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I. INTRODUCTION

Semiconductor optical amplifiers (SOAs) attract consider-

able research interest due to their advantages, such as low 

cost, ultrahigh speed, and potential for integration. Strained- 

quantum-well (QW) SOAs have been studied several times 

[1-5]. Recently, many researchers have focused on all-optical 

wavelength conversion (WC) based on SOAs. For example, 

error-free WC at 320 Gb/s, based on a single SOA cascaded 

with band pass filters (BPFs), was experimentally demon-

strated [6, 7]. The results showed that the quality of the 

output signal was improved by using optical filters. On the 

other hand, the gain and refractive-index change of a 

common SOA are wavelength-dependent, which has been 

demonstrated theoretically and experimentally. For example, 

in [8, 9] the authors experimentally demonstrated that 

gain and phase recovery in a single SOA were strongly 

wavelength-dependent, without the aid of an optical filter. 

For high-speed WC with SOAs, different gain dynamics 

will induce different output-signal quality. This paper 

demonstrates that the wavelength dependence of signal 

quality can be alleviated through cascading detuning- 

filtering processes. To the best of our knowledge, there is 

no identical theoretical analysis of this issue.

First, we build a comprehensive model of a QW SOA 

to study the gain and the phase dynamics under different 

operational conditions. In the simulated model, gain and 

phase dynamics are directly deduced from the imaginary 

and real parts of the complex refractive-index change, 

without invoking any α-factor approximation. Second, the 

QW SOA dynamic model and the BPF model are presented. 

We analyze in detail the effects of wavelength dependence 

of gain and phase dynamics on WC. It is found that the 

BPF plays an important role in the scheme. Although both 

gain and phase are strongly wavelength-dependent, the 

optical filter can erase those effects. Therefore, the scheme 
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for WC based on a QW SOA with the assistance of an 

optical filter can be used over a large wavelength range.

The paper is organized as follows: In section II, a 

discussion about the wavelength-dependence of the gain 

and phase change is presented. In section III, some simulated 

results for WC are given. In section IV, the paper is 

summarized. Finally, the simulated model is given in an 

appendix.

II. CHARACTERIZATION OF THE SOA

To discuss the characteristics of the QW SOA more 

quantitatively, a detailed model of strained-QW SOA is 

indispensable, and is given in the appendix of this paper.

First, a typical QW SOA is designed. The material 

system is In0.53Ga0.47As/In0.7322Ga0.2678As0.5810P0.4190. It should 

be noted that, in the active region, the QW consists of a 

10 nm In0.53Ga0.47As layer, which is lattice-matched on InP 

substrate. The barrier is In0.7322Ga0.2678As0.5810P0.4190. The 

thickness of the barrier is set to 10 nm. The band structure 

is calculated by solving the Luttinger-Kohn Hamiltonian 

for conduction and valence bands. The eigenenergies and 

the corresponding wave functions are solved with a finite- 

difference method. The gain spectra shown in Fig. 1 are 

calculated directly from the complex refractive-index change. 

The peaks of the gain spectra are around 1550 nm when 

the carrier density is set to 2.5 × 1024 m-3. The valence- 

band structures are shown in the inset of the figure.

Gain dynamics is naturally wavelength-dependent [10, 

11]. In Fig. 2(a), the blue line is the transverse electric 

(TE) gain spectrum with N0 = 2.5 × 1024 m-3, and the black 

line is the TE gain spectrum with N0 = 3.0 × 1024 m-3. The 

Δg1 (λ1 = 1540 nm) is the largest, and the Δg4 (λ4 = 1570 

nm) is the lowest. Gain change decreases with increasing 

wavelength; on the other hand, the refractive-index change 

shows the opposite trend, increasing with increasing wave-

length, as is shown in Fig. 2(b).

Other important characteristics of the QW SOA are the 

differential gain and the differential refractive-index change, 

which are shown in Fig. 3. It should be noted that the 

differential gain and the differential refractive-index change 

are calculated analytically from the complex refractive 

index. The peaks in differential gain with TE model and 

transverse magnetic (TM) model are around 1450 nm, 

when the initial carrier density is set at 2.0 × 1024 m-3. In 

the gain region (1520 nm to 1580 nm), the differential 

gain decreases with increasing operational wavelength. The 

differential refractive-index change shows the opposite 

trend: The absolute value of the differential refractive-index 

change increases with increasing operational wavelength, 

as shown in Figs. 3(c) and 3(d).

