2078

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 18, NO. 20, OCTOBER 15, 2006

Optical Clock Recovery and 3R Regeneration
for 10-Gb/s NRZ Signal to Achieve 10 000-hop
Cascadability and 1 000 000-km Transmission
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Abstract—This letter experimentally demonstrates all-optical
clock recovery and optical 3R regeneration for a 10-Gb/s
nonreturn-to-zero (NRZ) format. The 3R regenerator has
achieved 10 000-hop cascadability and 1 000 000-km transmission
for a pseudorandom bit sequence (PRBS) of 27 — 1. A semi-
conductor-optical-amplifier-based Mach-Zehnder interferometer
(SOA-MZI) as an NRZ to pseudoreturn-to-zero converter and a
Fabry-Pérot filter perform the all-optical clock recovery from an
NRZ signal. A pair of SOA-MZIs combined with a synchronous
modulator provides the 2R regeneration and retiming functions.
The cascadablity of the 3R regenerator is investigated in a recir-
culating loop transmission experiment by eye diagram, bit-error
rate, and Q-factor measurements. Transmission with the 3R
regenerator shows significant performance improvement over
that without 3R regeneration. A 100-hop cascadability is also
demonstrated for PRBS 23! — 1, enabling 10 000-km error-free
transmission with a low power penalty of 1.2 dB.

Index Terms—All-optical clock recovery, Fabry-Pérot filter
(FPF), nonreturn-to-zero (NRZ) format, optical regeneration,
semiconductor-optical-amplifier-based Mach-Zehnder interfer-
ometer (SOA-MZI).

I. INTRODUCTION

LL-OPTICAL signal regeneration is a key technology for

future all-optical networking. “3R” regeneration, which
performs the full functions of reamplification, reshaping, and
retiming, is particularly attractive, because it can improve signal
quality in both the amplitude and time domains. Although nu-
merous publications have reported on various types of optical
3R regenerators, many of them employ a return-to-zero (RZ)
data format [1], [2]. Compared to the RZ format, the nonre-
turn-to-zero (NRZ) format features a narrower spectral width
suitable for dense wavelength-division multiplexing (WDM)
and a higher tolerance to wavelength dispersion. Thus, the NRZ
format is widely used in the current dense WDM and other sys-
tems. On the other hand, optical clock recovery from an NRZ
signal is relatively challenging, because an NRZ signal has
very weak clock components, especially for bit patterns sup-
porting continuous “1”’s and “0”s. While a number of previous
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Fig. 1. (a) Experimental setup for 3R regeneration of an NRZ signal and for re-
circulating loop transmission. (b) Eye diagrams at the monitor locations (A)—(G)
in the setup.

publications reported on optical clock recovery from an NRZ
signal [4]-[6], they did not incorporate it into a 3R regenerator.
A few papers [7], [8] discuss optical 3R regeneration for the
NRZ format, where electrical clock recovery was employed.
This letter demonstrates optical 3R regeneration for the
NRZ data format as well as all-optical clock recovery from the
NRZ signal. The proposed 3R regenerator utilizes semicon-
ductor-optical-amplifier-based Mach—Zehnder interferometer
(SOA-MZI) wavelength converters in both the clock recovery
and the 3R regeneration processes. The cascadability of the 3R
regenerator is investigated through recirculating loop transmis-
sion experiments. Transmission with 3R regeneration shows
improved performance over that without 3R regeneration.

II. EXPERIMENTAL SETUP

Fig. 1(a) and (b) shows the experimental setup and eye dia-
grams measured at the monitor locations (A)—(G) in the setup.
The experiments utilize a recirculating loop transmission setup
to evaluate the cascadability of a 3R regenerator at an inline lo-
cation. The 100-km dispersion-compensated transmission line
consists of two sets of 50-km LEAF fibers followed by a two-
stage erbium-doped fiber amplifier and a dispersion-compen-
sating fiber (DCF). The input power levels to the LEAF and
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Fig. 2. RF spectra before and after NRZ-to-PRZ conversion and after FPF.

DCEF fibers are 5 and —3 dBm, respectively. The measured op-
tical signal-to-noise ratio and the estimated residual dispersion
at the 3R regeneration input are 37.7 dB (0.1-nm bandwidth)
and 22 ps/nm, respectively.

