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Summary

Tunable 3 section DBR lasers are key components in coherent optical transmission systems
and in Wavelength Division Multiplexing (WDM) systems. These lasers consist of a gain
section and two tuning sections, respectively the PC- and the DBR section, and offer a
wide tuning range while maintaining a high optical output power and a narrow linewidth,
which is approximately independent of the emitted wavelength.

To examine the wavelength dependence of the output power, 3 parameters of the lasers
have been varied: the composition of the active layer, the composition of the waveguide
in the PC and DBR sections, and the pitch of the grating. To examine the differences in
the properties of the lasers with these variations, the tuning-, power-, L-I-, and linewidth
characteristics have been measured. With respect to a bulk active layer, it is shown that
application of Quantum Wells in the active layer results in a higher output power, a lower
threshold current and a narrower linewidth. Application of a waveguide layer in the PC
and DBR sections with a bandgap that is close to that of the active section yields to some
amplification in those sections, compensating for the losses due to the increase in free car-
rier absorption if the PC and DBR currents are increased. The optimum composition of
this waveguide layer is expected to be found between Q.45 and Q45 (near Q4s for the
bulk lasers, and near Q45 for the quantum well lasers).

Modulation of any one of the 3 sections of the DBR laser by an a.c. signal results in an
intensity variation in the output power (AM response) and a variation in the wavelength
of the laser (FM response). The AM response of the gain section, as well as the FM re-
sponses of the PC and DBR sections have been investigated. It is shown that the AM and
FM responses and their bandwidths are approximately the same for all devices. The FM
responses and bandwidths of the PC and DBR sections are dependent on the pumping
rate of these sections, and therefore vary with the output wavelength (high at low current,
and low at high current).

The DBR laser can be used as a wavelength converter. If an input signal with wavelength
Ain 18 injected into the gain section of the laser, the signal is transformed as a result of
cross-gain modulation to an output wavelength Ay, which is tunable. An important para-
meter is the required input power for efficient wavelength conversion. Therefore, the output
power as a function of the input power is measured for a number of devices. It is shown
that the required input power for wavelength conversion can be reduced by applying a 10%
coating on the gain section or by reducing the gain current. Furthermore, it is shown that
extinction ratio enhancement can be obtained at low gain currents. Finally, some BER
measurements have been performed to demonstrate wavelength conversion using a DBR
laser.
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Abbreviations and symbols

TDBR

Rh R2

Speed of light

Recombination constant
Recombination constant
Recombination constant
Bandgap

Bragg freqency

Modulation frequency

FM deviation

Gain

Threshold gain

Gain derivative

Planck’s constant

Planck’s constant divided by 27
DBR current

Gain current

Modulation current

PC current

Threshold current
Wavenumber

Length of the gain section
Length of the PC section
Length of the DBR section
Length of the cavity
Longitudinal mode number
Refractive index
Effective-mode index

Carrier density at transparency
Carrier density gain section
Carrier density PC section
Carrier density DBR section
Output Power

Reflectivity facet gain section
Reflectivity facet DBR section
Reflectivity of the DBR section
Spontaneous recombination rate
Power reflectivity

Photon number

Group velocity

[Hz]
[m~]

[m~?]
[m™~]

[mA]



AM
AOM
AR
BER
DBR
DFB
EDFA
FDM
FM

FP
FWHM
MZI
PC
PRBS
QW
SIPBH
WDM

Power absorption coefficient

Power absorption coeflicient gain section
Power absorption coefficient PC section
Power absorption coefficient DBR section
Internal loss

Mirror loss

Complex propagation constant

Bragg propagation constant

Linewidth enhancement factor
Separation of two longitudinal cavity modes
Internal quantum efliciency

Confinement factor

Coupling coefficient

Fabry Perot wavelength

Bragg wavelength

Input wavelength

Output wavelength

Period grating

Frequency

Angular frequency of the relaxation oscillations
Corrugation phase

Roundtrip time

Amplitude Modulation
Acousto-Optical Modulator

Anti Reflection

Bit Error Rate

Distributed Bragg Reflector
Distributed FeedBack

Erbium Doped Fiber Amplifier
Frequency Division Multiplexing
Frequency Modulation

Fabry Perot

Full Width at Half Maximum
Mach-Zehnder Interferometer
Phase Control

Pseudo Random Bit Sequence
Quantum Well

Semi Insulating Planar Burried Heterostructure
Wavelength Division Multiplexing
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1. Introduction

Semiconductor lasers have played a major role as light sources in the rapid development of
optical fiber communication systems. The almost unlimited bandwidth of the single-mode
fiber provides great possibilities to build optical telecommunication networks with enorm-
ous bandwidths and high transmission speeds. Researchers are always trying to obtain
longer transmission distances and higher transmission capacities. Often used technolo-
gies to this end, are coherent optical transmission and Wavelength Division Multiplexing
(WDM). Key components in these technologies are tunable semiconductor lasers. The
tunable laser can be used as a local oscillator in multichannel coherent Frequency Division
Multiplexing (FDM) systems for the selection of a desired channel. They also find effective
application in multichannel systems as transmitter sources and for optical switching in
local area networks.

These tunable semiconductor lasers should offer a wide tuning range while maintaining
a high optical output power and a narrow linewidth, preferably independent of the emitted
wavelength. A three-section Distributed Bragg Reflector (DBR) laser is an example of such
a device. It consists of a gain section and two tuning sections, respectively the phase- and
Bragg section. These lasers offer a wide continuous tuning range (approximately 6 nm),
and a large, wavelength independent output power (about 8mW in a single mode fiber).
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Figure 1.1: Frequency shift and output power versus DBR tuning current of
one of the first 3-section DBR lasers. (After Ref. [1])

The early three-section DBR lasers suffered from a decrease in output power with increas-

ing tuning current. As an example, in Fig. 1.1 the output power and frequency shift are
given versus the DBR tuning current [1]. For this particular laser the power decreases from
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10 mW to 6 mW. In more recently developed DBR lasers this effect is less pronounced [2].
One of the aims of the work presented in this report is to examine the conditions under
which the power becomes as constant as possible over the entire tuning range.

An additional aim of the project is to examine the use of a tunable 3-section DBR laser
as a wavelength converter. Optical wavelength converters transform an optical signal from
one wavelength to another, and can be of use in optical WDM communication networks
and optical switching. With the 3-section DBR laser it is possible to transform the signal
to an output wavelength which is tunable over the tuning range.

After this introduction, in Chapter 2 the operation of a semiconductor laser is briefly
explained, and the theory of the tunable 3-section DBR laser is outlined. In the Chapters
3 and 4 a describtion is given of the measurements of the static and dynamic properties of
the 3-section DBR laser, including a comparison with the theory of Chapter 2. Chapter
5 covers the application of the 3-section DBR laser as a tunable wavelength converter.
Finally, Chapter 6 gives some conclusions.



