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such Orthogonal Frequency Division Multiplexing (OFDM)
such Orthogonal Frequency Division Multiplexing (OFDM)
[4]. However, the aforementioned approaches improve the
[4]. However, the aforementioned approaches improve the
complexity of the system.
complexity of the system.
On the other hand, the problem of the limited modulation
On the other hand, the problem of the limited modulation
bandwidth can be overcome with system and device level. In
bandwidth can be overcome with system and device level. In
principle, the modulation bandwidth is limited by the speed at
principle, the modulation bandwidth is limited by the speed at
which the carrier density can be changed. This is usually
which the carrier density can be changed. This is usually
determined by the lifetime of the carriers in the RSOA active
determined by the lifetime of the carriers in the RSOA active
layer. Carrier lifetime is mainly governed by emission rate.
layer. Carrier lifetime is mainly governed by emission rate.
Based on it, the operational and environmental parameters can
Based on it, the operational and environmental parameters can
be optimized from the viewpoint of the modulation speed. For
be optimized from the viewpoint of the modulation speed. For
example the length of the RSOA can be enlarged to increase
example the length of the RSOA can be enlarged to increase
photon density, hence reducing carrier lifetime. However the
photon density, hence reducing carrier lifetime. However the
transmission will be degraded due to the chirp over long
transmission will be degraded due to the chirp over long
distances. So, the optimization of device and environmental
distances. So, the optimization of device and environmental
parameters is effective method, but it demands circumspect
parameters is effective method, but it demands circumspect
design of the device and system parameters.
design of the device and system parameters.
Naturally, SOA/RSOA’s direct modulation capability is
Naturally, SOA/RSOA’s direct modulation capability is
characterized by several parameters, like chirp, extinction
characterized by several parameters, like chirp, extinction
ratio, ASE noise, Noise Figure, optical signal-to-noise ratio,
ratio, ASE noise, Noise Figure, optical signal-to-noise ratio,
Q-factor, linearity, etc. Each of these modulator characteristics
Q-factor, linearity, etc. Each of these modulator characteristics
are influenced by same device and system parameters.
are influenced by same device and system parameters.
However the main problem is the bandwidth limitation. So the
However the main problem is the bandwidth limitation. So the
paper focuses the investigation of the modulation bandwidth.
paper focuses the investigation of the modulation bandwidth.
III. EXPERIMENTAL WORK
III. EXPERIMENTAL WORK
The optimal environmental parameters and operating point
The optimal environmental parameters and operating point
of the device must be selected cautiously. It is difficult to give
of the device must be selected cautiously. It is difficult to give
individual optimization and a trade-off is necessary, because
individual optimization and a trade-off is necessary, because
different parameters are optimal for amplifier gain, moduladifferent parameters are optimal for amplifier gain, modulation bandwidth, linearity, etc. The modulation depends on
tion bandwidth, linearity, etc. The modulation depends on
system and device parameters. So the presented investigation
system and device parameters. So the presented investigation
involves the theoretical and experimental study of transfer
involves the theoretical and experimental study of transfer
function and modulation bandwidth with different environfunction and modulation bandwidth with different environmental constraints.
mental constraints.
A. Measurement set-up
A. Measurement set-up
The frequency response of the RSOA can be measured by
The frequency response of the RSOA can be measured by
modulating the carrier density. Fig. 1 shows the simplified
modulating the carrier density. Fig. 1 shows the simplified
measurement setup. During the experimental work the RSOAmeasurement setup. During the experimental work the RSOAmodulator under test was driven by the sum of bias (dc)
modulator under test was driven by the sum of bias (dc)
current and sinusoidal modulation radio frequency (RF) signal
current and sinusoidal modulation radio frequency (RF) signal
via a bias tee. The RSOA under test was packaged in butterfly
via a bias tee. The RSOA under test was packaged in butterfly
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Fig. 2. Typical measured frequency response
Frequency of the RF signal is varied between 100 MHz and 10
GHz and it is generated by network analyzer. The required
optical power and wavelength were produced by a tunable
optical power and wavelength were produced by a tunable
laser source. The incoming continuous wave and the reflected,
laser source. The incoming continuous wave and the reflected,
modulated optical signals were separated by optical circulator.
modulated optical signals were separated by optical circulator.
The intensity modulated optical signal was detected by an
The intensity modulated optical signal was detected by an
amplified PIN photodetector. At the electrical output a
amplified PIN photodetector. At the electrical output a
network analyzer registered the detected electrical signal. The
network analyzer registered the detected electrical signal. The
setup was controlled by a computer program, hence the
setup was controlled by a computer program, hence the
measurement parameters were carefully set by the program
measurement parameters were carefully set by the program
and the measurement results were processed and stored.
and the measurement results were processed and stored.
Fig. 2 describes the typical frequency response of the RSOA.
Fig. 2 describes the typical frequency response of the RSOA.
The bias current was 50 mA and the injection power was
The bias current was 50 mA and the injection power was
5dBm, which is 7 dB higher than the 3 dB gain compression
5dBm, which is 7 dB higher than the 3 dB gain compression
point. The 10 dB modulation bandwidth was measured to be
point. The 10 dB modulation bandwidth was measured to be
1.8 GHz. The slope of the curve is -20 dB/decade.
1.8 GHz. The slope of the curve is -20 dB/decade.
B. Modulation bandwidth versus bias current of the RSOA
B. Modulation bandwidth versus bias current of the RSOA
The amplitude and shape of the transfer function depend on
The amplitude and shape of the transfer function depend on
several parameters. The input optical power and the bias
several parameters. The input optical power and the bias
current of the RSOA-modulator are the two most important
current of the RSOA-modulator are the two most important
effects. Fig. 3 depicts the relative modulation bandwidth
effects. Fig. 3 depicts the relative modulation bandwidth
versus bias current as a function of the input optical power.
versus bias current as a function of the input optical power.
The improvement of the bandwidth is about linear proporThe improvement of the bandwidth is about linear proportional to the bias current. The slope of the curve is higher in
tional to the bias current. The slope of the curve is higher in
case of higher input power. So the bias current effect is more
case of higher input power. So the bias current effect is more
significant in the saturated regime.
significant in the saturated regime.
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package and the impedance mismatching was moderate.
package and the impedance mismatching was moderate.
Frequency of the RF signal is varied between 100 MHz and 10
Frequency of the RF signal is varied between 100 MHz and 10
GHz and it is generated by network analyzer. The required
GHz and it is generated by network analyzer. The required
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C. Modulation bandwidth versus incident optical power
In general, the lifetime of the carriers in the presence of a
strong, saturating input signal is reduced due to stimulated
recombination. Hence the modulation bandwidth can be
improved applying higher input optical power. Fig. 4 represents this effect, where the relative bandwidth versus input
optical power curve is plotted. The modulation bandwidth is
constant in the unsaturated regime. It can be extended by
about 70 percents compared with the unsaturated value in the
saturated regime. Same time, linearity will be improved [7],
but the modulation depth will be decreased. Hence the
detected electrical signal at the centre part of the system will
be improved, because the higher output power of the RSOA
modulator.

