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Analysis of a wavelength selectable cascaded DFB laser based on the transfer
matrix method�

Xie Hongyun(谢红云)�, Chen Liang(陈亮), Shen Pei(沈珮), Sun Botao(孙博韬), Wang Renqing(王任卿),
Xiao Ying(肖盈), You Yunxia(尤云霞), and Zhang Wanrong(张万荣)

(College of Electronic Information and Control Engineering, Beijing University of Technology, Beijing 100124, China)

Abstract: A novel cascaded DFB laser, which consists of two serial gratings to provide selectable wavelengths, is
presented and analyzed by the transfer matrix method. In this method, efficient facet reflectivity is derived from the
transfer matrix built for each serial section and is then used to simulate the performance of the novel cascaded DFB laser
through self-consistently solving the gain equation, the coupled wave equation and the current continuity equations. The
simulations prove the feasibility of this kind of wavelength selectable laser and a corresponding designed device with
two selectable wavelengths of 1.51 �m and 1.53 �m is realized by experiments on InP-based multiple quantum well
structure.
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1. Introduction

Several modern communication systems, such as metro
networks, access networks and fiber to the home systems
(FTTH), all favor coarse wavelength division multiplexing
(CWDM) to avoid the high cost and system complexity of
dense wavelength division multiplexing (DWDM). CWDM
spans the S-band, C-band and L-band (1270–1610 nm) with
a wavelength spacing of 20 nm (ITU-T G694.2) and initially
gives its devices low cost and simplicityŒ1�. But state-of-the-art
transmitters are still complex and high-cost modules consisting
of independent parallel DFB lasers. As an effective solution,
fabricating a transmitter with monolithic integration technol-
ogy can make the process simplerŒ2� and lower cost.

In this paper, a new monolithically integrated device in-
cluding two serial Bragg gratings is designed and analyzed
with the transfer matrix method (TMM). To simulate the de-
vice performance, two cascade sections are analyzed separately
through the efficient facet reflectivity derived from each trans-
fer matrix. Both the simulation results andmeasurements prove
this monolithically integrated device can provide two electable
wavelengths with a space of 20 nm.

2. Device design

2.1. Device structure

A cascaded DFB laser is proposed to avoid large transmis-
sion loss produced by a multiple mode interferometer (MMI)
which is a necessary component in the light source module
used in CWDMŒ3; 4�. Figure 1 illustrates the cascaded struc-
ture. In sections P1 and P2, two different Bragg gratings are
fabricated separately to provide two Bragg wavelengths with a
spacing of 20 nm. The grating with short period is fabricated in

the front section P1, and the other grating with longer period is
fabricated in the rear section P2. A short wavelength laser emits
from the left facet directly, a longer wavelength laser transmits
through P1 and emits from the left facet too. The photon en-
ergy of the longer wavelength laser is lower than the energy
required to stimulate the short wavelength laser in P1, so it is
possible that the longer wavelength laser transmits through P1
without inducing lasing action in it. Moreover, the spacing of
20 nm is large enough to neglect the interaction between these
two gratings. Therefore, this device structure can ensure ex-
cellent single-mode performance and almost equal light power
level of the two wavelengthsŒ5�. Here, the Bragg wavelength of
the front section P1 is chosen as 1.51 �m and that of the rear
section P2 is chosen as 1.53 �m.

2.2. Device model

There are two active sections in this cascaded device. It
would be a little more complex to analyze its performance

Fig. 1. Sketch of cascaded DFB laser.
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directly through the beam propagationmethod (BPM), so a novel devicemodel based on efficient facet reflectivity derived through
TMM is explored to analyze these two sections separately.

