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Abstract: A DFB semiconductor laser with a bent waveguide and an equivalent chirp
compensation based on the sampled grating technique is proposed to improve the single
longitudinal mode (SLM) performance for the first time. In such a structure, the bent
waveguide is used to form the basically chirped grating so that the zeroth-order reso-
nance is greatly suppressed. However, for the �first-order resonance, the equivalent
chirp by designing the sampling pattern is used to compensate the chirp in the �first
subgrating caused by bent waveguide. As a result, the �first-order resonance is en-
hanced, whereas the zeroth resonance is well suppressed. Since the wavelength spac-
ing between the zeroth and �first subgrating can be reduced by adopting this method,
the sampling period can be increased. Therefore, the corresponding line in photomask
can be enlarged as well to ease the fabrication, and the lasing wavelength accuracy can
be further improved according to the theoretical analysis. Because the lasing wavelength
can be controlled by changing the sampling period, the performances of the multiwave-
length DFB laser array can also be improved using this method.

Index Terms: DFB semiconductor laser, sampled grating, bent waveguide.

1. Introduction
Multi-wavelength DFB laser arrays (MLAs) are the key elements in photonic integrated circuits
(PICs) and high-speed optical communication systems [1]–[4]. For an MLA that meets Wave-
length Division Multiplexing (WDM) requirements, single longitudinal mode (SLM) must be guar-
anteed for all lasers and the lasing wavelengths have to be accurately controlled. As a result,
the structures as fine as to nano-scale, such as those for phase shift or chirp, are required in
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the Bragg gratings of DFB lasers to ensure SLM operation. The grating periods of each laser
need to be precisely produced. For example, wavelength spacing of 0.8 nm requires a grating
period difference of around 0.125 nm. Up to now, the fabrication is usually carried out using
E-beam lithography (EBL) which can write arbitrary grating patterns. However, it suffers from
time consumption, high cost, and unavoidable stitching errors [5]. The reconstruction-equivalent-
chirp (REC) technique, which is based on the sampled grating, has recently been proposed
and has been successfully applied to fabricate different DFB lasers and laser arrays [6]–[8]. In
REC technique, the sampling patterns are carefully designed to realize the desired grating pro-
file in some subgratings (usually the þfirst/�first subgrating) equivalently. It has some advan-
tages such as high wavelength precision and low fabrication cost [7], [9], [10]. However, since
sampled gratings have multi-channel (subgrating) reflections [11], the zeroth order resonance
can lead to undesirable lasing. Consequently, the sampling period is usually designed small
enough in order to shift the zeroth order wavelength far away from the gain region. However,
lasing of the zeroth order wavelength may still occur when the gain spectrum is shifted due to
material growth variations or other reasons such as the temperature. Therefore, a number of
methods are proposed to suppress the zeroth subgrating resonance or to increase the wave-
length spacing between the zeroth and þfirst/�first subgrating [12]–[14]. However, the fabrica-
tion process is much more complex.

In this paper, a new method to suppress the zeroth order resonance and enhance the �first
order resonance is proposed for the first time. The bent waveguide is designed to form the basic
chirped grating (seed grating) to reduce the zeroth order resonance. The equivalent chirp is
designed simultaneously to compensate the chirp in the �first subgrating which is used as the
resonator, and an equivalent � phase shift is inserted in order to realize SLM operation around
the �first Bragg wavelength. Besides, the multi-wavelength DFB laser arrays can be realized by
designing different sampling periods. The proposed method is compatible to the current laser
fabrication process, so the process cost is as low as that for processing normal DFB lasers.

2. Principle
The proposed structure with a bent waveguide and pre-designed sampling patterns is schemati-
cally shown in Fig. 1. The bent waveguide is used to form the basic (seed) chirped grating and
the non-uniform sampling pattern is designed to form a reversed equivalent chirp profile to com-
pensate the chirp in a particularly desired order sub-grating (usually the �first order).

2.1. Grating Period Variation
The grating period �bentðzÞ along a bent waveguidecan be expressed as a function of the tilt

angle �ðzÞ as follows [15], [16]:

�bentðzÞ ¼ �0

cos�ðzÞ (1)

Fig. 1. Schematic of the proposed structure with a bent waveguide and pre-designed sampling pat-
terns for equivalent chirp. P1 and P2 are the sampling periods.
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where �0 is the uniform grating period. As a result, the chirped grating period profile can be
achieved by carefully designing the tilt angle along the waveguide.

