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Numerical Study of a DFB Semiconductor Laser and
Laser Array With Chirped Structure Based on the

Equivalent Chirp Technology
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Abstract—We propose that a Bragg grating with a chirp pro-
file in a semiconductor distributed feedback (DFB) laser can be
designed and fabricated through nonuniform sampling of a uni-
form grating based on the equivalent chirp technology (ECT). The
characteristics, including the relationship between the input cur-
rent and output power, the light distribution within the laser cavity,
the lasing spectrum, and the linewidth, are numerically analyzed
and compared with a DFB laser with a true chirped grating. The
study shows that the proposed DFB laser with an equivalent chirp
provides an identical performance to that of a conventional DFB
laser. Based on the ECT, different chirp gratings in a DFB laser
array can also be fabricated by simply using different sampling
functions, with the grating period in all gratings kept constant.
The key advantage of the proposed technique is that a DFB laser
or laser array can be fabricated based on the conventional holog-
raphy technology, which would simplify the fabrication.

Index Terms—Bragg grating, distributed feedback (DFB) laser,
nonuniformly spaced sampling.

I. INTRODUCTION

A DVANCED semiconductor lasers are key devices in
high-bit-rate long-haul optical fiber communication

systems. Among many different laser structures, the distributed
feedback (DFB) structure has been widely employed in semi-
conductor lasers to achieve single-longitudinal-mode operation
with a precise spectral control. Although the grating in a DFB
laser can be fabricated based on simple holography technology,
the grating with uniform period is not suitable for single-longi-
tudinal-mode operation because of the mode degeneracy. The
introduction of a quarter-wave phase shift to the grating period
would generate an ultranarrow transmission band, which would
ensure a single-longitudinal-mode operation [1]. To improve the
lasing performance, a grating with a sophisticated chirp profile
is also needed, which would ensure a single-longitudinal-mode
operation and at the same time suppress unwanted spatial hole
burning (SHB) resulted from the quarter-wave phase shift. For
example, the corrugation-pitch modulation (CPM), where a
quarter-wave phase shift is distributed at a phase-arranging
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region (PAR) rather than a single quarter-wave jump at the
center of the grating, has been proven to be capable of sup-
pressing the SHB effect, providing a more uniform longitudinal
field distribution and increasing the single-longitudinal-mode
operation stability [2], [3]. Other performances can also be
improved if an appropriately designed chirped grating is used
[4], [5]. The grating chirp has also found other applications in
advanced DFB semiconductor lasers. For example, in [6], an
optimized continuous chirp was used to correct the unwanted
effective refractive index along a tapered waveguide. Since
a true chirp requires a precise control of each grating line,
advanced fabrication technology such as a carefully designed
e-beam should be used [7]. Other techniques for a DFB struc-
ture with a chirp profile include varying the stripe width [8] or
bending the waveguides [9], [10], which may show difficulty
in the waveguide fabrication since a precise control of the
waveguide shape is required.

In addition to individual DFB lasers, DFB laser arrays and
wavelength-selectable laser sources are also highly desirable es-
pecially in dense wavelength-division multiplexing (DWDM)
systems [11], [12]. Such a light source contains multiple DFB
lasers with different lasing wavelengths on a single chip, and
conventionally each laser is manufactured with a slightly dif-
ferent grating pitch. This usually requires the definition of mul-
tiple grating sections with different pitch lengths. Using e-beam
lithography would cause obvious high costs. Even by holog-
raphy, numerous exposures for different gratings with different
periods have to be performed side by side on the wafer, which re-
quires multiple alignment changes. In [13], a technology based
on a homogeneous grating (constant pitch length) on the whole
wafer was demonstrated to realize a DFB laser array, which
is really at low cost. However, in the design, the waveguides
should be bent, with the grating in each laser being tilted, which
may couple the light out of the laser cavity.

