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Effect of Optical Feedback on the Wavelength Tuning
in DBR Lasers
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and Martin Schell

Abstract—Optical feedback has an impact on the tunability of
lasers. We created a model of a tunable distributed Bragg reflector
(DBR) laser describing the effect of optical feedback from a con-
stant reflector distance on the wavelength tuning. Theoretical and
experimental results are in good agreement. A further discussion of
the model sheds light on design rules to reduce the effect of optical
feedback on the tuning behavior. We introduced a new parameter
called mode loss difference (MLD) as a metric for the feedback
tolerance of the tuning behavior. A large MLD indicates higher
tolerance of the laser to cavity length variations.

Index Terms—Continuous Tuning, DBR Laser, external Cavity,
Optical Feedback Interferometry, Optical Feedback, Tunable
Laser.

I. INTRODUCTION

THE reintroduction of a laser beam back into its laser cavity
is called optical feedback [1]. The back reflected beam

interferes with the laser cavity beam and induces changes in
laser characteristics such as the output power, the gain voltage,
the linewidth, the side mode suppression ratio (SMSR) [2], [3],
the frequency chirp [4], and the bandwidth [5]. Depending on the
feedback power ratio and the distance of the external reflector
in respective to the output facet, the laser can show different
characteristics. Five regimes can be distinguished [6], regime
I: low feedback, which causes narrowing or broadening of the
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laser linewidth; regime II: feedback which causes splitting of
the emission line and mode hopping; regime III: distance inde-
pendent laser operation with narrowed linewidth; regime IV: dis-
tance independent laser operation with satellite modes separated
from the main mode; regime V: an extended cavity operation. A
further revised discussion of the optical feedback regimes with
short and long external cavities [7] identified regions for self-
mixing interferometry [8]. A further discussion of the transition
from short to long cavity regime can be found in [9].

However, this does not tell us about the impact of optical
feedback on the lasing mode stability during laser tuning. In
order to describe the effect, we set up a laser model which
allows the discussion of the wavelength tuning under optical
feedback from a reflection at a constant short distance, which
can be interpreted as an external cavity next to the laser cavity,
from now on referred as feedback section. Based on the model
we extend the perspective on the feedback parameters, which
are the power ratio and the distance to the external reflection,
and include certain laser design parameters like the laser cavity
length, the full width half maximum (FWHM), and the maxi-
mum reflectivity of the Bragg grating. It turns out that not only
the feedback power ratio determines the stability of a laser. The
length ratio of the feedback section to laser cavity, from now
on referred to as cavity ratio, impacts the mode stability as
well as the FWHM [10], and the amplitude of the reflectivity
of the Bragg grating [11]. Optical feedback as an uncontrolled
effect can appear already within the laser module e.g. at the
coupling point between the laser chip and the single mode fiber.
The reflection can, but do not have to appear and might reduce
the yield of good devices during production. Certain design rules
are suggested which reduce the negative effects on the tunability
in the case of optical feedback from a reflection at a constant
distance external to the laser cavity.

Continuous tuning means shifting the longitudinal mode in
wavelength while not inducing mode hops. A mode hop is the
wavelength hop which takes place when another mode starts
lasing because it suffers fewer losses. The range in which a
mode can be tuned continuously is limited by these mode hops
which. We call these ranges mode hop zones from now on.
For a DBR laser without optical feedback the mode hops zones
are straight and continuous tuning is possible by applying the
tuning parameters with linear dependency. The optical feedback
changes the shape of the mode hop zones and three tuning
regimes of tunability were found:
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Fig. 1. Tunable Laser with an indium phosphide (InP) active gain section that
is supplied by a constant current source. The wavelength of the laser can be tuned
by the phase heating power PPh and the Bragg heating power PBr. The passive
and the feedback section are in the same polymer chip. The feedback section has
the length lf. The chips output is butt-coupled to a single mode fiber (SMF) with
phase matching glue and has a small reflectivity. The T-Matrix sections show
the division of the feedback section into its matrix elements T1 for the Bragg
grating, TS the propagation through the waveguide and T2 the small reflection.
The parameter a0, a1, a3, b0, b1, b3 are vector elements.

Tuning Regime I: The mode hop zones have no or a weak
sinusoidal perturbation. The laser is continuously tunable by
applying the tuning parameters linearly. The laser is tolerant to
laser cavity and feedback section length variations.

Tuning Regime II: The mode hop zones have a strong sinu-
soidal perturbation but do not intersect each other. The laser
is continuously tunable but the tuning parameters need to be
adjusted non-linearly. The laser is still tolerant to cavity ratio
variations.

Tuning Regime III: The mode hop zones overlap periodically
and create closed mode zones. Continuous tuning without forc-
ing a mode hop is not possible. Small variations of the cavity
ratio can cause a mode hop.

