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Abstract: An all-optical non return-to-zero (NRZ) to return-to-zero (RZ) modulation format

converter using single semiconductor optical amplifier (SOA) and an optical band-pass filter

(OBPF) was proposed. By adopting the ultra-fast SOA model associated with optical system

software, the 10 Gbit/s NRZ-to-RZ format conversion was successfully demonstrated with

simulation. The proof-of-the-principle experiment at 10 Gbps was also demonstrated using the
test SOA and OBF converter. The result shows that the BER is 1. 0 X 10 ? when the power of RZ

is —15 dBm,which are well coincidence with simulated results.
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0 Introduction

All-optical signal processing is a promising
technology to remove optical-to-electric (O/E) and
electric-to-optical (E/O) converters in future all-
optical networks. A large number of researches
have been focused on all-optical signal regeneration

which  helps
]

accumulation of signal degradation.

and  processing, overcoming

To complete
all-optical networks, there would be a need for a
signal processing

wide variety of all-optical

techniques such as optical 3R regeneration,

wavelength conversion, optical label processing,
and modulation format conversion***

Future all-optical networks are likely to be a
hybrid of
(WDM) and optical time division multiplexing

(OTDM) networks by adopting the advantages of
5[6]

wavelength  division multiplexing

both technologies'®’. The evolving trends in optical

networking-propelled by the ever-increasing
bandwidth demands—indicate a future leaning
toward dense wavelength tributaries (=100 closely
spaced channels), increased line rates (>>40Gbit/
s), longer transparency lengths ( regeneration
spans), and improved flexibility. To release the

potential of optical transmission systems and
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achieve higher transmission capacity, a lot of
research on novel modulation formats in recent
yearst’.

The RZ pulses have been widely used in
optical fiber communication systems and optical
networks, including RZ format transmission,
optical time-division multiplexing, optical code-
division multiple access, and optical packet
generation. For example, RZ formats rather than
non return-to-zero ( NRZ) formats have been
applied in long-haul fiber transmission systems to
extend transmission distance due to a possible
many fiber transmission
NRZ format is
efficient and thus is better suited for dense

( DWDM )

conversion

higher tolerance to
impairments. The spectrally
wavelength division multiplexing
Thus, All-optical

between non return-to-zero (NRZ) and return-to-

system. format

zero (RZ) will become an important interface
technology in future for connecting the DWDM

access and metro networks to the ultra-fast OTDM

[8-9]

long-haul  networks Recently, various

demonstrated schemes have been proposed to
realize NRZ-to-RZ format conversion, such as

using an injection-locked Fabry-Perot laser

diodet, using nonlinearity of semiconductor

[12]
’

optical amplifier and using nonlinearity of

optical fiber'™, The reported injection locking

technologies were with low bit rate due to the
directly modulated source. The nonlinearity of
optical fiber is attractive in format conversion due

[14]

to its ultra-fast nonlinear response''"”. However, a

long interaction length is required in order to
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obtain sufficient nonlinear effects. The use of _Tfﬁ_%ge_llfla_tgz_l
Semiconductor Optical Amplifier (SOA) as the BER | | NRZ to format converter

nonlinear medium has received considerable

attention in terms of small footprint, high
nonlinearity, and optical integration. But a large
number of studies focus on the principle and
simulation'”.  To the best of the authors'
knowledge, this paper is the only one that reports
data format conversions from NRZ to RZ with
transmission experiments at the bit rate of 10 Gbps
base on single SOA and OBF.

In this paper, the experimental setup and
operation principle is presented, and results is

discussed.

1 Principle of operation

Fig. 1(a) shows the schematic diagram of the
proposed modulation format converter. The basic
configuration consists of a SOA and an OBPF. The
SOA-OBPF converters convert a NRZ data signal
to a RZ signal by using the cross phase modulation
(XPM) in SOA. The SOA is used as the nonlinear
medium and the OBPF as the spectral filtering.
The incoming NRZ data signal with wavelength A,
is combined with the synchronized clock pulse as
the control signal, and then launched into the
SOA. The pulse-width of the clock signal is
picosecond scale, typically 1. 5ps, to achieve
sufficient XPM-induced spectral broadening to the
NRZ data signal. The OBPF extract the sideband
spectrum with its central wavelength is X, +AX, AA
is the filter detuning from the NRZ central
wavelength. Therefore, NRZ data signals can be
converted to RZ data signals. The theory of the
scheme is similar to the non-inverted wavelength
conversion base on the setup of the SOA and
OBPF. Fig. 1 (b) shows the operation principle
for format conversion. The input clock pulse will
drive the phase of NRZ signal to change
periodically. If the NRZ data signal is “1”, the
converted signal will output at bit “1” because the
non-inverted wavelength conversion, otherwise,
the converted signal will output bit “0” since the
input NRZ data signal is “0”. So the format
conversion from NRZ to RZ can be obtained. To
explain the intrinsic mechanism of the scheme, a
potent SOA model should be developed to predict
the SOA operation. For analyzing the SOA, we
divide the SOA into M sections as shown in Fig. 2
and use following rate equation of the carrier