3
IV. SIMULATION WORK
The experimental work presented the effect of the environmental parameters (like temperature, input optical power, bias
current, etc.). However the investigation of inside device
parameters with simulation method is more efficient.
A. Description of the model
An optical field which propagates along a travelling wave
semiconductor optical amplifier was considered in the model.
The interaction of light with carriers in the SOA is governed
by the carrier rate and field propagation wave equations. The
amplifier’s output power is calculated by solving numerically
the coupled rate and wave equations [5]. First the operating
point is calculated by a steady state consideration. Next a
change in the carrier density around the mean value was
considered due to a change in the injected signal and the differential equation was obtained. The associated change in the
stimulated and spontaneous emissions can be calculated.
dN
I
=
− Rsp ( N ) − v g ⋅ Γ ⋅ g m ⋅ S
e⋅ A
dt
dS
= (Γ ⋅ g m − α ) ⋅ S
dz

Fig. 4. Measured bandwidth improvement versus input optical power

(1)

Where N is the carrier density, I is the injection current, e is
the electron charge, A is the volume of active layer, Rsp(N) is
the spontaneous recombination rate, vg is group velocity, Γ is
the optical confinement factor, gm is the material gain, α is the
internal loss, S is the photon flux density, t is the local time, z
is the spatial coordinate along the amplifier.
In case of modulation, the current is divided into dc and
modulation part. So the carrier density and consequently the
photon density include modulation part, too.