The laser we use in the experiments is a hybrid indium phos-
phide (InP)/Polymer laser with a design wavelength of 1570 nm
[12]. The active InP section has a length of 400 μm; refractive
index na = 3.4, and is supplied with a constant current. The
passive section with a length of 1500 μm consists of a phase
heating section which can be tuned by controlling the heating
power PPh and a Bragg grating which can be tuned by controlling
the Bragg heating power PBr [13]. The Bragg grating has a
penetration depth of 500 μm. The laser cavity is created by
the left facet of the active section r1 and the Bragg grating r2,
Fig. 1. The coupling point of the butt-coupled single mode fiber
(SMF) with refractive index nSMF = 1.47 and the Polymer chip
with np = 1.4634 have a small difference in refractive index and
create a reflection which is theoretically −52 dB. However, due
to microcracks and humidity absorption of the glue we expect
a reflection of approximately −45 dB. The section between the
Bragg grating and the coupling point is the feedback section.
The reflection coefficient is considered small enough such that
no extended cavity operation would be created what is the case
for a reflectivity greater than -9 dB [6]. Furthermore, we consider
only one roundtrip of the back reflected beam which is from now
on referred to as feedback beam.

II. MODEL OF THE DBR LASER UNDER OPTICAL FEEDBACK

Optical feedback from a reflection at a constant distance can
be treated as an external cavity. A laser with such an additional
feedback section is a two-cavity problem and can be simpli-
fied by the effective mirror model whereby the laser will be
reduced to a single cavity with a wavelength dependent effective
reflectivity. This model is valid for steady state analysis [11].

However, for fast continuous tuning and a long distance to the
external reflection the wavelength of the back reflected beam
may differ to the beam of the laser cavity. Therefore, we assume
in our model that the wavelength tuning is slow and the external
reflection near such that the steady state assumption is justified.
The effective reflectivity can be derived from the transmission
matrix formalism. The reflectivity spectrum of Bragg gratings
can be approximated by the shape of a normal distribution.

Furthermore, we determine the lasing wavelength by the mode
which suffers the fewest mirror loss. The good agreement of
the model with experimental results shows that this approach is
adequate even if, strictly speaking, for some the mode selection
by the narrowest linewidth has to be considered as well [6],
[14]. The distribution of the material gain is considered as broad
enough such that it can be assumed as constant for the discussed
wavelength.

A. Effective Bragg Grating Reflectivity Under Optical
Feedback

A Bragg grating is a waveguide with alternating narrowed and
broadened width to introduce a contrast of the effective refractive
index in order to reflect a small part of the laser cavity beam back
with each period of the grating. An analytical description of such
a section can be performed using the transfer matrix or T-matrix
formalism [15].

1) Transfer Matrix: The T-Matrix formalism enables straight
forward calculation of the reflectivity of a chain of different
optical sections, e.g. the propagation of a beam through a Bragg
grating and subsequent transmission through a waveguide until
it eventually reaches a small index disturbance which reflects
part of the beam back. Fig. 1 shows the Bragg grating T1,
the propagation section Ts with length lf, and the small index
contrast T2 which accounts for the reflection coefficient r3.
A detailed description of the matrices can be found in [10],
[11], [15]. The reflectivity RM = r2M can be calculated using
the reflection coefficient, rM = |a0

b0
|. The vector elements a0

and b0 can be calculated by (
a0
b0
) = T1TST2(

a3
b3
). The T-matrix

formalism needs multiple calculation iterations and a collection
of various parameters. Therefore, we use the normal distribution
as an approximation to reduce the efforts of calculating the Bragg
grating’s properties as follows.

2) Normal Distribution: The T-matrix formalism describes
the Bragg spectra with an additional reflection outside the grat-
ing itself. However, it might be too elaborate to implement the
whole calculation as well as finding the correct set of parameters.
Therefore, we use an approximation which concentrates on the
main peak and neglects the satellite peaks. The main peak, which
has the highest reflectivity of the Bragg spectrum, will be de-
scribed in a first step with the normal distribution. The reflection
rB(λ) and transmission tB(λ) coefficients can be expressed as

rB (λ) = r2 · Exp

⎡
⎢⎣− (λ − λB)

2

(√
Log [2] ·ΔλFWHM

)2

⎤
⎥⎦

tB (λ) =
√
1− r2B (λ) (1)
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Fig. 2. Comparison of the calculated and the measured reflectivity from a
Bragg grating with a slight reflectivity at the coupling point at the butt coupling
point.

