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Modulation Characteristics of Tunable DFB/DBR
Lasers with One or Two Passive
Tuning Sections

XING PAN, HENNING OLESEN, anp BJARNE TROMBORG

Abstract—Calculation of the small-signal modulation characteristics
of tunable DFB and DBR lasers requires rate equations for the photon
number, the phase of the electric field, and the carrier densities. In
this paper, we derive the rate equation for the photon number and
phase from an optical transmission line model and present examples
of the frequency and intensity modulation characteristics of a phase-
tunable DFB laser. The modulation responses exhibit the well-known
relaxation resonance if either of the drive currents is modulated, but
we also demonstrate the possibility of complete removal of the reso-
nance peak together with a perfect cancellation of spurious intensity
modulation. The frequency modulation response then assumes a simple
low-pass character with a cutoff frequency determined by the carrier
lifetime in the passive tuning section. The importance of choosing the
proper bias conditions is emphasized.

I. INTRODUCTION

LARGE variety of tunable multisection DFB and
DBR lasers is currently under investigation, and sev-
eral experimental results have been reported. These lasers
typically consist of two to four sections with separate
electrodes, and depending on the application, all sections
may be active (in the simplest form just a conventional
DFB laser with segmented electrodes) [1], one section
may act as a saturable absorber in order to achieve bista-
ble operation or optical wavelength conversion [2], or the
device may have one active (Fabry-Perot- or DFB-type)
and one or two passive sections [3]-[6]. The main advan-
tages of such devices are the capability of fast electronic
tuning, a low sensitivity to environmental disturbances,
and for the latter type, a large continuous tuning range.
In this paper, we will focus on devices with passive
tuning sections. In addition to the advantages mentioned
above, these lasers are attractive because of the possibility
of getting a high frequency modulation (FM) response,
which is uniform in modulation frequency from dc to sev-
eral hundred megahertz, by modulation of the injection
current to one of the passive sections [3]. The carrier den-
sity in the passive sections is not clamped as it is in a
conventional laser above threshold and is therefore easy
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to modulate. The cutoff frequency will be determined by
the carrier lifetime in the passive section. We have pre-
viously analyzed the static tuning properties of DFB and
DBR lasers with passive tuning sections [7], [8], and in
this paper, which is an extended version of [9], we present
the first theoretical study of their modulation character-
istics.

II. THEORY

The analysis presented here is an application of our
general transmission line theory for compound cavity la-
sers [10]. It applies to electronically tunable devices with
one active and one or two passive control sections. The
most important devices in this category are the phase-tun-
able DFB laser [3] with one passive phase control (PC)
section and the three-section tunable DBR laser [4], which
has an active Fabry-Perot section and two passive sec-
tions, one for phase control and one with a built-in cor-
rugation for frequency control. The passive waveguides
are usually made of materials with a higher bandgap than
that of the active layer in order to make them transparent
(apart from the intrinsic absorption). Hence, there will be
only spontaneous and no stimulated recombination in
these sections. In the following, we will limit the discus-
sion to the phase-tunable DFB laser, which is shown
schematically in Fig. 1, but the modifications for the DBR
laser are straightforward.

Initially, we introduce a reference plane at the interface
between the active and PC sections. The right and left
traveling waves E* (w) at the reference plane are related
by the boundary conditions

E'(w) = r(w, N E (w) + F(w) (1a)

E™(w) = rg(w, N;) E™ (w) (1b)
where r; and ry are the effective reflectivities ‘‘seen’’ to-
wards the left and right from the reference plane, w is the
angular optical frequency, and N, and N, are the carrier
densities of the active and the PC sections, respectively.
F; is a Langevin noise term, which accounts for the spon-
taneous emission in the active section [10]. There is no
contribution from spontaneous emission in the PC section
because of the higher bandgap.

Expressions for r, and rg are given in [7, egs. (4) and
(12)]. r; is derived from the well-known coupled mode
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Fig. 1. Phase tunable DFB laser with an active DFB section and a pas-
sive PC section.

equations for DFB lasers [11], and if the reflections at the
laser-waveguide interface are neglected, rp takes the sim-
ple form

(2)

where r, is the facet reflectivity at the end of the PC sec-
tion, k,(w, N,) is the complex wave number, and /, is the
length of the PC section. Recent experimental results in-
dicate that the residual reflections at the interfaces can
indeed be negligible for butt-jointed devices fabricated by
the MOVPE technique [6], [12]. Equation (2) shows that
rr depends implicitly on w and N, through the complex
wave number k,(w, N,). Similarly, r; depends on w and
N, through the complex wave number k(w, N,) for the
active section. The expressions for k| and &, are given in
Appendix A.

