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1. Introduction

Communication networks have evolved in order to fulfil the growing demand of our
bandwidth-hungry world. First, the coaxial cable has replaced the copper cable since 1950
for long- and medium-range communication networks. The Bit rate-distance product (BL) is
commonly used as figure of merit for communication systems, where the B is the bit rate
(bit/sec) and L is the repeater spacing (km). A suitable medium for transmission needed to
be available and optical fibres were selected as the best option to guide the light (Kao &
Hockham, 1966). A radical change occurred, the information was transmitted using pulses
of light. Thus further increase in the BL product was possible using this new transmission
medium because the physical mechanisms of the frequency-dependent losses are different
for copper and optical fibres. The bit-rate was increased in the core network by the
introduction of a new technique: Wavelength-Division Multiplexing (WDM). The use of
WDM revolutionized the system capacity since 1992 and in 1996, they were used in the
Atlantic and Pacific fibre optic cables (Otani et al., 1995).

While WDM techniques were mostly used in long-haul systems employing EDFA for online
amplification, access networks were using more and more bandwidth. Access network
includes the infrastructures used to connect the end users (Optical Network Unit - ONU) to
one central office (CO). The CO is connected to the metropolitan or core network. The
distance between the two network units is up to 20 km. The evolution of access network was
very different from in the core network. High bit-rate transmissions are a recent need. At the
beginning, it provided a maximum bandwidth of 3 kHz (digitised at 64 kbit/s) for voice
transmission and was based on copper cable. Today, a wide range of services need to be
carried by our access network and new technologies are introduced which allow flexible
and high bandwidth connection. The access network evolution is obvious in Europe with
the rapid growth of xDSL technologies (DSL: Digital Subscriber Loop). They enable a
broadband connection over a copper cable and allow maintaining the telephone service for
that user. In 2000, the maximum bit rate was around 512 kbit/s while today it is around 12
Mbit/s. However since 2005, new applications as video-on-demand need even more
bandwidth and the xDSL technologies have reached their limits. The introduction of
broadband access network based on FTTx (Fiber To The x) technology is necessary to
answer to the recent explosive growth of the internet. Today, Internet service providers
propose 100 Mbit/s using optical fibre. The experience from the core network evolution is a
great benefit to access network. The use of WDM mature technology in access and
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metropolitan network should offer more scalability and flexibility for the next generation of
optical access network.

However the cost mainly drives the deployment of access network and remains the
principal issue. Cost effective migration is needed and the cost capital expenditures
(CAPEX) per customer has to be reduced. ONU directly impacts on the CAPEX. New optical
devices are needed in order to obtain high performances and low cost ONU.

For uplink transmission systems using WDM, each ONU requires an optical source, such as
a directly modulated laser (DML) (Lelarge et al., 2010). If wavelengths are to be dynamically
allocated, one to each ONU, colourless devices are needed in order to minimize the
deployment cost. Reflective Semiconductor Optical Amplifier (RSOA) devices can be used
as a low-cost solution due to their wide optical bandwidth. The same type of RSOA can be
used at different ONUs where they perform modulation and amplification functions.
However, cost and compatibility with existing TDM-PONs is still an issue. As a
consequence, hybrid (TDM+WDM) architecture is being investigated for next generation
access network (An et al, 2004), as a transition from TDM to WDM PONs where some
optical splitters could be re-used. Recently, the first commercial hybrid PON based on
reflective semiconductor optical amplifiers (RSOA) has been announced (Lee H-H. et al,,
2009). Such a network allows serving 1024 subscribers at 1.25 Gbit/s over 20 km.

In this chapter, the basic theory of SOA/RSOA is investigated. The different interactions of
light and matter are described. Then, we focus on the device modelling. We develop a multi-
section model in order to take in account the non-homogeneity of the carrier density. In this
approach, we consider a forward and backward propagation as well as the amplified
spontaneous emission (ASE) propagation. Longitudinal spatial hole burning (LSHB)
strongly affects the average optical gain. An evaluation of the total gain in RSOA devices
including the LSHB is proposed. The influence of the optical confinement and the length is
described and leads to some design rules. Under the latter analysis, the performance of
RSOA must be evaluated considering the trade-offs among the different parameters.
Dynamic analysis is then proposed in section 4. The RSOA modulation responses behave as
a low-pass filter with a characteristic cut-off frequency. The carrier lifetime turns out to be a
key parameter for high speed modulation and a decrease of its value appears to be required.
The rates of recombination processes, such as stimulated, spontaneous and non-radiative
recombination govern the carrier lifetime. They strongly depend on the position along the
active zone and the operating conditions.

Furthermore, telecommunication networks based on RSOA are studied. We introduce the
envisaged architectures of access networks based on RSOA. High gain RSOA is used as
colourless transmitter and WDM operations are performed. Laser seeding configuration at
2.5 Gbit/s is realized and error free transmission is obtained for 36 dB of optical budget over
45 km of SMF. Low-chirp RSOAs enable a 100 km transmission at the same bit rate below
the Forward Error Correction (FEC) limit. Direct 10 Gbit/s modulation is then realized using
high speed RSOA.

Finally, we summarize the lessons learned in this chapter and conclude on RSOA devices as
colourless optical transmitters.

2. Past history and basic concept of reflective SOA

In this section, the fundamental properties and the main concepts of SOA and RSOA are
introduced in a simple way. We discuss the past history and the evolution of RSOA with the
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development of optical communication systems. Then, we detail the physics involved in
SOA and RSOA. A multi-section approach is chosen to model the device behaviour under
static conditions. The aim of this section is not to propose a complex model but to underline
and understand the different mechanisms in RSOA devices.