density to calculate the carrier density variation
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(a)The setup for the NRZ to RZ format conversion
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(b)Operation principle "

EDFA: doped erbium fiber amplifier; OBPF: optical
band-pass filter; CW: continuous wave;
ATT: optical variable attenuation
Fig.1 The NRZ to RZ format conversion
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Fig. 2 Numerical model using the rate equation of the
carrier density

during the time corresponding to the propagation
of fields in each of the divided sections of the

SOAP 197,
dN, ] N, gm, * 11

dt  qd 7, .=cp. E@
Where N is the carrier density, J is the injection

_ géSE S/Y ( 1)

current density, d is the active layer thickness, z is
the carrier life time, g, is the material gain, I is
the injected light intensity, E is the photon
energy, S, is the average amplified spontaneous
emission, ¢ is the electron energy, Subscript i is
the number of section, superscript x(=c, p and a)
denotes the control, probe and assist light,
respectively. In Eq. (1), the first term on the
right-hand side represents the increase in carrier
density by current injection, while the second,
third and fourth terms represent the decreasing
carrier density due to spontaneous emission,
stimulated emission, and amplified spontaneous
emission (ASE), respectively. From™ %7,

[ — o EXP (g;AL)—1

' giAL
Where I, is the average incident light intensity

(2)

into the section 7, AL is the section length, and
gi=Ign —a (3



2 1] XIE Yi-yuan, et al:All-optical Modulation Format Conversion from NRZ to RZUsing
/ SOA and Optical Bandpass Filter Converters 317

is the net optical gain in section i; I' is the
confinement factor and « is the material loss. The

gain spectrum is assumed to be parabolic and the

material gain is thus approximated to be™® 7,
gml:al(N,-*No)*ag()L*/\,)l)z (4)
Where «; and «, are gain constants, N, is

transparency carrier density, A represents the
wavelength, and A, is the wavelength at gain peak
given by[ 3]

Ap, =X —as (N;—N,) (5)
Where a3 is also a gain constant and N, is the
carrier density at A,. The injected light 1,4, (¢) into
the section (i+1) is obtained from the light I,;, (¢
—1) injected into the adjacent section I multiplied
by the optical gain GCN,,A) of the section i at the
preceding time ¢t —1, as[ 3]

I[P, =G (N, (t— 1), A7) « I (t—1) (6)
Where

G (N; A7) =exp (g(N;,A“")AL) +

I (t—1) (D
The nonlinear phase change, arising from carrier
density-induced changes in the refractive index, is
given by[ 16 ]

nALlg., _

spi:iZal/\(”') Any (8

Where Any is the rate of change of refractive index

in the active region with carrier concentration.

2 Results and dicussion

In NRZ to RZ format conversion scheme, the
simulation parameters are listed in Table 1, the
experimental parameters are listed in Table 2.

We simulate the format conversion from NRZ
to RZ, as shown in Fig. 3. The eye diagrams and
spectrum of NRZ are shown in Fig. 3(a) and (c).
The original NRZ signal is synchronized to the
clock signal and modulated at 10 Gb/s to form
21 —1 pseudo random binary sequence (PRBS)

Amplitude/(a.u.)
(9%)

0 100 200
Time/s
(a)The eye diagrams of NRZ

Table 1 Simulation parameters

Parameter Value
Wavelength of NRZ signal 1 540 nm
Wavelength of clock singal 1 552 nm

Bit rate 10 Gb/s

Injected current 1 500 mA
Bandwidth of the fliter 0.5 nm

Small signal gain 25 dBm
Polarization dependent saturated gain 0.5 dB
Saturation output 6 dBm