The operation principle of the 3R setup is described in [9].
The SOA-MZI1 converts the incoming NRZ signal into a pseu-
doreturn-to-zero (PRZ) signal and amplifies the weak 10-GHz
clock component. Fig. 2 compares the two RF spectrum traces
(“NRZ” and “PRZ”). The subsequent Fabry—Pérot filter (FPF)
suppresses the broad spectral components attributed to the NRZ
data modulation and extracts the clock component [5], [10], as
seen in the trace (“clock™) of Fig. 2. However, the eye diagram
(E) in Fig. 1(b) for the recovered optical clock signal at the
FPF output contains strong pattern-dependent amplitude vari-
ations. Although the subsequent saturated SOA and the fiber
Bragg grating filter (FBG1, 0.22-nm bandwidth) suppress the
amplitude variations, these variations subtly appear in the eye
diagrams (F) and (G) of Fig. 1(b) when pseudorandom bit se-
quence (PRBS) 23! — 1 is used. The recovered optical clock be-
comes better defined with the short word length of PRBS 27 —
as seen in (G). The optical-to-electrical converter [(O/E) Ag-
ilent 11982A] with a 15-GHz bandwidth converts the optical
recovered clock signal into an electrical signal that synchro-
nously modulates the data stream for retiming. Note that the O/E
conversion can be avoided by substituting the recovered optical
clock signal for the continuous-wave light (DFB2) [11].

The two wavelength converters (SOA-MZI2&3) operating in
the inverting mode provide 2R regeneration while preserving
the signal wavelength and polarity. Since the inverting mode
SOA-MZIs offer a better noise clamping property on the mark
level of their input signal, both of the mark and space levels are
reshaped effectively through the pair of inverting-mode SOA-
MZIs. The synchronous modulator LN2 driven by the recovered
clock signal provides a retiming function, as well as NRZ-to-RZ
conversion. The SOA-MZI3 converts the RZ format back to the
NRZ format. The eye diagrams (B)—(D) show clear eye open-
ings and high extinction ratios.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Fig. 3 shows the eye diagrams after the various recirculating
loop transmission experiments. When the 3R regeneration
block in Fig. 1(a) is removed, the eye diagrams in Fig. 3(a) (1R
only) sustain good eye openings up to Lapl0, but they begin
to suffer from amplitude and timing jitter noise accumulations
above Lap10. Next, the 3R regeneration block is introduced but
the driver for the synchronous modulator is turned “OFF” to see
transmission performance without retiming. The eye diagrams

2079

(a) Wlthout 3R (1R only), PRBS 2311

100krr|20ps/d|v 200km 500km 1,000km 1,500km
(b) Wlthout retiming (2R only), PRBS 2°'-1
5

c) Wlth 3R, PRBS 231-1

100km 200km 500km 1,000km 2,000km

fo 100 |

5,000km 10,000km
(d) with 3R, PRBS 27-1

100km 200km 500km 1,000km 2,000km
5,000 10,000

XX rx xx ¥

5,000km 10,000km 50,000km 500,000km 1,000,000km

Fig. 3. Eye diagrams after recirculating loop transmission experiments
(a) without 3R (IR only), (b) without retiming (2R only), (c) with 3R (PRBS
231 — 1), and (d) with 3R (PRBS 27 — 1). Numbers at the upper left and at the
bottom are lap number and transmission distance, respectively.

in Fig. 3(b) (2R only) show the reshaped mark and space levels
but exhibit severe timing jitter noise accumulation at a relatively
small lap number. This severe timing jitter noise is induced by
the pattern-dependent carrier distribution that takes places in
the SOAs of the wavelength converters [12]. However, when
full 3R function including retiming is implemented, almost
identical eye diagrams are obtained from Lapl to Lapl00,
as seen in Fig. 3(c). These results indicate that both of the
reshaping and retiming functions work effectively, suppressing
the amplitude and timing jitter noise accumulations observed in
the “IR only” and “2R only” cases. To investigate the pattern
length dependence, we also measured the eye diagrams in
Fig. 3(d) for PRBS 27 — 1, which show slightly better eye
openings especially in the time domain, compared to those in
Fig. 3(c) for PRBS 23! — 1.