2.2. Chirp Compensation
Once we obtain the chirped grating, the seed grating with chirped profile for REC technique

is also achieved. If the chirp coefficient is C, then the grating period distribution can be ex-
pressed as

�ðzÞ ¼ �0 þ Cz: (2)

Hence, the grating refractive index modulation can be expressed as

�nðzÞ ¼ 1
2
�n exp

Z
j
2�
�ðzÞ dz

� �
þ c:c � 1

2
�n exp �j

�Cz2

�2
0

� �
exp j

2�z
�0

� �
þ c:c (3)

where �n is the refractive index modulation depth.
The uniform sampling pattern can be expanded into a Fouier-Series

Sðz 0Þ ¼
X
m

Fm exp j
2�m
P

z 0
� �

(4)

where P is the sampling period. Furthermore, in order to analyze a sampling pattern with arbi-
trary period, (4) can be written as

SðzÞ ¼
X
m

Fm exp j
2�m
P

f ðzÞ
� �

(5)

where z 0 ¼ f ðzÞ. Here, the transformation of coordinates is applied and f ðzÞ is an arbitrary
function that relates to the sampling pattern. In order to simplify the analysis, it is further
changed into

f ðzÞ ¼ z þ ’ðzÞ (6)

Apparantly, if ’ðzÞ ¼ 0, (5) describes a uniform sampling pattern. As a result, the sampled
grating with arbitrary sampling pattern can be expressed as

�nsðzÞ ¼ 1
2
�n

X
m

Fm exp j
2�m
P

þ 2�
�0

� �
z

� �
exp j

2�m’ðzÞ
P

� �
exp �j

�Cz2

�2
0

� �
þ c:c: (7)

For m ¼ �1st order subgrating, (7) can be simplified as

�ns�1ðzÞ ¼ 1
2
�nF�1 exp j2�

1
�0

� 1
P

� �
z

� �
exp �j

2�’ðzÞ
P

� �
exp �j

�Cz2

�2
0

� �
þ c:c: (8)

If the �first order subgrating is used as the operation resonator and the chirp is compensated
by sampling pattern, following condition must be met:

2�’ðzÞ
P

þ �Cz2

�2
0

¼ 0: (9)
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From (9), one can see the function ’ðzÞ which is related to the sampling pattern f ðzÞ, can be
written as

’ðzÞ ¼ �Cz2P
2�2

0

: (10)

Thus, the index modulation of the �first subgrating can be expressed as

�ns�1ðzÞ ¼ 1
2
�nF�1 exp j2�

1
�0

� 1
P

� �
z

� �
þ c:c: (11)

Therefore, an equivalent uniform grating is achieved in the �first order channel. An equivalent
� phase shift can also be produced according to the REC technique in order to realize SLM op-
eration around the �first Bragg wavelength.

For m ¼ 1st order subgrating, (7) can be simplified as

�nsþ1ðzÞ ¼ 1
2
�nFþ1 exp j2�

1
�0

þ 1
P

� �
z

� �
exp j

2�’ðzÞ
P

� �
exp �j

�Cz2

�2
0

� �
þ c:c: (12)

The phase term in (12) is

exp j
2�’ðzÞ

P

� �
exp �j

�Cz2

�2
0

� �
¼ exp �j

�C 0z2

�2
0

� �
: (13)

Here C 0 ¼ 2C, which means the chirp in the þfirst subgrating is doubled.
For m ¼ 0th order subgrating, (7) can be simplified as

�ns0ðzÞ ¼ 1
2
�nF0 exp j

2�
�0

z
� �

exp �j
�Cz2

�2
0

� �
þ c:c: (14)

It implies that the zeroth order subgrating profile is the same as the seed grating where the
chirp can reduce the reflection and therefore suppress the zeroth order resonance. The results
are illustrated in Fig. 2.

