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Abstract. — A general formalism based on the Green’s function method is given for multi-
electrode semiconductor lasers. The spatial hole burning effect is taken into account in this
formalism. The frequency and intensity modulation properties of multi-electrode semiconductor
lasers can be predicted using this theory. A general linewidth expression is given which includes
contributions from spontaneous emission and carrier shot noise. This method is applied to two-
electrode distributed feedback (DFB) and two-electrode distributed Bragg reflector (DBR)
lasers. Experimental results for a two-electrode DBR laser are given and show a good agreement
with the theoretical model. Moreover, the drive current noise of a tunable multi-electrode laser is
shown to have an important influence on the measured lineshape and linewidth.

1. Introduction.

The requirement imposed on sources for coherent optical communication systems has led to
the great development of distributed feedback (DFB) and distributed Bragg reflector (DBR)
lasers in recent years. The essential feature of these lasers is their ability of dynamic single
mode operation. More recently, the requirement of flat FM response and frequency tunability
led to the development of multi-electrode lasers [1-7]. The additional electrodes allow for the
independent control of, for example, the emission power and the emission frequency [2-6].
The dynamic and noise properties of this type of lasers have also been much affected by the
additional electrodes. For example, frequency and amplitude modulation properties can be
controlled ; the spontaneous emission rate coupled to the lasing mode is injection current
dependent ; carrier shot noise could lead to a non-negligible linewidth, etc.

The main features of multi-electrode lasers are their inherent longitudinal inhomogeneity.
Among various classical electromagnetic approaches, the Green’s function method initially
proposed by Henry [8] is the most efficient in treating spatial inhomogeneities of
semiconductor lasers. In this method, the solution of the wave propagation equation
corresponding to a point source is called the Green’s function. The general solution is a spatial
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averaging of the Green’s function weighted by the correspondent excitation source. Using this
method, the spontaneous emission rate coupled to the lasing mode is related to the laser
structure. The phase-amplitude coupling factor is shown to be not only a material parameter,
but also affected by the structure and the wavelength detuning from he gain maximum [9].
However these discussions are limited to single electrode lasers.

The dynamic and noise properties of multi-electrode lasers have been analysed first by
Lang and Yariv [10]. But in their analysis, the spontaneous emission rate was not related to
the laser structure. Moreover, the investigated Cleaved-Coupled-Cavity lasers are of much
less interest today. Multi-electrode DFB and DBR lasers have been analysed recently by
Tromborg et al. using the Green’s function method [11, 12]. In their analysis, the Wronskian
was considered, for the first time, as a functional of carrier density distribution, rather than as
a function of carrier density. This treatment enables the authors to take into account any
nonuniform carrier density distribution due to the presence of multi-electrodes and/or due to
the spatial hole burning effect. But unfortunately, the Wronskian is considered also as a
functional of photon density distribution. This functional dependence is not permitted in the
Green’s function method, as this method is only valid for a linear dielectric constant. The
Wronskian, resulting from solutions of wave equation for a linear dielectric constant, can
never be an explicit function of photon density distribution.

The purpose of this paper is to give a comprehensive analysis of multi-electrode lasers. In
our approach, the Wronskian is considered as a functional of both frequency and carrier
density distribution. The spatial hole burning is included through a power dependent carrier
density distribution. The material nonlinear gain can also be taken into account in this method
through a perturbation method. That results in an effective nonlinear gain, which is presented
in a letter [13]. The full result will be presented in a separate paper [14].

This paper is organized as follows : in section 2, the Green’s function method is generalized
to multi-electode lasers. In sections 3 and 4 this method is applied to two-electrode DFB and
DBR lasers. In section 5, the experimental results for a DBR laser are presented. A
conclusion is given at the end of this paper.

2. Theory for multi-electrode semiconductor lasers.

2.1 GENERAL FORMALISM. — The starting point of our analysis is the propagation equation
in the frequency domain. It is assumed that the semiconductor medium is linear. This is a
good assumption for lasers biased near the threshold. The inclusion of the material nonlinear
gain will been presented elsewhere [13, 14]. We shall concentrate our attention to the
longitudinal axis, although the same principle of analysis could be used for transverse tuning
devices as Tunable-Twin-Guide DFB lasers [15, 16].

