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Modeling the DBR Laser Used as
Wavelength Conversion Device

Carsten Braagaard, Benny Mikkelsen, Terji Durhuus, and Kristian E. Stubkjaer, Member, IEEE

Abstract—In this paper, a novel and efficient way to model
the dynamic field in optical DBR-type semiconductor devices
is presented. The model accounts for the longitudinal carrier,
photon, and refractive index distribution. Furthermore, the model
handles both active and passive sections that may include grat-
ings. Thus, simulations of components containing, e.g., gain sec-
tions, absorptive sections, phase sections, and gratings, placed
arbitrarily along the longitudinal direction of the cavity, are
possible.

Here, the model has been used for studying the DBR laser
as a wavelength converter. Particularly, to improve the perfor-
mance of the DBT converter, the influence of systezm and device
parameters will be discussed. Calculations show that ultrafast
wavelength conversion with rise and fall times less than 50 ps
can be obtained. Also, a regenerative effect simultaneous with
the wavelength conversion is expected, e.g., improvements in the
extinction ratio of the signal of more than 6 dB is predicted for
correct design and operation of the component.

I. INTRODUCTION

EVICES with all-optical wavelength conversion capabil-

ities will be essential elements in future WDM systems,
e.g., as key components in photonic switching architectures
[1]. Recently, penalty-free wavelength conversion of 5 Gb/s
signals has been demonstrated by the use of optical carrier
modulation of a distributed Bragg reflector (DBR) laser {2].
Several other wavelength conversion mechanisms have been
proposed, such as four-wave mixing, gain saturation, and
cross-phase modulation in semiconductor optical amplifiers
{3)-[5]. Also, the absorptive bistability in DBR lasers has
been applied for the conversion of the optical wavelength [6],
and Y -lasers have been proposed as wavelength conversion
devices [7] as well. The operating speed of a converter
based on semiconductor optical amplifiers or components
with absorptive sections is limited by a long carrier lifetime.
Therefore, the bit rate for such a converter is restricted to a few
gigabits/second. On the other hand, wavelength conversion by
carrier modulation in lasers is advantageous at high bit rates
since the operating speed is only limited by the relaxation
frequency of the laser.

In this paper, an advanced dynamic large-signal model is
presented, capable of modeling the carrier dynamics and the
field evolution in, e.g., optical semiconductor amplifiers, DFB
structures, or DBR lasers, as well as in even more complicated
and complex integrated components. The model is used for
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studying a tunable DBR laser as a wavelength converter. The
modeling reveals the influence of important device parameters
and allows optimization of the DBR converter. It will be shown
that efficient, ultrafast wavelength conversion with rise and fall
times less than 50 ps can be obtained by correct design and
operation of the converter.

This paper is organized as follows. A description of the
numerical model is presented in Section II. In Section III,
the mode of operation is described for the DBR laser used
as a wavelength converter. Predictions of the model for DBR
converters are presented in Section IV, and finally, Section V
gives a brief conclusion.

II. NUMERICAL MODEL

In order to acquire knowledge of the carrier dynamics in
optical semiconductor devices, a detailed large-signal model is
developed, taking the carrier and optical field distributions into
account. The model handles structures with changing device
and material parameters along the longitudinal direction of
the cavity. This enables assessment of components combined
with, e.g., gain sections, absorptive sections, phase sections,
as well as gratings.

Similar to previously developed models published in [8] and
[9], this numerical model handles the nonuniform distribution
of carriers and photons by splitting the device cavity into
subsections, each with a constant carrier density and thereby a
constant wavenumber. Then the field distributions in the lon-
gitudinal direction of the cavity for the forward and backward
traveling fields are found from a transmission line description.

Besides the simulation of split electrode devices with in-
homogeneous current injection, the sectioning of the device
givyes the possibility of investigating phenomena such as spatial
hole burning and gain saturation effects. Also, multichannel
crosstalk and bistability due to absorption and dispersion can
be described. The model also includes the facet reflectivities,
which influence the carrier and field distribution, and it handles
arbitrary time-varying current modulations as well as arbitrary
optical input waveforms.