Our recently developed equivalent chirp technology (ECT)
shows a high potential to realize a complicated chirp in a DFB
laser and a DFB laser array without using e-beam lithography.
The ECT, based on nonuniform sampling in a sampled Bragg
grating (SBG) with uniform grating period, has been demon-
strated to be able to achieve complicated frequency responses
in a fiber Bragg grating (FBG) [14]–[16]. The same concept
has also been recently applied to the design of a semiconductor
DFB laser to introduce discrete phase shifts in the laser cavity
[17]. Such an ECT-based DFB laser has the advantage that the
imbedded grating is simply an SBG with homogeneous grating
period that can be fabricated with the conventional holography
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technology. In this paper, the theory of the ECT-based DFB
laser is developed. We show that a continuous phase modulation,
such as the CPM, can be realized based on the ECT. We also
show that an ECT-based SBG is equivalent to a regular chirped
Bragg grating in a DFB laser. In addition, we demonstrate that a
DFB laser array can also be designed based on the ECT, which
can be fabricated based on a homogeneous grating in the entire
wafer, without the requirement for bending the waveguides or
tilting the grating.

The remainder of this paper is organized as follows. In
Section II, a theoretical discussion of the ECT is presented.
The equivalence between an ECT-based DFB laser with an
equivalent chirp and a DFB laser with a true chirp is demon-
strated theoretically. A CPM DFB laser is then designed based
on the ECT. In Section III, a detailed numerical study on the
proposed DFB laser is presented. The characteristics, including
the relationship between the input current and output power, the
light distribution within the laser cavity, the lasing spectrum,
and the linewidth, are compared with a DFB laser with a true
chirp. In Section IV, the impact of the sampling period and the
duty cycle of an SBG on the performance of the proposed DFB
laser are studied. The implementation of a DFB laser array
based on the ECT is also discussed in this section. A conclusion
is drawn in Section V.

II. PRINCIPLE

Conventionally, an SBG is implemented based on uniform
sampling which is often used in a laser cavity to realize mul-
tiwavelength operation, since an SBG has multiple reflection
channels. In an ECT-based SBG, however, only a single channel
would be used (the st channel is usually selected thanks to the
large reflectivity). In this paper, the st channel is considered.
Although the grating period is uniform, the SBG could have ex-
actly the same characteristics as a regular chirped grating in the
channel of interest. The required chirp is generated equivalently
by the nonuniform sampling.

Mathematically, the index modulation change of an
ECT-based SBG can be described by

(1)

where is the grating period and is the nonuniform sam-
pling function given by

(2)

where is a periodic sampling function, which is usually a
square wave, with a period of and a duty cycle of , and
is the chirp function which can be achieved equivalently by the
nonuniform sampling. Based on the Fourier series expansion,
we have

(3)

where is the th-order Fourier coefficient. Substituting (2)
and (3) into (1), we have

(4)

where

(5)

As can be seen from (4), the SBG is actually a superposition
of many subgratings with different grating periods, , with
each subgrating having a spectral response corresponding to one
of the multiple channels. Based on (5), the channel spacing is
determined by . When is sufficiently small, the spectral re-
sponse of the st subgrating is not overlapped with the spec-
tral responses of the adjacent sub-gratings. Therefore, the SBG
is equivalent to a regular chirped grating in the st channel. In
the design, we can choose a proper such that the st channel
is located within the gain spectrum of the semiconductor mate-
rial (a width of about 30 nm), while all of the other channels are
located outside the gain spectrum. Therefore, only the wave-
length within the st channel is possible to lase. Based on the
analysis, we conclude that, in the proposed DFB laser, the SBG
is equivalent to a regular SFB in the st subgrating, which has
a grating function given by

(6)

Then, the desired chirp modulation is realized equivalently
in a phase-modulation-free SBG using the ECT.