In this condition, the electrical field in the laser cavity is thus governed by the

inhomogeneous scalar Helmholtz equation [8] :
VE, (z) +kie,(N(2)E,(z) = F,(z) (1)

where V2 is the Laplacian operator for the longitudinal coordinate z, ky = w/c is the wave
number in vacuum, ¢£,(N (z)) is the dielectrical constant depending on the carrier density
distribution N (z) and F ,(z) is the Langevin force describing the spontaneous emission. The
complex dielectrical constant is written as :

e,(N(2)) = [n—j(g — a ) (2ky)T (2)

where n is the refractive index, g is the gain and ay the internal loss, both in power.
n and g are both functions of carrier density distribution N (z).
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The general solution of the scalar equation is obtained by using the Green’s function
formalism and reads [8] :

E (z) = f G, (z,z')F (") d:z’ (3)
(L)

where the integration is done over the total cavity length. G (z, z') is the Green’s function
oiven by [8] :

) Z.(z=)Z (z=)
G,(z,2') = o NG (4

where z > = max (z, z')and z < = min (z, z'), Z, (z), Z_ (z) are two independent solutions
of the homogeneous equation, satisfying the boundary conditions for the left or right facet
ind W{(w, N (z)) is the Wronskian of these solutions. The Wronskian is a functional of the
inalysis frequency o and the carrier density distribution N (z). It is not explicitly dependent
on the coordinate z. Our approach is different from that of Tromborg et al., in which the
Wronskian is considered also as a functional of photon density distribution [12]. This is not
sermitted for neither a linear nor a nonlinear-included material dielectric constant. In the
inear case, the photon density distribution does not appear explicitly in the dielectric
onstant, and in turn, in the Wronskian, although it affects the carrier density distribution
hrough the spatial hole burning effect [17]. In the nonlinear case, the Green’s function
nethod can not be used directly. A perturbation method, allowing to overcome this difficulty,
eads to a different result from that of Tromborg er al. [13, 14].

For a laser system, it is important to study the oscillation condition. In the Green’s function
nethod, it is expressed by setting the Wronskian of functions Z, (z) and Z_ (z) to zero. These
wo functions Z, (z) and Z_(z) are then identical to one solution Z,(z), satisfying the
oundary conditions at both facets and representing the longitudinal distribution of the
lectrical field in the laser cavity.

After finding the longitudinal distribution of the electrical field in the frequency domain
'» (), the next step is to examine the field evolution in the time domain. In order to do that,
e frequency and spatial dependences are separated by dividing the electrical field
w(2) by Zy(z). The first order development of the Wronskian around the operating point
ives :

W(w,N(:)):ﬂ(w—wO)+f i)—-‘/KA]\/(Z)dZ (5)
dw (L) aN
here w, is the emission frequency and AN is the variation of carrier density distribution from
e operating point. By using the inverse Fourier-transform, the following rate equation for
e complex amplitude B,(¢) is obtained [9] :

dBy : ‘ |
—= ] Wiy AN (z) dz B (1) + Fp (1) (6)
dr @)

here Wy = %-%g]—:j-, By(1) is the slowly varying complex amplitude. F g, 1s the Langevin

rce associated with the complex amplitude in the time domain. The spontaneous emission
te R, is given by [8]:

5 Z§ goynong Zydz Z§ngn, Zydz
R 4wyl (L) ’

sp T (7)
o3 [oW/do |2
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Passive sections with energy bandgap different from the lasing band don’t contribute directly
to the spontaneous emission rate.

To know the dynamic and noise properties, one has to use the rate equation for the carrier
density in the laser cavity :

dN (z, t)

” =J(z, 1) ~R(N(z,8)) —v,9(z, 1) S(z, t) + Fy(z, 1) (8)

where J(z,t) = J(z, t)/(ed), J(z,t) is the current density, e is the electron charge,
d is the thickness of the active layer, S(z, t) is the photon density, R (N (z, t)) the non-
stimulated recombination rate and F), (z, 1) the Langevin force representing the carrier shot
noise. The photon density is related to the field intensity distribution by :

1

$(z, 1) =Co|Zo@|*P (1), Co=—rr
wdf |Zo(z) | dz
0

%)

where w is the width of the active layer and P (¢) is the total photon number in the cavity. It is
assumed here that the spatial and temporal dependences of the photon density can be
separated. In fact, this is a direct consequence of the linear approximation of the Wronskian
made in (5) [14].