D. Modulation bandwidth versus modulation index and
temperature
The behavior of the RSOA is temperature sensitive. However
it does not cause significant change in the modulation bandwidth. In a similar manner, the level of the electrical modulation power has no any remarkable effect for the modulation
bandwidth. Naturally, the modulation depth, therefore the
I I DC + DI ⋅ exp(i ⋅ ω ⋅ t )
=
detected electrical power is proportional with the electrical
(2)
S
=
(t , z ) S DC ( z ) + DS ( z ) ⋅ exp(i ⋅ ω ⋅ t )
modulation power. Hence the higher modulation signal is
more effective, but the level of modulation electrical signal is
N
=
(t , z ) N DC + DN ( z ) ⋅ exp(i ⋅ ω ⋅ t )
limited by electrical nonlinearity.
To summarize the measured results, the optimization of
Based on this model the modulation amplitude of the
operational and environmental parameters can double improve photon density can be calculated at the output of the device.
the modulation speed.
dDS
(g sat ( z ) − α ) ⋅ DS ( z ) + Γ ⋅ a ⋅ DN ( z ) ⋅ S DC ( z ) =
=
(3)
dz
= (g sat ( z ) − α ) ⋅ DS ( z ) +

ts

+ Γ ⋅ a ⋅ e ⋅V

Fig. 5. Measured 3dB and 10dB bandwidths versus modulation power
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⋅ DI ( z ) −

v g ⋅ t s ⋅ g sat ( z )

Γ
S (z)
1 + i ⋅ ω ⋅ t s + DC
S sat

⋅ DS ( z )

⋅ S DC ( z )

where gsat is the saturated gain, Ssat is the saturated photon
flux density, τs is the carrier lifetime, a is the differential gain.
The equation suggests that an increased bandwidth will be
obtained with increased current, input optical power, differrential gain and confinement factor.
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B. Simulation results
The slope of the transfer function is determined by different
effects. The local modulation is low pass type, but the saturation and propagation effects [13] causes high pass filtering
and it can improve the modulation bandwidth. Fig. 8
represents the typical transfer functions in case of different
device length and bias current. During the simulation the
modulation response was investigated, next 3 dB and 10 dB
modulation bandwidths were calculated from the simulated
transfer function.
1) Local modulation, operation point
The general transfer function is low-pass type and the
bandwidth is usually limited by the carrier lifetime. The
carrier lifetime is inversely proportional to the recombination
rate. The carrier recombination rate can be described by
different parts; there are the nonradiative recombination rate,
the radiative recombination coefficient (spontaneous and
stimulated) and the defect or Auger recombination coefficient.
The effective carrier lifetime depends on the operating
conditions. At low input optical power (unsaturated regime),
the spontaneous and non-radiative recombination rates are
dominant, and the carrier lifetime depends on these recombination terms. So the bandwidth increases by increasing the
electrical bias current, because it increases all recombination
terms and the carrier lifetime is decreased. The experimental
work validated this effect (Fig. 3). On the other hand, it is
advantageous to employ long SOA, since it tolerates larger
bias currents, and have a larger differential gain for a given
chip gain compared to short SOA.
The carrier lifetime in amplifier is larger than in laser because
of the smaller photon density. The unsaturated carrier lifetime
of a typical device is about 200-300 ps. It determines less than
1 GHz bandwidth.
2) Saturation effect
High input optical power and electrical current induce high
photon density inside the active zone increasing the stimulated
recombination rate. So, the stimulated recombination rate
tends to overcome the spontaneous and non-radiative recombination terms. The stimulated lifetime is reduced and the
average carrier lifetime is also smaller. The saturation level
depends on the electrical bias current. At large optical input
power, the saturation effect is much stronger than with low
input injection at low bias current. Similarly, the saturation
effect is significant at high bias current, when signal and ASE
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Fig. 6. Simulated bandwidth versus internal loss