2.3. Coupling Coefficient in Bent Waveguide Region
The coupling coefficient is dependent on the tilt angle of the bend waveguide. The formula for

the coupling coefficient of a normal 3-D Bragg grating is given in [17]. The normalized coupling
coefficient of tilted Bragg grating is derived in the Appendix and expressed as

�ð�Þ
�ð0Þ ¼

Rþ1

�1
cos 2�

�0
sin�x

� �
U2ðx ; y0Þdx

Rþ1

�1
U2ðx ; y0Þdx

: (15)

Fig. 2. Schematic illustration of the þfirst, zeroth, and �first order subgratings in the proposed sam-
pled grating.
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The calculated results are shown in Fig. 3. Fig. 3(a) shows the curve of (15) versus the tilt an-
gle. The inserted figure is the mode profile of a normal ridge waveguide which is used in the cal-
culation. Fig. 3(b) is the corresponding coupling coefficient of the sampled grating along cavity
with the length of 400 �m calculated using (15). The chirp coefficient is 1:3e�6. The effect of the
varied coupling coefficient along cavity is also considered in the following simulations.

3. Simulation Results

3.1. Passive Grating Cavity Property
In order to verify the effect of the zeroth order suppression by chirp compensation scheme,

we designed a waveguide Bragg grating with the proposed structure. The cavity was 400 �m
long, the uniform grating period �0 was 232.8 nm, the effective refractive index was 3.2, and the
chirp coefficient C was 1:3e�6. The tilt angle distribution can be calculated using (1). The cou-
pling coefficient distribution is shown in Fig. 3(b). In order to compensate the chirp in the �first
order subgrating, the sampling periods were designed from 5.0 �m to 5.23 �m according to (7).
Therefore, the zeroth order wavelength is around 1490 nm and the �first order wavelength is
around 1562 nm. Equivalent � phase shift was also inserted in the middle of cavity. In order to
make comparisons, a grating without chirp compensation was designed at the same time. The
simulations were implemented using transfer matrix method (TMM) [18].

Fig. 4(a) is the calculated transmission spectra and group delay with seed grating chirp but
without equivalent chirp compensation. The zeroth order resonance is suppressed to some ex-
tent as the result of the chirp profile, but both the reflections of the þ=�first subgratings are also

Fig. 3. (a) Calculated curve of (15). The inserted figure is the mode of a common laser with ridge
waveguide used in the calculation. (b) The coupling coefficient distribution along cavity calculated
by (15) with grating chirp of 1:3e�6.

Fig. 4. Calculated transmission spectra and group delays of chirped gratings (a) without equivalent
chirp compensation and (b) with equivalent chirp compensation.
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reduced and distorted simultaneously. However, when the chirp was compensated in the �first
subgrating as is shown in Fig. 4(b), there is no distortions in the �first reflection and the reso-
nance is also enhanced in accordance with the group delay of about 5.6 ps which is compared
to only 4.8 ps for that without compensation. The zeroth subgratings in both cases are sup-
pressed due to the chirp induced by the bent waveguide, and the resonance of the þfirst sub-
grating with equivalent chirp compensation is suppressed stronger due to the doubled chirp. As
is shown in Fig. 4(b), the group delay is much lower than that in Fig. 4(a), which is consistent
with the theoretical analysis made above.

3.2. Threshold Condition Analysis
The threshold conditions for proposed DFB lasers were calculated by TMM which is based on

the coupling mode model [19]. The parameters of DFB grating are the same as that of the grat-
ing with chirp compensation which has been discussed above. The other parameters are listed
in Table 1.

Fig. 5(a) shows calculated dependence of normalized threshold gain on the chirp parameters
for the zeroth and �first resonance. In the calculation, the chirp coefficient was varied from 0 to
1:5e�6. As can be seen from Fig. 5(a), threshold gains for the both resonances increase with
the increase in the chirp coefficient, and the normalized threshold gain of the zeroth order reso-
nance is much lower than that of the �first order resonance when there is no chirp in the seed
gratings, implying that the zeroth order lasing has lower threshold current than that of the �1th
order lasing. When the chirp coefficient is larger than 0:8e�6, the �first threshold gain begins to
be lower than that of the zeroth threshold gain. In order to obtain stable SLM operation, the nor-
malized gain difference needs to be larger than 0.25 [17]. Because of this, the chirp coefficient
has to be larger than 1:4e�6 as is shown in Fig. 5(b). However, owing to the fact that the gain