The stationary distributions N (z), Zy(z) are self-consistent solutions of the homogenous
propagation equation and the stationary carrier rate equation. These distributions are
generally power dependent. This is the spatial hole burning effect [17].

The above analysis gives the basis of our formalism. In what follows, it will be used to
discuss the dynamic and noise properties of multi-section lasers. It is more practical to convert
the field rate equation into the photon number and phase rate equations as follows :

drP

—_— =2 Wy AN (z)dz P (1) + Fp (1) (10a)
dr L) i

do

L = Wy AN (z)dz + F 4 (1) . (10b)
dr @) d

The subscripts r, i refer to the real and imaginary parts of the complex parameter
respectively. By linearizing the carrier rate equation and using the Fourier transform, the
small signal solution is written as :

F
AP () = P + | Hp(z, 2) (A + Fyy) dz (11a)

m_zﬁf UyA(z) |Zy(z)]?dz 7
()

AJ(z, )+ Fy —A(2) |Zo(2) |2 AP (0
AN(Z,.Q)z ( ) + Nj!) +(1/)T!R ()( )l (£2) (11b)

J Uy A(z) |Zo(2)]* dz
Aw(2) = “) Fp+F¢ +277—J H;(z, 2) (AJ + F ) dz
_m-—zﬁf Uy A(2) | Zo(z)]  dz “
(L)

(11c)
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where A (z) = C U, gy [N (z) — Ngl, P is the average photo number in the laser cavity and

7z 18 the local carrier lifetime defined as :

I _ RN (2)) .
T TN +Cqav 7 (z P 12
TR IN(E) Ine=F@) 0V 94 |Zo(2)] (12)
The functions U, and U, are defined as :
Wy W,
! ‘]0+1/TR 2 j"()Jf"l/TR ( )

he local photon number and frequency modulation transfer functions denoted by
[p(z, £2) and H;(z, £2) are given by :

—2PU,
Hp(z, 2) = (14a)
j.(Z—ZISJ Uy A (z) |Zo(2)]* dz
L)
—j U,
H(z, 2) = U, . (14b)

jn _215J UyA(2) |Zy(z)| dz
(L)

In the first part of our formalism (from w to ), it is assumed that the carrier density
stribution AN (z) is a constant in the time domain. This is a reasonable approximation, as
e temporal variation of AN (z) is much slower than the optical frequency
o(2 ™ x 10" Hz). On the contrary, the same AN (z) is considered as a varying parameter in
e second part (from ¢ to £2). This is not inconsistent with the first part, as here we are only
scussing the slow varying properties (£2/(2 7)< 100 GHz).

2 DYNAMIC RESPONSE. — Without loss of generality, the dynamic response for a two
ction laser will be discussed in this section. The excitation source is the modulation current
[(z) = Al \/s;, for zesection] and AJ(z) = Al y/s;, for z e sectionll, with s, and
the section surface. Thus the carrier density variation, the photon number variation and the
>quency deviation are given by :

AN (z, @) = Ay Al + Ay Al (15a)
AP(Q2)=Ap Al +Ap Al (15b)
Aw(Q)=A, A\ +A, Al (15¢)

iere the transfer functions Ay, Ay, ... can be obtained directly from equations (11). Using
uations (15b) and (15¢), the conditions for pure frequency and pure amplitude modulation
> given by :

My B FM (16a)
— e ; or pure a
All A¢o

=~ —"; for pure AM . (16b)
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The transfer functions Ap, Ap, .. are usually modulation frequency-dependent. To get a

broadband pure AM or FM, it is necessary to synthesize a network allowing to satisfy the
condition (16a) or (16b) [18].

2.3 PHASE NOISE AND SPECTRAL LINEWIDTH. — The Langevin forces representing the
spontaneous emission Fp (£2), F 4, (42) are delta-correlated [8] :

(FA2)FF2)) =2D,6(2 -0"), X=P, ¢. 17
The non-zero diffusion coefficients are given by [8] :
2D4y =RG(Q2P);  2Dpp =2PR,,. (18)

The carrier shot noise is assumed to be delta-correlated in time and in space. The correlation
relation is found to be [12]:

(Fy(z, Q)F(z, 2)) =2Dyy(z, 2)8(z —2') 8(02 — 2) (19a)
2Dyy(z, £2) =2[v, gn, Cy |Zo(z)|* P + R(N (2))] (19b)
(Fp(2)Fy(z, 2')) =2Dpy(z, 2)8(2 - ') (20a)
2Dpy(z, 2)=~2R,Cy |Zy(2)|* P . (20b)