Gain recovery processes are affected by the differential 

gain. Usually, high differential gain can help to accelerate 

gain recovery [12]. Figure 4 shows the gain recovery 

processes for different wavelengths. In all cases the probe 

power is 1 mW and the peak power of the pump is 18 

(a) (b)

FIG. 2. (a) Gain change and (b) phase change of the QW SOA.

(a) TM (b) TE

(c) TM (d) TE

FIG. 3. Differential gain (a), (b) and differential refractive- 

index change (c), (d) with TE and TM as a function of carrier 

density.

FIG. 1. Gain spectra for different initial carrier densities. 

Inset: band structures in the valence band.
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mW. Gain recovery time will be short as the operational 

wavelength decreases; the gain recovery time can be as 

short as 20 ps when the wavelengths of pump and probe 

are 1540 nm, or as long as about 60 ps when the operational 

wavelengths are set to 1570 nm. Thus, the gain recovery 

process is strongly wavelength-dependent.

We also studied the phase dynamics with different 

operational wavelengths, as shown in Fig. 5. When the 

operational wavelength is shifted to be longer (towards 

1570 nm), the phase change is significantly enlarged; a 

change of magnitude π can be easily obtained. This is 

because the differential refractive-index change increases 

with increasing wavelength. High differential refractive-index 

change can help to enhance the refractive-index change.

Usually frequency chirp is a key parameter [7, 13] in 

the scheme of WC based on SOAs cascaded with optical 

filters. It is found that both blue chirp and red chirp are 

wavelength-dependent. In Fig. 6, both blue and red chirps 

can be enlarged significantly when the operational wave-

length is increased.

Based on the previous discussion, we can obtain the 

following results for the designed QW SOA. First, the 

gain spectrum is naturally strongly wavelength-dependent. 

Peak gain is around 1550 nm. Second, both the differential 

gain and the differential refractive-index change are also 

wavelength-dependent, leading to wavelength dependence 

of gain recovery and phase change as well as frequency 

chirp. In the next section, we will discuss the effect of the 

wavelength dependence of gain and phase dynamics on the 

converted signal’s quality.

III. WAVELENGTH CONVERSION

The scheme of a wavelength converter with a single SOA 

and a detuning optical filter is shown in Fig. 7. In our 

numerical model, the wavelength converter consists of two 

components: a common QW SOA, and a tunable optical filter.

Our numerical model simulates steady-state and dynamic 

processes of the QW SOA. The theoretical models are 

expressed in the appendix. The optical filter is a typical 

Gaussian BPF. The central wavelength of the BPF is 

tunable, and the 3-dB bandwidth is fixed at 1.35 nm. The 

transmission spectrum of the BPF is shown in Fig. 8. 

The output from the 160 Gb/s all-optical WC is shown 

in Fig. 9. In this case the wavelength of the probe is 1545 

nm, and that of the pump is 1555 nm. The peak power of 

the pump signal is 20 mW, and the injected current is set 

to 160 mA. The gain recovery is very fast under these 

operational conditions, which was discussed previously. 

Figure 9(a) shows the probe spectrum after the QW SOA; 

the inset is the corresponding eye diagram. With the help 

FIG. 4. Gain recovery processes for different operational 

wavelengths.

FIG. 5. Phase recovery process in the active region for 

different operational wavelengths. Inset: maximum phase-

change for different wavelengths.

FIG. 6. Frequency chirp for different operational wavelengths. 

Inset (a) is the blue chirp, and (b) is the red chirp. FIG. 7. Conceptual setup of WC based on the QW SOA.
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of fast gain recovery, the eye-opening of the inverted 

signal is large. Figure 9(b) is the probe spectrum after the 

optical filter. The central wavelength of the optical filter is 

slightly detuned by 0.4 nm with respect to the carrier 

wavelength. The large eye-opening can be seen in this 

figure. On the other hand, when the BPF is set to the 

relatively blue side, non-inverted WC can be achieved, as 

shown in Fig. 9(c).

Analogously, all-optical WC can be achieved when the 

wavelengths are on the red side, with the pump at 1575 

nm and the probe signal at 1565 nm. As shown in Fig. 

10, although a serious pattern effect is found in the probe 

signal after the QW SOA, an inverted signal and a 

noninverted signal with high performance can also be 

obtained after the BPF. In this scheme, the peak power of 

the pump, the optical power of the probe signal, and the 

injected current of the SOA are the same as those 

described in Fig. 9. In the scheme for non-inverted WC, 

the central wavelength of the BPF is also slightly detuned 

with respect to the wavelength of the probe signal, as 

shown in Fig. 10(b). In the inverted-WC scheme, the 

central wavelength of the BPF is strongly blue shifted. 

