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40-Gb/s Time-Division-Multiplexed Passive Optical
Networks Using Downstream OOK and Upstream

OFDM Modulations
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Abstract—In this investigation, we first propose and investi-
gate a 40-Gb/s time-division-multiplexed passive optical network
(TDM-PON) using four wavelength-multiplexed signals in both
downstream and upstream traffic. Here, each downstream
signal uses 10-Gb/s on—off keying (OOK) format encoded by a
Mach-Zehnder modulator (MZM) in 1.5-ym band. And each
upstream channel utilizes the highly spectral efficient 10-Gb/s or-
thogonal frequency-division-multiplexing quadrature amplitude
modulation (OFDM-QAM) generated by directly modulating
a 1.3-um laser. Based on the proposed scheme, 40-Gb/s data
traffic in a TDM-PON can be obtained easily by using four wave-
length-multiplexed channels. In addition, the performance of the
proposed PON architecture has also been discussed.

Index Terms—40 Gb/s, orthogonal frequency-division multi-
plexing (OFDM), on-off keying (OOK), passive optical network
(PON), wavelength-division multiplexing (WDM).

I. INTRODUCTION

UE to the increase in demand of broadband access
D networks, the last mile data access should provide
higher and higher data rates in a more economic way. Fiber
communication systems have the benefits of huge bandwidth,
high capacity, lower latency, lower power consumption, and
flexible bandwidth allocation. Therefore, fiber-to-the-home
(FTTH) would be the best choice for the last mile access
[1]. Recently, the time-division-multiplexing passive optical
networks (TDM-PONs), such as broadband PON (BPON)
[2], Ethernet PON (EPON) [3] and gigabit PON (GPON) [4],
were standardized and deployed by telecom carriers for access
network applications. In such PONs, 1490- and 1310-nm
wavelengths were serving as the downstream and upstream
traffic, respectively, with a maximum data rate of 2.5 Gb/s.
However, the capacities of current TDM-PONs cannot sat-
isfy the bandwidth requirement for the future multiple-play
services (such as voice, video, Internet, and mobile connec-
tions). Thus, the current TDM-PONs need to be upgraded
to 10 Gb/s or above. In addition, the 10-G EPON and 10-G
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GPON have also been discussed by the standardizations for the
next-generation 10-G access network applications [5], [6]. To
satisfy the demand of wider bandwidth and higher capacity for
new generation access systems, 40-Gb/s fiber access networks
have also been proposed using 2.5 Gb/s x 16 channels and
1.25 Gb/s x 32 channels [7], [8]. Furthermore, to enhance
the effective bandwidth based on the original light source,
the orthogonal frequency-division-multiplexing quadrature
amplitude modulation (OFDM-QAM) was used in the PON
system [9]-[13]. In addition, the frequency diversity transmis-
sion of OFDM signal would permit the simple equalization of
frequency response and can effectively mitigate fiber chromatic
dispersion [10], [12].

In this letter, we propose and demonstrate a 40-Gb/s
TDM-PON using four wavelength-multiplexed signals to
achieve 40-Gb/s downstream and upstream traffics in 25-km
fiber transmission without any dispersion compensation. The
downstream and upstream signals are modulated by on—off
keying (OOK) and OFDM-QAM at 10 Gb/s, respectively.
Moreover, the system performance is also discussed.