The frequency variation driven by noise at zero frequency is written as :

F
Aw =F¢+aeff—f:+2nj H(z, 0) Fy(z, 0)dz . (21)
2P (L)

The effective phase-amplitude coupling factor for the linewidth is obtained from (11) and
written as :

Wy 7N (z) — Nl |Zo|%dz
A . (22)

Wy 7RIN(z) = Ngl |Z,|* dz
(L)

QX opr

The linewidth is given by the value of the power spectrum density of frequency noise at zero
frequency divided by 2 7. The final expression is given by :

RSP 2 2
Av = (l+af)+2 |Hi(z, 0)|"2Dyy(z, 0)dz

4 7P (L)
X eff

+ — Hf(z, 0)2Dpy(z, 0)dz. (23)
P (L)

The first term is the contribution of phase fluctuations due to spontaneous emission and that
of photon number fluctuations via the well-known phase-amplitude coupling. The second
term is the carrier shot noise contribution. The last term represents the contribution of cross-
correlation between the photon number and carrier density. The carrier shot noise induced
linewidth has also been pointed out by using other methods [15, 16, 19].

The above discussion completes our formalism on laser dynamics and noise. In the
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following two sections, it will be used to study the widely used two-electrode DFB and DBR
lasers. To simplify our analysis, it is assumed that the carrier density distribution and the
intensity distribution are the same as those at threshold. This assumption is valid for lasers
operating not far from threshold.

3. Application to DFB lasers.

A schematic representation of a two-electrode DFB laser is shown in figure 1. The DFB laser
consists of a uniform grating and a uniform active layer. The facet reflectivities are assumed to
be zero. Using the classical method of solving the coupled wave equation in the laser cavity,
the Wronskian of a two-electrode DFB laser is found to be :

exp(— v, L)sh (y, L))
W(w:Nl,Nz):SB()’)’l ,l l . [’”Jeff(yl)’"zeff(yz)“l] 24)
k = r (v )

where B, is the Bragg wavenumber, « the coupling coefficient, L, the length and
y: the complex wavenumber [9]. The equivalent reflectivity rier(¥;) is given by [20]:
—Jjx

y,coth (v, L) — (a,—j 8;)

(25)

Fieff =

The oscillation condition is obtained by setting the Wronskian given in equation (24) to
ero. Using the parameters listed in table I, the lasing wavelength is plotted as a function of
he injection current /, in the second section in figure 2. The parameter is the injection
urrent /| in the first section. Two different tuning behaviours are observed. In the current
ange I, < [, the lasing wavelength increases with increasing injection current. This region is
alled « red-shifted » region. On the contrary, the lasing wavelength decreases with increasing
njection current in the current range /, = I |. This region is called « blue-shifted » region. For
n uniform injection current (/| = I,), the laser behaves as a single section laser possessing
0 electronic tunability.

L I,

Py WLl aetivelyer 7 D p,
ASASAVAVAVAVAVAVaVAVAVAY

grating

I
-L1 0 L2 Z

0. 1. — Schematic representation of a two-electrode DFB laser.
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Table 1. — DFB laser parameters.

Parameters Symbols Values
Length of section 1 L, 125 pm
Length of section 2 L, 125 pm
Refractive index in section 1 n, 3.5
Refractive index in section 2 1, 3.5
Internal loss (sections 1, 2) & 40 cm~!
Factor of Henry (sections 1, 2) ay 3.5
Thickness of active layer e 0.2 pm
Width of active layer — 1.2 pm
Bragg wavelength Ago 1.50 pm
Grating coupling coefficient K 50 cm™!
Carrier lifetime in sections 1, 2 Tei 2 ns
Differential gain (sections 1, 2) gy 1.5 x 1016 ¢m?
Transparent carrier density N o 1.0 x 10! ¢cm-3
1498.4 -
1498.3 A
E .
= 1498.2 A
A
= )
o 1498.1 4
= ]
=
@ 1498.0 A
N -
B 14979 -
=11
= ]
jZ 1497.8
A .
1497.7 A
1497.6 4 J 4 i ¥ I ' 1 ' I i 1
0 10 20 30 40 50 60
Injection current I, (mA)
Fig. 2. — Calculated wavelength dependence on the injection current /, in the second section of the

DFB laser. The parameter is the injection current I, in the first section.