From the corresponding eye diagrams in Fig. 10, it is 

found that, after optical filtering, both the inverted signal 

(in Fig. 10(b)) and the non-inverted signal (in Fig. 10(c)) 

have very large eye-openings.

As discussed in Figs. 9 and 10, converted signals with 

good performance can be obtained when the operational 

wavelengths are set to either the blue wavelength side or 

the red wavelength side. However, the characteristics of 

the gain and the phase differ significantly at different 

wavelengths. Therefore, we believe the BPF erases the 

effect of wavelength dependence.

As shown in the previous section, both inverted and 

non-inverted WC with good performance can be obtained, 

regardless of operational wavelength. A detailed explanation 

is as follows.

To simplify the discussion, the optical field of the probe 

signal after the QW SOA is expressed as:

0
( ) ( ) exp[ ( ( ))]probe inE t E g t i t tω= −Φ  (1)

Ein is the input probe’s optical field, g(t) is the gain of 

the probe signal, ω0 is the central angular frequency, and 

Φ(t) is the temporal nonlinear phase shift.

The frequency response function of the BPF is Gaussian 

in shape. The output optical power of the probe signal 

after the BPF can be obtained as [14, 15]:

2

3

( )
( ) exp{ 4ln 2( )

out c

dB

f v t
P t P

B

Δ −Δ
= −

       

2 '2 2

2

3

( )
[ ( ) ( )(2 ln 2 ) ]}

dB

f v t
g t g t

Bπ

Δ −Δ
× +

(2)

where 0ff v vΔ = −  is the detuning of the BPF with respect 

to the probe signal, 
2

c in
P E=  is the input power of the probe 

FIG. 8. Optical filter used in the simulated model.

FIG. 9. 160 Gb/s WC (Case 1): (a) Probe spectrum and 

corresponding eye diagram (inset) after SOA, (b) spectrum of 

the inverted probe signaland corresponding eye diagram 

(inset b1), (c) spectrum of the noninverted probe signal and 

corresponding eye diagram (insetc1).

FIG. 10. 160 Gb/s WC (Case 2): (a) Probe spectrum and 

corresponding eye diagram (inside figure a1et) after SOA, (b) 

the spectrum of the inverted probe signal, inside figure b1: the 

and corresponding eye diagram (inset b1), (c) the spectrum of 

the non-inverted probe signal and corresponding eye diagram 

(insetc1).
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signal, and 1( ) ( )
2

dt
dt

υ π
ΦΔ = −  is the chirp variation of 

the probe signal. The red chirp is at the leading edge of 

the probe signal, and the blue chirp is at the trailing edge. 

The gain and chirp of the probe signal after the QW SOA 

are shown in Fig. 11. The differential function of g(t) is 

' ( )
( )

dg t
g t

dt
= . νf and ν0 are the BPF central frequency 

and probe signal frequency, respectively. We can separate 

the effects of BPF and slow gain recovery on the converted 

signal using Eq. (2). From this equation, we can find that 

the frequency chirp is involved in the expression.

If the central wavelength of the BPF is slightly detuned 

from the carrier wavelength of the probe, with the detuning 

value equal to the blue chirp, the optical transmission is 

maximal at the blue chirp and minimal at the red chirp, 

which is shown in Fig. 12. From this figure it is seen that 

the converted signal after the BPF has a fast recovery: the 

gain recovery time (from 10% to 90%) is as short as 3 ps. 

On the other hand, the ‘0’ power level is decreased from 

1 mW to 0.05 mW; thus the extinction ratio can be enhanced 

significantly. The relative slow gain-recovery process is 

erased by optical filtering. Although the blue chirp and 

red chirp are wavelength-dependent, we can optimize the 

detuning of the BPF to obtain the best converted signal.

Additionally, the BPF shortens the gain recovery time 

of the probe signal significantly, as shown in Fig. 13. 

Although gain recovery of the QW SOA is wavelength- 

dependent, the recovery processes of the probe signals after 

the BPF are around 10 ps. From this figure we find that 

the gain difference (ΔR1) of gain recovery is as large as 

34 ps before the BPF, while the difference after the BPF 

is shortened to 6 ps. The gain recovery can be accelerated 

by optical filtering. What is more, the wavelength depen-

dence of gain recovery is erased by the BPF.