2.1 RSOA evolution

The first idea of a Reflective SOA (RSOA) was proposed by Olsson in 1988 to reduce the
polarization sensitivity via a double pass configuration using classic SOA.

The first integrated RSOA for optical communication appeared in 1996 where the device
was employed for upstream signal modulation at a bit rate of 100 Mbit/s (Feuer et al., 1996).
Then several experiments based on RSOAs for local access network were realized where the
bit rate was increased to 155 Mbit/s (Buldawoo et al, 1997).

In this chapter, we mainly focus on the wavelength upgrade scenario for WDM-PON
systems. While current optical access networks use one single upstream channel to
transmit information, WDM systems use up to 32 channels increasing therefore the total
transmitted information. RSOA is the perfect candidate because of its wide optical
bandwidth, large gain and low cost, therefore fulfilling most of the requirements. For
instance, its large optical bandwidth makes it a colourless cost-effective modulator for
WDM-PON. The same type of device can be used in different ONUs, which reduces the
network cost. Moreover, the large gain provided by an RSOA can compensate link losses
without using an extra amplifier, which simplifies the overall solution.

Therefore since 2000, RSOA devices saw a fast growing interest in upstream channels
transmission based on reflective ONU for WDM-PON applications. The first re-modulation
scheme has been proposed in 2004 where the downlink signal was transmitted at 2.5 Gbit/s
and uplink data stream was re-modulated on the same wavelength via the RSOA at 900
Mbit/s (Koponen et al, 2004). Then further investigations were realized and 1.25 Gbit/s re-
modulation was demonstrated (Prat et al., 2005).

Today, several research groups work on these solutions such as Alcatel-Lucent Bell Labs, III-
V Lab, Universitat Politecnica de Catalunya (UPC), Orange labs, ETRI, KAIST, IT and
various optical devices manufacturers proposed commercial RSOA devices as CIP, MEL and
Kamelian.

2.2 Fundamentals of SOA and RSOA

Gain in a semiconductor material results from current injection into the PIN structure. The
relationship between the current I and the carrier density (n) is given by the rate-equation.
The rate-equation should include the stimulated emission as well as the spontaneous and
absorption rate. R(n) is the rate of carrier recombination including the spontaneous emission
and excluding the stimulated emission. Electrons can recombine radiatively and non-
radiatively therefore R(n) can be written as:

R(n) = Rrqa() + Ryon—raa () @

When an electron from the Conduction Band (CB) recombines with a Valence Band (VB)
hole and this process leads to the emission of a photon, it is called the radiative
recombination. The rate of radiative recombination is:

Ryaq(n) = B.n2 2
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This term corresponds to the spontaneous emission recombination. Non-radiative processes

deplete the carrier density population in the CB then fewer carriers remain available for the

stimulated emission and the generated amount of light is limited. The three main non-

radiative recombination mechanisms in semiconductor are:

- The linear recombination due to the transfer of the electron energy to the thermal
energy (in the form of phonons). This mechanism is called the Shockley-Read-Hall
(SHR) recombination. The rate of SRH recombination is:

Rspy = A.n ®)

- The Auger recombination due to the transfer of the energy from high-energy
electron/hole to the low-energy electron/hole with subsequent energy transfer to the
crystal lattice. The rate of the Auger transitions is:

Raug = C.n3 4)

- Another non-radiative recombination process is the carrier leakage, where carriers leak
across the SOA heterojunctions. The leakage rate depends on the drift or the diffusion
of the carriers therefore is given by (Olshansky et al., 1984):

Rieak = Djeak- n>>for diffusion and Rjeax = Djeax. n>° for drift (5)

The dominant leakage current is usually due to carrier drift. Therefore the total
recombination rate is given by:

R(n) = Ryaq(n) + Ryon_rad(m) = A.n + B.n? + C.n% + Djoqi. n°>° (6)

The carrier leakage is usually neglected. So the rate-equation states that the resulting change
of the carrier density in the active zone is equal to the difference between the carrier
supplied by electrical injection and the carrier’s recombination. Amplification results from
stimulated recombination of the electrons and holes due to the presence of photons. The
interaction between photons and electrons inside the active region depends on the position
and the time. Therefore the carrier density at z and t is governed by the final rate-equation.
We neglect carrier diffusion in order to simplify the carrier density rate-equation. This
assumption is valid as long as the amplifier length L is much longer than the diffusion
length, which is typically on the order of microns. We also assume that the carrier density is
independent of the lateral dimensions.
dnGap) _ 10

m - (A.n(zt) + B.n(z, ) + C.n(z,1)%) — Vggner- S(z, 1) 7)

Where n(z,t) is the carrier density, I(t) is the applied bias current, S(z,t) is the photon
density, gnet is the net gain and vg is the light velocity group.

A time domain model for reflective semiconductor optical amplifiers (RSOAs) was
developed based on the carrier rate and wave propagation equations. The non linear gain
saturation and the amplified spontaneous emission have been considered and implemented
together in a current injected RSOA model (Liu et al., 2011). This approach follows the same
analytical formalism as Connelly’s static model (Connelly, 2007).

To make the model suitable for static analysis some assumptions have been made and
simplifications have been introduced. Since, as a modulator, the RSOA is mainly illuminated
by a CW optical source, the material gain is assumed to vary linearly with the carrier density
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but with no wavelength dependence. Amplified spontaneous emission power noise is
assumed to be a white noise, with an equivalent optical noise bandwidth. When the current
is modulated in a RSOA, the carrier density and the photon density are varying with time
and position. This is caused by the optical wave propagation and the carrier/photon
interaction. The carrier density variation is introduced in the model by dividing the total
device length into smaller sections. For each section the carrier density is assumed to remain
constant along the longitudinal direction. The equations are linking the driving current, the
carrier density and the photon density. Figure 1 represents the model elementary section. It
includes ports representing the input and output photon density (forward and backward),
input and output amplified spontaneous emission (forward and backward), the input
electrical current injection and carrier density. We do not consider the phase shift of the
signal.