A sectioning of the cavity into n subsections is assumed, as
shown in Fig. 1. The subsections are separated by reference
planes, numbered from 0 to n, with reference plane number m
placed at the position z,, in the longitudinal direction of the
cavity. The subsection at the left and right sides of reference
plane m are denoted section m_ and m., respectively. In
each subsection, it is assumed that the carrier density, photon
density, and material parameters are constant. However, the
carrier and photon density vary from subsection to subsection,
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Fig. 1. Schematic diagram of an opucal semiconductor device, with the
cavity divided into n subsections. E+ denotes the electrical fields, Ry and
Ry are facet reflectivities, and Lyt is the total length of the cavity.

and the material parameters can change from one subsection
to another.

At reference plane number m, the field amplitudes
F~(t, 2m) and F*(t, 2,,) of the left and right traveling
fields, respectively, can be derived from Maxwell’s equations
using the slowly varying envelope approximation. However,
the fields F*(t, z,) are not unique at the boundary z, if
discrete reflections occur or if the grating period is changed.
In that case, the fields must be calculated immediately outside
the reference plane.

If the device contains a grating in either the full length
or a part of the device, dynamic mode-coupled equations are
necessary to investigate the transient behavior of the structure.
As shown in the Appendix, these time-dependent coupled
equations can be written as

OF%(t, 2m)
0z
(Tmy 8g 55 +
¢[g'"f ’( 2 0w 6w 8t F=(t 2m)
Ok 87 1o
- q:[’*mi " 8t] E s TBoma 2 (2, 2m). (1

Here, (3., is the real part of the wavenumber, g, is the
modal gain for the field, I',, is the confinement factor for the
intensity of the fundamental waveguide mode, 3 ., denotes
the Bragg wavenumber, and k,,, is the grating coupling
coefficient that governs the distributed feedback in subsections
m_ and m, respectively.

By using a large number of subsections, it is possible
to introduce the following equations to describe the partial
derivative of the fields with respect to time and the z coor-
dinate:

aFi(t, Zm) ~ Fi(t, Zm) — FE(t - Tz s ZmE1) (28)
ot Tz

OF=%(t, Zm) FE(t, 2) — FE(t - T s qu:l). (2b)
dz LSeC

1t should be noticed that the approximations of the derivatives
each include a change of both time and place, which may
affect the propagation delay effects. L. is the length of each
subsection given by Lgec = Litot/n, Where Lo is the total
length of the device. 7,,, is the transit time of the field for
subsection number my and m_, respectively, which can be
written as .
Lsec
Tme = 3)

g, m+
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Vg,ms = ¢/ng,m, is the group velocity, and the group index
Tig,my is given by the following Taylor expansion:

on
0w’
Nm, is the carrier-density-dependent effective refractive index
in subsection number m, and m_, and dn /0w is assumed to
be constant.

Inserting (2a) and (2b) into (1) and after some algebraic
manipulations, it is possible to separate and find the amplitudes
of the forward and backward traveling fields at the place z,, to

the time ¢ by solving the two equations with the two unknown
fields F*(¢, z,,) and F~(t, 2 ):

Ccl B
det(O,; A:n)

C))

Ngmy = Mmy + W

+ —
F (tv Zm) - det A$ B;l ’
\Bi AL
+ ot
det A’_’; C"l
F (t7 zm) = A+ B_ : (5)
(32 1)

In (5), det represents the determinant, and the following
quantities have been introduced in order to simplify the
notation:

1 1 dg 1
Ay = (J + ) (62)
Lsec m; Ow Vg,m:t
:F( JRms + _1_8_:)) F52(Bmy —Bo,my) (6b)
1 1 .dg 1
—i( 5 ( 6w+Vy,mx))

Fi(t ~ Tmgs zm;l)
" ( 1 a”>eiﬂ(ﬂm¢ o o
Tmy OW

F¥ t ~Tmy, z’m:l:l) (6¢c)

The boundary condition for the forward traveling field at
reference plane number m = 0 is given by

\/_F t Zo)+

where Fi,(t) is the injected input field and R, is the front
facet reflection. In the case of m = n, the boundary condition
for the backward traveling field at the reference plane can be
described as

FT(t, ) 1-RiFn(t) ()

F(t, 22) = VR F*(t, z,) ®)

where R, denotes the back facet reflection of the device cavity.