Equations (1a) and (1b) can be combined to give the
basic field equation

{r(o, M) rg(w, Ny) = 1} E*(0) = Fi(w). (3)

rr(w, Ny) = ry exp {_jZkz(w, N,) lz}

The driving term F; (w) is discussed in detail in [10]. In
the present analysis of modulation properties, we shall
simply ignore the term and put F; (w) equal to 0.

The stationary operation point (w;, Ny, N,) (without
noise or modulation) satisfies the oscillation condition

(4)

The dominant mode is the particular solution to (4), which
has the lowest threshold carrier density N,,. The carrier
density N,, is independently determined by the injection
current to the PC section and the condition that the carrier
injection rate equals the spontaneous recombination rate
[7]. The method for solving (4) is described in [7].

Under dynamic conditions, the frequency and carrier
densities are assumed to be close to their stationary val-
ues, and we can therefore use a Taylor expansion for r; (w,
Ny) rg(w, Ny} in (3):

rL(wx’ NIS) rR(ws; NZS) = 1.

(@, Nyrp(w, Ny) — 1

= _j(Tin + Tex) (w - ws)

a In 143
+ —= AN
N, :

a1
+_n.r_RAN2

N, (3)
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where AN, = N; — N, (i = 1, 2) and
T ___JML (63)
dw
dlInr 21
Tex = J aw g = 72 (n2g + AnZ(NZs)) (6b)

are the effective round-trip times in the active and PC sec-
tions, respectively. ¢ is the light velocity in vacuum, and
ny, is the group refractive index in the PC section. We
note that the round-trip times are generally complex, but
with the given form of rz and k,, 7., becomes real (cf.
Appendix A). The frequency range in which (5) is valid
is determined by the range in which rg(w, N,) can be
approximated by its linear expansion, and the method de-
scribed in this paper therefore applies to short (discrete or
integrated) external cavities.
We now define the envelope function
AT() = L S E* (w)e/“ " du (7)
27 Jo

for the right traveling wave at the reference plane [10].
From (3) and (§), the following simple rate equation for
A" (1) can be derived:

AN (1)

d ... 1 (alr
dtlnA (r) = {

Tin T Tex  ON;

alnrR

+ —~AN2(t)E.

oN (8)

In order to introduce the photon number I,(t) and the
phase ¢ (¢) of the electric field [i.e., the envelope func-
tion A ¥ (1)], we make use of the relation [10]

AT (1) o« NI (1)e" (9)
and obtain the desired rate equation
d de(1)
>0 InI,(1) +j 7
1 dlnr, d1n ry
= AN((r) + AN
Tin + Texz aNl 1( ) aNz 2(t)}
(10)

for the photon number and phase, valid for a short exter-
nal cavity. A similar equation for a laser with arbitrary
external cavity length was given in [10, eq. (22)], but
here modulation of the external cavity was not consid-
ered.

The rate equations for the carrier densities in the active
and PC sections take the usual form:

d _ Ia(t) IP(’)
ENl(f) ——eVl_—Rl(Nl)_G(ww Ny) v, (11a)
d Ipc(1)

d_tNZ(t) = Ry(N;) (11b)

where e is the electron charge and G (w,, N\) = v,g(w,,
N)) is the gain (per unit time) of the active section. v, is
the group velocity, g is the gain per unit length (see Ap-
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pendix A), and V|, V; and I,(t), Ipc(t) are the volumes
and injection currents for the active and PC sections, re-
spectively. The spontaneous recombination rate per unit
volume is represented as
R (N;) = aiN; + bN} + ¢;N7, (12)

where a;, b;, and ¢; are constants. The recombination con-
stant ¢; accounts for Auger recombination.