I/e.V n
Lg 4 /
S+in —p — S+0Ut /
S-out — - S-in f I
ST ASEin ——p —> S*asEout d I
S ASE out €= < Spsein | L
L o 4 w
Lg

Fig. 1. RSOA elementary representation for numerical modelling

The forward and backward propagating optical fields (excluding spontaneous emission) are
described by the relation between the input optical power and output optical power.

PE(z + Az) = P*(z)e8neit? ©

The material gain (gm) is usually approximated by a linear function of the carrier density. In
general the material gain also depends on the photon density S. For high photon density, the
gain saturates and this phenomenon is described by the gain compression factor. Then, the
material gain equation becomes:

9Is Im )

T 1+es

Where ¢ is the gain saturation parameter.
The boundary conditions for the device input and output facets, are given by:

P+(O) =1- R1)Pin + R1P_(0)
P~(L) = R,P*(L)

Where R; and R; are power reflection coefficients.

(10)
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The amplified spontaneous emission is the main noise source in an RSOA and determines
the RSOA static and dynamic performances under low input optical power. For high
stimulated emission output power the spontaneous emission drops significantly and its
impact on the device performances is less significant. For a section of length Az the ASE
power spectral density generated within that section is given by the following equation :

Pasg = WSp(Gs(Z) — DhvB, 11

Where G s the single pass gain of one section and 7sp is the spontaneous emission factor.
The spontaneous emission factor can be approximated by (D’Alessandro et al., 2011):

Nsp = (12)

In our model we have assumed a constant noise power spectral density over an optical
bandwidth B,. The bandwidth B, is estimated at 5x1012 Hz. The implementation of the ASE
noise travelling wave follows a procedure similar to the optical signal travelling wave. The
spontaneous emission output power for the forward and backward noise signals has two
contributions: the amplified input noise and the generated spontaneous emission
component within the section. The gain variations with the bias current (Experimental and
modelled) are compared in Figure 2.
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Fig. 2. Fibre-to-fibre gain for RSOA versus bias current

The carrier density profile is represented in figure 3 as well as the total photon density. At
low input injection (Pi, = -40 dBm), the carrier density profile is in this case not symmetrical
due to the high reflection of the second facet. Strong depletion occurs from the ASE and the
signal double propagation (reflective behaviour of the device). Also at Pi, = -40 dBm, the
ASE power dominates the signal power which explains that the RSOA device saturates
more at high input electrical current.

At high input optical power, the carrier density in an RSOA is flattened due to the forward
and backward propagations of the signal inside the device. The saturation effect occurs all
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along the RSOA. At the mirror and input facets, the signal photon density becomes larger
with the injected current as it has been more amplified during the forward and backward
propagations.

From this preliminary analysis, a general conclusion can be deduced. RSOAs should
saturate faster than classic SOAs. The overall photon density inside a RSOA is larger than in
a classic SOA, reducing the material gain available for signal amplification. However the
forward and backward signal amplifications could compensate for this effect. Large photon
density should also affect the E/O bandwidth and could be useful to obtain high speed
devices. All these effects are stronger at high input electrical injection and high input optical
power.
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Fig. 3. Carrier and photon density spatial distribution in RSOA device. (a) and (b) represents
the simulation from Pin = -40 dBm ; (c) and (d) for 0 dBm

3. RSOA devices static characteristics

Optical gain measurements depending on the input current and optical power were
realized. Figure 4 shows the experimental setup which is used to perform static
measurements. The required wavelength controlled by an external cavity laser is launched
into the RSOA through an optical circulator (OC). A combined power meter and attenuator
is used to control the input power to the RSOA. An optical spectrum analyser and a power
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meter are used in order to determine the static performances of the device, such as optical
gain, gain peak, bandwidth and ripple, noise figure and output saturation power. The
impacts of these several parameters (I' and L) are experimentally studied in the next sub-
sections.

Bias current
Lensed fibre l

Optical slpectf um / Variable
analyzer attenuation

Fig. 4. Static experimental setup

3.1 Influence of the optical confinement

The optical gain for the optical confinements of I'~20% and I'~80% are compared depending
on the input electrical current and optical power in Figure 5. The gain increases with the bias
current as modelled in previous section and starts to saturate at high electrical injection. The
low confinement factor (I'~20%) devices show higher gain than the high confinement factor
(I'~80%) devices. This result is counter-intuitive as the net gain should increase with higher
optical confinement and therefore the single pass gain. High I' means more ASE and more
saturation. Thus a low confinement factor induces lower spontaneous emission power by
reducing the effect of the ASE inside the device (Brenot et al., 2005). As the RSOA is less
saturated, the single pass gain is also increasing with the reduced confinement factor
(because the LSHB is reduced).We demonstrated that RSOA devices have a non-uniform
carrier density along the active zone. This interpretation can be confirmed by the
simulations of the carrier density spatial distribution (section 2) and SE measurements
(section 3.2).

Increasing the input power, the gain drops quickly due to the saturation effect. That is, the
increase of optical input power at a constant current consumes many carriers for the
stimulated emission therefore decreases the carrier density and increases the saturation
effect. This transition corresponds to the frontier between the linear and the saturated
regime. In this regime, the noise factor increases due to gain saturation. A common and
useful figure of merit is the dependence of the optical gain on the output power. From this
curve, we obtained the saturation power (Ps.) when the gain drops by 3 dB. Figure 5 (b)
shows the optical gain versus the output power.