The transfer matrix of the left facet or right facet is given in Eq. (1):

Fleft=right.r/ D

�
1=.1 � r/ �r=.1 � r/

�r=.1 � r/ 1=.1 � r/

�
; (1)

where r is the facet field reflectivity of InP-based material (usually 0.57).
The transfer matrix of P1 or P2 is given in Eq. (2) considering the sinusoidal Bragg grating in it:
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where g is the gain of the active area and depends on the facet
power reflectivity as 2gL D ln.1=R/, �ˇ is the deviation be-
tween the propagation constant ˇ and the Bragg propagation
constant ˇB and �ˇ D ˇ � ˇB D
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ig/2.
P1 is considered as a common DFB laser. Its front facet is

the cleavage plane and its rear facet is an equivalent reflective
plane of the section P2 and the actual rear facet. The equivalent
rear field reflectivity is derived from Eq. (3):

requr 21 D �
.Fequ rear/21

.Fequ rear/22

; (3)

where Fequ rear is expressed as Eq. (4), which is the equivalent
transfer matrix of the rear section P2 and the actual rear facet:

Fequ rear D FP2Fright.r/: (4)

After calculation, the equivalent rear field reflectivity of the
front DFB laser requr 21 is 0.63. Then the equivalent rear facet
power reflectivity of it, Requr 21, is 0.397.

P2 is analyzed in the same way through analyzing Eqs. (5)
and (6).

requf 21 D �
.Fequ front/21

.Fequ front/22

; (5)

Fequ front D FP1Fleft.r/: (6)

Correspondingly, the equivalent front field reflectivity of the
rear DFB laser requf 21 is 0.553 and the equivalent front facet
power reflectivity of it, Requf 21, is 0.306.

The parameters used in the calculation are given in
Table 1.

A sketch of a common DFB laser used in simulation is il-
lustrated in Fig. 2.

At first, through solving the Schrödinger equation (7) based
on the perturbation theory of k � Op, the energy distribution in
the quantum well structure is achieved and given in Eq. (8).
Thematerial gain spectrum is derived from the obtained energy
distribution.

ŒH0 C V.r/� .r/ D E.r/ .r/; (7)
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(8)
A photon beam propagates along the z-direction in the

waveguide structure. The wave equation is presented in
Eq. (9). With the technique of variable separation, it is solved
as Eq. (10):

@2

@x2y2
E.x; y; z/C

@2

@z2
E.x; y; z/

C k2
0 Œneff C�n.x; y; z/�2E.x; y; z/ D 0; (9)

E.x; y; z/ D E.z/�0.x; y/: (10)

Usually, the DFB laser is assumed to operate at a single trans-
verse mode. The exact transverse mode distribution �0.x; y/

is calculated effectively by the effective index method. The z-
dependent part of the electric field satisfies Eq. (11):�

@2

@z2
C k2

0n.z/
2

�
E.z/ D f .z/; (11)

where f .z/ is the Langevin noise function due to spontaneous
emission, the complex propagation constant t .z/ is calculated
from the effective index at a specific cross section in the xy-
plane.

For the DFB laser, the coupling between forward and back-
ward waves must be considered into the effective refractive in-
dex along the waveguide structure. So Equation (11) evolves
into the coupled wave equation (12)Œ6�. It can be solved conve-
niently with the transfer matrix method.

d
dz
r.z/ D �i�ˇr.z/ � i�s.z/;

d
dz
s.z/ D i�ˇs.z/C i�r.z/: (12)

Equation (13) is the current continuity equation, the general
relation between the injection current, the photon density and
the carrier densities involving the mechanisms of stimulated
recombination and various other recombination terms, drift and
diffusion contributions.

Frate .z; J; S;N / D 0: (13)
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Table 1. Parameters used in simulation of the serial DFB laser.
Parameter Value Parameter Value
ng 4 n1 3.286
�B 1.51 �m/1.53 �m n2 3.167
�� –20/20 nm L 300 �m
dg 80 nn R 0.32

Fig. 2. Sketch of a DFB laser for simulation.

Fig. 3. Simulation results of (a) P –I curve and (b) spectrum of the
front DFB section.

