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In this thesis, we use a semiconductor optical amplifier (SOA) backward
injected with a dark-optical-comb’pulse-trainrat 10 GHz to demonstrate a 10Gbit/s
all-optical non-return-to-zero (NRZ) to return-to<zero (RZ) format conversion of an
incoming optical pseudorandom binary sequence-(PRBS) data-stream. Without any
pre-amplification on the degraded 'optical NRZ PRBS data, its extinction ratio is
greatly improved from 7.13 dB: t6“13.6°dB after converting into a RZ PRBS data.
Low bit-error-rate (BER) of 107% at-data rate up to 10 Gbit/s is obtained with a
received optical power of -18.3 dBm. To date, the converted RZ PRBS data exhibits
a negative power penalty of >3.7 dB at a BER of 102 in comparison with the NRZ
PRBS data. The characteristics in our proposed experiment include simple
architecture and both of the polarity and wavelength of converted RZ data as same as
the incoming NRZ data during the format conversion process. Furthermore, by
spectrally and temporally reshaping the gain-window of a SOA with a backward
injected multi- or single-wavelength dark-optical-comb, we also theoretically and
experimentally investigate the dynamic frequency chirp of the all-optical 10GBit/s RZ
data-stream format-converted from the SOA under strong cross-gain depletion scheme.
The multi-wavelength dark-optical-comb injection effectively depletes the SOA gain
spectrally and temporally, remaining a narrow gain-window and a reduced spectral
linewidth and provide a converted RZ data with a smaller peak-to-peak frequency
chirp of 11.1 GHz. Even at high dark-optical-comb injection power and highly biased
current for improving the operational bit-rate, the chirp of the multi-wavelength
injection converted RZ pulse is still 2.1 GHz smaller than that obtained by using

single-wavelength injection at a cost of slight pulsewidth broadening by 1 ps.
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Chapter 1

Introduction

1.1 Historical Review of All-optical Format

Conversion Techniques

Future all-optical networks are likely to be a combination of optical-time-division
multiplexing (OTDM) and wavelength-division multiplexing (WDM) networks by
taking the advantages of both technologies. The nonreturn-to-zero (NRZ) modulation
format usually employed in WDM networks requires less bandwidth per channel and
has greater timing tolerance, while the return-to-zero (RZ) modulation format used in
OTDM networks provides high-bit-rateptransmission with better tolerance in fiber
nonlinearities and dispersionzin ‘the case of solitofi transmission. Within the access
networks, WDM systems with"NRZ modulation format are desirable to provide low-bit
rate optical communication between' the optical line terminators in the central office
and the optical network units on the subscriber side. To handle the increasing amount
of the internet traffic, high-bit-rate OTDM systems may be more suitable in the core
networks to increase the per-channel capacity by time multiplexing different RZ
channels with bit-interleaving. Hence, the conversion between several low-bit-rate
NRZ signals and a single high bit-rate RZ signal may be an essential function at the
edge nodes of hybrid OTDM-WDM high speed optical communication systems
[1.1-1.3]. To date, various all-optical techniques for NRZ-to-RZ format conversion
have been demonstrated by using versatile laser diode or semiconductor optical
amplifier (SOA) such as a dual-wavelength injection locking of a Fabry—Perot laser

diode (FPLD) [1.4], an injection-locked FPLD at un-lasing condition [1.5-1.7], a



cross-gain compression-based wavelength converter [1.8], a gain-modulated
semiconductor optical amplifier (SOA) [1.9], four-wave mixing (FWM) in SOA
[1.10, 1.11], a Mach—Zehnder interferometer using SOA [1.12], a nonlinear loop
mirror with either SOA [1.13, 1.14], a nonlinear optical loop mirror (NOLM) [1.15,

1.16], and an optoelectronic oscillator (OEO) [1.17, 1.18].

1.2 All-optical Nonreturn-to-Zero (NRZ) to
Return-to-Zero (RZ) Data Format Conversion by

using Semiconductor Optical Amplifiers (SOAS)

According to previous researches [1.9-1.18], we know that the format conversion
from NRZ to RZ can be obtainediby manipulating the gain of device through an optical
or an electrical method. Such'a ‘concept willk be employed in an SOA-based
NRZ-to-RZ data format converten. ~The use of SOA as the nonlinear medium has
received considerable attention 1n terms of high nonlinearity, and optical integration.
For example, Ref. [1.9] is using directly gain modulation since it is attractive for its
simple implementation for NRZ to RZ conversion, whose experimental setup as shown
in Fig. 1.1.  On the other hand, FWM scheme is effective due to its transparency to all
optical modulation format as well as high bit rate capabilities (see Fig. 1.2).

Some of SOA-based interferometric schemes are also proposed, such as a
Mach-Zehnder interferometer (MZI) (see Fig. 1.3) and nonlinear loop mirror (see 1.4).
The configuration of MZI in order to transfer the phase modulation into amplitude
modulated signal. The advantage of this scheme is the low operation power needed
as well as the ability to improve the signal quality of the converted signal with respect

to extinction ratio and chirp.