2. Theory of the tunable 3-section
DBR laser.

2.1 Operation of a semiconductor laser.

A schematic diagram of a semiconductor laser is shown in Fig. 2.1. Between the p-type and
n-type materials of the laser diode there is an active layer. When a current flows through the
laser, electrons and holes are injected into the active layer, where they recombine through
radiative and non-radiative mechanisms. Photons of energy hv = E, are emitted as a
result of radiative recombination. However, these photons can also be absorbed through
a reverse proces that generates electron-hole pairs. When the current exceeds a critical
value the rate of photon emission can exceed that of absorption. This condition is called
population inversion. If a photon enters the inversion region, it can stimulate the emission
of another photon having the same phase and frequency. The total optical power in the
active region is increased by this stimulated emission mechanism and the active region is

said to exhibit optical gain.

Cleaved facet

Cleaved facet

n
LCZV

R, y N R,
/] N
— —
4 Gain medium N
N
7 N
A — N

z=0 Mirrors z=L

g

Figure 2.1: Schematic diagram of a semiconductor laser and Fabry-Perot (FP)
cavity. The cleaved facets act as partially transparent mirrors.

Optical gain by itself is not enough to make a laser lase. In addition, an optical feedback
mechanism in the laser is necessary to keep the process of stimulated emission going. The
optical feedback is provided by the cleaved facets at both ends of the device, acting as
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partially transparent mirrors, see Fig. 2.1. These mirrors form a so called Fabry-Perot
cavity in which the light is reflected back and forth through the active region, resulting in
standing waves inside the laser cavity. For simplicity, the standing waves will be descibed
as a plane wave propagating in the positive z-direction [3]. If the z-axis is taken along the
cavity length, the optical field of the plane wave in the cavity can be described as

E = E, ¢** (2.1)

where Ej is the constant amplitude and § is the complex propagation constant which is
defined as .
ia

B =nky + 5 (2.2)
Here n is the refractive index, kg = w/c = 27/ is the wavenumber and « is the power
absorption coefficient. From Eq. (2.1) and Eq. (2.2) it is clear that the propagation char-
acteristics of the plane wave can be described with the two important optical parameters,
n and a.

The refractive index is determined by the composition of the material and changes if a
current is injected. The absorption coefficient is given by

a=—Tg+ aint (2.3)

where g is the net gain and «;,; represents the internal losses, which are due to free-carrier
absorption and scattering at the borders of the active layer. T is the confinement factor
and represents the fraction of power propagating in the active section.

To obtain the threshold condition, the net change in amplitude after one round trip time
must be zero. The distance that the plane wave covers in one round trip time is two times
the cavity length. At the end facets of the cavity only part of the light is reflected back
into the cavity. The threshold condition can described as, see Eq. (2.1),

VRIRy e¥flev =1 (2.4)

where R; and R, are the facet power reflectivities. This condition can be separated into
two conditions by equating the real and imaginary parts of Eq. (2.4) and substituting £

from Eq. (2.2)
\/RIRQ e—"‘L“" =1 (25)
sin(2nkoLcay) =0 (2.6)

The first condition, Eq. (2.5), is the gain condition and it is met if the round trip gain in
the cavity is equal to one. This is the case if the gain in the laser equals the total loss,
being the internal loss within the cavity and the mirror loss (i.e. the loss due to the emitted
light). The threshold gain is then

Tg=amn + ain (2.7)
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where
1 1

m = 2]-"cav ln(RlR2

) (2.8)

is the mirror loss.

The second condition, Eq. (2.6), is the phase condition which can be used to obtain
the lasing frequency,
2nkoLe,y = 2mz (2.9)

where m is an integer. Using ko = 27/ the lasing wavelength is given by

Am = Lo (2.10)
m

where A,, is the wavelength of the m-th longitudinal mode of the FP cavity. Equation
(2.10) shows that the laser tends to oscillate at wavelengths which fit in the FP cavity with
optical length nL.,,. Which one and how many of them reach threshold depends on the
gain profile. The left side of Fig. 2.2 schematically shows the gain profile, the loss in the
cavity and the longitudinal modes. In the vicinity of the gain peak the modes can reach
threshold (where the gain equals the loss).

Figure 2.2: Schematic illustration of the gain profile, loss and longitudinal
modes of a semiconductor laser. The right part of the figure shows
the resulting power spectrum.

The separation between two longitudinal modes can be obtained from Eq. (2.10) by

)‘2

AN =
2nLcay

(2.11)

From Eq. (2.11) it follows that A becomes very small if the cavity length becomes large.
As a result, many modes can reach threshold, leading to a multimode spectrum, see Fig. 2.2.

The light in a semiconductor laser should be confined to the thin active region because
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this region provides the opical gain. In the laser depicted in Fig. 2.1, the so-called double-
heterostructure laser, the light is confined in the transverse direction, perpendicular to the
junction plane, because the cladding layers have a lower index of refraction compared to
that of the active region. This results in total internal reflection of the light and thus
confinement of the light in the transverse direction. In the lateral direction, along the
junction plane, there is no confinement of the light, resulting in multi lateral modes. Fur-
thermore, due to the large width of the laser, the total current required for lasing operation
becomes rather high. It is often desirable to design semiconductor laser that emit light
predominantly in a single lateral mode, because important laser characteristics such as the
near- and far-field depend on the number of modes. For semiconductor lasers the far-field
distribution plays an important role as it determines the amount of power coupled into a
fiber. The confinement of the light in the lateral direction and the reduction of current can
be improved using, for example, a Semi Insulating Planar Burried Heterostructure laser
(SIPBH), see Fig. 2.3. The semi insulating blocking layers (InP:Fe) are highly resistive and
therefore the current can flow only through the gap between the blocking layers, resulting
in a reduced current. The blocking layers also have a lower index of refraction than the
active section, resulting in confinement of the light in the lateral direction as well.

Material of the active layer: InGaAsP

Figure 2.3: Cross-section of a Semi Insulating Planar Burried Heterostructure
laser.

2.2 The tunable 3-section Distributed Bragg Reflector
laser.

A single-frequency laser can be obtained by replacing one mirror facet by a frequency
selective mirror, e.g. a grating, see the inset of Fig. 2.4. The grating region is outside
the active region along the length of the cavity and is called a Distributed Bragg Re-
flector (DBR). The DBR section reflects only a small wavelength range around the Bragg
wavelength Ayragg, see Fig. 2.4. The Bragg wavelength Ay, is related to the period of the
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rating A

grating A by X N .

bragg — T ( ‘ )
where n, is the effective refractive index and m is the order of Bragg diffraction induced
by the grating. The Bragg gratings which are fabricated nowadays almost invariably have
m = 1, which gives best performance. In Fig. 2.4 are drawn also some wavelength peaks
which fulfil the solutions of the phase condition of Eq. (2.10). The mode at the Bragg
wavelength, which has the highest reflectivity and thus the lowest loss and threshold gain,

will lase predominantly.
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Figure 2.4: The selection of a wavelength by means of a Bragg reflector. The
solid line shows the reflectivity of the Bragg section and the dashed
lines are solutions of the phase condition. The inset shows a DBR
laser with a period A of the grating.

