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Wavelength tuning and switching of a coupled distributed feedback

and Fabry-Perot cavity laser

M. C. Wu, M. M. Boenke, M. Werner, F. Schiffmann, Y. H. Lo, and §. Wang
Department of Electrical Engineering and Computer Sciences, Electronics Research Laboratory and
Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720

{Received 6 July 1987; accepted for publication 15 September 1987)

We present a theoretical analysis of a newly demonsirated semiconductor laser with coupled
distributed feedback and Fabry-Perot { DFB-FP) cavities and show that three modes of
operation are possible for such a laser. In mode-switched DFB mode, the wavelength can be
switched between longitudinal modes on either side of the stopband. In coupled-cavity laser
mode, there are successive mode hops inside the stopband. Finally, in continucusly tunable
distributed Bragg refiector mode, 2 wide wavelength tuning range (4.8 A) without mode
hopping can be obtained. The analysis is general enough to be applied to any laser with a
pericdic waveguide section, and provides an understanding of the mechanisms and the limits of
wavelength tuning in such lasers. This type of laser has very important applications in coherent

optical communications.

INTRODUCTION

Stable single-frequency light sources are very important
for optical communication systems. Distributed feedback
(DFB) 2 and distributed Bragg reflector (DBR}” laser di-
odes are the most promising sources due to their single-lon-
gitudinal mode operation. Recently, there has been growing
interest in coherent optical communications, such as fre-
guency modulation® and frequency shift keying,* because of
the higher information transmission rates possible. For these
applications wavelength tuning and switching are particu-
larly important in addition to frequency stability.

Both tuning and switching of the wavelength have been
demonstrated by coupled-cavity lasers.® However, the
wavelengths of these lasers are very sensitive to the pumping
currents and the coupling structures and are, therefore, not
stable. Complicated optical and electrical feedback circuits
are usually necessary to contrel the wavelength and prevent
mode hopping. On the other hand, DFB lasers have demon-
strated very stable single-frequency operation even under
high-speed modulation” and large continuous wavelength
tuning ranges are obtainable.” Therefore, the combination of
a DFB section coupled with a Fabry-Perot (FP) section
results in a laser which operates in a stable single frequency
as a DFB laser, but can be continuously tuned and discretely
switched in wavelength.

Recently such a laser has been built’ and the mode-
switching property was observed experimentally. With an
additional phase control section, Murata, Mito, and Ko-
bayashi® demonsirated a wide wavelength tuning range of 58
A. However, up to now there is no theoretical analysis of
such structures. To know the upper limit of the wavelength
tuning range, a detailed understanding of the tuning mecha-
nism is important. It is the purpose of this paper to present a
systematic study of the wavelength tuning and switching be-
havior of such a coupled DFB-FF laser.

THEORETICAL FORMULATION

A schematic diagram of the coupled DFB-FP laser is
shown in Fig. 1. It consists of 2 DFB section of length /gy
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and a FP section of length L.p. The sections are separately
pumped with the bias currents Jpny and fip, respectively, io
adjust the carrier densities and therefore the optical path
lengths. Reflection occurs at the interface of the DFB and
FP sections because the propagation constant of the DFB
section is modified by the periodic pertubation of the refrac-
tive index. The coupling can be described by a scattering
matriz S.° The propagation of optical waves in the DFB
section is described by the forward propagation factor”
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FIG. 1. The schematics of the coupled DFB-FP laser. The length of the
DFB section is Iney and that of the FP section is fup. Dprg, and Dpgg, are
the propagation factors of a DFB laser in the forward and backward direc-
tion, respectively. The propagation factor in the FP section is D, The §
matrix characterizes the coupling between the DFB and FP sections. The r,
and 7, are the facet reflectivities and 7, is the effective reflectivity on the
DFB side.
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Dy, =€ (1 + 5e*)/(1 + )
and the backward propagation factor
Dppp, =€ PP(1 + /(1 +5¢ ),

where ¢ = 2k pleg k5 = 7/ A is the Bragg wave vector, and
A is the period of the index grating. The effective DFB reflec-
tion coefficient

s=jk/{ P+ (gosa +J5) ],

where « is the coupling coefficient of the grating,
8 = k5 — S ppp is the detuning from the Bragg wave vector,
and P? = (gpeg +/8) + &% Also, I'= G — jK = P+ jk,
is the effective propagation constant in the DFB section.
Noting that Dgp = ¢~ P07 is 1he nropagation factor in
the FP section, the threshold equation can be obtained from
the round trip condition,

“"’2 DDFBDDFB D;P:O' (1)

Here, r. i given byto

rgff = Fra (5325, — 81155
+ 80 F (/D) + S0n( I/DDFBfDDFBb ), (2)

where the §; are the elements of the scattering matrix,’
= (r, —5)/(1 —rs) is the reflectivity at the DFB end
facet, and r, = .56 is just the reflectivity of the cleaved fac-
et.