By using equation (24), one obtains :

8W/8N 1 . 7',' £f
(—ay +j) v, g4 ——F,

Wiew 2 i Tefp (26)
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where @, is the material phase-amplitude coupling factor, gy the differential gain,
vy the group velocity and 7, .4 the effective roundtrip time defined by :
0,

Tieff = 7
1€ aw

27)

and 7. = T . + T Inserting the equation (26) into (10), one can find the dynamic
equations for the photon number and the phase of the electrical field. Comparing this formula
with that used by Kuznetsov [21], a correction factor F; appears :

j 3 In Iri effl

T dw
F, = (28)
j 3ln |71 etr 72 st

T off ow

This correction factor arises from the fact that the dependence of the modulus of the
reflectivity on the wavelength affects the frequency modulation properties. However, as the
modulus of the effective reflectivity does not change rapidly with the frequency in the positive
gain region for an active Bragg section, the resulting correction factor is usually close to unity
and can be neglected in many practical cases.

The FM modulation responses in the « blue-shifted » region (/| = 20 mA, /, = 10 mA) and
« red-shifted » region (/| = 20 mA, I, = 40 mA) are presented in figure 3 showing clearly a
difference. In the « red-shifted » region, the FM efficiency is very high but the modulation
frequency is limited in the order of 500 MHz. In the « blue-shifted » one, the FM efficiency is
low but the cut-off frequency reaches 2 GHz. This results are similar to those of

Kuznetsov [21].

30 -
Red-shifted region (I, = 10 mA)

20 -

15

] Blue-shifted region (I,= 40 mA)

FM Response (GHz/mA)

0.01 0.1 1 10
Modulation frequency (GHz)

“ig, 3. — FM response in the « red-shifted » region (/, = 20 mA, [, = 10 mA) and « blue-shifted »
egion (I, = 20 mA, I, = 40 mA) of the two-electrode DFB laser. The modulation is only applied to the

irst section.
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It is shown in section (2.2) that pure amplitude modulation and pure frequency modulation
can be obtained by an appropriate choice of the current splitting ratio for a given operating
point. The optimized FM response and the associated AM response for the operating point,
I} =20 mA and 7, = 40 mA, is shown in figure 4. The optimized splitting ratio ¢ = (Al/Al)
is found to be — 0.396. One can see that the AM response is damped by 50 dB compared to
the maximum AM response. Moreover, the optimized AM response and its associated FM
response are shown in figure 5 at the same operating point as in figure 4.

-
E
N
s
<)
[«P]
9]
=
S
=S
7]
[«F]
| -
=
o
0.01 0.1 1 10
;E 10 ° ;
\og . a=40.0
107 +
=
107
=
)
¥ 3]
g 107,
- :
= 4 ] a =-0.396
10° e MAARARRN o -
0.01 0.1 1 10

Modulation frequency (GHz)

Fig. 4. — Optimized FM response (GHz/mA) and associated AM response (photon number/mA) of the
two-electrode DFB laser at the operating point /, = 20 mA, I, = 40 mA. The optimized current
splitting ratio is found to be ¢ = — 0.396.
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i
<

FM response (GHz/mA)
=} [ ) (98] S wn [~ S | [= ~BENN -1

100
PR
<«
g
\D\
~
=
S 10
o]
o}
o
wn
[«
-
=
<«
0.01 0.1 1 10

Modulation frequency (GHz)

2. 5. — Optimized AM response (photon number/mA) and associated FM response (GHz/mA) of the
o-electrode DFB laser at the same operating point as in figure 4. The optimized current splitting ratio

found to be a = 2.144.

Application to two-electrode DBR lasers.

3R lasers have the advantages of having large tuning range, low linewidth and high FM
dulation efficiency. They are suitable for use as local oscillators or transmitters in

itichannel transmission systems.
The DBR laser structure is schematically shown in figure 6. The Wronskian in a DBR laser

written as [8, 9] :

W(w, N\, Ny)=2jBr lriryexp(=2jB, L)~ 1] (29)
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active region Bragg region

rICWWDFZ

—_——— D DD

Fegr (®)

| | i -
0 L, L;+L, z

Fig. 6. — Schematic representation of a two-section DBR laser.

where £, is the propagation constant, L ; the length of the active section, and ry the reflectivity
of the left facet. The effective reflectivity ., of the Bragg section is given by :
—JjkCy
Fetf = : (30)
Y2 coth (y,L,) — (ay —jé&;)

where C, is the coupling coefficient between the active and the Bragg sections. Other
parameters have the same definition as those in the two-electrode DFB laser.

