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Taking into account ultra-fast carrier dynamics, this paper models 640 Gbit/s wavelength conversion scheme based

on nonlinear polarization rotation (NPR) in a single semiconductor optical amplifier (SOA) and investigates the per-

formance of this kind of wavelength conversion scheme in detail. In this model, two carrier temperature equations are

introduced to substitute two energy density equations, which reduce the complexity of calculation in comparison with

the previous model. The temporary gain and phase shift dynamics induced by ultra-short optical pulses are numerically

simulated and the simulated results are qualitatively in good agreement with reported experimental results. Simulated

results show that non-inverted and inverted 640 Gbit/s wavelength conversions based on NPR are achieved with clear

open eye diagrams. To further investigate the performance of the non-inverted wavelength conversion scheme, the

dependence of output extinction ratio (ER) on some key parameters used in simulation is illustrated. Furthermore,

simulated analyses show that high performance non-inverted wavelength conversion based on NPR can be achieved by

using a red-shifted filtering scheme.

Keywords: all-optical wavelength conversion, nonlinear polarization rotation, semiconductor opti-

cal amplifier, ultra-fast carrier dynamics
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1. Introduction

In the optical networks, all-optical wavelength
conversion is one of the key functions for wavelength
reuse and non-blocking wavelength routing. Exten-
sive research has been dedicated to semiconductor op-
tical amplifier (SOA) based wavelength conversions
due to their power efficiency and integration poten-
tial. Several wavelength conversion techniques have
been demonstrated by exploiting nonlinear mechanism
in SOAs including cross-gain modulation (XGM),!?!
cross-phase modulation (XPM)B! and four-wave mix-
ing (FWM).[¥ Each scheme has its own advantages
and disadvantages. For example, wavelength conver-
sion utilizing FWM in a SOA is independent of the
modulation format but it has low conversion efficiency
and also the input signal needs to be polarization
matched.®) Wavelength conversion based on XGM in
a single SOA has been demonstrated at 100 Gbit/s,
but this scheme leads to a degradation of extinction

ratio (ER).[®l Wavelength conversion based on XPM
in combination with XGM in SOA leads to an im-
proved ER, but this scheme needs two SOAs and the
conversion speed of XGM and XPM are limited by the
carrier’s recovery time.!”) This sets a limit to the max-
imum operation speed of the wavelength conversion.

Recently, wavelength conversion based on nonlin-
ear polarization rotation (NPR) is received tremen-
dous research efforts.®9 A clear advantage of the
wavelength conversion based on NPR is that it allows
inverted and non-inverted wavelength conversions as
well as reshaping using a single SOA.[®) Furthermore,
there is a remarkable similarity between the charac-
teristics of a wavelength conversion based on NPR
in a single SOA and wavelength conversion based on
XPM,® which leads to an improved ER with a single
SOA. Most of the research work on wavelength conver-
sion based on NPR has focused on tens of gigabits per
second rate driven by inter-band transitions. However,
the response time of these nonlinearities is restricted
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by the electron—hole recombination time, typically a
few hundred picoseconds.['%) This response time fun-
damentally limits the speed of wavelength conversion
that is driven by inter-band transitions.

In this paper, we investigate the probability of
wavelength conversion based on NPR at the rate
of 640Gbit/s and discuss the performance of the
non-inverted wavelength conversion scheme in detail.
Firstly, a model of wavelength conversion based on
NPR, which takes into account ultra-fast carrier dy-
namics, is developed in Section 2. In Section 3, we
will present simulated results which reveal temporary
characteristics induced by ultra-short optical pulses
with different polarization modes and simulated re-
sults of the non-inverted and inverted wavelength con-
versions based on NPR at 640 Gbit/s. The output ER
of the non-inverted wavelength conversion as the func-
tion of some key parameters is also discussed. Further-
more, a kind of high performance non-inverted wave-
length conversion based on NPR assisted with red-
shifted filtering scheme is also presented. Finally, the

paper is summarized in Section 4.