By solving (5) recursively on each reference plane in the
time domain and using the boundary conditions (7) and (8),
high-speed dynamic properties of various optical semiconduc-
tor devices can be described. Time-varying phenomena with
durations down to the order of picoseconds are described
by the model, provided that the slowly varying envelope
approximation is fulfilled:
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To evaluate the carrier density N,,, in subsection m. and
m_, the usual rate equation is employed [10}]:

dNpm, _ Iy
dt €dm, Wiy Lsec
- Rmi —9Mmy Vg,mi Smi . 9

Here, gar,m, is the material gain, I,,, is the bias current,
Wy, is the width, and d,, is the thickness of the active
layer in subsection m. and m_, respectively. e denotes the
elementary charge. For the spontaneous recombination rate
R, , the following relation has been used [11]:

Rmi = Cl,miNmi + Czymiszni - C3,miNgﬂ¢ (10

where ¢1,m ; €2,my , and c3 , are recombination coefficients.
The last term in (9) represents the stimulated recombination
rate per unit volume, while S, denotes the total average
spontaneous and signal photon density in subsection number
my and m_.

III. THE DBR LASER AS A WAVELENGTH CONVERTER

All-optical wavelength converters, which transform infor-
mation from one wavelength to another, will be important
components in future optical WDM communication networks,
either to perform photonic space switching 1] or simply to
increase the capacity and flexibility of the networks [13]. This
section describes how a change in the signal wavelength can be
obtained by using a DBR laser as the wavelength conversion
element.

Wavelength conversion by the DBR laser is accomplished as
follows. An optical signal carrying information in amplitude-
shift keying (ASK) format with wavelength i, is injected into
the DBR laser that is biased above threshold and oscillating
at wavelength A,,;. The injected input channel depletes the
carriers of the gain section, and thereby controls the oscillation
of the laser. The following two conversion schemes are
possible.

1) The depletion of carriers will modulate the output power
Pout at Aoy, which therefore carries the same information
as the input signal at )A;,. Thus, the information has been
transferred from wavelength Ai, to wavelength Ao,c while
maintaining the ASK format. In the following, this conversion
principle will be denoted ASK-to-ASK conversion.

2) The depletion of carriers also affects the round-trip
phase change of the optical field in the cavity due to the
change of the refractive index, which leads to modulation
of the lasing frequency. Wavelength conversion can then be
performed between an ASK signal format at wavelength A,
and an FSK (frequency-shift keying) format at wavelength
Aout- This technique will be denoted ASK-to-FSK conversion,
and does, however, require optical demodulation from FSK to
ASK before detection in a direct detection system.

The DBR wavelength converter is shown schematically in
Fig. 2. Here, R; and R, denote the facet reflectivities, while
« is the coupling coefficient of the grating section. Ly, L,
and Lp are the lengths of the gain section, the phase section,
and the grating section, each with bias currents Iy, I, and
Ip, respectively.

I 1
Ry [ 4 Ip [ B Ro
Pin 4ip
—
Pout dout ==
R K
L L L Ly |

P le
|

Fig. 2. Schematic of a DBR wavelength converter.

The output wavelength .., determined by the Bragg
condition, can be tuned either by alternating the phase section
current I, or by changing the current to the grating section
Ip. Two parameters are of importance for the wavelength
tuning of the converter: the tuning range and the tuning speed.
To cover as many channels as possible in a WDM network,
the tuning range of the converter should be large. The tuning
speed, i.e., how fast the output wavelength can be changed,
is also important for some switching applications, e.g., fast
packet switching [1].

IV. APPLICATION OF THE MODEL

In this section, we will consider the modeling of DBR
converters in the case of ASK-to-ASK as well as ASK-to-
FSK wavelength conversion. The performance of a wavelength
converter is here assessed in terms of the output extinction
ratio, the frequency deviation, and the rise and fall time of the
converted signal.

A. Numerical Procedure

All the equations required for a numerical analysis of the
field distribution in the DBR laser are given in Section II and
the Appendix. It is assumed that no spontaneous emission will
be generated in the phase section and the Bragg section of the
laser, and the amplified spontaneous emission (ASE) can then
be implemented as suggested by [12].

The sequence of computing is shown in the flowchart in
Fig. 3. Initially, a steady-state solution for the carrier density
in each of the n subsections of the model is found at the
frequency for the oscillating mode. The mode having the
highest round-trip gain as well as fulfilling the condition

¢ =2Lsecy B = 2rp, (1

=1

PE{l, 2’...}

oscillates. ¢ denotes the round-trip phase change of the optical
field in the cavity. The phase condition (11) is accurate only
if no grating section is included. For simplicity, however, (11)
has been used in the following to find the lasing wavelength
and calculate the chirp. Having found the mode for which (11)
is fulfilled, the steady-state solution of the carrier density is
found, and the dynamic analysis can begin.