RESULTS AND DISCUSSION

The threshold condition Eq. (1) is analyzed numerical-
Iy to find the threshold gain and lasing wavelength of a
GaAs/AlGaAs laser. We assume linear gain and linear re-
fractive index variation with injected current, which is good
for threshold analysis. The extension of this analysis to
above threshold will be discussed later. Figure 2 shows the
threshold gain gpeg /prp versus the detuning from the
Bragg wave vector 8y of the DFB section for I = 0 and
ry = 0.56. The grating phase at the left facet is fixed at 0 and
at the interface, it is determined by «plyp (~0.67 in this
case). The grating strength measured by «/pep increases
from O to 1.5 for lppy = 100 pm and k., = 150 um. Fach
curve represents one mode with «l .y as a parameter. When
klpes = 0, the DFB becomes a FP section and the reflection
at the DFB-FP interface disappears because S reduces to the
unit matrix. Therefore, it is exactly a FP laser of length
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FIG. 2. The goes, forn Vs 8lpgg of the DFB-FP laser with /ey = 100 um
and fpp = 150 pm for I, = 0. Each curve represents a mode with sly ey 88
, and 8 rep-

a parameter. The @ represents « = 0, & represents & == 80 cm —*
resents . = 150 cm™ 1.
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L = Iy -+ fpp. For finite values of /5, there are appre-
ciable reflections at the DFB-FP interface due to non-zero
5. and S,,. Just as in a coupled-cavity laser, the threshold
gain is modified by the interference effect beiween the DFB
and FP cavities. For very large values of &ippg, the modes
are very similar to that of a conventional DFB laser. The
number of such DFB modes is less than the number of modes
at klpzp = 0 (combined FP modes). This is reasonable be-
cause the DFB mode spacing { =~#/Ippg ) is larger than the
combined FP mode spacing of 7/ ({pgg + fpp ).

As the FP current I, increases, there are two effects.
First, the additional gain in the FP section will reduce Iypp, .
Second, the phase interference between DFB and FP can be
maodified so that discrete wavelength switching or contin-
uous tuning is possible. Figure 3 shows the lowest threshold
mode wavelength versus Ipp for « = 80 cm™ !, [y = 100
g, and Igp = 150 um. The reflectivities at both facets are
assumed to be 0.56. The active layer thickness is 0.2 gm and
the width of the active region is 5 m. The carrier lifetime is
kept constant at 2 ns. The coupled DFB-FP laser operates in
three different modes depending on the pumping currents
Iope and Ip. When Iy < 8.8 mA, the FP section is lossy
and the laser operates in mode I, as a mode-switched DFB.
The wavelength can be switched between the two DFB
modes on either side of the stopband. Mode II occurs for Iy
between 8.8 and 12.5 mA, when there is gain in both sections
and the laser operates in coupled-cavity mode. Successive
mode hopping across the stopband is usually observed.
Mode 11 is the continuously tunable DBR mode and occurs
when the DFB section is lossy {(Ipp > 12.5 mA). In this case,
the wavelength can be tuned continuously by the DFB cur-
rent Fppg -

In mode I, an increase in Fpp will shift the modes
towards the negative & side of the stopband. The in-phase
mode may become out of phase and vice versa due to the
phase change in the FP section, and the lowest g mode
may change. For example, at fi;; = 1.6 mA, the wavelength
switches from above stopband to below stopband (mode b to
mode ¢ in Fig. 2). At [, = 4.1 mA, it switches back to
above stopband (mode c}. This phenomneon has been ob-
served experimentally by Kitamura et al.,” however, their
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F1G. 3. The wavelength of the lowest grpp,, mode vs the FP current Iy for
«=S80cm™ ¥\, Jyry = 100 um and Ly = 150 gm. The letters represent the
different modes in Fig. 2. The range of I, is divided into three regions of

different modes: region I is mode-switched DFB mode, region 11 is coupled-
cavity laser mode, and region II is continuously tunable DBR mode.
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FIG.4. (a) The wavelength of the lowest 255y, mode vs FP the current frp.
{b} The same wavelength vs the DFB current [y for & = 80 em ™!, Iy
= 200pum and Iy = 50 gm. The three different regions of Iy or Iy are
the same as that of Fig. 3. This large ratio of lyep /gy is favorable for a large

contintous tuning range. The inset of (a) shows the corresponding thresh-
old I for agiven 7y . The fip is relatively insensitive to Jppp for £ippy less

than 10 mA.

explanation based on variable-phase reflectivity is incom-
plete. They neglected the fact that there are more combined
FP cavity modes than DFB modes and, therefore, the phase
change needed for mode switching was overestimated. For
example, when the wavelength returns to above the stop-
band at I, = 4.1 mA, it goes to mode ¢ instead of moded in
Fig. 2.