2. Working principle and numer-

ical model

The configuration of all-optical wavelength con-
version based on NPR is illustrated in Fig.1(a). The
polarization states of the output probe signals from
the polarization controller PC3 for non-inverted wave-
When no
pump signal is injected into SOA, the output polar-

length conversion are shown in Fig.1(b).

ization state of probe signal is perpendicular to the
principal axis of PBS by adjusting polarization con-
trollers, thus the probe signal is forbidden to go out of
PBS. When pump signal is injected into SOA, the in-
jected pump signal introduces additional birefringence
in the SOA, which causes the TE and the TM modes
of the probe signal to experience a different refrac-
tive index. As a consequence, the output polarization
state of the probe signal is rotated about 90° with a
proper pump power, thus the probe signal is permit-
ted to go out of PBS. Hence, the increase in the in-
tensity of the pump signal leads to the increase in the
intensity of the probe signal that outputs through the
PBS. In this way, the non-inverted wavelength con-
version from pump signal wavelength to probe signal
wavelength can be achieved.

PC2 OC PC3 PBS
probe signal —XX—+ SOA

PC1 l

PBS Y

pump signal

(a)

w/o pump signal

(b) PBS Ay

with pump signal
T

probe signal

Fig.1. Principle of all-optical wavelength conversion based on
NPR. OC: optical circulator; PBS: polarization beam splitter;
PC: polarization controller.

In the same way, the polarization controllers can
also be adjusted so that initially a maximum amount
of probe signal can pass through the PBS. If a saturat-
ing pump signal is applied, the phase change between
the TE and TM modes leads to a lower intensity at
the PBS output. Thus, the increase in the pump in-
tensity leads to the decrease in the probe intensity at
the PBS output. In this way, the inverted wavelength
conversion is realized.

The model of NPR induced by ultra-short optical
pulses in a SOA is based on Ref.[11], except that we
introduce two carrier temperature equations to sub-
stitute two energy density equations to reduce the
complexity of calculation, which can be derived from
the rate equations for the carrier density and energy
density.['?l The propagation equations, carrier density
equations and gain equations for TE/TM modes can
be obtained from Ref.[11]. The extensive description
will not be repeated here.

The temperature T.(z,7) in the conduction band
(CB) and the temperature Ty (z, 7) in the valence band
(VB) satisfy:

8Tl(z, t)

pramie hi[u; — Eilvg [QTE(% £)55 " (2,t)

+9TM(Z= t)SOTM(Zv t)}

+h;Bihwon;vg {SE)FE(% t)
Ti(z,t) — Ty,

M (e 1)] - R

+hi[Eai — u;)vgfa [SOTE(Z, t)

STV, (1)
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where, i = ¢, v. Equation (1) for the carrier tem-
peratures T;(z,7) is derived from the rate equations
given in Ref.[11] for the energy densities U;(z,T)
by expansion, U; = U;(Np,TL) + ui(N — Nyp) +
h;l(Ti — T1,), where N, is related to the injection
current I through the carrier rate equation for N
with 5y /"™ = 0.
pulses much shorter than the carrier lifetime.!"? Thus,
u; = (OU;/ON)z, and h;' = (0U;/9T;)y, which are

calculated from the expressions for U;(z, 7). The other

It is a good approximation for

parameters in Eq.(1) are: group velocity vg, gains
for TE/TM modes g™®/T™(z, 1), photo densities for
TE/TM modes SOTE/TM (z,1), free carrier absorption
(FCA) coefficients ;, carrier densities n;, two-photon
absorption (TPA) coefficient (82, corresponding carrier
energies E; and Fy; (positive, measured from respec-
tive band edges), temperature relaxation times 7,
and T1, is the lattice temperature.

The total electron density N(z,7), the tempera-
ture T¢(z,7) in the CB and the hole density P(z,7),
the temperature Ty(z,7) in the VB are needed to
calculate self-consistently in each time-step with the
quasi-Fermi level FEf.(z,7) of the electrons and the
quasi-Fermi level Ff,(z,7) of the holes, using

NG = [ ol B)F (B T E)IE. 2)
P(er) = [ (B (1 - F(Bw T E)dE, (3

where p. and p, are the state densities in the CB and
VB, F(u,T, E) is the Fermi-Dirac distribution func-
tion. The Fermi—Dirac distribution function defined

F(u,T,E) = 1/ [1+eXp<E];B_TM>}, (4)

where kg is the Boltzmann constant.

as

The quasi-Fermi level Eg. in the CB and the quasi-

Fermi level Ef, in the VB can be estimated using the

Nilsson approximation,['?]