The oscillation condition was discussed previously [9]. The frequency tunability in a DBR
laser results from two effects : the variations of the refractive index and of the modulus of the
reflectivity in the Bragg section. The latter changes the threshold gain and hence the
refractive index in the active section vig material phase-amplitude coupling. However, as the
variation of the Bragg frequency is much faster than that of the mode frequency, DBR lasers
without a phase-control region usually have discontinuous tuning characteristics [2].

The dynamic properties in a DBR laser are relatively simple to modelize. Using the results
presented in section 2.2 and parameters shown in table II, the FM modulation transfer
function is represented in figure 7. For modulation applied to the Bragg section, the FM
efficiency is constant at low frequencies up to the cut-off frequency determined by the carrier
lifetime in the Bragg section. At frequencies above 1 GHz, FM efficiency of the passive
section is enhanced by relaxation oscillation of the carrier density in the active section.

When the modulation is applied to the active section, the FM modulation behaviour is
similar to that of single electrode lasers. The FM efficiency due to carrier modulation
increases with modulation frequency and reaches its maximum near the relaxation frequency.
However, the measured FM response of the active section is quite different from this
prediction because of the significant thermal effects at low frequencies.

The contribution of the spontaneous emission to the linewidth has been analysed previously
[9]. Adding the carrier shot noise contribution, the linewidth is plotted in figure 8 as a
function of tuning current in the Bragg section for an output power of 1 mW. For each mode,
the emission frequency changes gradually from positive to negative detuning with respect to
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Table II. — DBR laser parameters.

Parameters Symbols Values
Length of active section L, 340 pm
Length of Bragg section L, 190 pm
Refractive index in active section n, 3.505
Refractive index in Bragg section 1y 3.2421
Derivative of loss da/dN , - 2,5 x 10717 ¢m?
Interne loss (active section) a i 40 cm™!
Reflectivity of left facet ry 0.565
Output power P, I mW
Factor of Henry ay 4.0
Derivative of refractive index dn/dN - 6.0 x 1072 ¢m?3
Coupling coeff. between two sections C, 0.8
Spontaneous emission factor Ny, 2.7
Thickness of active layer — 0.2 pm
Width of active layer —— 1.2 pm
Recombination coefficient B 8.0 x 10~" cm?/s
Recombination coefficient (Auger) C 7.5 x 1072 cm®/s
Bragg wavelength Ay 1.4962 pm
Normalized coupling coefficient kL, 5.7 (1,0)
Carrier lifetime in Bragg section T 2 ns

1663

100060 7
1 - active section
2 ] -~ Bragg section
= 1000 &
N
an
E 100
~ g
@ 3
2 10
Qo
=3
8 E
= 1]
S
ey T rr
0.01 0.1 1 10
Modulation frequency (GHz)
. 7. — FM response of the DBR laser for modulation applied to the active section (a) and to the

122 section (b).



1664 JOURNAL DE PHYSIQUE III N° 9§

60
~a KLy= 1.0
55 1 - ¥lp=35.7

50 %

40

35

30 A

Spon. emission induced linewidth (MHz)
=Y
wn
¢
:

25 T Y T T T T T T T T ’ T

Carrier noise induced linewidth (MHz)

0.0 N { ' I M 1 v I 4 i M I
0 5 10 15 20 25 30 35
Injection current of Bragg section (mA)
Fig. 8. — (a) Spontaneous emission noise induced linewidth and (b) carrier shot noise induced

linewidth as a function of the tuning current. The output power is 1 mW,

the Bragg frequency when the tuning current increases. This leads to a decrease of the
effective phase-amplitude coupling factor [9], and in turn, a decrease of the spontaneous
emission induced linewidth. In contrast, the carrier shot noise induced linewidth increases for
low tuning current and decreases for high tuning current. At an intermediary tuning current,
it achieves its maximum [11]. This results from two counteracting variations : the increase of
the carrier shot noise and the decrease of frequency tuning efficiency with the tuning current.