Most of SOA devices show saturation power around 10 dBm and optimized SOA can reach
20 dBm (Tanaka et al., 2006). However optimizing for maximum saturation power induces
low gain (<15 dB) and large energy consumption (I > 500mA). In RSOA devices, high gain is
obtained as well as reasonable saturation power.
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Fig. 5. Confinement effect on 700 pm long RSOA depending on the current (a) and the
output power (b)

3.2 Saturation effect in long RSOA

Two optical confinement values have been studied and low optical confinement (I'~20 %)
enables the fabrication of high gain devices. It was the consequence of the LSHB reduction
inside the active material which leads to an overall higher gain. However, the length (L) also
affects the single pass gain (Gs). Again two effects are in competition inside the active zone:
the exponential growth of G with the length and the non-homogenous carrier density
distribution (which leads to strong saturation effect). Therefore a trade-off needs to be found
in order to balance these two effects. By increasing the length, the forward and backward
amplifications are also increased up to an optimum point. Devices that are too long induce
high saturation and reduce the optical gain. Figure 6 (a) shows the optical gain versus the
current density in different RSOA cavity lengths. The current density (J) is more relevant
from a device point of view in order to compare similar operating conditions.
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Fig. 6. Length effect on 20% optical confinement RSOA depending on the current density (a)
and on the output power (b) for ] = 10 kA/cm?2
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At first, the increase of the cavity length induces higher optical gain (from 300 pm to 700um)
however when it reaches 850 um, the gain drops back. Therefore a maximum gain is
obtained for 700 um long devices. The optical gain versus the output power is presented in
Fig. 6. (b) at the current density ] = 10 kA /cm2. We can notice that increasing the gain leads
to higher saturation power. It can be explained by the fact that we are at a constant current
density therefore the electrical bias current increases with the length of the device leading to
an improvement of the saturation power. For one specific optical confinement (I' = 20%), an
optimal length can be found in order to obtain the best static performances (high optical
gain). At first, the optical gain increases linearly with the length. In fact, the forward and
backward amplifications control the single pass gain. Figure 7. (a) represents the SE
measurements where an optical fibre is placed along the active zone at the input/output,
centre and mirror region. Then SE measurements as a function of the injected current are
measured. SE measurements are performed in 700 pm long RSOA in order to confirm the
presence of the saturation effect.
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Fig. 7. (a) SE schematic and measurements; LSHB effect on (b) the optical gain in RSOA device

At low input bias current, no difference is observed due to the flat carrier density. The
saturation effect starts to appear above 50 mA when the carrier density spatial distribution
becomes non-homogeneous. Low SE power is collected at the input region due to the
saturation effect which means low carrier density in the region. However the mirror region
emits more SE power due to the high carrier density value. This demonstrates the presence
of a strong saturation effect in the device.

In longer RSOAs, the depletion becomes stronger which induces a lower overall carrier
density and a larger absolute difference in the carrier density between input and mirror
facet. When varying the length of the RSOA, those several effects account for the existence
of an optimum length where the optical gain is maximised. The optical gain versus the
length of the device is plotted on Figure 7. (b) for two current densities.

4. Modulation characteristics and performances

RSOA devices have limited electro-optical (E/O) bandwidth between 1 to 2 GHz (Omella et
al., 2008) compared to laser devices usually between 8 to 10 GHz. The difference can be
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explained by two effects that are not present in RSOA devices. The first effect is gain
clamping. The carrier density stays low even at high electrical input current while the
photon density is increasing. This produces a shorter carrier lifetime particularly
advantageous for high speed modulation. The second effect is the electron to photon
resonance due to the presence of a cavity. The resonance appears in the modulation
response increasing the effective -3dB E/O bandwidth.

The absence of cavity in RSOAs limits the modulation speed of this device. The modulation
response behaves as a low pass filter with a characteristic cut-off frequency (when the link
gain drops by 3dB). One limitation is due to carrier density spatial distribution. High carrier
density combined with low photon density induces long carrier lifetime. Furthermore the
carrier and photon densities strongly depend on the position z along the device. Therefore a
non-homogeneous carrier lifetime is obtained.

4.1 Carrier lifetime analysis
The objective is to obtain a first order approximation of the carrier lifetime for the steady
state condition. We can demonstrate that the carrier lifetime can be approximated by:

1

—=A+Bn+Cn’+I'xaxSxy, (13)
eff
Where the differential gain is defined by a = Z—Z, I is the optical confinement factor and S is

the total photon density including the signal and the ASE.

The carrier lifetime is inversely proportional to the recombination rate. The recombination
rate can be described using two different terms: one directly proportional to the
spontaneous emission and non-radiative recombination (due to the defect or Auger
process as described in section 2.2) and the second one depending on the stimulated
recombination.

P, =-40 dBm P.,=0dBm

1200 1200—— —
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Fig. 8. Carrier lifetime simulation along 700 pm RSOA device at (a) low (Pin = -40 dBm) and
(b) high (Pin = 0 dBm) optical injection

Simulations of the carrier lifetime have been carried out along the active region. Figure 8
represents the results with the bias current as parameter at Pi, = -40 dBm (Figure 8 (a)) and
Pin = 0 dBm (Figure 8 (b)). Obviously, in both cases, carrier lifetime decreases by increasing
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the input electrical current. It is mainly due to the increase in all recombination terms. The
second important observation is the non-uniformity of the carrier lifetime along the device.
At large optical input power (Pi, = 0 dBm), the saturation effect described in section 3.2 is
much stronger than with low input injection at low bias current. The average carrier lifetime
is also smaller in this condition, due to a larger photon density. In order to understand the
influence of the different recombination mechanisms on the carrier lifetime, it is important
to follow the evolution of the different recombination terms depending on the bias current
and the input optical power.
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Fig. 9. Spatial distribution of spontaneous and non-radiative recombination rate compared
to stimulated recombination rate in 700 pm long RSOA at different input conditions.