With a proper starting injected current, the gain equation,
the coupled wave equation and the current continuity equation
are self-consistently solved by the Newton iteration method.
A fine mesh grid is used in the active area to obtain a higher
accuracy of the calculation results. The front DFB section and

Fig. 4. Simulation results of (a) P –I curve and (b) spectrum of the
rear DFB section.

the rear DFB section are simulated in sequence with the power
reflectivity of the cleavage facet and the equivalent power re-
flectivity Requr 21 or Requf 21 obtained above.

Compared with the method of directly solving the lasing
mode of the integrated device used before, this model is sim-
pler and clearer in its physical mechanism, and is also more
convenient because the computing time is much shorter. This
model provides a new method for simulating the optical inte-
grated device.

2.3. Simulation results

The P –I curves and the lasing spectra of the front DFB
section and the rear DFB section are shown in Figs. 3 and 4
respectively. The lasing light of both sections emit from the
left facet. The power of the rear DFB section is smaller be-
cause of absorption loss in the front section, and the threshold
current is higher too. From the results shown in Figs. 3 and 4,
the interaction between the two sections is small enough. Both
DFB sections have a good sidemode suppression ratio (SMSR)
of about 40 dB. The simulation results prove that this mono-
lithically integrated cascade device can provide two selectable
wavelengths.

3. Device fabrication and measurements

A corresponding cascaded InP/InGaAsP DFB laser was
fabricated. The material epitaxy and fabrication process have
been reported in our previous workŒ7; 8�. The P –I curves of
the front and rear DFB sections under continuous wave (CW)
are shown in Fig. 5. The output power of the front DFB sec-
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Fig. 5. P –I curve of the novel cascaded DFB lasers.

tion achieves 10 mW at 100 mA and the output power of the
rear DFB section achieves 5 mW at 100 mA. There is an appar-
ent difference of output power between the simulation and the
measurement result. We believe that it can be explained by fol-
lowing reasons. At first, in simulation just half the device is cal-
culated considering the device structure symmetry, so the data
of calculated output power should be doubled. Then, the ac-
tive layer used in simulation is the ordinary multiple quantum
wells with a bandgap wavelength of 1.55 �m, which causes
a large deviation to both designed Bragg wavelengths of 1.51
�m and 1.53 �m. Therefore the calculated material gain of the
active area is relatively small. Meanwhile, the active layer of
the actual device is the asymmetric multiple quantum wells to
achieve a flatter and wider material gain bandwidth than that
of the ordinary quantum wells, which give the relatively larger
material gain at the two selected Bragg wavelengths, hence the
output power would be larger. Finally, when testing the rear
section, the front section can amplify the light coming from
the rear section like a semiconductor optical amplifier (SOA)
because the front section is biased under its threshold current.
The details can be found in our previous workŒ6�. The lasing
spectra of both sections are shown in Fig. 6 respectively. Two
different wavelengths, 1.51 �m and 1.53 �m (with a spacing
of 20 nm), are obtained and the SMSR of the two wavelengths
exceeds 40 dB.

4. Conclusion

A novel wavelength selectable cascaded DFB laser with
two serial gratings is designed and simulated through TMM
based on a new model. In simulation, the device is divided
into two sections according its different Bragg grating periods
and the transfer matrixes of each section are built. The equiv-
alent reflectivity of each section is obtained from its respec-
tive transfer matrix. Each section is considered as a common
DFB laser. The performance of each is simulated through self-
consistently solving the gain equation, the coupled wave equa-
tion and the current continuity equation by theNewton iteration
method. The boundary conditions of each section are based on

Fig. 6. Lasing spectra of the novel cascaded DFB lasers. a: Front sec-
tion: 80 mA. b: Rear section: 80 mA.

the equivalent facet reflectivity achieved by TMM. The sim-
ulations are illustrated in detail and the results prove the
feasibility of this kind of device. Finally, a cascaded DFB
laser with two wavelengths is designed and fabricated with
InP/InGaAsP quantum well structures. Two selectable wave-
lengths of 1.51 �m and 1.53�m are realized in this monolithic
integrated device and both SMSRs exceed 40 dB. So it can be
used in a CWDM system as a light source.
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