II. EXPERIMENT AND DISCUSSION

In the 40-Gb/s TDM-PON, a single wavelength with 40-Gb/s
data rate could be used in the optical line terminal (OLT) for
broadcasting downstream traffic. According to current PON
standards [2]-[4], the maximum fiber transmission length
was around 20 km. Although using OOK modulation format
is simple and cost-effective, the transmission of the 40-Gb/s
OOK signal would be limited by fiber chromatic dispersion.
Due to the unavailability of the 40-Gb/s nonreturn-to-zero
(NRZ) source in the laboratory, we use commercial software
(VPI Transmission Maker V7.5) to numerically analyze the
40-Gb/s OOK downstream traffic in the PON. In the sim-
ulation, the 40-Gb/s OOK signal is generated by encoding
a continuous-wave (CW) signal (wavelength = 1550 nm,
average power = 0 dBm) via a Mach—Zehnder modulator
(MZM). The signal is then launched to an optically pream-
plified receiver (Rx) via different standard single-mode fiber
(SMF) (dispersion parameter = 17 ps/nm/km). The optically
preamplified Rx consists of an erbium-doped fiber amplifier
(EDFA) (noise figure = 5 dB), a bandpass optical fiber
(Gaussian shaped, 3-dB bandwidth = 100 GHz) and a PIN
photodiode. Fig. 1 shows the bit-error-rate (BER) performance
at back-to-back (B2B), 5- and 10-km transmissions, respec-
tively. We can observe a power penalty of 6.3 dB at the BER of
10~Y in 5-km transmission due to fiber dispersion. When the
transmission length extends to 10 km, the BER almost cannot
be measured, as shown in Fig. 1. To overcome the dispersion
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Fig. 1. Numerical analysis of BER performance at 40-Gb/s NRZ modulation
format under B2B, 5-, and 10-km transmissions, respectively.
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Fig. 2. Experimental setup of proposed 40-Gb/s TDM-PON architecture.

effect at higher and higher data rates in the current SMF-based
PON architecture, we can employ four wavelength-multiplexed
channels with 10-Gb/s rate to implement the 40-Gb/s transmis-
sion in the TDM-PON.

The experimental setup of the proposed 40-Gb/s TDM-PON
architecture is illustrated in Fig. 2. In this system, we use
1.5- and 1.3-pm bands for the downstream and upstream
traffic. In the OLT, there are four distributed-feedback laser
diodes (DFB-LDs) connecting to four MZMs and a four-port
wavelength-multiplexed filter, as shown in Fig. 2. An EDFA,
with saturated output power of 21 dBm and noise figure of
5 dB, is utilized to compensate the transmission loss. The
four wavelength-multiplexed channels are 1548.02, 1549.22,
1550.42, and 1551.62 nm, respectively, with the output powers
of 2.5, 2.6, 2.6, and 2.4 dBm. We use external modulation in the
downstream signal; however, direct modulation can be used.

In the remote node (RN), a 1 x 32 optical splitter (SP) is em-
ployed. In each optical networking unit (ONU), four DFB-LDs
are connected to the four-port wavelength-multiplexed filter.
The four DFB-LDs used are commercially available, with di-
rect modulation bandwidth of up to 3 GHz. The upstream wave-
lengths are 1312.08, 1313.28, 1314.48, and 1315.68 nm, respec-
tively, with the output powers of 5.1, 5.0, 5.2, and 5.0 dBm. The
1.3/1.5-pum wavelength-division-multiplexing (WDM) coupler
(WC) is used to multiplex and demultiplex the downstream and
upstream paths. The insertion loss of WC is around 3.2 dB.
Fig. 3 shows the measured output optical spectra of downstream
and upstream signals observing by an optical spectrum analyzer
(OSA) with a 0.05-nm resolution.
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Fig. 3. Output spectra of downstream and upstream signals used in the pro-
posed TDM-PON system before transmitting.
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Fig. 4. BER performance at 1549.22 nm with 10-Gb/s NRZ modulation format
under B2B and 25-km transmission for downstream traffic, respectively. The
inserts are corresponding eye diagrams.

For the downstream BER measurements, four wave-
length-multiplexed channels are modulated at 10 Gb/s by the
MZMs, respectively, using the NRZ pseudorandom binary
sequence (PRBS) with pattern length of 23! — 1. Fig. 4 shows
the BER performance of one of the selected wavelengths at
1549.22 nm at B2B and after 25-km SMF transmission, re-
spectively. Negligible power penalty at the BER of 10~ are
observed in all the four 10-Gb/s OOK channels after 25-km
SMF transmission. The inserts of Fig. 4 are the corresponding
eye diagrams at B2B and 25-km transmission.