TABLE 1

The parameters used in our laser model

Fig. 5. (a) Calculated normalized threshold amplitude gains for the zeroth order and the �first sub-
gratings. The chirp coefficients are 0, 0:5e�6, 0:7e�6, 0:9e�6, 1:1e�6, 1:3e�6, and 1:5e�6, respec-
tively. All the threshold gains for different modes increase when chirp coefficient increase, except
for the short wavelength mode in the zeroth order, which is denoted by a broken line. (b) Normal-
ized threshold gain difference between the lowest gain in the �first and zeroth order subgratings.
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spectrum of multiple-quantum-well (MQW) is limited within a certain wavelength region and can
be approximately expressed as quadratic form [20], the actual gain for the zeroth order is much
lower than the gain of the �first order, because the �first order resonance wavelength was
tuned to the peak position of the gain spectrum. Therefore, suppression of the zeroth order las-
ing could be achieved for chirp coefficients smaller than 1:4e�6. Whilst the threshold gain of the
�first order subgrating resonance becomes smaller for larger chirp coefficients, which is attrib-
uted to the decreased and asymmetric coupling coefficient with increased variation in the tilt
grating angle for larger chirp coefficient If the zeroth order is suppressed well enough with large
chirps, the wavelength spacing between the zeroth and �first wavelength can be significantly
reduced according to (11) and (14). As a result, the sampling period can also be much larger
than that for normal lasers based on REC technique, which will relax the fabrication process.
Moreover, the wavelength precision can be further improved as well, according to the equation
described in [7] and [9], and can be expressed as

���1 ¼ � 1

P
�0

� 1
� �2 �P (16)

where �P and ���1 denote the sampling period error and the �first subgrating period error,
respectively.

In order to obtain excellent SLM performances, device parameters such as material gain spec-
trum, the bent angle of the waveguide and the zeroth order wavelength must be fully optimized.

3.3. Laser Performances Above Threshold
The laser performances above threshold were also simulated using TMM method [21]. All the

parameters remained identical to that for threshold condition analysis. The power-current (P-I)
curves are plotted in Fig. 6(a). Different efficiency slopes of 0.212 W/A and 0.270 W/A were ob-
tained for the front and rear facets of the laser. The difference in the slope efficiency for front and
rear facets is attributed to the asymmetric coupling coefficient as is shown in Fig. 3(b). Because
the SLM property is not degenerated as was analyzed before, this is advantageous for the inte-
grated laser array sources as more light can be extracted out from one facet [22]. The internal
light distributions with different injection current levels are plotted in Fig. 6(b), and clearly more light
is accumulated at the front facet, which is in accordance with the P-I curves shown in fig. 6(a).

The laser spectrum is simulated as is shown in Fig. 7(a). The bias current is 30 mA. The gain
of the zeroth order around 1490 nm is assumed to be 20% of the gain peak which is around
1550 nm to consider the unflatten gain spectrum. The lasing wavelength in the �first order chan-
nel is at the middle of the stopband, which is resulted from the equivalent � phase shift. The
zeroth order lasing is significantly suppressed. For the above threshold operation, the dominant

Fig. 6. (a) Calculated P-I curves of front and rear facets and (b) the internal light distributions at cur-
rents of 30 mA, 50 mA, and 70 mA, respectively.
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�first lasing can make the zeroth order resonance deviate from the phase match condition
apart from the reason of chirped grating. As a result, the suppression of the zeroth order lasing
can be further enhanced.

Thanks to the sampling pattern, the multi-wavelength DFB laser arrays can be simply realized
by designing different sampling periods. A four-wavelength laser array was simulated with uni-
form wavelength spacing of 3.2 nm, and the spectra are shown in Fig. 7(b).

4. Discussion
During grating fabrication, the grating period error is usually introduced, which may influence
the compensation effect. Therefore, a variation in seed grating phase occurs and can be ex-
pressed as ��ðzÞ ¼ jð2�Cz2=�2

0Þ��0, while the compensation induced by the sampling pattern
is fixed with a phase of �cðzÞ ¼ jð�Cz2=�2

0Þ, and the ratio between them ��ðzÞ=�cðzÞ is
2��0=�0. Assuming the grating period �0 is 250 nm and fabrication error is 2.0 nm, the ratio is
only 0.016. That is to say, the seed grating fabrication errors can be practically ignored,
which is very beneficial for the actual applications. In addition, it should be mentioned that
bent waveguide can cause radiation loss, but fortunately, it is not severe [15], [16].