Ete = Eco + {1n6+5[64+0055246 (64 4+ V)] —%}
xkpTe, (5)
By = Fuo — {Ine + (64 + 0.05524c(64 + VE)]
xkgTy, (6)
where N P
0= ﬁc; €= N (7)

and FE.y and Ey( are the energies of the CB and VB
band edges respectively.

At the high carrier density levels usually pre-
sented in SOA P equals N. N, and N, are constants
given by

3 3
mekd\ 2 mankT 2
N, =2 7 Ny =2 ,

( 27h? > < 27h? > ®)

where )

3 3\ %

Mdn = (mflh + mﬁ]) , (9)

me is the effective mass of electron in the CB. my, and

myp are the effective mass of light hole and heavy hole
in the VB.

The quasi-equilibrium values 71;(z, 7) are given by:

Tic(z,7)

= NoF (Et(z,7),Tc(2,7), (Bco + Ec)), (10)

fg(2,7)

= fny(z,7)
JNo
= 1+ f [1 - F(Efv(zaT)aTv(ZvT)v (EVO - Ev))] )
(11)

where f is the population imbalance factor describing

the gain anisotropy introduced by tensile strain in the
SOA.

The optical power PTE/T™ for each mode is re-
lated to the photon density STE/™ according to

pTE/TM

STE/TM _
hu)o Vg WD ’

(12)
where W and D are the active region width and thick-
ness of SOA respectively.

The transfer function of PC can be obtained in

Ref.[14]. The overall transfer matrix of PC is given

by
T = Q0 +&)H(7)Q(0)
- g:jﬁ _AC+}jBD (13)
with

A = —cosycos(£/2),

B = —sindsin(f + £/2),

C = —cos#¥sin(£/2),

D =sindcos(d + £/2),

F=—0-¢/2 (14)
The matrix T describes general elliptical birefrin-

gence, where 6/2 is the azimuth of the first quarter-
wave plate (QWP), v/2 is the azimuth of a half-wave
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plate (HWP) and (6 + £)/2 is the azimuth of the sec-
ond QWP.
The intensity SEBS of the light that outputs the

out

PBS is given by

SEBS = SEE + SEat + 24/ SEESEM cosfpc,  (15)
where SE& and SEXM represent the intensities of the
TE and TM components of the probe signal at the
output of PC3 respectively and 6, is the phase differ-
ence between the TE and TM modes of probe signal
at the input of PBS.

The pulse spectrum is obtained by using

S(w)
[e%) 2
_ ‘ [ (P(@)]/2 explio(t) + i(w — wo)tldt| , (16)

where P(t) and ¢(t) are the pulse power and phase
respectively and w is the central angular frequency of
the pulse.

The filter in the system is modelled as a Gaussian
filter with a full-width at half-maximum (FWHM) of
1.665 D. The transfer function of the filter is

fw) = V(1 — ap) exp[~(w — wr)?/(2D?)],

where wy is the central angular frequency of the filter

(17)

and o is the insertion loss.

To evaluate the performance of the wavelength
conversion scheme, the output ER is selected as the
criteria, and it is defined as:

P, outl,aver

ER = 10log (18)

out0,aver

Here, Pout1,aver is the average power of the output
probe pulses which are ‘1’ levels, and Pyyt0,aver i the
average power of the output probe pulses which are
‘0’ levels.