1.3 Motivation of a Novel SOA-based NRZ to RZ
Data Format Conversion by a Backward Injected

Dark-optical-comb

SOA based ultrafast all-optical signal processors have recently emerged for future
all optical networks, which include functions such as clock recovery, wavelength
conversion, logic operation, and particularly data format conversion between NRZ and
RZ for integrating WDM and OTDM architectures, etc. Recently, Lin et al. [1.19]
proposed the manipulation on the duty-cycle of a backward optical injection pattern to
induce modulation and mode-locking of a SOA-based fiber laser, such a backward
dark-optical-comb injection was proposed to shorten the gain window and optimize the
mode-locking of SOA [1.20]. The modified cross-gain-depletion architecture benefits
from the precise gain control-in time domain, the high optical modulation bandwidth,
and the improved rising/falling time of SOA. In this thesis, we try to employ the
dark-optical-comb injected SOA"with a narrowing gain window, which should be an

alternative to achieve the high bit-rate NRZ-toRZ data pattern transformation.

1.4 Structure of Thesis

Chapter 1 is an introductory chapter consists of an introduction to suited
modulation formats for the OTDM/WDM network applications and the proposed NRZ
to RZ format conversion methods of our research. Chapter 2 derives the formula of
the SOA gain. First, we will give a traditional Gaussian input pulse shape into
SOA, which is introduced by Agrawal et al., to derive the expression of the gain of
SOA. Furthermore, we can derive the similar expression of SOA gain under

dark-optical-comb injection which is like an inverse Gaussian pulse shape in our



casc.

In chapter 3, we demonstrate a 10 GHz dark-optical-comb backward

injected SOA for all-optical 10Gbit/s NRZ to RZ format conversion. In chapter 4,

a multi-wavelength dark-optical-comb injection is employed to temporally and

spectrally slice the SOA gain with a smaller gain spectrum, which leads to induce a

smaller frequency chirp compare with a single-wavelength injection. At last,

chapter 5 concludes our experimental results.
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Chapter 2
Theoretical Gain Model of Dark-optical-comb

Injected Semiconductor Optical Amplifier

2.1 Theoretical Formula in General Case for Gaussian
Pulse Injection

Because SOAs have large optical bandwidth (e.g. a wavelength bandwidth of 30
nm in the 1.55 m region corresponds to a frequency bandwidth of 3.7 THz) they are
able to amplify pulses as short as a few picoseconds. However, gain saturation in the
amplifier leads to pulse distortion. When.a SOA is used to amplify optical pulses
with temporal characteristics of the order of the amplifier transit time (i.e. picoseconds),
it is necessary to model pulse propagation through the amplifier with a traveling wave
equation containing spatial and time derivatives. In the following model we follow
the method of [2.1], where the main assumption is that the pulse width is greater than
the intraband relaxation time (usually <0.1ps). If we consider the optical signal

evolution in the SOA under a slowly varying envelope approximation can express as

[2.2,2.3]
A, 1A _ 10 ig)ga
0z v, or 2 ’ @2.1.1)

A(z,0) =[P, (z.0)e™

where A4 is the output amplitude, P, (z, t) and ¢ is the signal power and phase
respectively, v, is the group velocity, the parameter o, is a linewidth enhancement
factor denoting as the ratio of the refractive-index variation to the gain variation under

a transient change in pumping carrier density. Assuming the gain of SOA varies

9



approximately linear with the carrier density (n) or carrier numbers (N) in a volume V,
which is also a function of the spectral distribution of carriers, as described by [2.4]
(A=A )
2
(a2,)

where A4, denotes as the 3-dB spectral linewidth of the SOA gain, Ay is the peak

g(A4,N)=Ta(n-n,)/ |1+ : (2.1.2)

wavelength at carrier density n, a is the differential gain coefficient, I" is the waveguide
confinement factor of the SOA, and ny is the carrier density required for transparency.
A transform among variables of 7=t—z/v, is introduced to simplify the solution, which
leads to dP,,/dz=gP,,; and 0¢/0z=-a..g/2, and the rate equation of carrier density can be

re-written as

Al P
dn_ 1 n gl 1 n gh(r) 2.13)
dr eV 1. hvJV eV = hv V'

C C
where [/ is the biased current-0f SOA and z. is the spontaneous carrier lifetime. Eq.

(2.1.3) can then be transformed into a‘tate.equation-for g,

dg _g,—g gR.(7)
dr T E ’

c sat

(2.1.4)

where the small-signal gain of SOA denotes as gy = la(Iz./e-Ny)/V= Tany(l/Iy-1) with
Iy = eVny /v, Esq=hwvyo/a is the saturation energy with a modal cross-section

ofo=V/I'L, and L is the length of the SOA. The solution of Eq. (2.1.4) is

PM(T)zBn(f)exp[h(fﬂsBn(T)G(T), (2.1.5)
with
h(z‘):j(:g(z,r)dz, (2.1.6)

in which /(7) is the integrated gain at each point of the propagating pulse profile, P;,(7)
and P,,(7) are the temporally varied input and output power function respectively.