In the following, we will design a DFB laser with a chirped
grating in the cavity based on the ECT. To have a narrow trans-
mission band in the imbedded grating to ensure a single-longitu-
dinal-mode operation, a phase modulation should be introduced.
It could be a single -phase shift at the center of the grating or
a -phase shift that is distributed at a phase-arranging region
(PAR), which is called CPM. In this paper, we assume that the
phase changes linearly within the PAR given by

(7)

where and are, respectively, the lengths of the grating and
the PAR. The phase distribution function is illustrated in
Fig. 1(a). Based on the required phase modulation, the grating in
a CPM DFB laser is then illustrated in Fig. 1(c). For comparison,
a grating with a uniform period is shown Fig. 1(b).

Based on (2), we get the sampling function of the grating in
the ECT-based CPM DFB laser. Since is now nonlinear
within the whole grating length, is then a nonuniform sam-
pling function because the sampling period changes nonlin-
early with the position, which is given by

out of PAR
within PAR (8)
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Fig. 1. (a) Phase distribution of a grating in a CPM DFB laser. The � -phase
shift is distributed linearly in the PAR. (b) Index modulation of a grating with
a uniform period of �. (c) Grating in the CPM DFB laser. It can be seen that
the grating has a �-phase difference at the right side compared with the uniform
grating.

Fig. 2. (a) Nonperiodic sampling function s(z) used to realize the equivalent
chirp in a CPM DFB laser. The grating period is a constant along the grating.
(b) Conventional sampling function s (z) with a period of P .

The nonuniform sampling is illustrated in Fig. 2(a). In our de-
sign, is a square wave with a duty cycle of , which
is shown in Fig. 2(b) as a comparison with the nonuniform sam-
pling function.

To demonstrate that the proposed SBG has the same spec-
tral characteristics as a regular CPM grating, we calculate the
transmission spectral responses for both gratings based on the
well-known transmission matrix method. As we will discuss in
Section III, for an SBG with a small sampling period , the
lasing would start at the st channel, so here our analysis will
be focused on the st channel. In the ECT-based CPM DFB
laser, the lengths of the entire grating and the PAR are, respec-
tively, m and m. The sampling period
is 6.25 m, which gives a total number of samples of 64. The
transmission spectrum of the SBG is calculated and plotted as
the solid line in Fig. 3. The parameters used in the simulations
are listed in Table I. As a comparison, a chirped grating for a reg-
ular CPM DFB laser that has the same grating and PAR lengths
is also simulated, with the transmission spectrum plotted as the
dotted line in Fig. 3. As can be seen, the SBG has the same
transmission spectrum within the band of interest as that of the
regular CPM grating, with a gap mode to form the desired res-
onance cavity. The results show that the chirp-free SBG in (1)
is equivalent to the grating with a true chirp in (6), thanks to the
equivalent chirp introduced by the nonuniform sampling.

It should be noted that the gap mode in the CPM DFB laser is
not at the center of the stop band, as can be seen from Fig. 3. Al-
though a gap mode at the center will lead to the best side-mode
suppression ratio (SMSR), the distributed phase shift can signif-
icantly reduce the light concentration in the cavity of a quarter-
wave phase shift laser and then reduce the SHB. Therefore, there
is a tradeoff between the SMSR and reduction of light concen-
tration. The optimization of the length of the PAR will depend

Fig. 3. Transmission spectra of the regular chirp grating (dotted line) and the
SBG with an equivalent chirp at the�1st channel (solid line) around 1550 nm.
Identical spectral characteristics are observed.

TABLE I
PARAMETERS USED IN OUR SIMULATION

on the above tradeoff [18]. In addition, since the DFB laser
based on ECT acts the same as a conventional DFB laser does,
the facet reflection will also decrease the lasing performance.
Therefore, an anti-reflection (AR) coating is also required in an
ECT-based DFB laser.

III. SINGLE-WAVELENGTH EQUIVALENT CPM DFB LASER

Here, the lasing performance of the equivalent CPM DFB
laser is numerically studied based on the spectral domain model
developed in [19]–[22]. Using this model, the static characteris-
tics of the proposed DFB laser with an equivalent chirp is eval-
uated. As a comparison, a regular CPM DFB laser is also an-
alyzed. The parameters used in the numerical simulations are
also listed in Table I.

