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y using a half-bit-delay Mach-Zehnder delay interferometer.
xperimental results demonstrate that the converted NRZ
ignal has better receiver sensitivity than the back-to-back
nverse-RZ signal. © 2008 Society of Photo-Optical Instrumentation
ngineers.

DOI: 10.1117/1.2953996�

ubject terms: all-optical format conversion; Mach-Zehnder delay
nterferometer; inverse-return-to-zero; non-return-to-zero.

aper 080218LR received Mar. 20, 2008; revised manuscript
eceived May 8, 2008; accepted for publication May 12, 2008;
ublished online Jul. 11, 2008.

Introduction

uture all-optical networks are likely to integrate both
avelength division multiplexing �WDM� and optical time-
ivision multiplexing �OTDM�. In order to improve the
exibility of optical networks, all-optical format conversion
as received much interest.1 Several schemes for format
onversion among on-off keying �OOK� formats have been
eported,2–5 including non-return-to-zero �NRZ�, return-to-
ero �RZ�, and carrier-suppressed return-to-zero �CSRZ�.
onversion methods from OOK to phase-shift keying

PSK� are also proposed to link metro networks and wide-
rea networks.6

However, no all-optical format conversion from inverse-
eturn-to-zero �inverse-RZ� to non-return-to-zero �NRZ�
as been reported up to now. The inverse-RZ format has
eceived increasing interest as the downstream signal for-
at to facilitate the upstream data remodulation in a
avelength-division multiplexing passive optical network

WDM PON�.7,8 The NRZ format, preferred in local net-
orks, has the merits of lower bandwidth requirements,
igher timing tolerance, and data-standard compatibility.
he format conversion from inverse-RZ to NRZ can be
sed in connecting and interfacing optical network units
ONUs� and optical local area networks.

In this letter, 10-Gbit /s all-optical format conversion
rom inverse-RZ to NRZ is experimentally demonstrated
y using a half-bit-delay Mach-Zehnder delay interferom-
ter �MZ DI�. In our experiment, the inverse-RZ signal is
enerated through the scheme presented in Ref. 9. The duty
ycle of inverse-RZ is around 50%, and the delay time

091-3286/2008/$25.00 © 2008 SPIE
ptical Engineering 070501-
between the two arms in the MZ DI is 50 ps. The proposed
scheme is simple and can offer sensitivity improvement.
The measured bit error rate �BER� shows a receiver sensi-
tivity improvement of about 1.7 dB after format conver-
sion.

2 Experimental Setup

Figure 1 shows the experimental setup. A distributed feed-
back �DFB� laser operating at 1550.3 nm �output power:
5.4 dBm� is modulated by two cascaded LiNbO3 Mach-
Zehnder modulators �MZMs� to apply RZ modulation.
First, a pseudorandom binary sequence �PRBS� with length
27−1 and a 10-GHz clock signal are amplified by wideband
electrical amplifiers �TGA4819-SL�, and then they are used
to drive the MZMs. Both of the two MZMs are biased at
their quadrature points. MZM1 is used to generate the NRZ
signal. The NRZ signal is then converted to an
�50%-duty-cycle RZ signal by pulse carving with MZM2
driven by the clock. Bit synchronization is also needed in
RZ signal generation. An erbium-doped fiber amplifier
�EDFA� amplifies the signal to 10 dBm, an optical band-
pass filter �OBPF� with a bandwidth of 2 nm suppresses
amplified spontaneous emission �ASE� noise, and a vari-
able optical attenuator �VOA� is used to reduce the power
to the proper level �3.6 dBm�.

To obtain the inverse-RZ signal, cross-gain modulation
�XGM� in a semiconductor optical amplifier �SOA� is ob-
tained by injecting a continuous-wave probe beam
�1554.6 nm, −8.3 dBm� and the 10-Gbit /s RZ pulses. An-
other technique for inverse-RZ generation7 in the electrical
domain, using a logic AND operation, can also be used. An
OBPF with central wavelength 1554.6 nm is used to select
the converted inverse-RZ signal. A MZ DI is used to realize
format conversion. The differential delay between the two
arms is 50 ps. Proper thermal insulation was applied to
make the MZ DI demodulator more stable.