On the other hand, the detuning of the BPF is very 

large; for example, the central wavelength is detuned to 

the red chirp (300 GHz or more). As shown in Fig. 14, 

the optical transmission at the red chirp is at maximum 

value and the carrier wavelength of the probe signal is 

suppressed, due to the large frequency detuning; thus the 

non-inverted signal is obtained. The results can also be 

optimized by adjusting the detuning of the BPF. 

FIG. 11. Probe signal (blue line) and corresponding chirp of 

the probe signal (black line) after the QW SOA.

FIG. 12. Process of inverted WC: (a) black dotted line, 

transient filtering process; (b) black line, gain recovery of the 

probe signal before the BPF; (c) blue line, the converted 

signal after the BPF.

FIG. 13. Gain recovery time of the probe signal before and 

after the BPF, as a function of operational wavelength.

FIG. 14. Process of noninverted WC: (a) black dotted line:, 

transient filtering process; (b) black line:, gain recovery of the 

probe signal before the BPF; (c) blue line, the converted 

signal after the BPF.
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From the previous discussion, transient optical filtering 

has a significant impact on both inverted and non-inverted 

WC. The slow recovery component can be erased. The 

probe signal after the BPF is little affected by the slow 

gain recovery, in the schemes for both inverted and 

non-inverted WC.

IV. CONCLUSION

In this paper we have theoretically analyzed the impact 

of the wavelength dependence of gain and phase on WC 

that is based on a QW SOA assisted by a BPF. First, we 

have designed a common QW SOA, for which the peak 

gain is around 1550 nm. The differential gain and diffe-

rential refractive-index change are calculated from the band 

structure of the QW. The differential gain decreases, while 

the differential refractive-index change increases, with 

increasing wavelength. The gain and phase dynamics of 

the QW SOA are affected respectively by the differential 

gain and differential refractive-index change; thus both 

gain and refractive-index change are wavelength-dependent. 

Finally, the QW SOA used for all-optical WC is verified 

via simulation. Although the QW SOA shows strong 

wavelength dependence of gain and phase, it can be used 

for both inverted and non-inverted WC within the gain 

region, regardless of operational wavelength. The quality 

of the converted signal is little affected by the wavelength 

dependence of gain and phase. The optical filtering erases 

the influence of wavelength dependence. Therefore, the 

scheme of an SOA cascaded with a BPF can be used over 

a large wavelength range.
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APPENDIX

To discuss the characteristics of the QW SOA with 

In0.53Ga0.47As/In0.7322Ga0.2678As0.5810P0.4190 system quantitatively, 

a detailed model of the strained-QW SOA is indispensable. 

In this appendix, a numerical model that includes QW 

band-structure calculation and SOA dynamic modeling is 

presented.

A.1. Band Structure Calculation

In the numerical model, the k p⋅  method is used to 

describe the band structure near the zone of a direct-band- 

gap strained semiconductor. To calculate the conduction 

band, the scalar Schrödinger equation is solved. For the 

valence band, the band structures are calculated by combining 

the 6 × 6 Luttinger-Kohn Hamiltonian. The band structures 

are obtained by the finite-difference method. In the simulated 

model, the material system of the active region of the QW 

SOA is In0.53Ga0.47As/In0.7322Ga0.2678As0.5810P0.4190. Thus the 

conduction bands are described by a parabolic-band model 

[14, 15]

2 2 22

( ) ( )( ) ( ) ( )
2

x yc z

e x

t z

k k k
H k V z V z

m m

+

= + + +
h

 (3)

where h is Planck’s constant. , ,
x y z
k k k  are the wave 

vectors. ,
t z

m m  are electron effective masses perpendicular 

and parallel to the growth direction. ( )
e

V z  is the potential 

energy of the unstrained conduction-band edge [16], and 
( )

x
V z  is the hydrostatic deformation potential due to the 

effect of strain.

The Hamiltonian of the valence band is more complex 

than that of the conduction band. Under the axial approxi-

mation, the 6 × 6 Hamiltonian is transformed into a block- 

diagonalized Hamiltonian
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where the U or Lς =    is the upper or lower sign. ( )
h

V z  is 

the unstrained valence-band edge. ( )ZΔ  is the spin-orbit 

split-off energy. 1 2 3
, ,γ γ γ  are the Luttinger parameters. 

2 2 2

t x y
k k k= + . 

v
a  and b are the Bir-Pikus deformation 

potentials, and , ,
xx yy zz

ε ε ε  are the strain tensors. The other 

parameters can be referenced in [14].