The time t is set to zero and a change of the operation
conditions is performed. Then the rate equation (9) is applied
to each subsection to find the new carrier density. For this
carrier density, the forward and backward traveling fields and
the photon density are found for the mode fulfilling (11). This
procedure repeats itself in time steps of At until the desired
time is reached. -
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Fig. 3.  Flowchart for calculating a dynamic response of the DBR converter.

B. Numerical Results

The parameters for the DBR converter under investigation
are listed in Tables I and II. Here, we do not focus on the tuning
characteristics of the DBR converter, so the phase section and
the Bragg section currents are set to I, = Ip = 0. This leads
to a Bragg wavelength of 1560 nm and an output wavelength
Aout near the Bragg wavelength, for which (11) is fulfilled.

The back facet Ry should be AR-coated to eliminate feed-
back from the mirror, and thereby reduce the influence of
residual Fabry—Perot resonances on the injected signal [14].
Therefore, in all examples presented, R is set to zero.

To demonstrate the dynamic behavior of the model, a
dynamic response at conditions of large-signal current modu-
lation is shown in Fig. 4. The gain section current is switched
from just below 1 to 3.5 times the threshold, which is 28 mA
for the considered device with cleaved input facet (R; =36%)
and kLp = 1. The transient response shows damped relax-
ation oscillations with a resonance frequency close to 5 GHz.
The oscillations decay in about 1.5 ns to reach the steady
state. Fig. 4 also shows that the output power is contained by
a turn-on delay of approximately 150 ps.

The signal power distribution of the lasing mode along the
longitudinal position of the DBR laser is shown in Fig. 5. The
calculation is performed with the same device as above and
a gain section current of 1.5 times the threshold current. The
discontinuity between the gain section and phase section is
caused by coupling loss due to the change of the waveguide
dimension. In the Bragg section, it is obvious that the resulting

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 12, NO. 6, JUNE 1994

TABLE I
LisT OF PARAMETER VALUES
Parameter Gain Phase Bragg
Section Section Section
a Differential 3.00-10720 0 0 (m?2)
gain
5 Gain factor 2.70-10—24 0 0 (m~1!.s?)
r Confinement 0.31 0.54 0.53
factor
a; Internal loss  3.00-10°  3.00.10°  4.00103 (m™!)
d Waveguide 0.15 0.30 0.30 (pm)
thickness
w Waveguide 2.00 2.00 2.00 (um)
width
ag Linewidth 5.00 3.00 3.00
enhancement
factor
ny Reference 3.24 3.21 3.20
refractive index
A Corrugation 0 0 2.42.1007 (m)
period
{ Order of 0 0 1.00
grating
K Coupling 0 0 2.00-103 (m™1
coefficient
9« /8w Coupling shift 0 0 1.64-10715 (m~!. )
coefficient
On /8w Refractive 1.00-10-16 1.00-10~'¢ 1.00-10~1¢ (s)
index shift
coefficient
Ow /BN Frequency shift 2.12.10—11 2.12.10-!1 2.12.10~11 (s—1 . m3)
coefficient
1 Recombination 1.50.108  1.68.10°  1.68-10° (s—!)
coefficient
c2 Recombination  4,00-10-1¢ 0.28-10~!% 0.28.1071¢ (m?® - s—1)
coefficient
c3 Recombination 5.00-10-4! 5.24.10~42 524.10~42 m® .s~1)
coefficient
TABLE I
LiST OF PARAMETER VALUES
Parameter Value
Ny Carrier density at (.90.1024 (m~3)
transparency
N, Reference carrier 3.00.1024 (m—3)
density
Wy Reference 1.22.101° (rad/s)
frequency
L, Gain section 300 (pm)
N length
L, Phase section 100 (pm)
length
Lp Bragg section 500 (p¢m)
length
n Number of 90
subsections

periodic perturbation of the refractive index provides feedback
by means of backward Bragg scattering, which couples the
forward and backward propagating waves.