A small-signal analysis of (10), (11a), and (11b) is
given in Appendix B. The result is the following set of
modulation responses:

i=1lor2

]

6P(2) = sz[Hl(m S o) + o) she(@) |

(13a)
Cu

oy, (@) + {CuH(Q)

o7(@) = 5| Hy@)

+ CyH{(9)) }Vz alpc(ﬂ)] (13b)

ONy(Q) = [H,%(Q) eLV 81,(Q) + Hy(Q) eLV BIPC(Q)-‘

(13¢)

BN(0) = Hy(9) 1 8lhe(2) (13)
ev,

where P denotes the output power from the left facet and
Q = 2xf, is the angular modulation frequency. The
C-factors and the transfer functions H,-Hs are defined in
Appendix B. 6P(92) and 6f(2) represent the intensity
modulation (IM) and FM responses for given forms of the
two modulation currents 6/, and 6/pc.

As can be seen from (13a)-(13d), the modulation re-
sponses generally contain two contributions, one for each
of the modulation currents, except for 6N,(£), which de-
pends only on 6/pc (). The complex addition of the two
carrier density terms in (10) may lead to interference ef-
fects in some frequency intervals, as illustrated in the next
section. In particular, (13c) shows that N,(t) can be mod-
ulated via the PC current. This is a result of the photon-
carrier interaction in the active section, which leads to the
well-known relaxation resonance in a laser above thresh-
old.

The response 6N,(2) has a low-pass character with a
cutoff frequency of 1/(2w7,,) and a dc value which is
proportional to 7,,, with 7,, being the carrier lifetime in
the PC section. This illustrates the role of the carrier life-
time in this type of tunable laser and the characteristic
tradeoff between modulation speed and efficiency.

The IM and FM responses can be rewritten in the form

6P(Q) = 2P,C,, H\(Q) LLV 81,(2)

]Q+(1/TR) CZr 1
.}Q + (1/732) Clr €V2

6IPC(Q)J

(14a)
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5f(0) 1 [ 1
———— + — C;Hy(Q) | — 61,(Q
1+jQ7'32 + 1i 3( ) EV[ a( )

27
Jj+ (1/7%) Cy 1
]Q + (I/TSZ) ClrEVQ

where 6f(0) is the FM response at dc [see Appendix B,
eq. (B10b)] and 74 is the relaxation time constant. This
shows that if both currents are modulated simultaneously
with a current splitting ratio of

SL.(2) 2+ (1/m) Cu Wy
8lpc () @+ (1/7,) C, ¥y

the intensity modulation will be completely suppressed,
and at the same time, the resonance peak in the FM re-
sponse will be canceled. If we ignore the complications
of parasitics, the required current splitting can easily be
realized by the use of resistors and capacitors. The re-
sulting FM response has the same simple low-pass form
as 8N, and further equalization may be applied to both
currents while maintaining the ratio (15) in order to ex-
tend the FM response to higher frequencies [13].

The expressions given so far apply to the phase-tunable
DFB laser. For the case of the tunable DBR laser, r; be-
comes the effective reflectivity of the active Fabry-Perot
section,

of(Q) =

she(@) | (145)

(15)

re(w, Ny) =r CXP{—jzkl(w» N|)11}~ (16)

and the reflectivity rg(w, N, N3) is given by (2) with r,
replaced by the effective reflectivity rpgr(w, N;) of the
DBR section as seen from the interface between the PC
and DBR sections [8]. Ny is the carrier density in the DBR
section. The complex wave number of the DBR section
can be represented in a way similar to that for the PC
section, and the refractive index change will lead to a
change of the Bragg frequency, which can be used to con-
trol the oscillation frequency. In (10), an extra term con-
taining 6N;(7) should be added, and in (11a) and (11b),
an equation for N; must be added. The rest of the analysis
proceeds in the same way, and the carrier densities in the
passive sections still depend only on the injection current
for the particular section. We have studied the modulation
properties of this laser as well, and we obtained results
similar to those presented in the next section.

III. RESULTS AND DISCUSSION

The modulation properties of multisection lasers de-
pend strongly on the bias conditions, and it is therefore
very useful to have an overview of the static tuning char-
acteristics before selecting the point of operation. Fig. 2
shows a calculated example of the static frequency tuning
characteristics for a phase-tunable DFB laser [7]. In the
calculations, we have used the laser parameters given in
Table 1. Four regions of continuous tuning separated by
discrete mode jumps across the Bragg frequency are ob-
served. The slope of the curve indicates the FM efficiency
at dc, as mentioned in Appendix B, and depending on
whether the slope is positive or negative, the FM will be
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Fig. 2. Frequency shift versus PC current. The points A, B, and C refer
to the PC bias currents used in Fig. 3.