Integrating Eq. (2.1.4) and using Eq. (2.1.6) gives an ordinary differential equation for



h,

ﬁ: gOL_h_Bn(T)(eh_l)
dt T E '

c sat

2.1.7)

For a given input pulse shape and gain gyL, Eq. (2.1.7) can be solved to obtain /4
(7). P, can then be found using Eq. (2.1.5). Eq. (2.1.7) can be solved analytically
in one important case. If the pulse width 7, << 7, the first term on the RHS of Eq.
(2.1.7) can be neglected. This is because the pulse width is so short that the gain has

no time to recover. In this case the solution of Eq. (2.7) is

h(r)=—1n{1—{1—éo]exp{—%?}}, (2.1.8)

Where Gy = exp (gopl) is the unsaturated signal-pass amplifier gain and
U,(t)=[ P, (z")dr (2.1.9)

Uin 1s the energy contained inthe pulse up'to time z.  U;,(0) is the total pulse energy

Ei.  As an example consider a Gaussian-anput pulse shape

E. 7’
P (7)=—"=¢exp| —— 2.1.10
( ) ToN T ( Tg ] ( :
7 1s related to the pulse full width at half maximum z, by 7, ~ 1.6657. Inserting

(2.1.10) in (2.1.9) gives
U, () =%Em [1+erf (7/7,)] (2.1.11)

where erfis the error function. The transient amplifier gain is

G(r)=exp[h(r)]= {1—[1—Gijexp[—l]2—(r)}}l (2.1.12)

0 sat



2.2 Theoretical Formula for Dark-optical-comb

Injection

In contrast to previous work of section 2.1 on the theoretical derivation of the SOA
gain function, the function form of the optical gain of the SOA in our case is relatively
simple as compared to the amplifier gain obtained under typical operation of the SOA.
Since the gain window of the SOA is temporally modified to implement re-amplifying,
re-shaping, and re-timing of the incoming NRZ data-stream, as illustrated in Fig. 2.1.
Theoretically, the transfer function of transient gain for the SOA under backward
dark-optical-comb injection can be deduced by modifying the similar model described
above. It is necessary to re-model the temporally gain-depleted SOA by assuming the
backward dark-optical-comb injectioh"function with a form of Py, (t) = Py [1-P (1)],

where P’ (t) exhibits a Gaussian pulse'shape.. That is,

P (f)=_TEj;{1_exp(_j_jﬂ, @2.1)

where the first-term on right-handed side (RHS) of Eq. (2.2.1) is used to complete
deplete the SOA gain by inducing stimulated emission at the injecting wavelength, and
the second-term leaves the residual gain window of the SOA with a very short
duty-cycle within one period. This input power function precisely describes the
waveform of a backward injected dark-optical-comb before entering into the SOA.
Under an appropriate backward injecting power, the dark-optical-comb (i.e. an
inverse Gaussian shape with a small duty cycle in one period) can fully deplete most of
the SOA gain within one period, as illustrate in Fig. 2.2. This eventually leads to a
narrowing effect on the residual gain window of the SOA, which remains only a

Gaussian shape with a small duty cycle.



. rzj

= 1-exp| ——
@_gOL—h_Bn(r)_goL—h_roﬁ{ ( 5
dr T E T, E, . (2.2.2)

c sat c

_ gOL_h_ Ein + Ein eXp _T_z
TC TO \/;E sat TO \/;E sat 2-02

That is, the maximum backward injection energy is set as Py = En/tor’” =

[goL/7.]Es; in our case. With the backward injection, the original SOA gain can
almost be depleted in one period. That is, the first term in RHS of Eq. (2.2.2) can be
neglected by cancelling each other. Concurrently, the residual gain becomes the
inverse shape of the incident waveform with its coefficient equivalent to the maximum
gain of the SOA. Therefore, we can simplify and re-write Eq. (2.2.2) as

2
ah _ ﬁexp[_f_j_ﬁ (2.2.3)

2
dr 7, 7,

and the Eq. (2.2.3) can be solved to obtain4(z). for a given input inverse pulse shape

and gain gy/. The solution of Eq.(2:2.3) 1s
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where erf denotes the error function. Therefore,

G(r)=exp[h(r)]= exp{_ goL;TOJ; exp[47;2 _TL] erf(;—;—ri]}. (2.2.5)

c c

As a result, G(7) is the transfer function of transient gain for the SOA under

backward dark-optical-comb injection with an inverse Gaussian like waveform. The



simulation results of the injected dark-optical-comb, reshaped 4(7) and G(7) of the
SOA, as shown in Figs. 2.3, 2.4 and 2.5, respectively. The normalized on-level of the
input power function shown in Fig. 3 first reduces the SOA gain to below transparent
(i.e. loss) condition. Subsequently, the SOA gain build up again within the
instantaneous off-level of the power function, providing a short rising-edge but long
trailing-edge small-signal gain function. Such an operation eventually reshapes the
continuous-wave gain of the SOA into a greatly shortened gain window, as shown in
Fig. 2.5.

On the other hand, the dynamic frequency chirp imposed on the output of SOA
can be derived from the phase modulation due to the carrier-induced transient variation
on refractive index and gain of the SOA is obtained by differentiating the phase
modulation as [2.5, 2.6]
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__% [dP(T)_R j
4zP\ dr ’

_ , _
T T
2 a2 7 T T 2 ’
o T / 4, T, o~ Fo T | h T
N goLr,Nme e’”f[z ] o e, [2,{ TOJ
_ ae e 21, 27, 7, 25 %o gOLe
- 2
4r 27, T,
Pin "
a, Bn _E.mzfl(r) f](r)‘i‘f( )
4r E 2\*
72— sat TC

(2.2.6)
The simulation on transient gain and dynamic frequency chirp of the SOA
injected by dark-optical-comb are shown in Fig. 2.6 and 2.7, respectively. These

results corroborate that the dynamic frequency chirp of the SOA converted pulse data



exhibits a strong dependence on the injected dark-optical-comb power and pulsewidth.