Increasing output power reduces the spontaneous emission induced linewidth, but the
carrier shot noise induced linewdith is independent of the output power as is shown in
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figure 9. The normalized grating coupling coefficient in the Bragg section is assumed to be
1.0. For the laser parameters listed in table II, the carrier noise induced linewidth is smaller
than that of the spontaneous emission for normal output power. However, for performant
lasers with a sub-megahertz spontaneous emission induced linewidth, the carrier shot noise
should be an important limiting factor.
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2. 9. — Spontaneous emission noise induced linewidth and carrier shot noise induced linewidth as a

nction of inverse of the output power.

Experimental results.

- WAVELENGTH TUNING AND FREQUENCY MODULATION CHARACTERISTICS. — The DBR
er used in our experiment consists of an active medium InGaAsP with a bandgap at 1.5 pm
1 a passive waveguide at 1.3 wm. The normalized grating coupling coefficient in the Bragg
tion is 5.7. Other parameters are the same as given in table II.

[he wavelength variation is plotted in figure 10 as a function of the injection current in the
1gg section with a constant current /, = 65 mA for the active section. The wavelength
reases with the increasing tuning current I,. The tuning efficiency varies from 1 to
GHz/mA. In the current range 0-70 mA, there are 6 mode Jjumps. These results are in
d agreement with theory [2]. In the mode jump region, the typical hysteresis of
velength is measured. For a constant tuning current [,, the wavelength increases with the
>ction current in the active section. This tunability results from thermal effects and presents
inverse phase with respect to the electronic tunability. The thermal tuning efficiency is
ically in the order of 1 GHz/mA.
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Fig. 10. — Measured tuning characteristics of the DBR laser for a constant current /, = 65 mA in the

active section.

The FM response is measured by heterodyning two DBR lasers of this type. For
modulation applied to the Bragg section the FM sensitivity is shown in figure 11 for two
tuning currents. The injection current in the active section is 70 mA. The FM sensitivity
remains constant up to the cut-off frequency, which was measured to be 150 MHz. The
correspondent carrier lifetime in the Bragg section is about 1.0 ns. The FM sensitivity
increases with the tuning current for a given lasing mode.
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Fig. 11. — Measured FM response of the DBR laser for modulation applied to the Bragg section. The
injection current in the active section is 70 mA.
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5.2 LINEWIDTH BROADENING DURING WAVELENGTH TUNING. — In previous publications
many authors have reported an abnormal increase of the linewidth due to the current
injection into the tuning section (see for example Ref. [5]). The increase of the loss due to the
current injection in this section tends to broaden the linewidth. However, the magnitude of
increase observed is too high to be explained by this cause alone. In the previous sections, it
has been shown that the carrier shot noise could contribute to the linewidth, but its magnitude
is also much lower than the spontaneous emission noise induced linewidth for the usual DBR
laser parameters. On the other hand, it was recently reported by the present authors, that the
drive current noise may well be the one of the main sources of the observed linewidth
increase [22].

The laser linewidth is measured using a modified delayed self-homodyne technique [23, 24].
The delay line is an 11 km single mode optical fiber. To show the influence of the drive
current noise two drive schemes are used for the Bragg section. The first one consists of a
standard DC source and a current limiting resistor of 50 . The second one uses an LDX-3620
iltra-low noise current source [22]. The current noise density is about 5.2 nA/ \/IE at 50 Hz,
315 pA/~/Hz at 1 kHz and 315 pA/~/Hz at 25 kHz. The RMS value of the total current
luctuation is about 850 nA. An example of the measured homodyne spectrum is shown in
igure 12. The drive current is 65.0 mA in the active section and 2.2 mA in the Bragg section.
I'he curve (a) represents the measured spectrum using drive scheme 1 and (b) that using drive
cheme 2. Curve (a) has a Gaussian shape, whereas (b) is a Lorentzian one, as expected from
ure quantum phase noise theory [8]. It has been pointed out that the 3 dB spectral width of a
clf-homodyne spectrum is twice the spectral linewidth for a Lorentzian shape and

2 times the spectral linewidth for a Gaussian shape [23]. Taking this into account, the
neasured linewidths are 117 MHz with drive scheme 1 and 30 MHz with drive scheme 2.