TABLE 1
LiST OF PARAMETER VALUES
Parameter Symbol Value | Unit
Active section:
Length of active section L 350 pm
Width of active region w 0.8 pum
Thickness of active layer d 0.18 pm
Refractive index n; 3.40
Group refractive index nig 3.56
Internal absorption a; 21 em™?
Recombination coefficient a; 1-10° sec™!
Recombination coefficient b 8.107'7 m®/sec
Recombination coefficient = 7.5-10% | m®/sec
Confinement factor 1 0.15
Gain curvature } G 0.73-1072* | m~!sec?
Gain coefficient gN 4.83-107% m?
Carrier density at transparency No 1.37-10% m~3
Extrapolated wavelength of the ;
gain peak for Ny = No

Ap(No) J 1.60 pm
Shift of gain peak with carrier

density dw, /AN 12,1210 | m3sec™?
Facet reflectivity r? | 32 %
Linewidth enhancement factor a ‘ 6.6
Reference wavelength [ Ares 1.55 pm
Reference carrier density Ny | 2-10% m~*
Phase control section: ‘
Length of PC section | Iy 200 | opm
Width of waveguide layer } ! 1.2 ( pm
Thickness of waveguide ! [ 0.23 pm
Refractive index ny i 3.4
Group refractive index nag ‘ 3.4
Internal absorption az J 17 cm™!
Recombination coefficient ay : 1-108 sec™!
Recombination coefficient [ i 8.107"F m®/sec
Recombination coefficient ey ‘ 4.10-% m®/sec
Confinement factor I, : 0.3
Index derivative with respect to |

carrier density o dn/dN l ~4.2.107%7 m®
Absorption derivative with respect : I

to carrier density da/dN ‘ 1.8-10°% m?
Facet reflectivity ) | r} ‘L 32 % ]

in phase or in counterphase with the PC current. Gener-
ally, the magnitude of the slope decreases for increasing
injection level because Auger recombination limits the ef-
ficiency at high injection. On the other hand, the carrier
lifetime decreases with increasing injection, which makes
the FM response extend to higher frequencies.

This is clearly seen in Fig. 3(a) and (b), which shows
the magnitude and phase of the FM response for the three
different bias points A, B, and C in Fig. 2. At point A (5
mA), the dc response and cutoff frequency are 8 GHz /mA
and 190 MHz, respectively, and at point C (100 mA),
the corresponding values are 1.1 GHz /mA and 1.6 GHz.
At point B (17.7 mA), the static characteristic is near a
minimum, and the FM efficiency at dc is very small. In
the region above 1 GHz, a clear relaxation resonance peak

1257

FM response (CHz/mA)

Phase

(b)

=27 T

T

1 10 10* 10° 10*
fa (MHz)

Fig. 3. FM response versus modulation frequency at three different PC
bias currents. (a) Magnitude. (b) Phase. The bias current /, , is 30 mA,
and the threshold currents at A, B, and C are 17.5, 16.3, and 21.8 mA,
respectively [7].

is observed, and intricate ‘‘interference’’ effects occur be-
tween the two FM contributions. The phase is 0 at low
frequencies (if the static curve has a positive slope) and
changes smoothly, except in the vicinity of the resonance
peak. The presence of the resonance peak is a new result,
which has not been reported experimentally. In the pres-
ent analysis, we have not included the effect of nonlinear
gain (gain compression), which could have some influ-
ence on the strength and shape of the resonance peak, but
gain compression will not completely eliminate the reso-
nance [14]. The resonance can, however, be shifted to
higher frequencies by increasing the bias current to the
active section. Below 1 GHz, our calculations are in good
agreement with published experiments [3].