The reduction on the duty-cycle of injected dark-optical-comb although shortens the

pulsewidth of the converted pulsed data bit, which also induces a larger frequency

chirp since an equivalent gain depletion level is accomplished within a narrower time

window.
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Chapter 3
10 Gbit/s All-Optical NRZ-to-RZ Data Format
Conversion Based on a Backward
Dark-Optical-Comb Injected Semiconductor

Optical Amplifier

3.1 Introduction

All-optical conversion between nonreturn-to-zero (NRZ) and return-to-zero (RZ)
data-streams is necessary for interfacial linking between time and wavelength division
multiplexed (TDM and WDM):networkssswhich' can typically be implemented using
such as nonlinear optical: loop mirrors [3.1], ultrafast polarization bistable
vertical-cavity surface-emitting  dasers - (MCSELs) [3.2], semiconductor optical
amplifiers (SOAs) [3.3, 3.4],71 SOA-based interferometers [3.5, 3.6],
electroabsorption-modulation (EAM) based self-starting optoelectronic oscillator
(OEO) [3.7], and dual-wavelength injection-locked Fabry-Perot laser diode at
un-lasing condition [3.8]. The SOA is a frequently used to achieve NRZ-to-RZ data
format conversion via either four-wave mixing (FWM) [3.3] or direct electrical
modulation technique [3.4]. The directly electrical-modulated bandwidth of SOA is
limited at <10 GHz. Although the FWM technique has capabilities of transparency to
modulation format and high-bit-rate operation, which still suffers from problems of
low conversion efficiency and intrinsic polarization sensitivity. In this work, we
demonstrate for the first time 10 Gbit/s all-optical NRZ-to-RZ data format conversion

with an optically gain controlled SOA, which is backward injected by a

20



dark-optical-comb re-shaping from the received optical clock at 10 GHz. Such a
polarity non-inverted and wavelength-maintained data format converter can be
operated even though the incoming NRZ data-stream is degraded and without
pre-amplification, which presents a simplified architecture with superior performances
including large operational bandwidth, enhanced extinction ratio, ultra-low

bit-error-rate (BER), and greatly improved power penalty.

3.2 Experimental Setup

The experimental setup of the SOA-based NRZ-to-RZ data format converter is
shown in Fig. 3.1, which consists of a SOA, a backward optical injector, an optical
circulator (OC), an erbium doped fibre amplifier (EDFA), and an optical band-pass
filter (OPBF, f3¢gg = 1.37 nm). ‘In experiment, an incoming optical NRZ pseudorandom
binary sequence (PRBS) data:with word length of 2°'-1 and output power from -10 to -1
dBm is employed. The SOA with gain-peak at-1530 nm and amplified spontaneous
emission linewidth of 35 nm is operated at 280 mA (high-gain condition).

A dark-optical-comb pulse-train is generated by optically reshaping the received
clock signal with a Mach-Zehnder intensity modulator driving by an electrical comb
generator [3.9]. To simplify the setup in experiment, a radio frequency (rf) synthesizer
(Agilent, E8457A) 1s wused to simulate the received clock signal. The
dark-optical-comb pulse-train is then amplified by an EDFA and backward-injected into
the SOA through an OC. To effectively saturate the SOA, the injection power of the
dark-optical-comb measured at the output port 2 of OC is set as 17.9 dBm. Another
EDFA with tunable gain cascaded after the OC is used to adjust the power level of the
converted RZ pattern. Both the amplified spontaneous emissions in the SOA and

EDFA are filtered out by an OBPF.

21



3.3 Results and Discussion

The eye-diagram of NRZ PRBS data-stream and the pulse-train of
dark-optical-comb with duty-cycle of 70% are shown in Figs. 3.2(a) and 3.2(b),
respectively. Under such an intense injection with a dark-optical-comb of relatively
large duty-cycle, the gain of SOA can be fully depleted, and only a greatly narrowed
gain window with a full-width at half-maximum of 30 ps is left within most of the
modulating period. This results in a pulsating operation as well as NRZ-to-RZ data
format conversion to the incoming optical NRZ data. The NRZ PRBS data encounters
the pulsed gain in the SOA and is format converted to a RZ data pattern, as shown in
Fig. 3.2(c).

By contrast, a normal optical pulse. injection only causes finite gain-depletion and
leaves a broader gain window in the SOAy. which. inevitably results in a distorted NRZ
shape instead of a RZ pattern.”. The converted RZ PRBS data is remaining at the
identical wavelength and the same data polarity to-that of the incoming NRZ PRBS data.
Such a feature is important for a format converter used at interface of WDM and TDM
link. As the NRZ-to-RZ conversion of multi-channel WDM data-streams onto a given
wavelength is required for transmission across the TDM network [3.10, 3.11], it is
highly desirable to preserve the polarity (non-inversion on the phase of data format) of
data-stream between the input WDM channels and the output TDM channel when
performing data format conversion. Otherwise, the addition of additional overhead
prior to the TDM packet header is necessary in order to correct its data polarity.