Fig. 4 shows the power–injection current (P-I) performance
of the two DFB lasers at the 1550-nm band. As can be seen,
the two lasers have identical performances. In our design, the
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Fig. 4. P–I curve of the DFB semiconductor laser with true (dotted line) and
equivalent (solid line) CPM.

Fig. 5. (a) Optical intensity distributions for the equivalent CPM DFB laser
when the output power levels are 2, 4, 6, 8, and 10 mW. (b) Optical intensity
distributions of the DFB lasers with an equivalent chirp, a true chirp, and a single
�-phase shift when the output power is 6 mW.

wavelength difference between the lasing channel and its adja-
cent channels is as large as 50 nm. As a result, the gain at the
adjacent channels is much lower than that in the lasing channel
in the 1550-nm band. We have demonstrated that such a design
provides a sufficiently large threshold margin in the equivalent
DFB laser [17], which ensures a single-longitudinal-mode op-
eration with a high output power.

Fig. 5(a) shows the light-intensity distributions along the
cavity at different output power levels for the ECT-based DFB
laser. When the injection current is 36 mA, which corresponds

Fig. 6. (a) Spectra of the equivalent CPM DFB laser when the output power
levels are 2, 4, 6, 8, and 10 mW. (b) Spectra of the DFB lasers with an equivalent
chirp and a true chirp when the output power is 6 mW.

to an output power of about 6 mW for both DFB lasers,
the light-intensity distributions are calculated and plotted in
Fig. 5(b). The two lasers have almost the same in-cavity light
distributions. The intensity distribution ripples in the equiv-
alent DFB laser are resulted from the sampled structure of
the grating. As a comparison, the light distribution in a DFB
laser with a single -phase shift is also calculated and plotted
in Fig. 5(b). In the simulation, the parameters for this single

-phase shift DFB laser are the same as those in Table I, except
that the length of the PAR, , is zero. The output power is
also 6 mW at the input current of 36 mA. Compared with the

-phase-shift DFB laser, the light in the CPM DFB laser is
distributed in the PAR, rather than a sharp and much higher
peak at the -phase-shift point. With a more uniform lasing
light distribution, the CPM DFB laser has been demonstrated
to provide a more stable single-longitudinal-mode operation,
even at a high output power [2]–[5].

The spectrum of the proposed DFB laser is calculated based
on the spectral model in [21], where the spontaneous emission is
considered when the device is lasing. Fig. 6(a) shows the lasing
spectra under different output power levels. When the output
power is 6 mW, the spectra of the DFB lasers with an equiva-
lent and a true chirp are plotted in Fig. 6(b). One can see that
the two DFB lasers have the same SMSR that is greater than 70
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Fig. 7. Linewidth/output power relationship of the DFB lasers with an equiva-
lent chirp and a true chirp. The relationship between the linewidth and the output
power of the DFB laser with a single �-phase shift is plotted for comparison.

dB. Another important performance measure is the linewidth of
the lasing output, which is also evaluated based on the model
in [21], where the spontaneous emission is considered. Fig. 7
shows the relationship between the linewidth and the output
power of the DFB lasers with an equivalent chirp and a true
chirp. The result clearly shows that the two DFB lasers provide
an identical performance. Compared with a conventional DFB
laser with a single -phase shift, the line width of the CPM laser
is a little wider, which comes from the asymmetry of the gap
mode, as can be seen from Fig. 3, where the gap mode is not
at the center of the stop band, and it is a cost paid for getting a
more uniform light distribution in the laser cavity.

From the above analysis, we can conclude that a DFB laser
with an equivalent CPM provides the same performance as a
DFB laser with a true CPM. The advantage of the equivalent
DFB laser is that the laser has a uniform grating structure, which
can be fabricated by the conventional holography technology
without the need for precise line-by-line control.

IV. EQUIVALENT CPM DFB LASER ARRAY

In the proposed DFB laser, the imbedded grating has a sam-
pled structure. Two important parameters are associated with
the design of the SBG: the sampling period and the duty
cycle . Here, the two parameters on the lasing performance
are analyzed.