For the upstream BER measurements, the 10-Gb/s
OFDM-QAM signal is generated by a baseband digital
signal processing (DSP) and a digital-to-analog converter
(DAC), which is an arbitrary waveform generator with 50-GHz
sampling rate. The incoming bit streams are packed into 128
subcarrier symbols, each subcarrier symbol is in a 16-QAM
format. These subcarrier symbols are converted to a time-do-
main OFDM symbol by using inverse fast Fourier transform
(IFFT). Then the DAC converts the digital data to an analog
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Fig. 5. BERs versus received optical power for 10-Gb/s upstream traffic of
OFDM-QAM signals at B2B and after 25-km SMF transmission at the wave-
length of 1313.28 nm. The insets are constellation diagrams of B2B and 25-km
SMF transmission.

signal. In this experiment, the four DFB-LDs are directly
modulated by the upstream OFDM signal. Here we selected
the DFB-LD wavelength at 1313.28 nm with an average optical
output power of 5.0 dBm for the analysis.

To analyze the upstream OFDM signal, the analog-to-digital
converter (ADC), which is a real-time 50-GHz sampling os-
cilloscope, converts the OFDM signal detected by the Rx to
digital signals for demodulation. The demodulation is per-
formed by using computer software. The synchronizer extracts
the carrier phase and aligned the OFDM symbol boundaries.
The time- to frequency-domain translation is performed with
fast Fourier transform (FFT). A QAM decoder analyzed the
symbol on each subcarrier to make the final decision. The total
10-Gb/s OFDM 16-QAM signal is very spectral efficient; it
only occupies the spectrum from 100 to 2600 MHz. Hence,
low-bandwidth (<3 GHz) optical components can still be used.
The BER performance is calculated from the measured error
vector magnitude (EVM) [14].

Fig. 5 shows the BER curves of the 1.3-ym OFDM 16-QAM
signal at B2B and after 25-km transmission without dispersion
compensation. Nearly 1.1-dB power penalty is observed. The
higher power penalty observed in the OFDM case is due to the
direct modulation of DFB-LD used. The requirement of relative
larger received power than the NRZ signal is due to the unavail-
able of 1.3-pm optical preamplifier for the 1.3-xsm Rx. The mea-
sured constellation diagrams of the OFDM signals are shown in
insets of Fig. 5.

III. CONCLUSION

OFDM is a technique which traditionally belongs to
long-haul transmissions. Due to its transmission advantages,
OFDM PON has attracted much attention recently. We pro-
posed and experimentally investigated a TDM-PON with
40-Gb/s data rate by using four wavelength-multiplexed chan-
nels in both downstream and upstream traffic using OOK
and OFDM modulations, respectively. In the experiment, the
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downstream signal uses 4 x 10 Gb/s OOK format encoded by
MZMs in the 1.5-pm band. And the upstream signal utilizes the
highly spectral efficient 4 x 10 Gb/s OFDM-QAM signal, using
directly modulated 1.3-pm DFB-LD with a modulation band-
width of 3 GHz. Based on the proposed scheme, 40-Gb/s data
traffic in TDM-PON can be obtained easily without affecting
the present TDM-PON fiber infrastructure. Besides having a
better chromatic dispersion tolerance than the single-channel
40-Gb/s system, the proposed ONU could be low cost since low
bandwidth direct modulation lasers are used. It is also worth
mentioning that the synchronization among the four channels
in both OLT and ONU can be implemented in the media access
control (MAC) layer protocol. For the BER measurements in
the downstream and upstream traffics, negligible and ~1.1-dB
power penalties are observed, respectively, in the proposed
PON system, showing the feasibility of the scheme. Although
off-line processing is used in the experiment, the possibility
of integration with forward-error correction (FEC) and the
availability of the high-speed data converters (~ GHz) [10]
could make OFDM a practical candidate for upgrading optical
access networks in the future.
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