(a) Pin =-40 dBm and I = 40 mA, (b) Pin =-40 dBm and I = 40 mA, (c) Pin =0 dBm and

I =40 mA and (d) Pin = 0 dBm and I = 80 mA

Figure 9 represents the spatial distribution of the two terms at various operation conditions.
At low input optical power ((a) and (b)), the spontaneous and non-radiative recombination
rates are dominant even at high bias current. Therefore the carrier lifetime depends on this
recombination term. At high input optical power ((c) and (d)), the photon density is much
higher than in the previous situation, thus the stimulated recombination rate tends to
overcome the spontaneous and non-radiative recombination terms. This is also confirmed at
high input bias current (d) when the signal and ASE are strongly amplified along the RSOA.
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However at low bias current (c), both phenomena balance each other and both are
responsible for the carrier lifetime. They are more or less equal and do not vary that much
over z. This analysis is crucial for digital modulation as the input conditions change over
time, therefore the dynamic of the device will depend on which recombination rate is
dominant at a precise time.

In order to validate our simulation, a comparison with experimental measurements should
be done. High-frequency characterization is then needed. The experimental set-up and
results are described in the next section.

4.2 High-frequency experimental set-up and characterization

We realize a RSOA-based microwave fibre-optic link as depicted in figure 10. All different
devices of this experimental set up can be considered as two-port components and classified
according to the type of signal present at the input and output ports. E/E, E/O, O/E or
O/ O are possible classifications where an electrical (E) signal or an optical (O) signal power
are modulated at microwave frequencies (Iezekiel et al., 2000).The RSOA is considered as an
E/O two-port device which is characterized by the electro-optic conversion process, i.e. the
conversion of microwave current to modulated optical power.

Microwave
) modulated
Microwave output electrical signal
! Transimpedance i RSOA drive
amplifier ij i circuit 7
i E/E device i E/Edevice ;
.......................................... Opticalfibre
Receiverl rR_SOA
| HOdevice ; E/O device

Fig. 10. High speed fibre-optic link

A full two-port optical characterisation of the complete set up is important to quantify the
system performances. Dynamic characterization allows the measurement of the electrical
response of the two-port network. A high-frequency signal is sent to the RSOA and the
optical modulation is detected by a photodiode. The |Sy1|2 parameter (link gain) is
measured over a range of frequency from 0 to 10 GHz. Figure 11 shows the electrical
response of a typical RSOA device.
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Fig. 11. Direct modulation measurements 521 in 700pm long RSOA device

We simulate the modulation bandwidth depending on the carrier lifetime based on the first
order approximation. The carrier lifetime can be estimated along the RSOA but shows a
non-homogenous spatial distribution. The first approach consists of considering an average
carrier lifetime over the whole device. Simulation and experimental data are compared in
Figure 12-(a) for a 700 pm long RSOA at 80 mA. The simulation results fit well with the
measurements over a limited range (from 0 to 2GHz). The difference beyond can be
explained by the addition of the buried ridge structure (BRS) limitation. In fact, the BRS
equivalent electrical circuit exhibits a cut-off frequency around 3 GHz.
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Fig. 12. RSOA (a) E/O modulation bandwidth versus frequency at I = 80 mA (b) -3 dBE/O
modulation bandwidth versus bias current for 700um of AZ
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The -3 dB E/O bandwidth has been extracted from Figure 11 and plotted in Figure 12-(b). A
second approach is proposed by simulating the modulation bandwidth based on the carrier
lifetime at z = 0 where the saturation effect is stronger. At low bias current, the first
approach fits better with the experimental values. However at high electrical current (I >
80mA), the second model is more adapted.

The simulations confirmed by the measurements describe why the modulation bandwidth is
limited in RSOA devices. It is mainly due to a larger carrier lifetime than in laser which is
caused by a smaller photon density. The effective carrier lifetime depends on several
recombination rates and strongly on the operating conditions. The stimulated recombination
rate can be increased at high input optical power and electrical current. These conditions
induce high photon density inside the active zone reducing the carrier lifetime and
increasing the -3 dB E/O bandwidth. However these conditions are not suitable for low
power consumption networks. Therefore another solution for increasing the photon density
seems to be a required condition to push back the RSOA frontiers. A 3 GHz modulation
bandwidth can be obtained with 850 pm long RSOA, which has led us to the first eye-
opening of a RSOA at 10 Gbit/s without electrical equalization or strong optical injection.
More details are presented in section 6.2.

5. System performances

The role of a RSOA as an optical transmitter is to launch a modulated optical signal into an
optical fiber communication network. Reflective semiconductor optical amplifier (RSOA)
devices have been developed as remote modulators for optical access networks during the
past few years and their large optical bandwidth (colorless operation) has placed them in a
leading position for the next generation of transmitters in WDM systems. In RSOA devices,
the wavelength is externally fixed. Various options have been studied such as using multi-
wavelength sources (such as tuneable lasers, External cavity laser (ECL) , Photonic
Integrated Circuits (PIC) or a set of Directly Modulated Laser (DML) at selected
wavelengths), creating a cavity with the active medium of the RSOA, or using filtered white
source. Therefore, RSOA devices as colourless transmitters can be used in different
configurations:

e Laser seeding

e Spectrum-sliced EDFA seeding

¢  Wavelength re-use

o  Self-seeding

In the laser seeding approach, the multi-wavelength external laser source can be located at
the CO (Chanclou et al., 2007) or at the remote node (de Valicourt et al., 2009). From the CO,
the optical budget is limited to 25 dB and strong RBS impairments appear. These limits are
overcome by locating the laser at the remote node. One laser per remote node is needed,
thus raising deployment cost, control management and power consumption issues.