3. Simulated results and discus-

sions

The active volume of SOA is 50 um3. The key pa-
rameters of the SOA used in simulation are listed in
Table 1. Except for specially pointing out, the SOA is
biased with a current of 280 mA. The pulse-width of
pump and probe signals are 150 fs. The wavelength of
pump and probe signals are 1545.9nm and 1549.9nm,
respectively. The mean input pump power is 5mW
(7dBm) and the mean input power of probe signal is
0.63mW (—2dBm). The pump and probe signals are

Table 1. SOA parameter definitions and their values.

parameter symbol value units
active volume V=LxWxD 250x2x0.1011] pum3
confinement factor TE/TM rTe ™ 0.22, 0.17, 0.5

phase modulation coefficients a, ag 5, —1.5

FCA coefficients Be, Bv 3 x 1078, oltll pum?
internal loss Qint 0.00175 [11] um~1
gain coefficient TE/TM aTE o™ 2.6 x 107° pm?3 /ps
group velocity Vg 100 [11] pm/ps
hole population imbalance factor f 0.9 (11

electron-hole pair lifetime Ts 200 ps
optical transition energies (CB) Ec., Eoc 0.03, 0.7 (1] eV
optical transition energies (VB) Ey, Eoy 0.003, 0.07 [11] eV
carrier-carrier scattering times Tlc, Tlv 0.1, 0.05 (15] ps
carrier-phonon relaxation times They, Thy 0.7, 0.25 [15] ps
TPA coefficient B2 9 x 10~ 7[11] umz
characteristic energies Uc, Uy 0.145, 0.0431 (12] eV
characteristic energies coefficient he, hy 6.26, 3.41 (12] 10— 21,3 -K/eV
optical transition state density No 3.6 x 106011] pum 3
effective mass of electron in the CB Me 4.10 x 10—32[16] kg
effective mass of heavy hole in the VB my, 4.19 x 10—31[16] kg
effective mass of light hole in the VB ML 5.06 x 10—32[16] kg
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linearly polarized along 45° with respect to the polar-
ization axes of TE and TM modes (noted as TE+TM)
in wavelength conversion. For those parameter val-
ues, the initial values of gains for TE/TM modes are
0.187 um~' and 0.208 um~"', corresponding to 17dB
and 16.5dB for small-signal amplification of the TE
and TM modes, respectively.

3.1. Temporary characteristics

In Fig.2, the temporary gain and phase shift vari-
ations of TE probe signal induced by the different
polarization modes of pump signal as a function of
pump-probe time delay are presented. It can be seen
from Fig.2 that the results are in good qualitative
agreement with the experimental results presented in
Ref.[17], where the gain and phase shift variations of
probe signal induced by a fixed polarization mode of
pump signal are presented. In Fig.2(a), the results
show that the largest decrease in the TE gain takes
place if the pump signal is also TE polarized, and

0.188

~ 0.184

|

g

3

~

£ 0.180f

]

@]

L
0.176 L TE

" (a) - TM
0.172 - - -
—0.5 0 0.5 1.0 1.5

Pump-probe delay/ps

the smallest decrease in the TE gain takes place if
the pump signal is TM polarized. The phase shift
variations of the TE probe signal induced by differ-
ent polarization modes of pump signal are shown in
Fig.2(b). The results show that the largest phase shift
in the TE mode takes place if the pump signal is also
TE polarized and the smallest phase shift in the TE
mode takes place if the pump signal is TM polarized.
Similar results hold for the gain and phase shift of TM
probe signal. The reason for the trends is that the po-
larization selection rules inhibit stimulated transitions
caused by the pump signal when the pump signal and
probe signal are cross-polarized, '8 whereas the stim-
ulated transitions increase the reduction of the carri-
ers in SOA, which leads to reduce gain and increase
the refractive index dynamic. The increase of the re-
fractive index dynamic leads to increase the phase
shift.
rary gain of SOA induced by pump signal can recover
after 1.5 ps, which indicates that it is possible that the
wavelength conversion based on NPR can work at the
rate of 640 Gbit/s.

Furthermore, it can be seen that the tempo-

3
e
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L2}
&
=
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?
=
a  1r
m
=
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—0.5 0 0.5 1.0 1.5

Pump-probe delay/ps

Fig.2. Temporary gain and phase shift of probe signal induced by different polarization modes of pump signal as a

function of pump—probe time delay, where the pump signal is linearly polarized along the TE, the TM polarization
axis or 45° with respect to the polarization axes of TE and TM modes (noted as TE4+TM).