The extinction ratio is determined by accounting into both the gain depletion and
gain-spectral shifting effects occurring in the SOA under high power injection. The
peak wavelength of the SOA gain can be shifted from 1530 to 1550 nm under the strong

backward injection at 1550 nm. Such a spectral shift in the SOA can be realized by the
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expression of An =A¢-Ko(N-Np) [3.12], where Ay is the peak wavelength at carrier
density N, 4y is the peak wavelength at transparency, &y is a constant characterizing the
gain-peak shift, N is the carrier concentration, and N, is the carrier concentration at
transparency. The shift of SOA gain peak to a longer backward injecting wavelength
is mainly attributed due to the depletion of carriers in the SOA by the intense
dark-optical-comb injection. It is preferred to locate the injected dark-optical-comb at
wavelengths near but slightly longer than the gain peak, as the gain SOA can be
depleted more severely at larger gain region and thus red-shifted to a longer wavelength.
This eventually leads to a higher extinction ratio of the input data-stream at shorter
wavelengths as the gain of SOA is changing from saturation to depletion condition.
However, the depletion of carriers as well as gain of the SOA becomes less
significant if a backward injecting wavelengthis too long to exceed the original gain
peak, which in turn causes a.reduction in extinction ratio of the input data-stream at
shorter wavelengths. As shown m-Fig.-3.3, the extinction ratio of the converted RZ
PRBS data-stream is dependent-on. the wavelength of backward dark-optical-comb
injection, which reveals a largest extinction ratio with a backward injection at 1550 nm
when setting the NRZ PRBS data at shorter wavelengths. The extinction ratio (ER)
(i.e. power ratio of the transmitted “1” data to the transmitted “0” data) of the incoming
NRZ PBRS data is about 7.13 dB.  After conversion, the measured eye diagram for the
RZ PRBS data in Fig. 3.2(c) reveals a greatly improved extinction ratio of 13.6 dB. To
investigate the minimum ER of the input NRZ in which the ER can still be greatly
improved at the output RZ, the input ER versus output ER is measured, as shown in Fig.
3.4. The input ER larger than 6.24 dB can be converted into RZ format with ER of
11.92. The output ER will increase with the increase of the input ER. Note that

when the input ER is larger than 11 dB the output ER will saturate.
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The BER of the back-to-back (BtB) NRZ PRBS and converted RZ PRBS
data-streams at 10 Gbit/s are measured as function of received data power, as shown in
Fig. 3.5. The nearly error-free (BER < 10%) BtB NRZ and RZ PRBS data-streams
can be detected at received optical power of larger than -15 and -18.7 dBm, respectively.
The BER of the format-converted RZ PRBS data inevitably increases with reduction of
the incoming NRZ PRBS data power. Previously, it has been elucidated that high
levels of electrical pumping of SOA accompanied by intense optical injection to
suppress lasing and enhance carrier/photon interactions, can significantly result in a
faster conversion speed than the carrier recovery rate [3.13]. In our case, the increase
on both of the data and backward injection power also result in the shortened rising and
falling time of signals, respectively. The BER of the converted RZ PRBS can still be
10” when the NRZ PRBS data power is <-6 dBm, which further reduces to 10™'* at data
power of -1 dBm.

Note that the upper limitation-on.operational bit-rate is determined by the gain
recovery time of the SOA given byz -7 1448 [3.14], where 7, is the non-radiative
recombination time, a denotes the stimulated emission rate, and § is the internal photon
density in the SOA. When the backward injected dark-optical-comb pulse-train turns
off, low and high levels of the optical NRZ PRBS provide different photon density and
encounter different gain recovery time in the SOA. Such a mechanism further
improves the BER performance of the converted RZ PRBS. A negative power penalty
[3.15] of -3.7 dB is measured at a BER of 10", which has already exceeded the
performance of a previous SOA-based fiber-loop-mirror configuration [3.5]. The
negative power penalty is attributed to the noise reduction of the data-stream by both
the gain-saturated SOA [3.16] and the data format conversion. To date, the proposed

data format converter requires only a dark-optical-comb generator and a SOA in
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comparison with the complicated FWM and XPM techniques.

3.4 Conclusion

In conclusion, an all-optical NRZ-to-RZ data format converter at bit-rate up to 10
Gbit/s is primarily demonstrated by using a backward dark-optical-comb injected SOA.
The wavelength and polarity of the converted RZ PRBS data is preserved with the
incoming NRZ PRBS data. The extinction ratio of the incoming NRZ PRBS data and
the format-converted RZ PRBS data are 7.13 dB and 13.6 dB, respectively. At 10
Gbit/s, the bit-error rate can be as low as 1072 at the received optical power of about
-18.3 dBm. It is noted that a negative power penalty of about -3.7 dB at a BER of
10"% is measured, which implies that_such a configuration has re-timing, re-shaping,

and re-amplifying (3R) capabilities.
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Chapter 4
Duty-Cycle and Chirp Diagnosis of All-Optical
Format Conversion Data in  Multi- and
Single-Wavelength  Dark-Optical-Comb  Injected