A. Duty Cycle

From (6), we can see that the index modulation depth of the
st subgrating is , which is the coefficient of the st

Fourier component of the sampling function . For practical
implementation, the sampling function can be approximated by
a square wave. Then, will change as a function of the duty
cycle of the sampling function

(9)

where is the index modulation depth of the SBG. The re-
lationship between and is plotted in Fig. 8.

Fig. 8. Relationship between F and the duty cycle of the SBG.

Fig. 9. P–I curve of the equivalent DFB laser with duty cycles of 0.3, 0.36, and
0.5. The insert shows the threshold variation induced by the duty cycle change.

is the index modulation depth of the st subgrating,
which can be considered as the effective index modulation depth
in the laser cavity. On one hand, is less than the actual
index modulation depth of the SBG , as shown in Fig. 8.
To maximize the effective index modulation depth, a duty cycle
of should be selected. Therefore, the index modulation
used in the ECT should be approximately three times higher
than that in a conventional DFB laser. In the fabrication of an
ECT-based DFB laser, a stronger or longer grating is required.
On the other hand, by controlling the duty cycle of the SBG,
we can control the effective index modulation depth to the de-
sired value, instead of controlling the actual index modulation of
the SBG. Fig. 9 shows the lasing performance of the equivalent
CPM DFB laser with different duty cycles. As shown in Fig. 8,
when the duty cycle decreases from 0.5, the effective coupling
coefficient will also decrease, and then the ability of the DFB
cavity to confine the light will decrease. Therefore, the threshold
will increase, as shown in the insert of Fig. 9. Similarly, the
linewidth and the SMSR at a given output optical power will
increase and decrease, respectively, as shown in Fig. 10. It can
be seen that the induced performance change by the duty cycle
is the same as that when the coupling coefficient of a conven-
tional DFB laser is changed, which confirms that the control of
the duty cycle is equivalent to the control of the coupling coef-
ficient of a DFB laser.

In addition, when the duty cycle is 0.5, which is a convention-
ally used value, the performance change induced by the duty
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Fig. 10. Linewidth and the SMSR change versus the change of the sampling
duty cycle. The output optical power is 6 dBm.

Fig. 11. Illustration of a CPM DFB laser array implemented based on the ECT.
Different lasing wavelengths and chirps are obtained by using sampling func-
tions with different sampling periods. The grating period of the whole wafer
is uniform, which makes the fabrication by the conventional holography tech-
nology possible.

cycle change is small, because the derivative of the effective
index modulation is zero when the duty cycle is 0.5, as shown
in Fig. 8. For example, in Figs. 9 and 10, when the duty cycle
is changed from 0.5 to 0.4, the threshold, the linewidth, and the
SMSR are changed to be around 0.3 mA, 1 MHz, and 1 dB, re-
spectively. Therefore, we can conclude that, in the fabrication
of an ECT-based DFB laser, the proposed technique has a high
tolerance to duty cycle errors.

B. Sampling Period

From (5), we can see that the lasing wavelength of the pro-
posed equivalent CPM DFB laser can be approximated as

(10)

which shows that the lasing wavelength is determined not only
by the grating pitch, but also by the sampling period. Therefore,
in the design of an equivalent CPM DFB laser, we can control
the lasing wavelength by adjusting the sampling period of the
SBG, while keeping the grating period unchanged, which makes
the fabrication significantly simplified: based on the ECT, it
is possible to fabricate DFB lasers with different lasing wave-
lengths on the same wafer with a homogeneous grating. The
different lasing wavelengths are obtained by using sampling
functions with different sampling periods, as can be seen from
Fig. 11. In addition, the CPMs required in all of the DFB lasers
could also be designed by modifying the sampling functions
without complicating the grating structures. Therefore, in a DFB
laser array, both the lasing wavelength and the chirp can be
designed by controlling the sampling functions rather than the
grating period.