When current is injected into the Bragg region, the carrier density increases and simul-
taneously the effective refractive index n. decreases due to the free-carrier plasma effect,
resulting in a decrease of the Bragg wavelength, see Eq. (2.12). By injecting a current
into the DBR region it is thus possible to shift the main lobe of the reflectivity to lower
wavelengths. At the same time, the wavelengths which fulfils the phase condition shift to
lower wavelengths. However, this shift is small compared to the shift in Bragg wavelength.
When the shift in Bragg wavelength is large enough, a mode jump occurs to the adjacent
lower wavelength which fulfils the phase condition. The result is a discontinuous wavelength
tuning. By adding a third section (Phase Control section) between the gain section and
the DBR section, see Fig. 2.5, quasi continuous wavelength tuning can be obtained. This
laser is called a tunable three-section DBR laser. When current is injected into the Phase
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Control (PC) section the phase matching condition of the waves in the gain section and
the DBR section is changed. This leads to a shift in the wavelengths of the longitudinal
modes, see Eq. (2.10). The result in Fig. 2.4 is the shift of the wavelength peak over the
main lobe of the reflectivity. By changing the PC and DBR currents at the same time it
is possible to get a continuous tuning characteristic.

To get a better insight into the tunable 3-section DBR laser the model of [1] is presented
briefly in this report. This model describes the tunable 3-section DBR laser, which is
analogous to the description of the semiconductor laser given in section 2.1.

2.2.1 Theoretical model of the 3-section DBR laser.

I . I I
gain PC DBR

Py — pEpEpEpEpEy

Gain section Phase Control DBR section
section
1 1 1 L
1 I ]
-L 0 L2 L2 + LS

Figure 2.5: Schematic diagram of a tunable three-section Distributed Bragg
Reflector laser.

Figure 2.5 shows a schematic diagram of a tunable three section Distributed Bragg Re-
flector laser. The laser has three sections: an active section for light generation and control
of the output power and a DBR section for selection of the longitudinal mode. The PC
section takes care of phase matching of light waves in the DBR section and the gain section.
The three sections of the laser have separate electrodes and are assumed to be electrically
isolated from each other. The PC and DBR section are made of higher bandgap material
than the active section and therefore are transparent at the lasing wavelength.

The theoretical analysis is based on a transmission line theory for compound cavity semi-
conductor lasers [4]. For simplicity the possible reflections at the interface between the
gain section and the PC section are neglected. The reflectivity of the right facet of the
DBR section is also neglected, 74 = 0. A reference plane is considered in Fig. 2.5 at z = 0.
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The effective reflection coefficient for the left going electric field is given, at this plane, by:
rL(w, S, Ny) = rie~?lka(@.5M) (2.13)

where 7 is the reflectivity at the left facet ( z = —L; ), V; is the carrier density in the
active section, S is the photon number in the laser cavity, w is the angular frequency of the
lasing field and k; is the wavenumber, given by :

wny(w, S, Ni)
[

kl(w, S,Nl) = +%[g(S,N1) —al] (214)

where ¢, ny, g and «,; are the light velocity, the refractive index, the modal gain and the
internal loss per unit length, respectively. The modal gain is given by:

9(S, N1) = a1(N1 — No) (2.15)

where a, is the gain coefficient and Ny the carrier density at transparency. From Eq.
(2.15) it is observed that the gain increases when the carrier density, and thus the injection
current, increases.

The effective reflectivity rg for the right going field at the reference plane is given by:
7'R(w, Nz, N3) = rDBR(w, Ng)e_zjkz(w‘N2)L2 (2.16)

In Eq. (2.16) N, and Nj are the carrier densities in the PC and DBR sections, respectively,
and rppr represents the reflectivity of the DBR section, given by [5]:

3o 5(p— Byeels 4 Ba 4 jye—cls
romn(e ) = & ERZ ) Eelf + D (2.17)
I (s —pel 4 (F+ pleks

where ‘
p = jrae~i@PoLlat®) (2.18)
e = /K2 — [ka(w, N3) — fo)? < (2.19)
I = —¢ — jlks(w, Ns) — fo] (2.20)

and [ is the Bragg propagation constant, x is the coupling coefficient, r; is the facet
reflectivity at the end of the DBR section (z = Ly + L3) and ® is the corrugation phase at
z = Lg.

The wavenumbers for the passive sections are given by:

wni(w, Ni) — joi(Ny)

(w.N;) =
ki(w, N;) . 5

i=23 (2.21)

where J
n.
i )Ni = P—z N‘i | = 1y 22
ni(w, N;) = ng + an, 1=2,3 (2.22)
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do; X
ai(Ni) = oy + F-(ﬁN, 1= 2, 3 (223)
np and ap being the refractive index and the internal absorption in the absence of carrier
injection, I" the confinement factor, dn;/dN; and da;/dN; the parameters describing the
free-carrier plasma, effect and the free-carrier absorption, respectively. The carrier densities
in the passive sections are related to the injection currents by:

Ipc = eVQR(Ng) (2.24)

IDBR = 6VE;R(N3) (225)

where e is the electron charge, V5 and V3 are the waveguide volumes of the PC and DBR
sections, respectively, and R(J;) is the total spontaneous recombination rate per unit
volume, given by:

R(N;) = e1N; + &o N} + 5N} i=2,3 (2.26)

c1, C2, C3, being constants. The recombination constant c; accounts for Auger recombina-
tion.

Figure 2.6 illustrates the behaviour of the reflectivity of the DBR section at a number
of DBR currents as calculated from Eq. (2.17). The parameters used to describe the DBR
section in this calculation are listed in the table of Fig. 2.6. If the DBR current increases,
the carrier density in the DBR section increases, see Eq. (2.25) and Eq. (2.26). The result
is a decrease in the refractive index, see Eq. (2.22) (dn;/dN; is negative) which leads to
a shift of the Bragg wavelength to shorter wavelengths. Furthermore an increasing DBR
current result in an increase in the absorption, see Eq. (2.23) (da;/dN; is positive) which
leads to a lower reflectivity, as observed in Fig. 2.6.

The oscillation condition for the laser is:
TL(w, S, Nl) . TR((.U, Ng, N3) =1 (227)
This oscillation condition can be separated into two conditions, one for the gain and one

for the phase shift of the field during one round-trip in the total cavity. The gain condition
is found from the norm of equation 2.27:

In|ryre| =0 (2.28)
The phase condition is:
h(w) = 27p, p integer (2.29)
where g g
h(w) = 2;77,1((.(), Nl)Ll + 2277,2((.0, Ng)Lg - arg[rDBR(w, Ng)] (230)
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0.7
0.6
2
£05
E=}
2
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0.3
0.2
0.1 : g 2
o ; ;
1.544 1.546 1.648 1.65 1.562 1.554
Wavelength [um]
Parameter Symbol | Value | Unit
Refractive index o 3.4
Confinement factor r 0.3
Recombination coefficient Ci 1- 108 S_1
Recombination coeflicient Co 8- 10_17 Il'l3/S
Recombination coefficient C3 4 - 10_41 m® / S
Index derivative with repsect to carrier density j—;\b{ —6 - 10_27 I'Il3
Absorption derivative with repsect to carrier density j—g, 26 - 10_22 III2
Internal absorption (s 7)) 20 Cl'Il_1
Bragg wavelength )\bragg 1.55 pHm
Width of waveguide layers %4 1 pm
Thickness of waveguide layers D 0.25 I
Length of PC section Lg 100 pHm
Length of DBR section L3 500 Hm
Facet reflectivity at the end of the DBR section (z = L2 + L3) T4 0
Corrugation phase 4] 0 rad
Normalised coupling coefficient KZL3 2

Figure 2.6:

Reflectivity of the Bragg section at a number of DBR currents.