are strongly amplified along the device. Consequently, the
carrier lifetime decreases (the bandwidth increases) as the
optical power is increased. Contrary, the bandwidth decreases
as the internal loss increases, because the attenuation of the
optical signal higher, namely the optical power is lower (Fig.
6). The experimental work validated this effect (Fig. 3). So,
the 10-20 ps carrier lifetime can improve the bandwidth to the
100 GHz regime.
3) Propagation effect
The non-uniformity of the carrier lifetime along the device
affects the transfer function. To illustrate the intrinsic propagation effect multisection model was applied. The current
amplitude was independent of localization, but the spatial
variation of average carrier and photon densities were taken
into account.
The simulation results demonstrated the photon density
modulation amplitude is high pass filtered as it travels along
the SOA, since higher frequencies saturate the amplifier less.
This tends to compensate the low pass filter type transfer
function and increase the bandwidth of the device. Consequently, the whole transfer function has resonance, but it is
also low past type.
So, the modulation bandwidth increases versus device
length (Fig. 7). The slope of the curve depends on the optical
power propagating over the device. As the optical power increases (the internal loss decreases) the situation goes to saturation and the propagation has more significant effect.
Summarizing, the modulation bandwidth cannot be
accounted by the simple low pass transfer function determined
by the effective carrier lifetime. It is affected by the evaluation
of the signal as it propagates through the amplifier and the
saturation. Figure 8 shows modulation responses for different
14

alfa=0/cm
alfa=20/cm
alfa=30/cm
alfa=40/cm
alfa=50/cm

12
Bandwidth [GHz]

The carrier density is non-uniform along the SOA active
region. To solve the problem the SOA is divided into many
longitudinal sections and in each section my model assumes
both uniform carrier and photon densities. The sectioned
amplifier cavity is used to account for longitudinal effects; and
the spatial variation of the material gain and other parameters
of the SOA can be captured. The suitable adjustment of the
model parameters enables the simulation of both in-line and
reflective devices. The effect of spatial dependence in in-line
device is more significant than in reflective device.

10

τs=100ps
g0=138/cm
Pbe=1mW
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Fig. 7. Simulated bandwidth versus device length
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amplifier lengths and different values of the internal loss. It
represents the effect of the propagation. As the device length
increases the bandwidth is improved and a resonance can be
observed. On the other hand lower attenuation, namely higher
intensity also improves the bandwidth.

5) Effect of bonding position
The simulation results show that the waveguide (scattering
loss) plays a very important role. The transfer function depends on the location of the bonding point. In the previous
simulations the modulation signal was coupled at the starting
point of the device. So I calculated with copropagation
between the microwave electrical and the optical signals. Fig.
11 presents the transfer functions when the bonding position is
the end of the device. It causes counter propagation. The
transfer function shows the effect when the microwave signal
is faster than the optical signal. Fig. 12 shows the situation
when the bonding position is the center of the device. It means
both co- and counter propagations.

Fig. 8. Simulated modulation response for different amplifier lengths (L) and
internal losses (α)

4) Effect of microwave and optical signal mismatch
The modulation signal propagates with a speed different
from the optical mode the same or opposite directions and it is
attenuated over the device. The model can take into account
these effects, if appropriate phase and amplitude of the current
density change are applied in the sections. The phase velocity
of the microwave is in the range of 8-12% of the velocity of
the light in vacuum for the frequencies in the range of 5-40
GHz [12]. So the refractive index of the microwave signal
(nμ=light speed/microwave signal speed) is in the range 14.38.3. The mismatch between the microwave and the light leads
to a dip in the modulation response (Fig. 9).

Fig. 11. Effect of bonding position, bonding point: end of the device

Fig. 12. Effect of bonding position, bonding point: middle of the device
Fig. 9. Simulated modulation response for different mismatches

Fig.10 demonstrates that the modulation bandwidth decreases versus the level of the mismatch. The shape of the
curve depends on the length of the device.
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Fig. 10. Simulated bandwidth versus mismatch with different device length
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6) Effect of microwave attenuation
In case of a real device the microwave modulation signal is
attenuated, too. The level of the attenuation depends on the
microwave frequency, it is about 500 dB/cm at 40 GHz and
„just” 10 dB/cm at 10 GHz. The attenuation of the modulation
signal decreases the intensity modulation amplitude, but same
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Fig. 13. Effect of electrical attenuation
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time it decreases the mismatch effect. Hence reduced dips can
be observed (Fig. 13).
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