Semiconductor Optical Amplifier

4.1 Introduction

Recently, the implementations of all-optical pulsed data transformation in
traveling-wave semiconductor optical amplifiers (SOAs) have been comprehensively
investigated in combination /with versatile ‘techniques such as direct electrical
modulation [4.1], four-wave-mixing [4.2]; cross-phase modulation, waveguide coupler
[4.3] and loop-mirror [4.4] “based. interferometty. Direct modulation technique
inevitably meet bottleneck of low-bit-rate operation due to insufficient bandwidth of
the SOA. Four-wave mixing scheme exhibits all-optical and high-speed capabilities
but suffers relatively low signal-to-noise ratio and conversion efficiency. The
interferometric configurations bear problems either the complicated device fabrication
or the requirement on exact delay-time control. To achieve all-optical and
high-contrast operations, a temporally gain-sliced SOA was employed to demonstrate
pulsed data-format conversion under backward single-wavelength dark-optical-comb
injection technique [4.5]. Such a scheme preserves the incoming and transformed
data wavelength and provides precise gain control in time domain, thus leading to an
enhanced extinction ratio at bit-rate higher than modulation bandwidth of the SOA

electrode. However, an extremely large frequency chirping effect usually
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accompanies with the cross-gain depletion based all-optical conversion due to large
carrier density changed during the signal processing, which inevitably degrade the
bit-error-rate performance and reduces the transmission distance without proper
wavelength dispersion compensation during propagation [4.6]. In principle, the
dynamic frequency chirp of the pulsed data signal from SOA is affected not only by the
intense gain modulation in time domain, but also by the reshaped gain profile of the
SOA in spectral domain. It is thus worthy of investigating the dynamic gain and chirp
behaviors such a SOA under broadband and large duty-cycle optical injection induced
cross-gain depletion situation. The theoretical and experimental studies on spectral
and temporal gain-shaping of the SOA facilitate a precise control of the dynamic
frequency chirp at the pulsed data-stream.

In this work, we establish a dynamic chirp model for the backward
dark-optical-comb injected SOA. to compare the effect of single- or multi-wavelength
injection on both the duty-cyele and the dynamic-frequency chirp of the pulsed data
all-optical converted by the SOA. By temporally and spectrally reshaping the gain
profile of the SOA with such a backward injected multi-wavelength dark-optical-comb,
the converted pulse data reveals a smaller frequency chirp than that obtained under the
single-wavelength dark-optical-comb injection case. The temporal and spectral
dependencies of the SOA gain under single- and multi-wavelength dark-optical-comb

injection are derived to elucidate experimental results.

4.2 Experimental Setup

The all-optical pulsed data-format converter is schematically shown in Fig. 4.1, in
which a SOA DC-biased at 350 mA with a maximum gain at 1530 nm and an amplified

spontaneous emission linewidth of 38 nm at 3-dB decay is employed. The
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dark-optical-comb is generated by passing a continuous-wave laser source through an
electrical-comb driven Mach-Zehnder intensity modulator (MZM) to temporally
reshape the gain-window of the SOA, while the DC-level of the amplified electrical
comb pulse at repetition frequency of 10 GHz is slightly offset from zero to obtain
maximum modulation depth of the dark-optical-comb. Either a single-wavelength
distributed feedback laser diode (DFBLD) with a 3-dB linewidth of 1 MHz, or a
multi-wavelength Fabry-Perot laser diode (FPLD) with 3-dB linewidth of 7.297 nm is
employed in our experiments for comparison, their corresponding spectra are shown in
the inset of Fig. 4.1. A commercial electrical comb generator activated by a 10-GHz
sinusoidal clock signal of 30 dBm generates electrical pulse-train of 30-ps pulsewidth,
leading to the generation of an dark-optical-comb (see inset of Fig. 4.1) with a
duty-cycle of 70 % output from the MZM. After propagating through an
erbium-doped fiber amplifier-(EDFA) with.20-dB-gain and an optical circulator (OC),
the dark-optical-comb is used-to backward.inject/‘and then periodically deplete the gain
of SOA for implementing non-return-to-zero to return-to-zero (NRZ-to-RZ) data format
conversion. The incoming optical NRZ data-stream is simulated by encoding a
tunable laser (TL) with another MZM, which is driven by a
pseudo-random-bit-sequence (PRBS) data-stream generator with a pattern length of
2%-1.  The injection power at the port 2 of the OC is increased to saturate the gain of
SOA for obtaining maximum extinction ratio of the converted pulsed data. The
wavelength, input power and extinction ratio (defined as the ratio of the “on level
power” to the “off level power”) of the incoming optical NRZ PRBS data are 1529.2,
-15 dBm and 12 dB, respectively. The dark-optical-comb is set at longer wavelength
to achieve a better extinction ratio of the converted signal will be obtained at the output

[4.7]. Afterwards, the converted RZ data is analyzed by a chirp analyzer (Advantest
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Q7606B) to obtain its dynamic frequency chirp at different dark-optical-comb injection

power.

4.3 Results and Discussion

In experiment, the input NRZ data is converted into a pulsed RZ data with an
improved extinction ratio of 15.5 dB in the SOA under an dark-optical-comb injection
power of 16.5 dBm. Temporal traces of the dark-optical-comb, the converted pulsed
RZ data bit, and the corresponding dynamic frequency chirp obtained under multi- and
single-wavelength injection conditions are shown in Fig. 4.2 and 4.3, respectively.
The peak-to-peak frequency chirp related to the input NRZ signal, the multi- and
single-wavelength dark-optical-comb/are rdetermined as 1.0, 2.1 and 1.9 GHz,
respectively. As the injection’power of the dark=optical-comb increasing from 2.4 to
16.5 dBm, the FWHM of thé converted RZ signal.is shortened from 41.2 to 31.6 ps,
however, the peak-to-peak frequency chirp of ithe pulsed RZ data bit is concurrently
enlarged from 6.7 to 11.1 GHz by using the multi-wavelength dark-optical-comb
injection.