where ΔλFWHM is the FWHM of the spectra, λB the Bragg
wavelength where the reflection and transmission coefficients
have their maximum and minimum at r2, respectively. The
normal distribution can now be considered in the effective mirror
model as described in [11], [16]. The effective mirror model
reduces the two-cavity problem to one cavity and considers the
influence of the optical feedback in a wavelength dependent
reflectivity. The shape of the Bragg grating in the effective mirror
model can be considered by rB(λ). Due to a small reflection r3,
multiple reflections between the Bragg grating and the reflection
will be ignored and only one round-trip will be considered.
Furthermore, with the optical length Lf = nf·lf and with the
approximation of r3 ≈ 0 the effective reflection coefficient is

reff (λ) = rB (λ) +
t2B (λ) r3Exp

[−2i 2π
λ
Lf

]
1 + rB (λ) r3Exp

[−2i 2π
λ
Lf

]

≈ rB (λ) + t2B (λ) r3Exp

[
−2i

2π

λ
Lf

]
. (2)

The reflectivity can be calculated by Reff(λ) = |reff(λ)|2.
Fig. 2 shows the measured reflectivity, the calculated reflectivity
Reff using the normal distribution, and the calculated reflectiv-
ity RM by applying the T-Matrix formalism. The reflectivity
spectrum has been measured by connecting the SMF, Fig. 1, to a
reflection spectrometer. The reflection r3 and the grating together
create a Fabry-Pérot cavity which results into the small perturba-
tion on top of the Bragg grating spectra. For the calculations the
reflection has been considered as r3 =−45 dB which lies in the
range of the refractive index difference between the polymer and
the single mode fiber; the optical length of the feedback section
has been assumed as Lf= 3184. All the spectra show a sinusoidal
perturbation on top of the Bragg grating caused by the optical
feedback. The T-Matrix formalism also shows the satellite peaks
in contrast to the normal distribution which expresses the main
peak only. Since in our model we select the lasing mode with
the maximal reflectivity, we can neglect the satellite peaks with
less reflectivity.

B. Model for the Calculation of the Lasing Wavelength Under
Optical Feedback

To calculate the emitted wavelength of a tunable laser we
have to consider the condition for the round-trip phase by λk =
2Lcav/(k +Φeff/2π) which allows the calculation of the possi-
ble lasing modes k and their related wavelength λk with the opti-
cal length Lcav of the laser cavity [11]. The phase shift Φeff from
the feedback section is defined asΦeff = −t22 r3 sin(4πLf/λ)/r2.
The lasing mode is determined by the smallest loss or, for certain
feedback levels, by the smallest linewidth [6], [14]. However,
this work neglects the mode selection by the laser linewidth.
Also, due to r3 ≈ 0 the phase shift will approximately vanish,
Φeff ≈ 0. The dependency of the effective mirror loss of each
mode can be described as αm(λk) ≈ Log[1/r1reff(λk)] [2]. To
determine the wavelength λLasing of the lasing mode, we identify
the mode that suffers the fewest losses,

λLasing = Min [α+ αm (λk)] (3)

Due to the reciprocal dependency of the mirror loss to the
effective reflectivity, we can determine the lasing wavelength
using the maximum reflectivity. The internal loss α is strictly
speaking also wavelength dependent. However, for the calcula-
tion of the lasing mode selection it is acceptable to consider this
parameter as constant and to determine the wavelength by the
mode which suffers the fewest mirror losses and has the highest
effective reflectivity.

Due to the thermal dependency of the refractive index de-
scribed by the thermo-optic coefficient (TOC) and the thermal
expansion (TE) of the cavity length lcav, the optical length
Lcav changes with temperature variations ΔT through applying
power at the phase heating section with dL/dT = ΔL = (TO
+ n·TE)·l·ΔT. The same occurs for the Bragg grating which
can be tuned by applying electrical heating power to the heating
section of the Bragg section [17] and thereby changing the Bragg
wavelength. The lasing wavelength for a set of heating powers
{PBr, PPh} can be calculated by determining the length of the
laser cavity, solving the condition for the round-trip phase for a
set of modes k and equation (3).

Fig. 3 shows three calculated wavelength mappings with the
same laser cavity length of Lcav = 3550μm, cavity ratio Lf /Lcav

= 0.5, and different feedback power ratios. The mapping with no
optical feedback, Fig. 3(a), has straight mode hop zones, shown
by the black lines, and continuous tuning is possible, shown by
the black arrow. For the laser with a feedback power ratio of−45
dB, Fig. 3(b), the mode hop zones have a sinusoidal perturbation.
Continuous tuning is still possible, even when the perturbation
narrows the mode hop free area. The mapping with feedback
of −30 dB has mode hop zones which intersect periodically.
Continuous tuning over the full tuning range is not possible
anymore, shown by the discontinuous arrows.