5. Conclusion
A novel structure based on REC technique is proposed to improve the SLM operation in DFB la-
sers. Bent waveguide was used to form chirped grating along the cavity in order to effectively
suppress the zeroth order resonance, and equivalent chirp compensation in the �first order sub-
grating was introduced by sampling technique to enhance resonance of the �first order. The de-
tailed theoretical analysis indicates that very good performances can be achieved. The
proposed approach can also benefit the applications of multi-wavelength DFB laser arrays to
the future PICs.

Appendix
The top view of the tilted grating with tilt angle of � is shown in Fig. 8. The relative permittivity
corrugation can be expanded in Fourier series as

�"ðx ; y ; zÞ ¼
X1

q¼�1
Aq 6¼0ðx ; y ; zÞ expðj�k�r Þ (A.1)

Fig. 7. (a) Calculated lasing spectrum where the magnitude of the gain around 1490 nm is assumed
to be 20% of that at 1550 nm. (b) Simulated lasing spectra of a four-wavelength DFB laser array
with wavelength spacing of 3.2 nm.
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where, A is the Fourier coefficient, and k is the grating-vector which can be further written as

�k ¼ 2�
�0

cos��ez þ 2�
�0

sin��ex : (A.2)

Then, A.1 can be expressed as

�"ðx ; y ; zÞ ¼
X1

q¼�1
Aq 6¼0ðx ; y ; zÞ exp j

2�
�0

cos�z
� �

exp j
2�
�0

sin�x
� �

: (A.3)

The coupling coefficient for some order Fourier component with tilt angle � can be expressed as

�ð�Þ ¼ k2
0

2�

RR
Aq 6¼0ðx ; y ; zÞ exp j 2��0

sin�x
� �

U2ðx ; yÞ dx dyRR
U2ðx ; yÞ dx dy

(A.4)

where Uðx ; yÞ is the mode field distribution along the transverse X�Y plane, k0 is the light
wave-vector in vacuum, and � is the mode propagation constant. In the y direction, the Integral
height is the grating tooth depth which is assumed to be from d1 to d2 with mean depth of d0.
Therefore, (A.4) can be expressed as

�ð�Þ ¼ k2
0

2�

Rd2
d1

Rþ1

�1
Aq 6¼0 exp j 2��0

sin�x
� �

U 2ðx ; yÞ dx dy
RR

U2ðx ; yÞ dx dy
: (A.5)

Because the grating depth is very small with only dozens of nanometers, the mode field along
grating region in y direction can be considered as uniform. Then U2ðx ; yÞ in grating region can
be approximated as U2ðx ; y0Þ which is the field distribution at y0. As a result, the integral compo-
nent related to y is a constant C and (A.5) is written as

�ð�Þ¼ k2
0

2�

Rd2
d1

Rþ1

�1
Aq 6¼0 exp j 2��0

sin�x
� �

U 2ðx ; y0Þ dx dy
RR

U 2ðx ; yÞ dx dy
¼ k2

0

2�

C
Rþ1

�1
Aq 6¼0 exp j 2��0

sin�x
� �

U2ðx ; y0Þ dxRR
U2ðx ; yÞ dx dy

(A.6)

and (A.6) can be further expanded as

�ð�Þ ¼ k2
0

2�

C
Rþ1

�1
Aq 6¼0 cos 2�

�0
sin�x

� �
U2ðx ; y0Þ dxRR

U2ðx ; yÞ dx dy
þ j

k2
0

2�

C
Rþ1

�1
Aq 6¼0 sin 2�

�0
sin�x

� �
U2ðx ; y0Þ dxRR

U2ðx ; yÞ dx dy
: (A.7)

Because sinðð2�=�0Þsin�xÞ is an odd function, the integral of imaginary part approaches zero,
and then, (A.7) is expressed as

�ð�Þ ffi k2
0

2�

C
Rþ1

�1
Aq 6¼0 cos 2�

�0
sin�x

� �
U2ðx ; y0Þ dxRR

U2ðx ; yÞ dx dy
(A.8)

Fig. 8. Top view of a tilted grating with tilted angle of �.

Vol. 7, No. 1, February 2015 1500310

IEEE Photonics Journal Single-Mode Property of Semiconductor Laser



Finally, the normalized coupling coefficient related to tilt angle � can be written as

�ð�Þ
�ð0Þ ffi

Rþ1

�1
cos 2�

�0
sin�x

� �
U2ðx ; y0Þ dx

Rþ1

�1
U2ðx ; y0Þ dx

: (A.9)
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