In contrast to the multi-wavelength injection, the injection of single-wavelength
dark-optical-comb with same power level only consumes the carriers pumped upon the
states with energy larger than injecting photons in the SOA. Therefore, the carriers
left at low energy levels only accounts for the amplified spontaneous emission, which
eventually contributes to the DC-level of the data-stream and causes a limited
extinction ratio of the converted RZ pulse.  Under the single-wavelength
dark-optical-comb injection, the FWHM of the converted RZ signal is shortened from
37.3 to 30.8 ps as the injection power from 2.4 to 16.5 dBm, whereas the peak-to-peak

frequency chirp of the pulsed RZ data bit is increased from 9.1 to 13.2 GHz.
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Apparently, the single-wavelength dark-optical-comb injection shortens the converted
RZ pulsewidth at a cost of enlarged dynamic frequency chirp as compared to the
multi-wavelength case.  Theoretically, the gain coefficient of SOA exhibits a
Lorentzian lineshape described determined by both the pumped carrier concentration
and the spectral distribution [4.8], as described in Eq. (2.1.2). The pulsed RZ
data-format conversion occurred in SOA under the intense cross-gain depletion process
not only results in patterning effect in time domain, but also induces a large chirp with
its level proportional to the depth of gain depletion. Nonetheless, the residual gain as
well as the gain depletion depth of SOA can be minimized if we further shrink the gain
distribution profile of SOA in spectral domain, since the derivative of gain coefficient

to its spectral linewidth is always greater than zero,

dgl,N
d Aﬂg

—2g, (A=A )2/[(%)3 gm0, 43.1)

Therefore, the dynamic frequency.chirp. of the converted RZ pulse is further
reduced by shrinking the gain distribution of SOA in spectral domain. Temporal and
spectral slicing on the gain of SOA can simultaneously be implemented by introducing
a multi-wavelength dark-optical-comb injection into the SOA.

In more detail, the effect of the backward dark-optical-comb injection power on
the gain of the SOA, the converted RZ pulsewidth, and the peak-to-peak chirp
performance of the converted pulsed RZ at different injection conditions are analyzed
and shown in Fig. 4.4 and 4.5. Figure 4.4 shows the gain and peak to peak chirp as a
function of dark-optical-comb injection power. The peak to peak chirp is increased as
increasing injection power, since the phase of the converted signal rapidly increases
due to carrier-induced index changes. In particular, the fluctuations on measured

frequency chirp with changing injection power is due to the interference occurred
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between the injected and partially reflected dark-optical-combs in SOA. Such an
intense injection induced interference changes the carrier and gain dynamics in SOA
and thus affects the pulse shape and dynamic frequency chirp [4.9]. On the other
hand, for general optical time-division-multiplexing (OTDM) application, it is
requisite to generate a RZ data bit with shorter duty-cycle or pulsewidth, thus enlarging
the channel numbers and communication capacity. In principle, the limitation on
converted RZ pulsewidth of the SOA-based RZ pulsed data converter is mainly
determined by the effective carrier lifetime of 1= [t + d(gPin)/dn]" [4.10]. That is,
the rise-/fall-time as well as the duty-cycle of the converted RZ data bit can essentially
be shortened due to the decreasing carrier lifetime in a highly biased SOA with strong
optical injection. The converted RZ pulsewidth is also plotted as a function of the
dark-optical-comb injection power and shown in Fig. 4.5. The observed rising time
of the converted RZ pulse remain almost unchanged, however, the falling time was
monotonically reduced by increasing the injection-power of dark-optical-comb. The
evolution of converted RZ pulsewidth with injection power exhibits similar decreasing
trend with its falling time.

To provide a fast conversion speed and shortened response, the increase in both the
biased current of the SOA and the injection power of dark-optical-comb are mandatory.
Nonetheless, the shortening of converted RZ pulsewidth inevitably results in a large
dynamic frequency chirp under a same gain depletion depth of SOA. The increasing
trend of the peak-to-peak dynamic frequency chirp with increasing gain of SOA (see
Fig. 4.6) is plot as a function of the dark-optical-comb injection power at different
biased currents of the SOA are shown in Fig. 4.7. If we consider the effect of
dark-optical-comb power on the peak-to-peak frequency chirp, the first-order

derivative of Eq. (2.2.6) gives an increasing trend of the dynamic frequency chirp with
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the dark-optical-comb injection power P;,. That is,

P
dAv P A0
o =dC, e Fua /de >0, (4.3.2)

where Cj is constant. It explains the lower frequency chirp of the converted RZ pulse
induced at lower biased current of SOA. As the injection power increases from 2.4 to
16.5 dBm, the increment of dynamic frequency chirp of the SOA converted RZ pulse
data are 2.7, 3.2 and 4.4 GHz at SOA biased currents of 150, 250 and 350 mA,
respectively. In comparison, it is observed that the multi-wavelength injection can
provide better performance than single-wavelength injection on reducing the dynamic
frequency chirp at higher injection powers. Since the gain spectrum of SOA becomes
narrower at the multi-wavelength injection case, a more significant reduction on the
dynamic frequency chirp with a broadband datk-optical-comb injection can thus be
expected.