Fig. 4 shows BER curves after the recirculating loop trans-
mission experiments for 1R only, 2R only, and 3R, which corre-
sponds to the results of Fig. 3(a)—(c), respectively. For 1R only,
the power penalty steadily increases with the lap number, and
the power penalty from Lapl to Lap10 is 1.2 dB at a BER of
1 x 1079, The Lap5 curve for 2R only shows bending and an
error floor around ~ 3 x 10~%. With 3R regeneration, there is
a power penalty of about 0.5 dB at Lap1 compared to the curve
of 1R_Lapl. However, all of the BER curves show error-free
operations below 1 x 1070, and the power penalties are less
than 1.2 dB at 1 x 10~'° for up to Lap100, compared to the
back-to-back result.

Fig. 5 depicts the measured ()-factor as a function of trans-
mission distance. The upper horizontal axis shows the corre-
sponding lap number. The @Q)-factors are measured from BER
versus threshold voltage curves, with a constant optical input
power of —15 dBm into the receiver (10G-Rx). In the cases
of 1R and 2R, the @)-factors begin to decrease rapidly around
Lap10 and Lap 3, respectively, which is consistent with the trend
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Fig. 4. BER curves after recirculating loop transmission experiments with 1R
only, 2R only, and 3R regeneration.
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loop transmission with 1R only, 2R only, and 3R regeneration.

observed in the eye diagrams and the BER curves. With 3R re-
generation, the two word lengths of PRBS 27 — 1 and 23! — 1 are
tested. The Q-factors for PRBS 23! — 1 remain almost constant
around 18 dB up to Lap100, which corresponds to a transmis-
sion distance of 10000 km. The Q-factors for PRBS 27 — 1 re-
main slightly higher around 20 dB up to Lap100. The )-factor at
Lap10000 (1 000 000 km in distance) is still higher than 15.6 dB
that corresponds to a BER level of 107, although the )-factors
show gradual degradation beyond Lap100.

Compared to the results in [3], which demonstrated
10 000-hop cascaded 3R regeneration with a PRBS 222 — 1 RZ
signal, these results indicate that the FPF-based clock recovery
from the NRZ signal via NRZ-to-PRZ conversion is more sen-
sitive to word length than that from the RZ signal. We consider
the reason for this difference to be as follows. First, even with
the NRZ-to-PRZ conversion, there is an absence of output
pulses during both long zeros (“0”s) and long ones (“17s) in
the incoming NRZ bit patterns. The pulse absence does not
contribute to generating the recovered clock signal in the FPF,
while long ones can contribute to the clock recovery in the
case of RZ input. Second, the amplitude noise in the incoming
NRZ signal can transfer onto the timing jitter noise in the PRZ
signal during the NRZ-to-PRZ conversion. These factors result
in the acceleration of the timing jitter accumulation, especially
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when the word length is long. The timing jitter caused by the
first factor can be improved with the use of a higher finesse
FPF or a high-@Q) RF filter after the O/E converter. Although the
3R setup in Fig. 1(a) splits the incoming signal in front of the
SOA-MZI2 to feed it to the clock recovery circuit, splitting and
feeding the signal at the SOA-MZI2 output after reshaping will
mitigate the timing jitter caused by the second factor.

IV. CONCLUSION

We have proposed and demonstrated an NRZ format 3R
regenerator in 10-Gb/s recirculating loop transmission experi-
ments. An SOA-MZI-based NRZ-to-PRZ converter combined
with an FPF performed clock recovery from the NRZ signal.
A pair of SOA-MZI wavelength converters and a synchronous
modulator provided the 3R regeneration function. The trans-
mission system with the 3R regenerator improves the signal
quality, cascadability, and transmission distance, compared to
that without 3R regeneration. The 3R regenerator has achieved
100-hop cascaded error-free transmission (10000 km in dis-
tance) with a 0.3-dB power penalty for the 10-Gb/s PRBS
231 — 1 NRZ signal. Cascadability up to 10000 hops, which
corresponds to a transmission distance of 1000000 km, is
also demonstrated with a shorter word length of PRBS 27 — 1.
The optical 3R regeneration method discussed here can be
applied to multichannel transmission systems. The possibility
of realizing a compact multichannel all-optical regeneration
module without concerns for electromagnetic interference in
multichannel electronics also motivates further studies of this
technology in the context of WDM transmission systems.
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