To investigate the gain saturation effect in the DBR con-
verter, a calculation of the carrier density as a function of
the longitudinal position in the gain section is shown in Fig.
6, with the input power as a parameter. Without injected
optical input power, the carrier density decreases due to
increasing spontaneous recombinations at the outer ends of the
gain section. By injecting a high input power at wavelength
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Fig. 4. Output power and frequency chirp versus time in case of a step

function current modulation, switched from just below 1 to 3.5 times the
threshold current.
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Fig. 5.  Signal power distribution in the longitudinal position of the DBR

converter. The driving source is the ASE generated in the gain section of
the laser.

Carrier Density (10*m™)

50 100 150 200 250 300
Longitudinal Position (um)
Fig. 6.  Carrier density versus the longitudinal position of the gain section

with injected input power as parameter. The wavelength of the injected (CW)
channel is Ajn = 1570 nm and the output wavelength is Aoy = 1560 nm.

Ain =1570 nm, stimulated recombinations caused by the input
signal will be dominant, and the carrier density and thereby the
modal amplitude gain decrease in the longitudinal direction of
the gain section.

A good indication of the efficiency of the gain saturation
can be obtained by calculating the output power level of the
converted signal (Aoy¢ =~1560 nm) versus input power at a
wavelength A;,, = 1570 nm under static operation conditions.
The result is seen in Fig. 7 with the front facet reflection R;
as a parameter. For the cleaved input facet (R; = 36%) and
a gain section current of [, = 50 mA, an input power of
+5 dBm is needed to reduce the output power by 3 dB. By
applying an AR coating so that B; = 10%, the needed input
power is reduced to only —1 dBm. This is due to a higher
carrier concentration and thereby a higher gain, in addition to
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Fig. 7. Output power at wavelength Aout = 1560 nm versus input power at
wavelength A\;y = 1570 nm with the front facet reflection R, as parameter.
Gain section current is I, = 50 mA.

a higher coupled input power into the cavity of the AR-coated
DBR converter. It is also noted that the coated converter has
superior output power in spite of a higher threshold current
of 34 mA. For an input channel with fixed input power and
extinction ratio, Fig. 7 also indicates the obtainable output
power and extinction ratio for the converted signal. As an
example, in the case of Ry = 10%, modulation of the output
power between —12 and 2 dBm is induced by injecting a
signal with 3 dBm peak power and a 10 dB extinction ratio.
An improvement in extinction ratio of 4 dB is possible,
which indicates the regenerative effect simultaneous to the
wavelength conversion.

The remaining calculations are performed by injecting an
optical step pulse, characterized by the average power Pi,,
the extinction ratio, and the wavelength A;,. The wavelength
conversion is simulated over approximately 10 nm from Ay, =
1570 nm to Ayye =~1560 nm.

In particular, the input power is of considerable importance
since the injected optical signal should have a magnitude
comparable to the power of the lasing mode to induce the
desired gain saturation. Fig. 7 verifies that one way to reduce
the needed input power is to apply an AR coating to the
front mirror. Therefore, the following simulations are for a
front facet reflection of R; = 10%. To illustrate the input
power dependency, a calculation of the output extinction ratio
in the case of ASK-to-ASK conversion, and the frequency
deviation in the case of ASK-to-FSK conversion is shown in
Fig. 8 versus average input power with the input extinction
ratio as a parameter. An increasing output extinction ratio
and frequency deviation are obtained for an input signal with
increasing input power and extinction ratio. As an example, for
an input extinction ratio of 10 dB, an input power of at least
0 dBm is required to avoid an extinction ratio degradation in
the case of ASK-to-ASK conversion. For an input extinction
ratio of 3 dB, it is seen that the output extinction ratio
exhibits a maximum for an input power of 3 dBm. This is
because the input signal in the “low state” for higher power
levels also contributes to the gain saturation. In the case of
ASK-10-FSK conversion, the demodulation from FSK to ASK
signal formats can be performed by, e.g., a Mach-Zehnder
interferometer. This technique requires a frequency deviation
at the output of the DBR converter at half the free spectral
range of the Mach—Zehnder interferometer [2]. In practice,
the demodulation requires a frequency modulation index of
at least 1 (where a modulation index of 0.5 is the theoretical
1imit). Consequently, a conversion speed of 10 Gb/s requires
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Fig. 8. Output extinction ratio and frequency deviation as a function of
average input power with the input extinction ratio as parameter. The gain
section current is J; = 50 mA, the input wavelength A;; = 1570 nm, and
the output wavelength Ayt is 1560 nm.
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Fig. 9.  Output extinction ratio and frequency deviation as function of gain
section current [, with the average input power as parameter. The input
extinction ratio is 10 dB, the input wavelength Ajn = 1570 nm, and the
output wavelength Aoue is 1560 nm.

a frequency deviation of at least 10 GHz. According to Fig.
8, this is obtained for an input signal of power approximately
1 dBm and an extinction ratio of 10 dB.