Fig. 4(a) and (b) shows the FM and IM responses when
the active section is modulated (dotted curves) and when
the PC section is modulated (dashed curves). As seen from
the figure and predicted by (13a) and (13b), modulation
of either of the currents will result in both IM and FM
modulation, in all cases with a resonant part centered
around the relaxation frequency. For many practical ap-
plications, however, it would be desirable to have a pure
IM or a pure FM transmitter. For direct detection sys-
tems, especially those operating at high bit rates and/or
long distances, the FM gives rise to a chirp-induced power
penalty, and for coherent transmission systems based on
FSK or PSK modulation, the IM is an unwanted effect. In
multichannel systems using optical amplifiers, the IM will
lead to crosstalk power penalties [15]. We notice that the
IM resulting from modulation of the PC section is about
an order of magnitude lower than that from the active sec-
tion, but it still may not be negligible.

As mentioned in the previous section, it is possible to
suppress both the IM and the resonant part of the FM re-
sponse, if both sections are modulated according to (15).
For the bias currents I, o = 30 mA and /pc o = 100 mA,
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Fig. 4. Responses for three cases: modulation of the active section only
(dotted curves), modulation of the PC section only (dashed curves), and
simultaneous modulation of both sections with the splitting ratio (15)
(solid curve). (a) FM. (b) IM. The inset in (a) shows the current splitting
configuration. In the latter case, the modulation response is normalized
by the current to the PC section. Bias currents: I, o = 30 mA, lyc o =
100 mA.

the modulus and phase of the splitting ratio vary with fre-
quency, as shown in Fig. 5. The major part of the current
goes to the PC section, and at the resonance frequency fz
= 4.6 GHz, the ratio is 61, /8Ipc = 0.18 + j0.012. If we
ignore the impedances of the laser sections, the splitting
ratio can be realized by the simple circuit shown in the
inlet of Fig. 4(a). The resistances R,, Rpc and capacitances
C,, Cpc for the active and PC sections must satisfy the
following conditions:

R,C, = 7, = 0.32 nis
RPCCPC = Tgp = 019 ns
V2 Cy,
R,/Rpc = — =211 =94,
u/ P 72V Coy

The resulting FM response is also shown in Fig. 4(a)
(solid curve). Below 1 GHz, the FM response is nearly
unchanged by the current modulation of the active section
due to the small splitting ratio and the low FM efficiency
of the active section. Beyond 1 GHz, the resonant part
has been eliminated, resulting in a very simple low-pass
behavior, as predicted.

The present model only includes the effects on the FM
response due to modulation of the carrier densities. As a
consequence, the FM response due to modulation of the
current to the active section approaches zero at low fre-
quencies [cf. the dotted curve of Fig. 4(a) and eq. (B10b)
of Appendix B]. At low frequencies, the dominant con-
tribution comes from thermal effects, which may be in-
cluded by adding a phenomenological term

ar

ofr(Q) = T

81,(Q) (17)
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Modulus and phase of optimum current splitting ratio (15).

Fig. 5.
to (14b). The dc efficiency ay is typically in the range of
0.1-1 GHz/mA, and the thermal time constant 77 iS on
the order of 0.1-1 us. For these values, the term (17) will
be small compared to 6f of (14b) because of the small
splitting ratio [cf. Fig. 5].

IV. ConcLusioN

In this paper, a theoretical model has been presented
for the modulation characteristics of tunable DFB/DBR
lasers with passive tuning sections. In the model, two ef-
fective reflectivities are used to characterize the active and
passive sections. Numerical results have been presented
for a phase-tunable DFB laser, but the model has also been
applied to two- and three-section DBR lasers. It is shown
that the FM characteristics depend critically on the oper-
ation point. In order to interpret a measured FM response,
it is therefore important to have a measurement of the
static frequency tuning characteristics. Generally, the FM
efficiency decreases and the modulation bandwidth in-
creases with increasing bias current to the PC section. Our
calculations also show the presence of a resonance peak
in the FM response when only the PC section is modu-
lated. We have demonstrated that the intensity modula-
tion can be completely suppressed by modulation of both
the active and the PC sections with a simple splitting ratio
between the currents. The same splitting ratio will elim-
inate the resonant part of the FM response and result in a
low-pass response which is easy to equalize.