Another possible architecture is using spectrum-sliced EDFA seeding. An erbium-doped
fibre amplifier (EDFA) is used as a broadband source of un-polarised amplified spontaneous
emission and this broad spectrum is then sliced by the Arrayed Waveguide Grating (AWG)
for each ONU (Healey et al., 2001).

Wavelength re-use has been developed by Korean and Japanese companies (Lee W. R. et al.,
2005). The downstream source from the CO is re-modulated as an upstream signal at the
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ONU using RSOA. Simple efficient ONU is obtained as no additional optical source is
needed.

The final approach is using a RSOA-based self-seeding architecture. This recent concept has
been proposed by Wong in 2007. This novel scheme uses at the remote node (RN) a
reflective path to send back the ASE (sliced by the AWG) into the active medium. The self-
seeding of the RSOA creates a several km long cavity between ONU and RN. The
wavelength is determined by the connection at the RN. This technique is attractive because a
self-seeded source is functionally equivalent to a tuneable laser. Recent progresses show 2.5
Gbit/s operation based on stable self-seeding of RSOA (Marazzi et al, 2011). Another way to
obtain self-seeding configuration is using an external cavity laser based on a RSOA and
Fiber-Bragg Grating (FBG). BER measurements show that the device can be used for
upstream bit rates of 1.25 Gbit/s and 2.5 Gbit/s (Trung Le et al., 2011).

In this chapter, we focus on the laser seeding approach. We present the scheme of a laser
seeding architecture based on RSOA on Figure 13. Actually, Figure 13 shows the up-stream
part of the link using an RSOA, ie. the information sent from the subscriber to
operator/network. At the central office, a transmitter is used to send light (containing no
information) to the subscriber through an optical circulator. Light propagates through
several kilometres of optical fibre. The signal is then amplified and modulated by the RSOA
in order to transmit the subscriber data for uplink transmission.

In this section, we demonstrate an extended reach hybrid PON, based on a very high gain
RSOA operating at 2.5 Gbit/s. To reduce RBS impairments, we locate the continuous wave
(CW) feeding light source in the remote node, and the large gain of the RSOA allows using
moderate CW powers. Alternative devices such as remotely pumped erbium doped fiber
amplifier (EDFA) can be used in order to avoid the deployment of active devices in a remote
node; this approach could also reduce the RBS level owing to a lower seed power and the
management cost of the system (Oh et al., 2007).

/ Central Office \ Optical fiber Network Unit

(co) / \ (ONU)
Receiver [— @ @ i |

Data
| / : b

Fig. 13. Laser seeding Network architecture based on RSOA

Figure 14 shows the up-stream part of the proposed link. At the remote node, an external
cavity laser (ECL) is used to launch an 8 dBm CW signal into the system through an optical
circulator (OC). A wavelength demultiplexer is used to break a potential multi-wavelength
signal back into individual signals. A given wavelength represents one of up to 8 sub-PON
on a 100 GHz grid (from A; = 1553.3 nm to Ag = 1558.9 nm). The output of the wavelength
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demultiplexer is coupled into a 20 km long Single Mode Fibre (SMF) followed by a 12 dB
optical attenuator used to simulate a passive splitter for 16 subscribers. The CW signal is
then modulated by the RSOA, generating the upstream signal. The RSOA is driven by a 231-
1 pseudo-random bit sequence (PRBS) at 2.5 Gbit/s, with a DC bias of 90 mA. From the
remote node, the upstream signal propagates on another 25 km long SMF which simulates
the reach extension provided by the proposed network design. A variable optical attenuator
is placed in front of the receiver in order to analyze the performance of the system as a
function of the optical budget. This attenuator also accounts for the insertion-loss of the
multiplexer at the CO (between 3 to 5 dB). Bit-error-rate (BER) measurements are done
using an Avalanche Photo-Diode (APD) receiver and an error analyzer.

.......................... R |
— 7] o
[@ /] Q@ i " i 20km SMF zjibps
i Variable T @ w1 P
! attenuati i : — Faoa
§ attenuation L (el ; |£| i l_] :
: Central Office | . 5 5 -
i enf?zojfﬁfe Remote Node 12 dB} Network Unit §
RN) P L (oNY) i
18 dB
) OPTICAL BUDGET .

Fig. 14. Experimental setup of WDM/TDM architecture using RSOA (de Valicourt et al.,
201042)

At low bit rate, the best trade-off between gain, modulation bandwidth and saturation
power is obtained for a 700 pm long cavity RSOA, therefore we chose this device in the
experimental setup. The RSOA is driven at 90 mA with a -10 dBm input power. Figure 15
displays BER measurements performed at 1554.1 nm and 2.5 Gbit/s as a function of the
optical budget between the CO and the extended optical network unit (ONU). The inset
shows the open eye diagram measured at the output of the RSOA. Sensitivities at 10 in
back-to-back (BtB) configuration and after transmission are -32 dBm and -27 dBm
respectively. These performances are mainly due to the large output power of the RSOA,
which allows for an increased optical budget compared to standard RSOAs: a BER of 109 is
thus measured with an optical budget of more than 36 dB. Whatever the OB, the input
power in the RSOA is -10dBm, which ensures that the device operates in the saturated
regime, with a reflection gain of 20 dB. Gain saturation leads to a low sensitivity of the
RSOA to back-reflections, since the output power only slightly depends on the input power.
In Figure 15 (b), the BER of 8 WDM channels (100GHz spacing), is shown, for a 40 dB optical
budget ; in this case, the BER is 107, well below the forward error correction (FEC) limit. No
penalty is observed due to the large bandwidth of the RSOA. Besides, this OB corresponds
to two 12 dB (16*16 subscribers) power splitters, taking into account mux/demux,
propagation and circulator losses. A compromise between split ratio and range needs to be
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considered. Thus, one of the two 12 dB budget increase can also allow reach extension
between the CO and the remote node (including the 25 km reach extension). However,
propagation effects such as RBS and dispersion in the fibre would limit this extension. A
reduction in RBS level is also needed to improve the performance of this configuration.
Different solutions have been studied to reduce the RBS level such as: frequency modulation
of the laser source or applying bias dithering at the RSOA.
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Fig. 15. (a) BER as a function of the optical budget. Inset: 2.5 Gbit/s eye-diagram at the
output of the RSOA driven at 90 mA and with an input power of -10 dBm (b) BER values for
different A-channels for an optical budget of 40 dB, or a Rx input power of -30 dBm