The input power needed to obtain efficient wavelength
conversion can be reduced by decreasing the gain section
current. However, the bias condition has a significant influence
not only on the output extinction ratio and the frequency
deviation, but also on the rise and fall times of the converted
signal, which is illustrated in Figs. 9 and 10. Fig. 9 shows the
output extinction ratio together with the frequency deviation as
function of I, with the average input power as a parameter. A
decreasing output extinction ratio with increasing current and
decreasing input power is observed. For input powers of 0
and +2 dBm, the calculation shows that the output extinction
ratio exhibits a maximum value of 12 and 15 dB, respectively,
which occur when the laser is driven below threshold by the
optical input signal. The calculation also shows that increasing
frequency deviation is attained by decreasing the gain section
current or increasing the input power.
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Fig. 10. Rise and fall times together with turn-on delay versus gain section
current I,. The average input power is parameter. The input extinction ratio
is 10 dB, the input wavelength A, = 1570 nm, and the output wavelength
Aout is 1560 nm.

The operating speed of the DBR converter is determined
by the relaxation frequency and the turn-on delay. A high
relaxation frequency, which is caused by a high carrier density
and a high photon density, results in short rise and fall times.
This is confirmed by the results in Fig. 10, showing 10-90%
rise and fall times, together with turn-on delay of the converted
signal as a function of the gain section current in the case
of ASK-to-ASK conversion. Decreasing switching times are
obtained for increasing bias current and input power. The fall
time is fairly insensitive to variations in the bias current due to
the high photon density from the injected input channel. The
fall time is less than 100 ps for I, > 50 mA. On the contrary,
the rise time is more affected by the current level due to the
lower photon density. For I, > 60 mA, the rise times are
approximately 40 ps. However, strongly increasing rise times
are obtained for a decreasing gain section current due to the
decreasing carrier density, and thereby a decreasing relaxation
frequency. The turn-on delay, calculated as the 0-10% rise
time, is also an important parameter in the discussion of the
operating speed of the converter. This is seen from Fig. 10,
showing that the turn-on delay, for an input power of 2 dBm,
exceed the 10-90% rise time for a gain section current less
than 55 mA. This is because the laser is driven down below
the threshold by the input field.

The regenerative effect of the extinction ratio is important
for network applications, considering that the extinction ratio
of the optical signal can degrade due to other components in
the system. The extinction ratio improvement at the conver-
sion is shown in Fig. 11 versus input extinction ratio with
the average input power as a parameter. Improvements in
extinction ratio of up to approximately 7 dB are obtainable
for an input power of 2 dBm, and decrease for lower input
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Fig. 11.  Extinction ratio improvements as a function of the input extinction
ratio with average input power as parameter. The wavelength conversion is
performed from 1570 to 1560 nm, and the gain section current is Iy = 50 mA.
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Fig. 12.  Output extinction ratio and frequency deviation as a function of
the wavelength of the injected channel. The Bragg reflection is also shown.
The inset shows the extinction ratio over a wide wavelength span. The gain
peak is at 1572 nm for the gain section current of Iy = 50 mA.

powers. For an input power of 0 dBm, the improvement is
only up to 1.2 dB, and for extinction ratios larger than 9.5 dB,
a degradation in extinction ratio is expected. In both cases, the
maximum improvement in extinction ratio is obtained for an
input extinction ratio of 6 dB.