3.2. All-optical wavelength conversion
based on NPR

The static operations of the wavelength conver-
sion are presented in Fig.3. Static operation means
that the pump signal is not modulated. In Fig.3, the
output power of the probe signal from the PBS is plot-
ted versus the power of the input pump signal for both
of the inverted and the non-inverted cases. It can be
seen from Fig.3 that ER of the converted signal can be

over 20dB. In this wavelength conversion scheme, be-
cause high-intensity pump light is used, NPR effect is
expected, there is also XGM effect between pump and
probe signals. Due to the presence of XGM effect, the
non-inverted wavelength conversion caused by NPR is
reduced, whereas the inverted wavelength conversion
is enhanced. As a consequence, the slope of the curve
for the inverted case (Fig.3(a)) is sharper than the
one for the non-inverted case (Fig.3(b)). Moreover, it
can be seen that the slope of the non-inverted transfer
curve is larger than 1 when the input power of pump
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signal is at the range from —10dBm to 0 dBm, which
indicates that the non-inverted wavelength conversion
has the regeneration capability.

The simulated waveforms, eye diagrams and spec-
tra at 640 Gbit/s for inverted and non-inverted wave-
length conversions based on NPR are shown in Fig.4.
The left hand is the inverted wavelength conversion
case and the right hand is the non-inverted case. It
can be seen that both of the non-inverted and in-
verted wavelength conversions based on NPR can work

15

10 MN\\
5 Y
N

Output power/dBm
o

—10 X
(a)

—-25 -20-15-10 =5 0 5 10 15 20
Input power/dBm

Output power/dBm

at 640 Gbit/s.
clearly visible at the SOA output, which in turn is

In Fig.4, ultra-fast gain recovery is

followed by the slow gain recovery process driven by
the inter-band carrier injection for the inverted wave-
length conversion. It means that XGM is prominent
in the inverted wavelength conversion. For the case
of the non-inverted wavelength conversion, the output
ER is about 10dB and the eye diagrams are open al-
though the variances for the ‘1’ levels show that there
is somewhat patterning effect.

M/ (b)
—25

—-25 —-20 —-15 —-10 -5 0 5 10
Input power/dBm

Fig.3. Static output power of probe signal versus the input power of pump signal. (a) Inverted wavelength conver-

sion, (b) non-inverted wavelength conversion.

/dBm

1540 1580

/nm

1500

(©)

1500 1540

/nm

1580

Fig.4. Waveforms, eye diagrams and spectra for inverted and
non-inverted wavelength conversion output at 640 Gbit/s. (a)
Waveforms, (b) eye diagrams, (c) spectra.

The discussions below are emphasized on the non-

inverted wavelength conversion because this kind of
wavelength conversion scheme is used widely in prac-
tice. In Fig.5(a), the dependence of output ER on the
input pump signal power for 640 Gbit/s non-inverted
wavelength conversion is presented. In Fig.5(a), the
polarization of output probe signal from PC3 is verti-
cal to the principal axis of PBS when only the probe
signal is presented. With the increase of pump signal
power, the polarization of output probe signal from
PC3 is closing to the principal axis of PBS, which leads
to the increase of the output ER. When the pump
signal power reaches about 5mW, the polarization of
output probe signal from PC3 is deviating from the
principal axis of PBS again, which leads that the out-
put ER is decreasing with the increase of the power
of pump signal. Then, the same variation trend takes
place with the increase of the pump signal power.

Furthermore, it can be seen that the output ER of
the non-inverted wavelength conversion for TE polar-
ization mode of input pump signal is highest and for
TM polarization mode of input pump signal is lowest
under the same conditions from Fig.5(a). To further
prove it, the dependence of output ER of non-inverted
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wavelength conversion on the polarization angle of in-
put pump signal is presented in Fig.5(b). The polar-
ization angle of input pump signal is defined as the an-
gle between the polarization orientation of input pump
signal and the TE polarization orientation. It can be
seen that the maximum output ER can be achieved
when the input pump signal is TE mode and the min-
imum output ER is obtained when the input pump

201

164 y v—y.