The parameters used to describe the DBR section are listed in the

table.
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As shown in [4], the function can be approximated by the following expression:
w
h(w) = ho + wTin + 2;"2[42 + B1n |rpgr| — arg(rper) (2.31)

where hy is a parameter which only depends on the internal state of the active section,
Tin = 2L /vy is the roundtrip time in the active cavity, v, is the group velocity and S is
the material value of the linewidth enhancement factor.

From the gain and phase conditions, Eq. (2.28) and (2.30), it is possible to calculate
the lasing wavelength of the dominant mode when the PC and DBR currents are changed
[1], see Fig. 2.7. As the current into the DBR region increases, the Bragg wavelength
decreases (see Eq. (2.22) and the dashed line in Fig. 2.7) and causes mode-hopping among
the longitudinal modes in the DBR laser cavity, see Fig. 2.7a. When the PC current is
changed at a fixed DBR current the wavelength is tuned over the main lobe of the Bragg
reflector, as illustrated in Fig. 2.7b. The wavelength is decreasing between the mode jumps
and mode jumps become less frequent as I,; is increased. When Ippg increases, the mode
jumps become also less frequent. This is due to saturation of the carrier density N, and
N3 at high injection level. By changing both of the two currents to the passive sections at
the same time it is possible to obtain continuous tuning over a large wavelength range.

The output power from the front facet at the left in Fig. 2.5 is:

(1—73)|rel

Py = hwn;Sv — 2.32
b = oS = )T T + Tl (232
where the photon number in the gain section S is given by
I, aln
—EB (2.33)

egth1 V1

and 7; is the internal quantum efficiency and A is Planck’s constant divided by 27. gy, is
the threshold gain and V; is the volume of the active layer. P, is drawn in figure 2.7 as
a function of the PC and DBR current by the dotted line. The output power P, shows a
decreasing trend because of the increase of free-carrier absorption in the passive sections,
see Eq. (2.23) (da;/dN; is positive). Comparing Fig. 2.7a and 2.7b, we see that the output
power is more sensitive to Ipc than to Ipgg.

In the previous model it is assumed that the PC and DBR sections are made of lar-
ger bandgap material than the active section, and therefore are transparent at the lasing
wavelength. With increasing tuning current, free-carrier absorption in these sections res-
ults in a decreasing output power. If the PC and DBR section are made of material with
a bandgap that is close to that of the active section, the PC and DBR section can deliver
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PC current. The dashed line shows the shift in Bragg wavelength.
(After Ref. [1])

some amplification with increasing PC and DBR current [2]. This can be taken into ac-
count in Eq. (2.26) by adding a term describing the stimulated emssion occuring in these

sections:
R(N,) =N, + Cng + 631\/;-3 + Rst,i S 1=2,3 (234)

where ¢
Rst,i = ;1— g,-(N,-) 1= 2, 3 (235)
3

with g;(/V;) the optical gain in the PC and DBR section, respectively. If the DBR and PC
currents increase, both the gain (Eq. (2.35)) and the absorption (Eq. (2.23)) increase. The
amount of these increases depends on material parameters, such as the bandgap, and leads
to a positive or negative net gains (gain minus absorption).
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3. Static properties

3.1 Measurement setup

PLPS a.C. connections
PLPS socket
bc
PLPS .
Ippr

temperature

controller
Figure 3.1: Measurement setup.

For the measurements of the static and dynamic properties of the 3-section DBR laser
the measurement setup shown in Fig. 3.1 is used. The laser is mounted in a socket which
is held at a constant temperature using a Peltier element. The three bias currents, Igun,
Ipc and Ippgr, are adjusted by the three current supplies (PLPS). The light from the laser
is coupled into a single mode fiber by the coupling optics, including an optical isolator
which transmits the light from the laser to the optical fiber but prevents the reflected light
from returning to the laser. This is necessary because light that is coupled back into the

R R = Power
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laser generates noise in the laser output, disturbing its laser spectrum. In the measure-
ment setup various connections can be made to measurement instruments, such as a power
meter, wavelength meter and an optical spectrum analyzer. The three lowest connections
are used for measuring of the AM response, FM response, and linewidth, respectively. The
measurements of the dynamic properties (AM and FM response) and of the linewidth are
explained respectively in chapter 4 and section 3.5.

The lasers in table 3.1 are available for measurements:

Wafer no. Technology no. | A [A] | Bandgap | Coating gain
section
MOQT2775-1 LD1632 2402 | Q145 WG -
MOQT2775-2 LD1634 2402 | Q148 WG -
MOQT2776-1 LD1636 2410 | Qi45 WG -
MOQT2776-1 LD1636 2410 | Q.45 WG 10%
MOQT2776-2 LD1638 2410 | Qi48 WG -

MOQT2777-1 LD1640 2410 | Q.45 WG - 8 SL-QW
MOQT2777-1 LD1640 2410 | Q.45 WG 10% 8 SL-QW
MOQT2777-2 LD1642 2410 | Q148 WG - 8 SL-QW

MOQT2779-1 LD1644 2418 | Q, 43 WG ;
MOQT2779-2 LD1646 2418 | Q1.4 WG N

Table 3.1: Lasers available for measurements.

The lasers have a SIPBH structure as described in chapter 2.1. Some of the lasers contain
quantum wells in the active layer, e.g. MOQT2777-1 and MOQT2777-2 (8 SL-QW means
that there are 8 Strained Layer Quantum Wells in the active layer). In general, the use of
quantum wells leads to a higher output power, a reduced threshold current and a narrow
linewidth [3].

The wavelength of a DBR laser is determined by the Bragg wavelength, which in turn
is determined by the pitch of the grating A and the effective refractive index, see Eq.
(2.12). During fabrication, there are variations in the production proces, resulting in vari-
ations of the parameters. Especially the effective refractive index is difficult to predict and
therefore also the exact wavelength of the laser. A spread in wavelength within a single
wafer of about 2 nm is normal. For this reason a series of lasers is made, and each series
has a different pitch of the grating in the DBR section, see table 3.1. Then the laser with
the desired wavelength can be selected from the laser series.

Q145 WG means that in the PC and DBR sections a waveguide of quaternary mater-
ial composition (InGaAsP) is used with a bandgap wavelength of 1.45 pm. The Q45 WG
has a bandgap wavelength of 1.48 ym. The bandgap wavelengths are varied slightly, to
examine the bandgap dependency of the flatness of the power characteristic of the different
wafers, see section 3.3.
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In the previous chapter, zero reflectivity has been assumed on the facet of the DBR section
(i.e. 74 = 0%). The reflectivity of an as-cleaved facet is about 30 % which would result in
spurious Fabry-Perot resonances. Therefore an Anti-Relection coating (AR) is applied on
the back facet (DBR section) of all the lasers to reduce this effect. No coating is applied
on the front facet (gain section) of the laser, except for some lasers of MOQT2776-1 and
MOQT2777-1, which received a 10 % coating. These lasers have been used for wavelength
conversion experiments as described in Chapter 5.

