12 14 16 18 20
a) Frequency f, GHz

Figure 3. Cont.
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Figure 3. Frequency response of SMFs with different fiber length L in C-band (1550 nm) and with
bias current of the DML i, = 60 mA. Solid line and circle: measured response. Solid line: theoretical
response obtained by using Equation (1). (a) L =25 km, (b) L =75 km, and (c) L = 118 km.
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Relative response, dB

In Equation (1), the first and second terms are caused by the transient chirp and
adiabatic chirp of the DML, respectively. In Figure 4, we present the total frequency
responses (extracted from the theoretical response in Figure 3) with different fiber lengths.
The total frequency response can be decomposed into transient chirp and adiabatic chirp.
From the ideas of [24], we can observe that the first notch induced by the transient chirp
(in blue dashed curves) can be partially compensated by the adiabatic chirp (in green
solid curves). As a result, at the frequency f; (where first notch induced by the transient
chirp appears), the total frequency response (in red solid line) does not suffer the notch
at frequency f1. However, the notches induced by the transient chirp appearing after
frequency f1 cannot be compensated by the adiabatic chirp, since the notches induced by
the transient and adiabatic chirp appear at almost the same frequency. Therefore, we can
observe 1, 3, and 6 notch(es) with 25 km, 75 km, and 118 km fiber respectively (within
the measurable frequency window). From Equation (1), the bandwidth of SMF in a DML
based IM-DD system can be expressed in Equation (2) [24]:

[
BW ~ ,/—— 2

DAL @)

The first frequency notches for L = 25 km, 75 km, and 118 km are at around 18 GHz,

10 GHz, and 8 GHz respectively. These values are consistent with the values calculated by

using the Equation (2). The bandwidth of SMF in the DML based IM-DD system is more

dependent on the frequencv of the first notch of the adiabatic chirp, since the first notch of

I f m— Total
1 = = =Transient chirp
! 1 |I/| | | v Adjabatic chirp
2 4 6 8 10 12 14 16 18 20

Frequency f, GHz

Figure 4. Cont.
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3.3. System Performance

In Figure 5, we investigate the system performance for three modulation formats and
two different types of equalization in terms of max. ODN loss as a function of ER set at DML
side. Note the DML bias current 7, = 60 mA to keep the DML operating on the safe side as
well as at the optimum performance. As shown in Figure 5, the optimum ER is about 4 dB
for all modulation formats. The performance in terms of max. ODN loss with 20 km fiber is
very similar to that with 25 km fiber. From Section 3.2, the bandwidth of SMF (including
DML chirp effects) based on IM-DD systems is about 18 GHz with 25 km fiber, and from
Equation (2) we can observe that this bandwidth limitation is irrelevant if compared with
DML and APD bandwidths. Therefore, the bandwidth of this DML based IM-DD link is
more limited by the bandwidth of DML (from Figure 2: 12 GHz at i, = 60 mA) and APD
bandwidth. The 3-dB bandwidth of our APD is around 7 GHz [36]; the overall system is
therefore mainly limited by the APD. Comparing the performance of FFE and FFE + DFE,
for EDB and PAM-4, the improvement is very limited by applying FFE + DFE. PAM-2 is
the only one among these three modulation formats that has a relatively large enhancement
(in terms of the max. ODN loss, an enhancement of about 2 dB) when the FFE + DFE is
applied. EDB and PAM-2 have the same baud rate, but the spectrum bandwidth of EDB is
only the half of that of PAM-2. The spectrum bandwidths of PAM-4 and EDB are narrower
than that of PAM-2. As shown in Figure 3a, in the frequency response of a 25 km SFM in a
DML based IM-DD system, an overshooting can be observed from around 6 GHz to 16 GHz.
This can help to compensate partially the low-pass attenuation when DML and APD are
applied alone (i.e., the back-to-back case), and the overall BW of the system is increased as a
result. PAM-2 outperformed EDB when the bandwidth limitation was relaxed. Therefore, in
Figure 5, PAM-2 shows the best performance among these three modulation formats. On the
other hand, the overshoot is not observed in O-band which has much lower CD. We have
experimentally demonstrated in [10] that EDB is the best among these three modulation
formats in O-band 25G-PON because of the more limited bandwidth. The performance
of PAM-2 + FFE is very similar to that of EDB + FFE + DFE, and FFE is less complex than
FFE + DFE. Moreover, in terms of max. ODN loss, PAM-2 + FFE + DFE is the only scenario
where it can reach 29 dB, which is the typical required power budget for 25G-PON [5].
Therefore, PAM-2 represents a good choice for DML based 25G-PON in C-band.
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Figure 5. Cont.
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Figure 5. Maximum ODN loss as a function of ER over 20 km or 25 km SMF in C-band (1550 nm)
and with bias current of the DML i, = 60 mA. Solid: FFE; dashed: FFE + DFE. (a) EDB, (b) PAM-2,
and (c) PAM-4.

4. Discussion and Conclusions

We experimentally demonstrated 25 Gbps transmission over an up to 25 km SMF
in a 10G-class DML based IM-DD system in C-band. We performed the characterization
of our 10G-class DML in terms of measured frequency response at different bias current
ip. i, = 60 mA was selected to ensure the optimum performance of the DML. In [12,13],
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the channel frequency response of a DML-based IM-DD system was analyzed in O-band
through only simulations and theoretical calculations. We analyzed in detail the measured
frequency response of different lengths up to 118 km SMF in a DML based IM-DD system
in C-band following the ideas from [24]. The theoretical frequency response and measured
ones matched well. From the matching procedure we obtained the laser chirp parameters
« and x. We also discussed the decomposition of the frequency response. We theoretically
showed that the bandwidth of the DML based IM-DD over SMF system is depends mainly
on the frequency of the first notch of the adiabatic chirp. Finally, we experimentally
demonstrated that PAM-2 is a promising choice for 25G-PON if operation in C-band is the
target, because in combination with DFE it provides the maximum admissible ODN loss
among other options and can reach the typical required power budget for 25G-PON (29 dB).
Moreover, since the 25G- and 50G-PON standards currently both operate in O-band both
in the downstream and upstream directions, very likely, the O-band window well be fully
occupied in the future. Then, C-band will be available, representing a good choice to move
some services of 25G-PON. Moreover, the fiber losses and the impact of fiber nonlinearities
are lower in C-band.
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