Until now, the wavelength conversion has been performed
over 10 nm from );, = 1570 nm to approximately Aoyt =
1560 nm, but we have also investigated the influence of the
injected input wavelength. Fig. 12 shows the output extinction
ratio and frequency deviation, together with the reflection of
the input signal from the Bragg section as a function of the
input wavelength. The connection between Bragg reflection
and conversion efficiency is clear: a peak in extinction ratio
and frequency deviation is obtained near a peak in the Bragg
reflection, together with the restriction that (11) is fulfilled
for the injected field. Because of a relatively low xLp of 1,
the Bragg reflection at the Bragg wavelength is only 0.12,
and by detuning the input wavelength relative to the Bragg
wavelength, the fluctuations of the reflection are rather small.
A higher value of kLp results in larger fluctuations in the
Bragg reflection and increases the wavelength sensitivity of the
extinction ratio of the converted signal. Therefore, kL g should
be low to minimize the sensitivity of the input wavelength.

The possible range of the input wavelength is given by the
gain bandwidth. This is verified by the inset in Fig. 12, also
showing the extinction ratio, but over a wide input wavelength

10

Frequency Chirp (GHz) Output Power (dBm)

0 04 0.8 12 16

Fig. 13. Dynamic response of the DBR converter in case of (a) P, = 0
dBm, I, = 50 mA, and (b) P, = 2 dBm, I; = 60 mA. In both cases, a
wavelength conversion from 1570 to 1560 nm is considered. The input channel
turns to a “high state” at t = 0 and returns to a “low state” at t = 0.4 ns.

span. It is obvious that the extinction ratio follows the gain
profile, which peaks at 1572 nm for the gain section current
of 50 mA. To provide the best conversion performance, the
gain peak therefore should be close to the input wavelength.

Finally, an example of a dynamic response in the case of
ASK-t0-ASK and ASK-to-FSK conversion is shown in Fig.
13. At time ¢ = 0, an optical input step pulse is injected from
the “low state” to the “high state” and turned off again to the
“low state” after 0.4 ns. First, it is noted from the calculation
of the output power that the signal after the wavelength
conversion is inverted in the case of the ASK-to-ASK scheme.
This is not necessarily the case for the FSK detection scheme
since it depends on the optical demodulation from the FSK-to-
ASK signal format. Second, the calculation shows significantly
faster rise and fall times in the case of ASK-to-FSK conversion
because the frequency deviation follows the carrier density,
contrary to the output power that follows the photon density.
(a) is performed with an input average power of 0 dBm, an
extinction ratio of 10 dB, and a gain section current of 50 mA.
(b) is calculated for an input power of 2 dBm, an extinction
ratio of 10 dB, and a gain section current of 60 mA. In both
cases, the output extinction ratio is approximately 10 dB and
the frequency deviation is 5 GHz. It is obvious that case (b),
by virtue of the largest carrier and photon densities, results
in the highest relaxation frequency, and thereby the shortest
switching times.

V. CONCLUSION

A detailed numerical large-signal model based on time-
dependent coupled-wave equations is developed to calculate
the static and transient behavior of DBR-type optical devices.
The constitution of the model offers the possibility to simulate
various kinds of semiconductor structures such as ordinary
optical amplifiers, DFB and DBR lasers, or even more complex
components. By dividing the cavity into several subsections,
the nonuniform distribution of carrier and photon densities as
well as that of the refractive index are found.
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Here, the model has been used to determine the influence
of system and device parameters on the performance of
DBR-wavelength converters. It has been shown that efficient
wavelength conversion in the case of ASK-to-ASK as well
as ASK-to-FSK signal formats can be obtained by carrier
depletion in a DBR laser. From the modeling, the following
can be concluded.

The front facet should AR-coated to reduce the required
input power for inducing the sufficient carrier depletion. The
back facet should also be AR-coated in order to reduce the
influence of residual Fabry-Perot resonances on the injected
signal. The value of xLg should be low to minimize the
fluctuations in the reflection from the Bragg region. This will
decrease the wavelength dependency of the injected input
signal. The gain peak at the operation current should be close
to the wavelength of the injected input signal to maximize
the carrier depletion effect, and thereby the output extinction
ratio. The gain bandwidth should be large, to maximize the
input wavelength range. The input wavelength \;, should not
be too close to the Bragg wavelength in order to avoid a
degradation in the extinction ratio of the signal. The input
power F;, should be the highest possible to induce the best
performance of the wavelength conversion, and finally, a high
input extinction ratio ensures a high output extinction ratio.

In conclusion, the model shows that efficient, ultrafast
wavelength conversion with switching times less than 50 ps
can be obtained as a result of the correct design and operation
of the DBR converter.