When Ipp islarger than 8.8 mA, the current at which the
FP section experiences no loss or gain, the coupled DFB-FP
laser becomes more like a coupled-cavity laser. The succes-
sive mode hopping in Fig. 3at I, = 9.9, 10.3,and 12.5 mA
is very typical of coupled-cavity lasers. The difference is that
the lasing mode is not determined by the gain profile of the
laser, but instead by the narrow reflection band of the DFB
section. Therefore, the hopping always occurs inside the
stopband.

When Igp is larger than 12.5 mA, the DFB section is
lossy and the laser operates in mode 111 The wavelength
stops hopping and stays in the same mode. It can be tuned by
changing the Bragg wavelength with I pp asina DBR laser.
This is the continuously-tunable DBR mode. The tuning
range is larger for a large ratio of I ps/lpe Figure 4(a)
shows a similar plot of A versus I, for /g = 200 um and
fep = 50um. For Ip > 6.3 mA, there is a continuous tuning
range of 1.9 A. The inset shows the corresponding threshold
Izp for a given Iy, The Iy is insensitive to variations of
I 5, though the Bragg wavelength is very effectively shifted
by Ipps. The A is plotted again with respect to Iypy, in Fig. 4
(b) to show more clearly the tuning range.

We also studied the effect of the grating ending position
and the reflectivity at the DFB facet. Since the overall phase
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in a round trip can be modulated by Jpp, different grating
ending position just corresponds tc a shift ic I, This is
confirmed by numerical simulation. When the DFB facet is
antireflection coated, the Agppp, between the twe lowest
8ors, modes is larger. Also the number of modes inside the
stopbands decreases due to shorter effective length of the
DFB section. Therefore, larger Afpp is needed to switch
wavelength back and forth on two sides of the stopband in
mode I. The continuous tuning range in mode 1If is also
increased because large Iz can be applied before mode
hopping occurs. Simulation results show that for /ey = 200
pm, lyp = 50 um, the tuning rangeis 1.5 A for », = 0.56 and
2.2 A for r, = 0. For longer /ppg ( = 225 pum, [y = 25 pzm),
4.8 A is achievable with r, = ©.

The 58-A wavelength tuning range of the newly devel-
oped three-section DBR laser® can also be explained by our
theory. The laser operates in mode II (coupled-cavity
mode) and the additional phase control section is to bring
one mode continuously to another inside the stopband in-
stead of hopping. As was shown earlier, the maximum tun-
ing range of A5 is obtained when the mode moves across the
stopband, A8, =~ — ax, where a 22, depending on the
coupling strength. Since A8 = — AB=2manAl/A*

— 2whAn/A, the maximum wavelength tuned is

Al =A{An/ny — (ald 2/ 2mn)k. (3

For a quaternary laser at A = 1.5 gm, x = 100 cm ™, and
a=~3,A4~ — 60 A (minus means A decreases with foen s
which agrees with the experimental results.

For practical purposes the laser has to operate above
threshold, where the assumption of linear index variation
with current is not valid. However, in modes I and Il either
the DFB or the FP section is lossy and the carrier concentra-
tion is not clamped. The current can still be used to modulate
the refractive index and optical path length effectively.
Therefore, the threshold analysis here can still be applied in
the more general case. Similar approximations of the nonlin-
ear relations of gain and refractive index versus current asin
Ref. 11 can be used.

CONCLUSION

In conclusion, we have presented an analysis based on
simulation of the threshold condition which has general ap-
plicability to lasers with periodic waveguides. The results
show that three modes of operation are possibie for the cou-
pled DFB-FP laser. Mode I occurs when the FP current 7
is small and allows the wavelength to be switched between
modes on either side of the stopband. This is useful for fre-
guency-shift-keyed communciation systems because it pro-
vides externaily controlled switching with the frequency sta-
bility of a DFB laser. When there is gain in both the DFB and
FP sections, the laser operates in mode 1, the coupled-cavity
laser mode, and successive mode hopping across the stop-
band can be expected. With an additional phase control re-
gion, very wide tuning range across the stopband is possible.
Mode I1l is the continuocusly tunable DBR mode, which oc-
curs when the DFB section is lossy. A continuous funing
range (4.8 A} is obtainable for a laser with a large ratic of
Iops /lxp and an antireflection coated DFEB facet. The tuning
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range can be further extended in a three-section laser. This
type of operation is desirable for coherent communication
systems because it allows continuous tuning under external
modulation while providing the narrow linewidth of 2a DFB
laser.
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