] v,

124 4’\ \V/ ./.\. .\\\V
as)] i 1N
§ 81 NN 7/\ N ’
M b &

o] / Nl —em TELTN A
] -v—TE
01 —4A-TM (a)

T T T T T T

0 10 20 30 40 50 60
Pump power/mW

signal is TM mode, which agree well with Fig.5(a).
The maximum output ER is above 13dB and the min-
imum output ER is about 5dB. The reason is that the
gain variation and the phase shift of probe signal in-
duced by TE polarization mode of input pump signal
are largest, which are favourable for the improvement
of output ER of the non-inverted wavelength conver-
sion based on NPR.

161
1 *o—
o\.\.
124 e
m e
Z ~
g8 S
- \.
\.\.
4_
(b)
0 04 08 12 16

Polarization angle of pump signal/rad

Fig.5. Dependence of output ER on key parameters for 640 Gbit/s non-inverted wavelength conversion. (a) Input

pump signal power, (b) polarization angle of input pump signal.

3.3. All-optical wavelength conversion
based on NPR assisted with red-
shifted filtering

The configuration of non-inverted all-optical
wavelength conversion based on NPR assisted with
red-shifted filtering is illustrated in Fig.6. The princi-
ple of the wavelength conversion scheme is the same

PC2 OC PC3 PBS

pump signal

Fig.6. Principle of non-inverted all-optical wavelength conver-
sion based on NPR assisted with red-shifted filtering. OBF:
optical band-pass filter.

as that of the wavelength conversion only based on
NPR except that the output signal from PBS is red-
shifted filtered by an OBF. The simulated waveforms,
eye diagrams and spectra at 640 Gbit/s non-inverted
conversion are shown in Fig.7. In this figure, the right
sides are the simulated results for non-inverted wave-
length conversion based on NPR assisted with red-
shifted filtering. For comparison, the results for non-
inverted wavelength conversion only based on NPR

1500 1540 1580 1500 1540 1580
/nm /nm
()

Fig.7. Waveforms, eye diagrams and spectra for the output
of wavelength conversions based on NPR and NPR assisted
with red-shifted filtering at 640 Gbit/s. (a) Waveforms, (b)
eye diagrams, (c) spectra.

are also shown in the left sides of this figure. The
wavelength and bandwidth of the filter are 1556 nm
and 5nm respectively. It can be seen that for wave-
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length conversion only based on NPR the eye diagrams
of the converted wavelength signal are asymmetric due
to the slow gain recovery time of SOA. In contrast, in
case of wavelength conversion based on NPR assisted
with red-shifted filtering, there are a high ER and clear
open and very symmetric eye diagrams although the
output pulses are somewhat broadened. The ER of
the two kinds of non-inverted wavelength conversion
schemes are 10dB and 16 dB respectively, which shows
that the performance of the non-inverted wavelength
conversion based on NPR can be improved by using a
red-shifted filtering scheme.

4. Conclusion

In this paper, we develop a model of wavelength
conversion based on NPR, which accounts for ultra-
fast carrier dynamics. In this model, we introduce
two carrier temperature equations to substitute two
energy density equations, which reduce the complex-
ity of calculation.

By the analyses on the temporary characteristics
of SOA induced by ultra-short pulses, we can see that
the largest decrease in gain and the largest phase shift

of probe signal will take place if the pump signal is the

same polarization as the probe signal.

Simulated results show that the 640 Gbit/s non-
inverted and inverted wavelength conversions based
on NPR can be achieved with open eye diagrams.
The output ER of the non-inverted wavelength conver-
sion can be reached 10 dB. Moreover, the non-inverted
wavelength conversion scheme can be used to achieve
regeneration function by the analyses on the static op-
erations of the wavelength conversion based on NPR.

By the discussions on the performance of the non-
inverted wavelength conversion, we can see that the
output ER of non-inverted wavelength conversion is
sensitive to input pump power, which should be op-
timized according to the practical application. For
different polarization modes of input pump signal, the
output ER of non-inverted wavelength conversion with
TE mode input pump signal is higher than that of the
wavelength conversion with other mode input pump
signal.

Furthermore, we present a high performance
wavelength conversion scheme based on NPR assisted
with red-shifted filtering. The output ER of the wave-
length conversion scheme is higher 6 dB than that of
the wavelength conversion scheme only based on NPR
under the same conditions.
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