The Drive Current Noise Induced Linewidth (DCNIL) is obtained by calculating the
lifference between the measurement results obtained with drives schemes 1 and 2. In
igure 13b, the DCNIL is plotted as a function of the injection current of the Bragg section in

CURRENT NOISE
INDUCED LINEWIDTH
IN D.B.R. LASER
2dB/Div
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/ / ‘\ (a) CURRENT NOISE
INDUCED LINEWIDTH
P Tl
_’..—-"‘"' |
|
50MHz/Div
g. 12. — Measured homodyne spectrum around the first modulation sideband using two drive

hemes. The modulation frequency is 500 MHz. The central peak corresponds to the AM component,
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Fig. 13. — (a) Measured tuning efficiency ; (b) measured and calculated linewidth as a function of

tuning current. The injection current in the active section is /, = 65 mA.

the current range 9.5-15 mA. The tuning efficiency is also shown in figure 13a. The DCNIL
and the tuning efficiency increase with tuning current in the Bragg section for a given
longitudinal mode of the DBR laser. For other modes the same behaviour is observed.

The DCNIL can be theoretically evaluated. The current noise induced FM noise spectrum
Sp(42) is related to the current noise power spectral density S,(£2) by :

Si(£2) = |H(2)|*$,(2) (31)

where H ({2) is the FM transfer function. For a relatively flat current noise spectral density
and an FM bandwidth larger than the intrinsic linewidth, the DCNIL is determined by the
value of the FM noise spectrum at low frequencies [22]. For most practical cases, the current
noise induced FM noise spectrum is of the 1/f type. In this case, the resulting power spectrum
1s approximately a convolution between a Lorentzian intrinsic lineshape and a 1/f noise
resulted Gaussian lineshape [25-27]. When the 1/f noise is the dominant part of the FM noise,
the power spectrum is essentially Gaussian. Consider the approximate FM noise spectrum :

Se(2)=HZKIN (32)

where K is a parameter qualifying the current noise level (A?). The linewidth of the Gaussian
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ineshape resulted by this FM noise spectrum is [27] :

Hy [> 43 HiK7g!
Avey ~ 0 [2KIn2 (4.3 +In—220 ) (33)

wT T

'here 7, is the delay time of the fiber in the self-homodyne set up. The calculated DCNIL
sing the measured tuning efficiency and equation (33) is given in figure 13b. Theory and
xperiment are in good agreement using a fitted value K ( = 400 pA?). This value is
omewhat higher than that estimated by other methods.

After eliminating the influence of DCNIL using a ultra-low noise source LDX-3620, the
ieasured linewidth is plotted as a function of tuning current for /; = 65 mA in figure 14. The
newidth decreases first and becomes constant with the tuning current for a lasing mode, as is
Kplained in section 4. For other longitudinal modes, the same behaviour is measured.
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3. 14. — Measured linewidth as a function of tuning current for a constant current /| = 65 mA in the

ive section. An ultra-low noise source is used to bias the tuning section.

Conclusion.

this paper, the Green’s function method is extended to multi-electrode tunable
niconductor lasers. The evolution of the complex amplitude in the time domain is shown to
vend on fluctuations of carrier density distribution. Pure amplitude modulation and pure
quency modulation can be obtained by an appropriate choice of modulation current
itting ratio. The spontaneous emission coupled to the lasing mode and the effective phase-
plitude coupling factor for the linewidth are found to be dependent on stationary carrier
isity distribution. The carrier shot noise leads to a spectral linewidth proportional to the
are of frequency tuning efficiency. The contribution of the correlation between photon
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number and carrier density depends on the tuning efficiency and effective phase-amplitude
coupling factor.

The Green’s function method is applied to a two-electrode DFB laser. The modulation
properties in the « red-shifted » and « blue-shifted » regions are discussed. The optimized FM
and AM responses are obtained by choosing an appropriate splitting current. The Green’s
function method is then applied to a two-electrode DBR laser. It is shown that the FM
response of the Bragg section is that of a low-pass filter with a cut-off frequency determined
by carrier lifetime. The FM response of an active section is typical as for a single electrode
laser. The carrier shot noise contribution to the linewidth is of the order of half a megahertz
and would be an important limiting factor affecting minimum achievable linewidth.

The drive current noise of the tunable multi-electrode laser is shown to have an important
influence on the measured lineshape and linewidth. The current noise usually results in a
Gaussian lineshape. The measured DCNIL increases with the increasing frequency tuning
efficiency. The previously observed abnormal increase of the linewidth during the wavelength
tuning could be explained by this supplementary contribution. The results imply that for
tunable multi-electrode lasers ultra-low noise current sources should be used to eliminate the

influence of the DCNIL.
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