Fig. 12. Dependence of the SMSR and the linewidth on the laser length, grating
strength, and the sampling period. The output power is kept at 6 mW in our
simulation. Other parameters are the same as those listed in Table I.

If the DFB laser is used in a DWDM system, a wavelength
resolution of at least 0.4 nm is required. Based on (10), we have

(11)

Therefore, a precision of 0.05 m is then required in the sam-
pling period, if the DFB laser is designed based on the param-
eters shown in Table I. However, for a conventional DFB laser,
a wavelength resolution of 0.4 nm corresponds to a precision
of 0.058 nm in the control of the grating period, which is about
three orders of magnitude higher than the precision required in
the proposed ECT. The use of the proposed ECT will greatly
simplify the DFB laser and laser array fabrication.

In addition, from (6), we can see that the structure of the
st-order subgrating, which is the effective grating for the

DFB laser, will not change when the sampling period is
changed. As a conclusion, the lasing performance will not be
affected by the change of sampling period either. Fig. 12 shows
the simulation results of the dependence of the linewidth and
the SMSR on the change of the grating strength and the
grating length. When the grating is lengthened or the is
increased, the linewidth of the lasing spectrum will decrease
and the SMSR will increase, the same as a conventional DFB
laser does. However, the change of the sampling period shows
no impact on the lasing performance, as shown in Fig. 12. This
example confirms the theoretical analysis in Section II.

Based on the above analysis, we can see that, with the ECT,
a DFB laser array can be achieved with all of the wavelengths
having the same lasing performance. As an example, we design
an DFB laser array that consists of three equivalent CPM DFB
lasers with an identical grating length of 400 m and grating
period of 218.062 nm. The sampling periods are 7.69, 6.25, and
5.26 m. As a result, the numbers of samples in the three DFB
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Fig. 13. (a) P–I curve of the CPM laser array. (b) Output spectrum of the CPM
laser array.

lasers are 52, 64, and 76. Other parameters used in the design are
the same as those used in the single-wavelength DFB laser dis-
cussed in Section II and listed in Table I. The laser array is then
simulated with the results plotted in Fig. 13. Fig. 13(a) shows
the P–I performance. It is seen that the three CPM DFB lasers
have the same P–I performance. When the input current to the
three lasers is 36 mA (corresponding to an output power of 6
mW for a single-wavelength equivalent CPM DFB laser), the
laser array would start to lase with lasing wavelengths at 1539.3,
1549.7, and 1560.3 nm. The spectrum of the lasing output of
the laser array is shown in Fig. 13(b). The same performance is
achieved for the three lasing wavelengths. The results confirm
that a laser array implemented based on the ECT would provide
a high-performance operation. It should be emphasized here that
the whole laser array has a homogeneous grating, which is dif-
ferent from a conventional DFB laser array, with different wave-
lengths having different grating periods. The key advantage of
using the ECT to design an equivalent CPM DFB laser array is
that the fabrication can be significantly simplified by using the
conventional holography technology.

V. CONCLUSION

A proposal for the design of advanced semiconductor DFB
lasers and DFB laser arrays with an equivalent chirp based on
the ECT was presented. Theoretical analysis was performed,
with the performance of the equivalent CPM DFB laser being
evaluated, which was compared with a DFB laser with a true
chirp. The characteristics such as the P–I performance, the light

distribution, the lasing spectrum, and the linewidth have been
evaluated. The results showed that a DFB laser with an equiva-
lent CPM would provide the same performance as a DFB laser
with a true CPM. The performance of a DFB laser array de-
signed based on ECT was also evaluated. The results confirmed
that a DFB laser array implemented based on the ECT would
provide a high-performance operation. The key advantage of
the proposed technology is that a uniform grating is required
in the whole wafer for both a single-wavelength DFB laser and
a DFB laser array; therefore, the DFB laser or laser array can be
fabricated using the conventional holography technology, which
could significantly simplify the fabrication system and reduce
the fabrication cost.
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