(de Valicourt et al., 2010a)

A cost effective hybrid WDM/TDM-PON which can potentially feed 2048 subscribers
(16x16%8 = 2048 subscribers) at a data rate of 2.5 Gbit/s is presented in this section. The
large gain and high output power of the RSOA have also allowed extending the link reach
up to 45 km instead of the standard 20 km. However, these achievements are obtained at the
expense of an increase in deployment and operation costs. We believe this solution is
economically viable since these costs are shared between many users, and multi-wavelength
sources are becoming cheaper with the advent of Photonic Integrated Circuits (PIC). This 2.5
Gbit/s upstream colourless result allows investigating this solution to achieve in the trunk
line a wavelength multiplex of several next generation access solutions (10 Gbit/s down-
and 2.5 Gbit/s up-stream).

6. Limitations and improvements

Architecture based on single-fibre bidirectional link seems the most interesting and cost
efficient approach. ONU becomes a key element for the network evolution. Transparent and
flexible architecture based on WDM technology is necessary thus colourless ONU need to be
available. High gain should be provided by the transmitter to reach the necessary optical
budget and high modulation speed is needed. Bit rates up to 10 Gbit/s (per wavelength) are
required to follow the evolution of the 10 Gbit/s GPON. RSOA could be the missing
building block to reach this ideal network. However the modulation bandwidth and the
chirp are still issues that need to be solved.
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6.1 Long reach PON using low chirp RSOA

Another question about Hybrid PON is its property to be compatible with long reach
network configuration. It was shown in the previous section that high gain RSOAs enable
high optical budget, for instance, up to 36 dB and 45km transmission at 2.5 Gbit/s. A high
optical budget is necessary to obtain a long reach PON (compensation of the fibre
attenuation). The limitation imposed on the bit rate and distance by the fibre dispersion can
dramatically increase depending on the spectral width of the source. This problem can be
overcome by reducing the chirp produced by the RSOA device. Chirp reduction was
demonstrated using a 2-section RSOA and how it can be used to reduce the transmission
penalties (de Valicourt et al., 2010b). We propose an extended reach hybrid PON, taking
advantages of a very high gain Reflective Semiconductor Optical Amplifier (RSOA) and the
two-electrode configuration operating at 2.5 Gbit/s (de Valicourt et al., 2010c).

Two RSOAs with a cavity length of 500 pm are used in the experimental setup, one with
mono and the other with dual-electrode configuration. The dual-electrode RSOA was
realized by proton implantation in order to separate both electrodes. The single electrode
RSOA was driven at 60 mA and the dual-electrode at 20 mA on the input electrode and 115
mA at the mirror electrode. Both current values correspond to optimized conditions in order
to obtain low transmission penalties. It is to be noted that in a dual-electrode RSOA, the AC
current is applied to the input/output electrode. In both cases, the CW optical input power
was -8.5 dBm. Fig. 16 displays BER measurements performed at 1554 nm and 2.5 Gbps as a
function of the received power for one electrode and two-electrode RSOA. The penalties due
to 100 km transmission with a single electrode RSOA do not enable to reach the FEC limit.
From 25 km to 50 km (100 km), we obtain penalties of 1.2 (3.4) dB. One can see that a BER of
10+ (FEC limit) has thus been measured with bi-electrode RSOA at a received optical power
of -35 dBm over 100 km SMF. The penalties due to extended 25 and 50 km SMF are much
lower than with single electrode RSOA (respectively 0.5 and 1.4 dB). These transmission
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Fig. 16. Comparison of BER value as a function of the received power for mono-electrode
and bi-electrode RSOA over 50, 75 and 100 km at 2.5 Gbps (de Valicourt et al., 2010c).
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results clearly show the correlation between the penalty and the chirp. The latter has more
pronounced effects over long SMF. In Figure 16, a comparison between single and bi-
electrode RSOA over 100 km transmission is shown and a difference of 4.1 dB is obtained at
the FEC limit. We can clearly see that the eye diagram starts to be closed due to the chirp on
single-electrode devices over long distances. This effect is much reduced when using bi-
electrode RSOAs which confirms BER measurements. The proposed network design allows
the use of Dense-WDM (DWDM) which means 62 wavelengths considering the 50 nm
optical bandwidth of the RSOA. By considering the passive splitter (four clients), 248
potential suscribers can be feeded. At the FEC level, a variable attenuation of 4 dB is
obtained which can be use as a splitter in order to design two parallels WDM PONs
(2*248=496 customers) over 100Km.