3.2 Tuning characteristic

1558 : . : : . —
1557 r\'\ Igain = 65 mA -

EREREE \%
1sss LN

§° 1554 \L\

E Se

< 1553 1
1552 T - 1
1551 — — =

0 10 20 30 40 50 60 70
DBR current (mA)

Figure 3.2: Tuning characteristic of a 3-section DBR laser. The solid lines show
the wavelength as a function of the DBR current with a constant
PC current. The dotted line shows the quasi continuous wavelength
tuning when both the DBR. current and the PC current are con-
trolled.

Figure 3.2 shows a tuning characteristic of a 3-section DBR laser. When a constant PC
current is applied, the wavelength tuning as a function of the Bragg current occurs by mode
hopping, see the solid line in Fig. 3.2. Each successive mode has a shorter wavelength than
the previous one. Within a single mode, continuous tuning is accomplished by varying
the phase current and, in order to keep track of the mode, by simultaneously varying the
Bragg current as well, since the modes shift towards larger Bragg currents with increasing
PC current. The result is a quasi continuous tuning curve of approximately 6 nm, see

the dotted line in Fig. 3.2. Typical values of the DBR and PC current are 0-70 mA and
0-30 mA, respectively.
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Figure 3.3: Wavelength ranges for a few lasers of the 8 different wafers.

In Fig. 3.3 the wavelength ranges are drawn for a few lasers of the 8 wafers. The wavelength
ranges for all wafers are about 6 nm, and shift to higher wavelengths when the pitch of the
grating A increases. The spread in central wavelengths is for MOQT2775-1, MOQT2775-2
and MOQT2776-2 about 4 nm, the others exhibit a spread of about 2 nm. As an example,
the tuning characteristics of 5 lasers of MOQT2775-2 are given in Fig. 3.4. Here, it is ob-
served that the spread in central wavelengths of 4 nm splits into two groups, each having
a spread of less than 1 nm. It appears that there are two Bragg wavelengths in the wafer,
which might be due to variations in the effective-mode index or the pitch of the grating.

3.3 Power characteristic

The next important characteristic is the power characteristic. This curve preferably must
be as flat as possible over the entire tuning range. The flatness of the power characteristic
depends on the bandgap in the PC and DBR section, see Chapter 2.2.1. To examine the
bandgap dependency of the flatness of the power-characteristic, the bandgaps in the PC
and DBR section of the different wafers are varied slightly, see table 3.1. In Fig. 3.5 curves
are drawn for two lasers with different bandgaps in the PC and DBR section. With increas-
ing tuning current (decreasing wavelength) too much amplification leads to an increasing
power curve in each single mode, and insufficient amplification results in a decreasing power
curve in each single mode, see Fig. 3.5.
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Figure 3.4: Tuning characteristics of 5 lasers of MOQT2775-2.
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In Fig. 3.6 and Fig. 3.7 the P(Ippr) and P(Ipc) curves are drawn for a Q)45 and a
Q1.48 laser, respectively. The jumps in the P(Ipgr) and P(Ipc) curves are due to mode
jumps. The decrease in power in one mode of the P(Ipgr) curve is indentical for the Q; 45
and the Q) 43 lasers. The decrease in power in a mode, as a result of the increase of the
DBR current, can be compensated by the increase in power in a mode if the PC current
is increased. The increase in power in the P(Ipc) curve in a mode is larger for the Q) 4g
laser and therefore it can deliver more compensation than the Q45 laser.

When the DBR current increases the main lobe of the reflectivity shifts to lower wavelengths
while the lasing wavelength approximately remains the same. The result is a decrease in
the reflectivity, see Fig. 3.8, leading to a decrease in the output power in a mode.
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Figure 3.6: Output power as a function of the PC and DBR currents for a Q1.45
laser.
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Figure 3.8: Illustration of the decrease in reflectivity and power in a mode

when the DBR current increases.
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To explain the shape of the P(Ipc) curve, transmission measurements of the PC section
are made, using the measurement setup of Fig. 3.9. The gain section is cleaved off from
the laser. The output power is measured for varying the input wavelength while the input
power is held constant at -10 dBm. In Fig. 3.10 and Fig. 3.11 the output power is drawn
for the Q.45 and the Q; 43 laser at two values of the PC current. These figures shows a
minimum, as a result of the wavelength dependent reflectivity of the DBR section. The
transmitted power increases in the case of a Q 45 waveguide layer (outside the reflectivity
band of the DBR), while it remains constant for a Q45 layer. This is in agreement with
the P(Ipc) curves shown in Fig. 3.6 and 3.7.

l Ipe
tunable o Power
owe
laser PC DBR
Pin =-10dBm AR!coaling

Figure 3.9: Measurement setup to measure F,,:()) for different Ipc. The gain
section is cleaved off from the laser. Light is coupled into and out
the laser by fiber tips.

The values of the transmitted powers in Fig. 3.10 and 3.11 can not easily compared, be-
cause of the different coupling efficiencies. However, due to the larger absorption in the
Q1.4 layer, one expects the transmitted power to be less than for a Q45 layer (in the case
of equal coupling efficienties).

Fig. 3.10 and 3.11 show oscillations outside the reflectivity band of the DBR, which are
the result of the FP cavity, formed by the facets. The length of this cavity can be calcu-
lated from the period of the oscillations (AX = 0.55 nm), using Eq. (2.11), and results
in L., = 642 um where an effective refractive index of 3.4 is assumed. The length of the
laser, without the gain section, is 600 gm, which agrees well with the measurement.
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Figure 3.10: Output power as a function of the wavelength for 2 different PC
currents. The laser has a Q1 45 waveguide layer in the tuning sec-
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Figure 3.11: Output power as a function of the wavelength for 2 different PC
currents. The laser has a Q; 43 waveguide layer in the tuning sec-
tions .
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In order to determine which bandgap is the best in the PC and DBR sections the power
characteristics have been measured for a few lasers of each wafer. To make good comparison
between the power characteristics of the different wafers, the overlapping parts of the
modes having the largest deviation from a straight line through the power curve have been
removed. This straight line is obtained using a least squares fit to the measured data.
The power is measured with the coupling optics and after that calibrated with a large
photodiode. In Fig. 3.12 the optical power ranges are shown for a number of lasers of each
wafer. It is between 7 and 9 dBm for the bulk lasers and between 10 and 12 dBm for
the quantum well lasers. Clearly the quantum well lasers have a larger output power, in
accordance with their lower threshold currents, see section 3.4.

1042752 ----- ii """" 77 aria a2 apea T 2192
2775-1 10%
Lo dnsg AR T E T o
2776-1 2776-2
6 I 2776

Pmax, Pmin (dBm)

Figure 3.12: Power ranges for a number of lasers of the 8 wafers. The over-
lapping parts of the modes have been removed (see text). 10 %
indicates devices having a 10 % coating on the front facet (gain
section).