In the active region of a QW SOA, the optical material 

gain can be written as 
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where

1
( , , )

( ) ( , )
1 exp( )
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nm t n t m t
E k E k E k
σ σ

= −  (9)

and ωh  is the photon energy, N is the carrier density, TC 

and TV are the carrier temperatures in the conduction and 

valence bands respectively, ε0 is the permittivity of free 

space, q is the electron’s charge, m0 is the electron’s mass, 

Lz is the well width of the quantum well, ê is the polari-

zation vector of the optical electric field, and 
,

( )
n m t

M k
ησ

=

, ,

, ,

v c

m k n k
P

σ η
Ψ Ψ  is the momentum matrix element where Ψ 

and P are the wave function and the momentum operator 

respectively. 
c

n
E  and ,

v

m
E
σ  are the eigenenergies of the 

conduction and valence bands. γ  is the half-linewidth of 

the Lorentzian function. It should be noted that the gain is 

a function of carrier density (N) and carrier temperature 

(Tc and Tv) in Eqs. (5) and (6). Thus, both the band-to-band 

effect (carrier-density variation) and intraband effect (carrier- 

temperature variation) are considered in our simulated model.

The real part of the permittivity can be determined by
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The refractive-index change is 1 0
/ (2 )

r r
n nε εΔ = Δ . For 

a QW SOA, the effect refractive index is obtained by 

multiplying r
nΔ  by the optical confinement factor Γ, i.e., 

r r
N nΔ = ΓΔ . Γ is usually proportional to the well width 

of a quantum-well SOA.

The differential gain and differential refractive-index 

change can be deduced from (6) and (10), directly, and are 

written as follows:
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A.2. Dynamic Modeling

The device’s dynamic behavior is modeled with traveling- 

wave rate equations [17]

0
( ) ( , ) ( , )[ ( , ) ]

g g
v S z t v S z t g N

t z
λ α

∂ ∂
+ = Γ −
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 (13)

( ) ( , ) [ ]g g r plasmav z t v n n

t z c

ω
δ δ
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+ Ψ = − Γ +

∂ ∂
 (14)

Eq. (13) describes the evolution of the signal along the 

SOA’s longitudinal direction. S and α0 are the amplitude 

of the signal and waveguide loss respectively.

The forward-propagating signal phase is described by 

(14). In this equation, the frequency-dependent refractive- 

indexchange due to the dipole band-to-band transition and 

plasma effect is included. The band-to-band refractive-index 

change can be obtained from (10). The plasma effect is 

calculated:

2 2

2 2

0 0
8

plasma

q N
n

nc m

λ
δ

π ε

−

=  (15)

2 3( , )
g

dN I
v g N S AN BN CN

dt qV
λ= − − − −  (16)

0
1

( )
T TdT dU U dN

Udt dT N dt
T

τ

−∂
= − −
∂ ∂

∂

 (17)
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The carrier-density equation is shown in (16), where I is 

the injected current, V is the active volume, S is the 

amplitude of the signal, A is linear recombination, B is 

bimolecular recombination, and C is Auger recombination. 

Eq. (17) is the carrier-temperature equation, where T0 is 

the lattice temperature, τ is intraband scatting time, and U 

is energy density. U
t

∂
∂

 is calculated using a simple 

expression that includes stimulated emission and free-carrier 

absorption:

( )
i g g i g FC

i i

dU
E v gS v g NS

dt
ω ω α= − − +∑ ∑h h  (18)

It should be noted that the facet’s reflectivity is set to 

zero; thus we only consider the forward-propagating 

signals and neglect the reverse signals.

A.3. Optical Filtering 

The optical filter in our simulated model is described by 

a field transfer function H(ω). The signal after filtering is 

expressed as follows:

{ }1

0
( ) [ exp( )]

F F
E F H F S i iω ω

−

= + Φ  (19)

where F[] and F-1[] are the Fourier transform and inverse 

Fourier transform respectively. The optical filter used in 

the model is a Gaussian BPF, which can be expressed as,

0

3

exp 2ln(2)
F

dB

H
ω ω

ω

⎧ ⎫⎡ ⎤−⎪ ⎪
= −⎨ ⎬⎢ ⎥

Δ⎪ ⎪⎣ ⎦⎩ ⎭
 (20)

The model includes two components. The first is a band- 

structure solver, which can calculate the wavefunctions and 

corresponding eigenenergies for the conduction and valence 

bands respectively. The gain and refractive-indexchange are 

also calculated. To shorten the computing time, the results 

for gain and refractive-indexchange are saved in a special 

database. The second component is the dynamic solver, 

which includes the QW SOA and the bandpass filter.
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