It was shown that the large gain of the RSOA and also the low chirp allows a reach
extension of the link from standard 20km to 100 km. We demonstrated that penalties due to
the transmission over 100 km SMF at 2.5 Gbit/s are reduced using an optimized multi-
electrode device and a BER below the FEC limit was achieved. We also believe this effect
will be even more pronounced when 10 Gbit/s RSOA will be used.

6.2 Reaching 10 Gbit/s modulation without any electronic processing

Active research on high bit rate RSOA has led to 10 Gbit/s operation with EDC (Torrientes
et al,, 2010), OFDM (Duong et al., 2008) or electronic filtering (Schrenk et al, 2010).
Bandwidth improvement to 7 GHz small-signal bandwidth with dual-electrode devices
have been obtained but no large signal operation (Brenot et al, 2007). However the
modulation bandwidth of one-section RSOA is limited to 2 GHz and increasing the
modulation bandwidth of RSOA is still a challenge. Since carrier lifetime is mainly governed
by stimulated emission rate, we have decided to increase the length of our RSOA to increase
photon density, hence reducing carrier lifetime (de Valicourt et al., 2011). This device was
chosen because an open eye diagram was obtained when the RSOA was driven by a 27-1
PRBS at 10 Gbit/s (Figure 17. (a)). The experimental set-up used for the 10 Gbit/s
modulation is the same as represented in Figure 13. An ECL is used to launch a 4.5 dBm CW
signal into the system through an optical circulator (OC). The signal is coupled into the
RSOA which is modulated and generates the upstream signal. The RSOA is driven by a 27-1
PRBS at 10 Gbit/s, with a DC bias of 160 mA. The upstream signal propagates on various
SMF lengths. A variable optical attenuator is placed in front of the receiver in order to
analyze the performance of the system as a function of the received power. BER
measurements are done using an APD receiver and an error analyzer. BER measurements
without ECL have led to a BER floor of 10-¢ (ASE regime).

With optical injection, BER values below the FEC limit in BtB and after 2km transmission are
obtained (Figure 17. (b)). Error-free operation can either be obtained with FEC codes, or
under certain optical injection regimes. However we can clearly see that the eye diagram
tends to be closed due to the chirp over long distances. Multi-electrode devices can be used
in order to compensate for this effect as demonstrated in the previous section.

As described in section 4, the modulation speed of RSOA is limited by the carrier lifetime. In
the large signal regime, the slow decay is probably governed by the no-stimulated
recombination process, which increases the carrier lifetime. A 3 GHz modulation bandwidth
can be obtained with 850 um long RSOA, which has led to the first eye-opening of a RSOA
at 10 Gbit/s without electrical equalization or passive electronic filtering. Limitation due to
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the chirp is observed and further works are underway to overcome this effect using multi-
electrodes devices. Longer devices and dual-electrode devices will be studied to improve
the modulation and transmission properties.

2.5 Gbit/s 5 Gbhit/s 10 Gbit/s
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Fig. 17. (a) Eye diagrams at various bit rates of RSOA whose length varies from 500 to

850 um. The collected power is pure ASE. Red lines are the dark levels. (b) BER value as a
function of the received power for 850 pm long RSOA modulated at 10 Gbit/s (de Valicourt
etal., 2011)

7. Conclusion

Nowadays, research in the telecom area is partly focused on passive optical network
architecture. WDM-PON seems to be a promising approach allowing high data bit rate and
flexibility. WDM techniques used in long-haul systems are now mature, however the shift to
local access networks is more challenging. New requirements appear such as cost reduction,
the need for new key devices at the ONU and compatibility with the existing network.
Colourless ONU are necessary to obtain cost effective architecture and RSOA is one
potential solution. In this chapter, we focused on these devices.

The SOA theory has been discussed and applied to Reflective SOA devices. We underline
several physical mechanisms that are responsible for the carrier density variation. The
stimulated, radiative and non-radiative recombination rates are described. A model has
been developed, taking into account several longitudinal sub-sections of the active guide.
RSOAs exhibit a non-homogeneous carrier density profile which strongly affects the overall
gain. At the input/output of the device, a strong saturation effect is observed. Therefore the
net gain needs to be carefully integrated along the device taking in account this non-
homogeneity. All these results confirm the presence of key parameters such as the length
and the optical confinement which should lead to design rules.

To assess the RSOA dynamics, the carrier lifetime is estimated. The E/O modulation
bandwidth mainly depends on this parameter, for instance shorter carrier lifetime induces
larger 3 dB E/O modulation bandwidth. The reduction of the carrier lifetime is required to
obtain high speed RSOAs.
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Potential cost effective solutions for next generation of access network could be based on
RSOA devices. Therefore, research on RSOA devices is driven by WDM-PON applications.
It is of prime interest to solve issues related to this application. RSOAs as colourless ONU
have been investigated for access network. High performances RSOAs enable an upstream
transmission of 8 WDM channel at 2.5 Gbit/s over 45 km. A high optical budget (36 dB) was
demonstrated.

The chirp remains one major limiting factor as well as the modulation speed. 2-section
RSOAs were used to overcome the first drawback. The use of 2-section RSOAs allows a 100
km transmission below the FEC limit at 2.5 Gbit/s. Finally, long RSOA allows performing
the first direct 10 Gbit/s modulation with open eye diagram thanks to the E/O modulation
bandwidth increase.

Therefore, as a general conclusion, RSOAs show a great potential as a next generation of
optical transmitter. It is a colorless device which can be used in WDM access networks.
However the modulation speed is still limited and 10 Gbit/s modulation needs to be
realised over a minimum of ten kilometres.

Tech-eco analysis has to be performed in order to evaluate the different technologies for
WDM-PON and a trade-off between performances and cost will determine the future of
optical access network. RSOA are still limited in terms of performances and architecture but
new approach such as self-seeding could overcome these main issues.
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