To examine the flatness of the power characteristics, two parameters have been defined,
expressing the per mode flatness (@average) and overall flatness (a). The parameter a is the
slope of the line through the power characteristic and auverage is the average slope of the
lines if drawn through the individual modes of the power characteristic, see the inset of
Fig. 3.5. If Gaverage 18 positive the power in a mode decreases if the wavelength decreases,
indicating that the PC and DBR sections deliver insufficient gain, see (a) in the inset of
Fig. 3.5. If Gaverage 1S negative the power in a mode increases if the wavelength decreases,
indicating that the PC and DBR section deliver too much gain, see (b) in the inset of
Fig. 3.5. If daverage approaches zero, optimum flatness of the power characteristic is ob-
tained.
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Figure 3.13: The flatness parameter aaverage for a few lasers of the 8 different
wafers. 10 % indicates devices having a 10 % coating on the front
facet (gain section).

a (dB/nm)

277711
10% 27792

Figure 3.14: The flatness parameter a for a few lasers of the 8 different wafers.
10 % indicates devices having a 10 % coating on the front facet
(gain section).
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In Fig. 3.13 and 3.14 the parameters @ayerage and a are shown for a number of lasers of each
wafer. From these figures, it follows that for the bulk active layer lasers, a Q45 layer in
the tuning sections yields insufficient gain (positive Gayerage) While a Q; 45 layers result in
too much gain (negative @ayerage)- The optimum composition is therefore expected to be
found between Q;.45 and Q;4s, but near Q; 43 which yields the lowest |aaverage]. For the
quantum well lasers the optimum is near Q; 4s.

3.4 L-I characteristic
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Figure 3.15: L-I curves for a Quantum well and bulk laser at the end of the first
mode.

Fig. 3.15 shows the L-I curves for a Quantum well and a bulk laser and Fig. 3.16 shows
the threshold currents for one laser of each wafer. The threshold currents are measured
for increasing gain current, yielding the on-threshold current Ly ., (upper points), as well
as for decreasing current, the off-threshold current Iy, o (lower points). This have been
done for four points on the tuning characteristic, namely the beginning and end of the
first and last mode. The threshold currents for the bulk active layer and the quantum well
lasers are 20-45 mA and 10-20 mA, respectively. The threshold currents exhibits hysteresis,
Iinon > Iinos, for the bulk active layers, except at the end of the tuning characteristic.
Furthermore it is observed that sometimes mode jumps in the wavelength occur, if the gain
current is varied. By injecting current in the gain section, the refractive index is changed,
resulting in a shift of the lasing wavelength, which in turn can cause a mode jump to occur.
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3.5 Linewidth

To measure the linewidth, the lowest part of the measurement setup in Fig. 3.1 is used.
During the measurements of the linewidth, half of the light is coupled by the 3-dB coupler
into an Acousto-Optical Modulator (AOM), which shifts the wavelength of the light by
80 MHz. For breaking the coherence of the light, the light is lead through 3.3 kilometre
of fibre. Then the light is recombined together with the input signal in the 3dB-coupler.
The output of the coupler is detected using a photodiode, and the resulting signal is an
electrical spectrum at a center frequency of 80 MHz. The Full Width at Half Maximum
(FWHM), i.e. the width of the peak where the power has decreases by 3 dB, which can be
measured using an electrical spectrum analyzer, yields twice the linewidth of the laser. In

o J2s1 (L I
27752  2776-1

Linewidth (MHz2)
® O
s
_
=
—

Figure 3.17: The linewidth ranges for a number of lasers of the 8 different wafers.
10 % indicates devices having a 10 % coating on the front facet (gain
section).

Fig. 3.17 the linewidth ranges are drawn for a number of lasers of the 8 different wafers.
From this figure, it follows that the quantum well lasers, MOQT2777-1 and MOQT2777-
2, have the smallest linewidth. The linewidth of a laser is primarly determined by the
linewidth enhancement factor J;, which decreases with increasing gain coeflicient a;. With
a proper design of the laser, the gain coefficient can be doubled in quantum well lasers
as compared to bulk active layer lasers [3]. This leads to a decrease of the linewidth for
the quantum well lasers as observed in Fig. 3.17. From the measurements it is found that
the linewidth at the end of the tuning characteristic, i.e. for large PC and DBR currents,
increases rapidly. The linewidth broadening is determined by the fraction of spontaneous
emission, originating in the PC and DBR section, which is coupled into the lasing mode [6].
If the PC and DBR currents increase, the spontaneous emission increases as well, resulting
in an increase of the linewidth.
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4. Dynamic properties

When a small a.c. signal is applied to one of the sections of the 3-section DBR laser, the
output power experiences a small variation in intensity (Amplitude Modulation). Vari-
ations in the current lead to variations in the refractive index as well, which in turn result
in variations in the wavelength of the laser (Frequency Modulation). AM modulation and
FM modulation are thus always present at the same time. AM and FM modulation of the
3-section DBR laser can be applied to any of the three sections, with each section having its
own frequency response and residual FM or AM modulation. To measure the AM and FM
response of the three sections of the laser, an a.c. signal is applied to one of the sections
using the measurement setup of Fig. 3.1. The AM-response can be directly measured using
a photodiode, which converts the intensity modulation of the light to an electronic AM
modulated signal which can be measured using a spectrum analyser. The FM response can
be transformed into an AM modulated signal by means of a Mach-Zehnder Interferometer
(MZI). In the MZI the light is splitted by a 3dB coupler into two parts, which are coupled
into two short fibers with a length difference of 0.5 cm. This causes a difference in phase
of the light at the end of the fibers. Then the light is combined again using a second 3 dB
coupler resulting in an interference pattern.
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Figure 4.1: The MZI transfer funcion. The dots present the measured values
and the solid line is the fitted line between them.

In Fig. 4.1 the transfer function is drawn of a MZI which is given by A(1 + cos(¢)). Here
A is a constant and ¢ is the phase difference between the ends of the two fibers and is
dependent on the wavelength of the light. The output of the MZI has maxima at a phase
difference of 2mm, where m is an integer, and minima at a phase difference (2m + 1)7. To
reduce distortions during measurements of the FM-response, it is important to adjust the
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wavelength of the laser to the center of the linear part of the MZI transfer function. In
addition, the wavelength deviation must not be larger than 0.14 nm (2.5 GHz) to remain
inside the lineair region.

4.1 AM-response
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Figure 4.2: The AM-response of the gain section for different gain currents.
Ipc = 5.8 mA, Ippg = 47 mA.

From Fig. 4.2, which shows the AM respons of the gain section for different gain currents,
it is observed that the AM response is nearly constant until the relaxation oscillation
frequency is reached, which causes a high peak in the AM response. The relaxation oscilla-
tions are caused by an intrinsic resonance, in which energy stored in the system oscillates
back and forth between the electron and photon populations, if the gain current increases
rapidly from a steady state to a final value. From [3] it follows that the angular frequency
of the relaxation oscillations can be written as

QR — GN (Igaine_ Ith)

(4.1)
where Gy is the gain derivative and is a material parameter. The frequency of the relaxa-
tion oscillations is about 5 GHz, and is nearequal for the different wafers. From Eq. (4.1)
it is observed that if the gain current decreases the relaxation oscillation frequency shifts
to shorter frequencies as is also observed in Fig. 4.2.
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Figure 4.3: The AM-response of the gain section for 2 lasers of 4 different
wafers. The frequency is 10 MHz.