In the practical fiber-optie communication network, even though the bit-error-rate
performance of the converted RZ:pulse during transmission is subject to the net effect
of duty-cycle and frequency chirp, the receiving power penalty induced by improperly
compensated chirp of the RZ pulsed data is a much more concerned factor when
propagating through a fiber link. Our experiments conclude that the spectral slicing
on the gain profile of SOA via multi-wavelength injection can thus be an efficient
approach for reducing frequency chirp without seriously sacrificing the duty-cycle of
the converted RZ pulse data. These experimental results correlate well with our
theoretical simulation that a multi-wavelength-injection induced gain-depletion of SOA
can effectively reduce the dynamic frequency chirp in comparison with that obtained
under single-wavelength-injection condition.  Optimization of the pulsed RZ

data-format conversion in the SOA with a temporally and spectrally sliced
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gain-window can thus be concluded. Reshaping the gain profile in such a cross-gain
depleted SOA can alternatively be achieved by using other broadband optical source,
however, which inevitably introduces large relative intensity noise and degrades the
transmission as well as bit-error-rate performance of the converted RZ pulse. The
multi-wavelength dark-optical-comb injection with same power level are currently the
best solution to benefit from advantages such as the complete carrier consumption
above SOA bandgap and the lower dynamic frequency chirp induced during

data-format conversion.

4.4 Conclusion

We have investigated the pulsewidth and dynamic frequency chirp characteristics
of an all-optical RZ data-format converter :by wusing a temporally and spectrally
gain-sliced SOA, in which cross-gain depletion is-achieved by a backward single- or
multi-wavelength dark-optical‘comb injection: +" In experiment, the effects of the
dark-optical-comb injection power on both the pulsewidth and the frequency chirp of
the converted RZ pulse are theoretically elucidated. To provide a fast conversion
speed and shortened response, the increase in both the biased current of the SOA and
the injection power of dark-optical-comb are mandatory. Reduction on duty-cycle of
the injected dark-optical-comb although shortens the pulsewidth of the converted
pulsed data bit, which also induces a larger frequency chirp since the same
gain-depletion level is accomplished within a narrower time window. Nonetheless,
the residual gain as well as the gain depletion depth of SOA can be minimized if we
further shrink the gain distribution profile of SOA by multi-wavelength
dark-optical-comb injection in spectral domain. This operation efficiently reduces the

dynamic frequency chirp of the converted RZ pulse. Under the same injection power
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of 2.4 dBm, the multi-wavelength-injection converted RZ pulse data bit exhibits a
peak-to-peak frequency chirp of 6.7 GHz, which is reduced by almost 40% as
compared to the single-wavelength injection case. Such a reduction on the dynamic
frequency chirp with a broadband dark-optical-comb injection is theoretically
explained due to the significant gain narrowing effect in SOA. A broadband
dark-optical-comb injection with an appropriate power level is expected as the best
solution to benefit from advantages such as the complete carrier consumption above
SOA bandgap and the minimized dynamic frequency chirp induced during RZ pulsed

data-format conversion.
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Chapter 5
Summary

5.1 Summary

We primarily demonstrate an all-optical NRZ-to-RZ data format converter at
bit-rate up to 10 Gbit/s by using a backward dark-optical-comb injected SOA. The
wavelength and polarity of the converted RZ PRBS data is preserved with the
incoming NRZ PRBS data. The extinction ratio of the incoming NRZ PRBS data and
the format-converted RZ PRBS data are 7.13 dB and 13.6 dB, respectively. At 10
Gbit/s, the BER can be as low as 107? at the received optical power of about -18.3
dBm. It is noted that a negative power penalty of about -3.7 dB at a BER of 107 is
measured, which implies that such a configuration has re-timing, re-shaping, and
re-amplifying (3R) capabilities.

We also investigate the pulsewidth-and dynamic frequency chirp characteristics of
an all-optical RZ data-format“.converter by using a temporally and spectrally
gain-sliced SOA, in which cross-gain depletion is achieved by a backward single- or
multi-wavelength dark-optical-comb injection. In experiment, the effects of the
dark-optical-comb injection power on both the pulsewidth and the frequency chirp of
the converted RZ pulse are theoretically elucidated. To provide a fast conversion
speed and shortened response, the increase in both the biased current of the SOA and
the injection power of dark-optical-comb are mandatory. Reduction on duty-cycle of
the injected dark-optical-comb although shortens the pulsewidth of the converted
pulsed data bit, which also induces a larger frequency chirp since the same
gain-depletion level is accomplished within a narrower time window. Nonetheless,

the residual gain as well as the gain depletion depth of SOA can be minimized if we
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further shrink the gain distribution profile of SOA by multi-wavelength
dark-optical-comb injection in spectral domain. This operation efficiently reduces the
dynamic frequency chirp of the converted RZ pulse. Under the same injection power
of 2.4 dBm, the multi-wavelength-injection converted RZ pulse data bit exhibits a
peak-to-peak frequency chirp of 6.7 GHz, which is reduced by almost 40% as
compared to the single-wavelength injection case. Such a reduction on the dynamic
frequency chirp with a broadband dark-optical-comb injection is theoretically
explained due to the significant gain narrowing effect in SOA. A broadband
dark-optical-comb injection with an appropriate power level is expected as the best
solution to benefit from advantages such as the complete carrier consumption above
SOA bandgap and the minimized dynamic frequency chirp induced during RZ pulsed

data-format conversion.
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