APPENDIX A
THE CoMPLEX WAVE NUMBERS

The effective reflectivities r, and ry are functions of the
complex wave numbers in the active and passive sections.
For the active section, the wave number is represented as

wn(w, Ny)
c

ki(w, Ny) = +jl[g(w,Nl)—a1] (A1)

2
where n,(w, N|) is the refractive index, g(w, N,) is the
modal gain, and «; is the internal loss. The real part is
expanded linearly around a reference point (wr, Ne), as
explained in [10], and for the gain, we use a parabolic
model, which includes the band-filling effect:

gl Ni) = gv(Ny = No) — gu(@ — 0, (V) (A2a)

dw),
= w,(Ng) + == (N, — Np).

wp(Nl) dN

(A2b)
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Here, w,(N)) is the angular optical frequency of the gain
peak, N, is the carrier density at transparency, gy is the
gain coefficient, g, is the gain curvature, and w,(Ny) is
the (extrapolated) angular frequency of the gain peak for
N, = N,. The effect of nonlinear gain is not included.
The wave number for the PC section is written as [7]

ky(w, Ny) = g [n(w) + An(N,)]
*j% [a2 + Ay (N,)] (A3)

where n, and «, are the refractive index and the absorp-
tion per unit length without current injection and

dn

Anz(Nz) = P2 ?dTVNz (A4a)
da

Aaz(Nz) =1 JVNz (A4b)

are the changes induced by current injection. I'; is the
confinement factor of the waveguide, and dn/dN and
do/dN are coefficients describing the free-carrier plasma
effect and the free-carrier absorption, respectively.

APPENDIX B
SMALL-SIGNAL ANALYSIS

From (10), (11a) and (11b), the small-signal FM and
IM responses can be calculated. In the general case, both
currents may be modulated:

Ia(r) =10 + 61{1([)7
Ipc (1) = Ipc.o + 8lpc(2), (B1)

and accordingly, the state variables are written as their
stationary values plus a modulation term

(1) = 1, + 8l(1), ‘;—(': = 2w6f (1)

Ni(1) = Ny, + 0N\(1), Nit) = Np; + 8N,(1) (B2)

where 6 (7) is the instantaneous frequency.

By elimination of the stationary values and subsequent
Fourier transformation, the following set of equations is
obtained:

.IQ 0 _2[p.xclr _21p.sc2r
O 1 _C” _Cz,'

1
GV, 0 jQ+— 0

TR

. 1
0 0 0 i+ —
L T.\’Z__

1259
Here, we have introduced the complex quantities
1 dlnr,
C,=————=0C, +jCy B4
1 T+ 1o 3N, Ir TJG (Bda)
1 a1l
= = Gy +jCy (BAY)
Tin + Tex 6N2

and also G; = G (w,, Ny,). The parameters

— liﬁ + h}_l d _ l:dRZ - (BS)
TR — dN] vggN Vl an Ter = sz

are the relaxation time constant and the carrier lifetime in
the PC section, respectively.

The system of equations can now be solved for each of
the modulation terms. Instead of the modulation response
for the photon number, we may introduce the modulation
response 8P () for the output power P(t) from the left
facet by noting that [10]

P(r) o (1), (B6)
and hence,
8L,(2)  sP(Q)
I[).S PS
where P; is the stationary value of P (). By introducing
the transfer functions

1

(B7)

H\(Q) = 1 (B8a)
-0 +jQ— + wi
TR
iQ+ (1/7
. 1 2 e ] 2
JU+ — ) { - +jQ— + wi
Ts2 TR
(B8b)
i
Hy(Q) = = (BSc)
-0 +jQ— + wi
TR
w3 C
H4(Q) - R Clr
1 5 1 5 Ir
<jQ + > <—Q“ +jQ— + w;g>
Ts2 TR
(B8d)
81,(2) [ o ]
2761 (Q) 0
_ 1
V(@) | = | oL (B3)
ON,(Q —
@) || @)
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HY(®) = ——
jo+ —

752

(B8e)
this leads to the expressions given in (13a)-(13d). Here,
Q = 2xf,, is the angular modulation frequency, and
G, 2
wh = 20,.C,, 52 = (27f0) (B9)
|

where f5 is the relaxation resonance frequency.
The dc values of the modulation responses are given by

5P(0) = 2P5L%Ceffyl oI, + T;Z%Sl’/z 51.4 (B10a)
5£(0) = ﬁ <c2,- - E—f c,,«> 51722 e (BIOb)
BN, (0) = —% ;/22 Slc (B10c)
SN,(0) = ;/22 Slpc (B10d)

and are directly related to the slopes of the corresponding
static tuning curves (cf. Fig. 2 and [7]).
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