The AM-response of the gain section is shown in Fig. 4.3 for a number of lasers. The
AM response is independent of the wavelength and doesn’t vary much among the different
wafers. The AM respons of the different wafers is between the -3 and +4 dB and the
variations are presumable the result of variations in the incoupling. The AM response is
measured on a flat part of the AM responss, and a frequency of 10 MHz is chosen.

4.2 FM-response

A method to measure the FM response is the use of a MZI, which converts the FM-
response to an AM response which can be measured with a spectrum analyzer. During
the measurements of the FM response there is, in addition to the FM response, always the
AM response at the output of the MZI. If the FM response is much larger than the AM
response, the latter does not affect the measurement of the FM response. Measurements
of the FM response of the gain section could not be made reliably with a MZI due to the
residual AM response. The FM response is normally expressed in MHz/mA, and this is
not possible with a MZI and therefore calibration is necessary. For the calibration, the FM
respons is made visible with a scanning Fabry Perot etalon at one modulation frequency.
Then the power of the modulation signal is tuned untill the optical carrier wave disappears,
modulation index m =~ 2.4, and only the sidebands remain. From this modulation signal
power it is possible to calculate the FM-respons by

fa = 20 (4.2)

33



where fa is the FM deviation in Mhz/mA, f,, the modulation frequency and I, the mod-
ulation current. After that, the entire FM response, which is measured with the MZI, can
be calibrated.

The FM responses of the DBR and PC sections are much larger than the AM response and
therefore a reliable measurement of the FM response is possible using the MZI technique.
In Fig. 4.4 an example is given of the FM response of the DBR section, and in Fig. 4.5 the
FM responses and bandwidths of the FM response are drawn for a number of lasers. The
FM responses are measured on a flat part of the curve (chosen is a frequency of 10 MHz).
From Fig. 4.5 if follows that the FM response decreases with decreasing wavelength. The
slope of the tuning characteristic is large at small DBR currents (long wavelengths) and
small at large DBR currents (short wavelengths), see Fig. 3.2. This means that at the be-
gin of the curve, the wavelength is very sensitive to variations in the DBR current, which
implies a large FM response; and at the end of the curve the sensitivity to the DBR current
is small, and the FM response is small. On the other hand, the bandwidth increases with
decreasing wavelength. This is due to the fact that the maximum speed of modulation in-
creases if the carrier density increases [3]. The differences in FM responses and bandwidths
of FM responses of the wafers are small except at the last points of the tuning curve. The
DBR current at these points is near the threshold current of the DBR section, resulting in
unstable operation of the laser.

In Fig. 4.6 an example is given of the FM response of the PC section, and in Fig. 4.7
the FM responses and bandwidths of the FM response are drawn for a number of lasers.
The FM responses are measured on a flat part of the curve (chosen is a frequency of 10
MHz). From Fig. 4.7, it follows that the FM response and the bandwidth are nearly the
same at the begin of the modes. This is also true for the end of the modes. The reason is
that the PC currents at the begin of the modes and at the end of the modes are equal. The
slopes of the A(Ipc) characteristics are at the begin of the modes larger than at the end of
the modes, see Fig. 2.7. The result is a larger FM response at the begin of the modes and
a smaller FM response at the end of the modes. The reason for this effect also is due to
the fact that the maximum speed of modulation increases if the carrier density increases.
The differences in FM responses and bandwidths of FM responses of the wafers are small
except at the last points of the tuning curve. The DBR current at these points is near the
threshold current of the DBR section, resulting in unstable operation of the laser.
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Figure 4.4: The FM-response of the DBR section at 6 different positions on
the tuning curve. 0 dB corresponds to 100 MHz/mA.
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The FM-response and bandwidth of the PC section for 4 lasers
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response is 10 MHz and 0 dB corresponds to 100 MHz/mA.
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5. Application of the 3-section
DBR laser as a wavelength con-
verter.

5.1 Introduction.

. 1
gain PC DBR

Iy 1 [ ] | IR

Pin A'Ln —_—

P
out out

Gain section Phase Control DBR section
section

Figure 5.1: Schematic of a DBR wavelength converter.

A schematic diagram of a DBR laser used as a wavelength converter is shown in Fig. 5.1.
Wavelength conversion is accomplished as follows: The DBR laser is biased above threshold
and oscillating at a wavelength ... An intensity modulated optical input signal with
wavelength ), is injected into the gain section of the laser. This input signal causes stim-
ulated recombination resulting in additional depletion of free carriers and consequently a
modulation of the gain. The output power reflects this gain modulation, carrying the same
(but inverted) information as the input signal. As a result, all-optical wavelength conver-
sion from wavelength Ai, to wavelength A, has been performed. The lasing wavelength
Aout can be tuned over the entire wavelength range of the DBR laser by adjusting the PC
and DBR currents.

The input power is of considerable importance since the injected optical signal should
have an intensity comparable to that of the lasing mode to obtain the required gain sat-
uration. Because the reflectivity of an uncoated facet is approximately 30%, the power
actually injected into the gain section is reduced. By applying a 10% reflection coating
to the gain section facet, it is possible to couple more signal power into the gain section,
see Fig. 5.2. For the cleaved facet (r; = 30%) an input power of +5 dBm is necessary to
reduce the output power by 3 dB, while application of a 10% reflection coating reduces the
required power to only -1 dBm [8]. This is due to a higher carrier concentration which is a
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result of a higher gain, see Eq. (2.7), as a result of the increase in mirror loss, see Eq. (2.8).
In addition, there is a higher coupled input power into the cavity.
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PP ontmiotiod sowdmiouon b---—\_

) AR
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Figure 5.2: OQOutput power at wavelength \,ut versus input power at wavelength
Ain with the front facet reflection r; as a parameter. (After Ref.

(&)

The input power required for efficient wavelength conversion can also be reduced by de-
creasing the gain current, see Fig. 5.3. This figure shows the output extinction ratio,
which is the ratio of Ppax and Py, as a function of the gain current with the average
input power as parameter [8]. A decreasing output extinction ratio is observed with in-
creasing current and decreasing input power. Furthermore, it is observed that an extinction
ratio enhancement can be obtained. Finally, if the gain current is decreased, the rise and

fall times increase, resulting in decrease of the bit rate of wavelength conversion that can
be obtained [8].
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Figure 5.3: Output extinction ratio as a function of the gain current with the

average input power as a parameter. The input extinction ratio is
10 dB. (After Ref. [8])

38



5.2 Reduction of the input power

For the measurement of the P, (P,,) curves with various parameters, the measurement
setup of Fig. 5.4 is used. The input signal is provided by a DFB laser at a wavelength of
Ain = 1538.4 nm or A, = 1550.3 nm, and is amplified by an Erbium Doped Fiber Amplifier
(EDFA) to a power of about +13 dBm. Next, it is fed through a variable optical attenuator
and a polarisation controller. Finally, light is coupled into and out of the DBR laser using
a 3 dB-coupler and a tapered fiber. The input signal is partially reflected by the DBR
front facet and will contribute to the measured output power. Therefore an optical band
pass filter is used to remove this signal.