VI. APPENDIX:
DERIVATION OF FIELD EQUATIONS (1)

In the following, the mode coupled partial differential equa-
tions (1) for description of the field distribution in an optical
semiconductor device will be derived. Only the fundamental
tranverse mode is considered, and as shown in Fig. 1, the
electric field E(w, z,,) can be decomposed into right and left
traveling fields E(w, zm) = ET(w, 2) + E7(w, 25,). To
find the field evolution in each direction, the one-dimensional
wave equation in the frequency domain is used:

O?E* (w, 2m)
922
Here, m_ and m, denote the subsections on the left and
the right side on reference plane number m, respectively, and
K., is the complex wavenumber in the subsections, which
can be written as [15]

+ K2, E*(w, 2im) = 0. (A1)

K?ni = ﬂrzni +j2ﬁ12nigrzni +2ﬁmiﬂmie]60'miz‘ (A2)
The parameters in (A2) will be explained in the following.

km, is the grating coupling coefficient. In the case where
subsection m, or m_ does not contain a grating, K, L or
Km_ acquire the value zero.

Bo,my = lm,7/Am, is the Bragg wavenumber, where [,, :
is the order of the grating and A,,, is the corrugation period in
subsections m and m_. Within each subsection, the grating
is assumed homogeneous, i.e., ., and A,,, are independent
of z.
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Am, denotes the real part of the wavenumber in subsection
my and m_ and is given by

ﬂmi =

c is the velocity of light in vacuum and nym, = 7, + AN,
is the effective refractive index in the subsections. n, is the
refractive index at a reference carrier density N,., and the
linear part of the carrier-induced index change is related to
the change in the carrier density by the following relation [9]:

1ec
Anp, = _Ew_raM¢F7niaH,mi (Nmy — Ny). (A4)

(A3)

— T, -
c +

wy s a reference frequency, N, is the carrier density, a,, is
the differential gain factor, and I',,, is the confinement factor
for the intensity in subsections my and m_. The linewidth
enhancement factor ay m, is found experimentally to be a
function of the carrier density as well as the wavelength [16].
For simplicity, a g, is assumed to be constant in this model.

9m,. in (A2) is the modal amplitude gain in subsections m
and m_, which can be written as

Ime = 3(Tmy 9Myms — CLomy) (AS)

where o ., is the internal loss per unit length caused by free-
electron absorption and scattering. The material gain gasm,
in (AS) is modulated as [17]

IMms = tmy (N, — No) = Yy (W= wpmy ) (A6)

“Ym, iS @ constant gain parameter, Ny is the carrier density at

transparency, and wp m, is the gain peak wavelength, which
is assumed to shift linearly with the carrier density [11]
Owp

N Nms

The reference frequency w, is the gain peak frequency at the
reference carrier density N, and Ow,/ON is assumed to be
constant.

At reference plane number m, the left and right traveling
fields take the form

E*(w, 2m) = $F (w — we, 2m )eTHPmem
+ Y (—w — w, 2n) e (A)

=w, + - N,). (A7)

Wp,my

Here, w,. is the carrier frequency and the (low-frequency)

‘Fourier spectra 1+(, z) are given by

PpE(Q, 2) = / FE(t, 2)e” " dt. (A9)
—O0Q
F*(t, 2) are the slowly varying complex envelope functions
in the time domain.
Inserting (A2) and (A8) in the one-dimensional wave
equation (Al) and neglecting the second-order derivatives

of E*(w, z,,) with respect to w, we obtain

awi(“-’: Zm)
0z
T'm, 8¢ .0
= i[ymi + ( 2* % —Ja—f)(w - wc)] PE(w, 2m)

s + 2w — )
Fi|my + 5=(w - we

. e£2(Brm —ﬂo,mt)zmd,ﬂ:(w’ Zm)- (A10)
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Using the relation (A9) between the Fourier spectra and the
slowly varying envelopes, a set of partial differential equations
in the time domain will be obtained:

BFE(t, z,n)
0z
(Tw, Og 0B\ 01 L+
my T — —J=— )= |F tv m
?[g : ]( 5 9w J&;)at] (t, zm)
_ 05 01 125(81m, —Bomy )om BT
—:F{/imi —%m]e * £5m P¥(, 2,). (A11)

This set, which is similar to (1), is the theoretical framework
for the dynamic description of the electrical field in the optical
semiconductor device.
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