Gain peak wavelength 1 560 nm
3 dB spectrum bandwidth 50 nm
Saturated gain recovery time 25 ps

Table 2 Experiment parameters

Parameter Value
Wavelength of NRZ signal 1 539.9 nm
Wavelength of clock singal 1552 nm

Bit rate 10 Gb/s

Injected current 1 300 mA
Bandwidth of the fliter 0.3 nm
Small signal gain 30 dB
Polarization dependent saturated gain 0.5 dB
Saturation output 6 dBm

Gain peak wavelength 1 560 nm
3 dB spectrum bandwidth 50 nm
Saturated gain recovery time 25 ps

signal, whose wavelength is 1 540 nm. The power
of input NRZ signal is 0 dBm. The input control
signal is 10 GHz clock pulse train at 1 552 nm with
1. 5 ps pulse-width. The power of input clock
signal is 5 dBm. When the NRZ signal and the
clock signal are simultaneously launched into the
SOA, the spectrum of NRZ signal will be changed
due to XPM effect induced by the control signal.
When the detuning AX is 0. 5 nm, the eye diagrams
and spectrum of converted RZ are shown in Fig. 3

(b) and (d).

3_
s 2
S_
3
3
= 1
<_

0

0 100 200

Time/s

(b)The eye diagrams of converted RZ
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Fig. 3 Simulation results of the format conversion from NRZ to RZ

Fig. 4 shows the Bit Error Rate (BER) with the
proposed system for NRZ to RZ format conversion.
The simulation that the
BER is 1.0X10 °? when the power of NRZ is
—29.5 dBm. So we can find the BER of the novel

result shows

N

-6 \

-28 26 24 22 20 -18
Received power/dBm
The BER for the NRZ to RZ format

conversion in simulation

-32 30

Fig. 4

scheme for NRZ to RZ format conversion using single
SOA and optical band-pass filter is very lower.

We used the setup which is shown in Fig. 1
The
experiment results shows in Fig. 5. The input
clock signal is 10 GHz at 1 552 nm with 1. 5 ps

pulse width, whose eye diagrams is shown in Fig. 5

and according the simulation results.

(b). The power of input clock signal is 4. 68 dBm.
The original NRZ signal modulated at 10 Gbps to
form 2 — 1 pseudo random binary sequence
(PRBS) signal, whose wavelength is 1 540 nm.
The eye diagram is shown in Fig. 5(a). The power
of input NRZ signal is 1. 05 dBm. The converted
RZ is shown in Fig. 5(c).

The spectra of the input NRZ signal, the clock
signal, pass SOA and the converted RZ signal are

shown and analyzed in Fig. 6.

(a)The eye diagram of input NRZ signal

(b)The eye diagram of input clock signal

(c)The eye diagram of RZ signal

Fig.5 Measured NRZ to RZ conversion of PRBS (2% —1)
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(a)The spectrum of NRZ (b) The spectrum of NRZ and clock signal pass the SOA (c) The spectrum of RZ.
Fig. 6 Measured spectra of the format conversion
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The input signal is 10 Gbps pulse train at
1 540 nm,whose spectrum is shown in Fig. 6 (a).
As shown in Fig. 6 (b), the solid lines represent
the spectra of NRZ signal and the clock signal pass
the SOA. Fig. 6 (¢) shows the spectrum of the
converted RZ signal.

Fig. 7 shows the BER with the proposed
system for NRZ to RZ format conversion in
experiment. The result shows that the BER is 1.0
X 10? when the power of RZ is —15 dBm. When
the power of NRZ is over —12 dBm, the BER is 0.
The experiment results are well coincidence with

simulated results.
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Fig. 7 The BER for the NRZ to RZ format conversion

in experiment

3 Conclusion

In this paper, we have proposed and

experimentally  demonstrated an  all-optical
modulation format conversion scheme from NRZ to
RZ using single SOA-OBPF converter. Simulation
results accord with experimental results very well
at 10 Gbit/s. The BER of the scheme from NRZ to
RZ format conversion is very lower. Our proposed
follow: 1)
implementation; 2) high speed operation; 3) low

BER of the system. Even though the further study

scheme has advantages as simple

on the conversion penalty should be done before
applying to the real
format conversion will become a key technique at
the gateway node interfacing MAN and WAN in

the future all-optical networks.

system, this modulation
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