I pes = 60 MA 7 =P
DFB EDFA attentaor (X XD,4 B [ DBR
Laser L Laser
C D
DFB: CQF91/D #1561 A=1538.4 nm 7
#1384 2213503 Optical | 3 _1530.1562 um
tilter -
DBR: MOQT2776-1 .
MOQT2776-1 10% coating Pou
MOQT2777-1
MOQT2777-1 10% coating Power

Figure 5.4: Measurement setup to determine the FPout(F;,) curves. A tapered
fiber is used to couple light in and out of the DBR . laser.

In Fig. 5.5 the measured F,,.(P,,) curves are drawn for a bulk active layer laser (MOQT2776-
1) and a Quantum Well laser (MOQT2777-1) without coatings on the front facet and a
bulk active layer laser with a 10%-coating (MOQT2776-1 10%). The curves are measured
for 3 gain currents. In Fig. 5.6 the power reductions of the three lasers are shown at four
wavelengths. From these figures it is observed that the power reduction (Jg.in = 65 mA) is
about 0.5 dB for the uncoated bulk laser and 2 dB for both the coated bulk and Quantum
Well lasers. For low gain current (I, =45 mA), the power reduction for the coated laser
increases rapidly, from 3.5 dB to 14.5 dB, when the wavelength decreases. This is presum-
able due to the decreasing output power (= 1 dB) at the end of the tuning characteristic.

During measurements of the P, (P.,) curve of the Quantum Well lasers with a 10% coat-
ing, wavelength jumps are observed. Due to the 10% coating, a larger fraction of the
power resulting from residual reflections in the measurement setup is coupled back into the
laser, leading to a substantial increase of the feedack noise and linewidth. Application of
an Anti-Reflection coating to the fiber tip is expected to help decreasing the reflected power.

With decreasing gain current, the power reduction increases, but less with increasing
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wavelength within the same mode of the DBR laser, as shown in Fig. 5.6. To obtain
the best conversion performance, the gain peak of the gain section should be close to
the input wavelength. The gain spectrum can be obtained by measuring the spontan-
eous emission characteristics of the laser just below threshold, see Fig. 5.7. The peaks
at A = 1555 nm originate from the reflectance of the DBR grating, indicating the Bragg
wavelengths at which the laser will operate if biased above threshold. From Fig. 5.7 it
follows that the optimum input wavelength for a Quantum Well laser is near 1520 nm,
while for the bulk active layer device is close to 1555 nm. The latter nearly coincides with
the output wavelength and therefore an input wavelength should be chosen just outside
the gain peak.
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Figure 5.7: Spontaneous emission characteristics of a bulk active layer and a
Quantum Well laser. (Ipc=2 mA and Ipgr=2 mA).
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Figure 5.8: Measurement setup.

5.3 System experiments

The measurement setup is shown in Fig. 5.8. The DFB laser (A\j, = 1538.4 nm) is modu-
lated by a 222 —1 PRBS signal at 2.5 Gb/s, a peak-to-peak current of 20 mA and a output
exinction ratio of 5.4 dB. The resulting output signal, shown in Fig. 5.9, is injected into the
DBR laser with an average power of +8dBm. The Quantum Well lasers with Q; 4g tuning
layer exhibit the highest output power and a high power reduction and therefore have been
used in these experiments. The 3-section DBR laser outputs an inverted version of the
signal at a wavelength of Ay = 1556.0 nm, which is shown in Fig. 5.9. The converted
signal is measured with a sampling oscilloscope or a Bit Error Rate (BER) meter. Fig 5.10
shows the output extinction ratio as a function of the gain current, which increases with
decreasing gain current. If the gain current is below 54 mA, an improvement in the extinc-
tion ratio is observed. Fig. 5.11 shows an eye pattern of the converted signal at an input
power at the frontend of -10 dBm and Fig. 5.12 shows BER measurements of the DFB
signal, EDFA signal, and converted signals at four wavelengths. For direct detection of the
DFB signal, the sensitivity of the system is -19 dBm at a BER of 10~ and the penalty for
the EDFA is 1 dB. This penalty is due to fluctuations in the output power of the EDFA.
The penalty for wavelength conversion is 2 dB at the beginning and 4 dB at the end of the
tuning curve. The reason for the larger penalty at the end of a lasing mode on the tuning
curve is not understood yet. It may due to an increased feedback senitivity (the fiber chip
coupling is established using a tapered fiber, without an optical isolator) at the end of the
tuning range, resulting in an increased noise level, however, additional measurements are
required to resolve this issue.
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6. Conclusions

In this report, a description is given of the operation and characterization of a tunable
three section DBR laser and its application as a wavelength converter. Tabel 6.1 shows a
summary of the static properties of the lasers:

min. | max. | unit

Wavelength range 1544 | 1565 | nm
Tuning range* 5 7 nm
Power* (bulk) [ 7 9 |dBm
QW) | 10 | 12 | dBm
Linewidth * (bulk) | 6 14 | MHz

QW) | 3 6 | MHz
Threshold current (bulk) | 20 45 | mA
QW) | 10 | 20 | mA

(Gain current - 100 mA
PC current - 30 mA
DBR current - 70 mA

* at 25 °C and 65 mA gain current
Table 6.1: Static properties of the three section DBR laser.

It is observed that application of Quantum Wells in the active layer, as compared to a bulk
active layer, results in a higher output power, a lower threshold current, and a narrower
linewidth. The wavelength dependence of the output power of the laser can be reduced by
choosing the bandgap of the waveguide layer in the PC and DBR section close to the laser
wavelength. Then, the PC and DBR sections deliver some amplification, compensating
for the losses due to the increase in free carrier absorption with increasing PC and DBR
currents. The optimum composition of this layer is expected to be found between Q45
and Q.45 (near Q4s for the bulk lasers, and near Qi 45 for the Quantum Well lasers).

The dynamic properties investigated consist of the AM and FM responses. The band-
width of the AM-response of the gain section is determined by the relaxation oscillations
and is for all lasers the same. Tabel 6.2 shows the FM responses and bandwidths of the
PC and DBR sections, which are the same for all devices.

Wavelength conversion using a 3-section DBR laser has been demonstrated. The required
input power for wavelength conversion can be reduced by 1.5 dB by applying a 10% coat-
ing to the gain section facet, and by decreasing the gain current. An extinction Ratio
enhancement of 2 dB can be obtained by reducing the gain current. The BER penalty for
wavelength conversion is 2 dB at the beginning and 4 dB at the end of the tuning range.
However, additional measurements are required to investigated this more in detail.
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FM response (Ghz/mA) | Bandwidth (MHz)
DBR section
begin of tuning range 5.6 100
end of tuning range 0.6 600
PC section
begin of mode 5.6 100
end of mode 1 500

Table 6.2: Dynamic properties of the three section DBR. laser.
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