The principle for format conversion from inverse-RZ to
NRZ based on half-bit-delay MZ DI is shown in Fig. 2. The
alternation between two opposite-phase levels in the middle
of each 1 bit at the destructive port is not expressed in the
figure. In principle, the inverse-RZ signal with a duty cycle
of 50% can be converted into a standard NRZ signal at the
constructive port, and a modified NRZ with a phase jump �
in the middle of each 1 bit can be obtained at the destruc-
tive port.

Fig. 1 Experimental setup.
July 2008/Vol. 47�7�1
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Results and Discussion

igure 3�a�–3�d� show the eye diagrams of the original RZ
ignal, inverse-RZ signal, converted NRZ signal at the con-
tructive port, and converted NRZ signal at the destructive
ort, respectively. The amplitude variation at the bottom of
he eye diagram in Fig. 3�c� is the residual ripple. It can be
lleviated by adjusting the duty cycle of inverse-RZ to ex-
ctly 50%. The nonuniformity in the amplitude and polar-
zation of the pulses interfereing in the MZ DI also contrib-
tes to the ripples in the eye diagrams. The eye diagram at
he destructive port is illustrated in Fig. 3�d�, which is
losely related to the modified duobinary signal, or alter-
ate mark inversion �AMI� signal. There are two pulses
ith opposite phase level in each 1 bit. The notch in the
iddle of 1 bit is caused by the destructive interference of

Fig. 2 Principle for format conversion from inverse-RZ to NRZ.

ig. 3 Eye diagrams: �a� of the RZ signal, �b� of the inverse-RZ
ignal, �c� of the converted NRZ signal at the constructive port of the
Z DI, �d� of the converted NRZ signal at the destructive port of the
Z DI, �e� of the converted NRZ signal detected by the bandwidth-

imited PD �constructive port�, �f� of the converted NRZ signal de-
ected by the bandwidth-limited PD �destructive port�.
ptical Engineering 070501-
the adjacent pulses. This kind of modified NRZ can be
easily converted into conventional NRZ by using tech-
niques demonstrated in Refs. 3 and 4

Figure 3�e� and 3�f� show the eye diagrams of the con-
verted NRZ signals detected by a 10-Gbit /s photodetector
�PD, PT10XGC� at the constructive port and the destructive
port, respectively. By using a bandwidth-limited receiver,
the total integrated noise can be reduced. Therefore the re-
ceived signal quality of the converted NRZ signal can be
improved.10 To further prove the effectiveness of our
scheme, we use a fixed data pattern to serve as the input
data and observe the output of the MZ DI. Waveform dia-
grams are shown in Fig. 4.

The BER measurements before and after the conversion
from inverse-RZ to NRZ are shown in Fig. 5. The receiver
sensitivity is −17.7 dBm at the BER of 10−9 for the back-

Fig. 4 Waveform diagrams of fixed data pattern: �a� inverse-RZ sig-
nal, �b� converted NRZ signal �destructive port�, �c� converted NRZ
signal �constructive port�.

Fig. 5 BER curves in the format conversion process.
July 2008/Vol. 47�7�2
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o-back inverse-RZ signal. The sensitivities for converted
RZ signals respectively at destructive port and construc-

ive port are −19.4 and −16.9 dBm. Compared to the
nverse-RZ signal, a −1.7-dB power penalty is observed for
he converted NRZ signal at the destructive port, and a
.8-dB power penalty is observed for the converted NRZ
ignal at the constructive port. The positive power penalty
t the constructive port is caused by the extinction-ratio
egradation. At the destructive port, as expected, the re-
eiver has higher sensitivity for the NRZ format then for
he inverse-RZ format,8 which is due to the signal format
onversion.

Conclusion
0-Gbit /s all-optical format conversion from inverse-RZ to
RZ has been demonstrated. A duty cycle of 50% for the

nverse-RZ signal is needed to realize optimal format con-
ersion. The input inverse-RZ signal is converted into a
tandard NRZ signal at the constructive port. At the de-
tructive port, the modified NRZ signal with a phase jump
n the middle of each 1 bit is obtained. In the experiments,

clear eye opening of the converted NRZ signal is ob-
erved, and a negative power penalty of −1.7 dB is mea-
ured
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