In order to compare the model with experiments, we have
measured a wavelength mapping of a laser with optical feedback
of about −45 dB, Fig. 4. The mode hop zones where the lasing
mode hops from one mode k to another mode k ± 1 [18] are
marked by a black line. Compared to a laser without feedback
[19] the mode hop zones are not straight but have a sinusoidal
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Fig. 3. Calculated wavelength mappings of a laser with a laser cavity length of Lcav = 3550 μm and a cavity ratio of 0.5 under different feedback power ratios.
The black lines show the mode hop zones. The black arrow shows possible continuous tuning lines. (a) with no optical feedback and straight mode hop zones,
(b) weak optical feedback and sinusoidal perturbation of the mode hop zones, and (c) strong feedback with periodical contact of the mode hop zones.

Fig. 4. Measured wavelength mapping with different Bragg and phase heating
powers. The solid black lines mark the mode hop sections. The ratio of the laser
cavity Lcav = 3535 μm and the feedback cavity Lf = 3388 μm is ratio = 0.96.

perturbation. The root cause of the perturbation is the optical
feedback which changes the shape of the reflectivity spectra
of the Bragg grating, Fig. 2. Thereby, the mirror loss of the
modes is shifted by the additional sinusoidal reflectivity on top
of the Bragg reflectivity. The comparison of the measurement
with the calculated mapping in Fig. 4 shows similar sinusoidal
dependency of the mode hop zones and a similar wavelength
range.

III. DESIGN RULES FOR RELIABLE WAVELENGTH TUNING

UNDER OPTICAL FEEDBACK

A. Cavity Ratio

The wavelength mapping of a laser with optical feedback in
Fig. 4 has a cavity ratio of the feedback and laser cavity of
Lf/Lcav = 0.96. The mode hop zones are not straight and have

Fig. 5. Calculated wavelength mapping with different Bragg and phase heating
temperatures. The solid black lines mark the mode hop sections.

a sinusoidal perturbation. It is still possible to tune the laser
continuously in its wavelength by adjusting the phase and the
Bragg heating power linearly, shown by the black arrow. On the
other hand, a laser with cavity ratio of 0.92, shown in Fig. 6, has
more strongly shifted mode boundaries and it would be difficult
to tune the laser continuously by applying the heating linearly
without hitting some mode hop zones along the way. However,
tuning the powers non-linearly can be used to tune the laser
continuously without hitting any mode hop zones, shown by the
dashed arrow. To show which cavity ratio enables better tun-
ability we can use the approximation of the effective reflection
coefficient, equation (2). This equation describes the shape of
the Bragg grating and the sinusoidal perturbation on top of the
reflectivity considering the exponential function. By inserting
the condition for the round-trip phase λk = 2Lcav/(k+Φeff/2π)
with Φeff ≈ 0 due to r3 ≈ 0 and using Euler’s formula it follows
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Fig. 6. Measured wavelength mapping with different Bragg and phase heating
powers. The solid black lines mark the mode hop sections. The ratio of the laser
cavity Lcav = 3535 μm and the feedback cavity Lf = 3250 μm is ratio =
0.92. The black arrow shows a continuous tuning line which strikes through the
mode hop zones. The dashed arrow shows a possible tuning line without linear
adjustment of the tuning parameters.

Fig. 7. Calculated mirror loss deviation Δαm as the difference of the mode
loss with and without optical feedback. The laser cavity modes k remains
constant for an even ratio between the feedback cavity length for different
reflectivities R2 = 0.2 or 0.6 at R3 = −40 dB. For a non-integer ratio Lf/Lcav

= 0.92 the modes show a sinusoidal variation of the mirror loss. The deviation
increases with decreasing reflectivity of the Bragg grating.

for the effective reflection coefficient

reff (k)≈rB+t2Br3

×
(
cos

[
−4π

Lf

Lcav
k

]
+ i · sin

[
−4π

Lf

Lcav
k

])
.

(4)

Considering the case Lf � N·Lcav with N as an integer we see
different shares of the sinus and cosines term for every mode k.
Fig. 7 shows the calculated mirror losses deviation for a laser
with Lf/Lcav = 0.92. The mode loss deviation is the difference
of the mode loss without optical feedback compared to its mode

Fig. 8. Calculated wavelength mapping with different Bragg and phase heating
temperatures with Lcav = Lf. The solid black lines mark the mode hop sections.
The arrow shows a continuous tuning trajectory.

loss under optical feedback. Each mode suffers different mirror
losses and the perturbation of the losses are sinusoidal. This
results into a preference of certain modes that have lower losses.
The mode hop zones will be shifted and will have a sinusoidal
perturbation.

On the other hand, using a design with Lf = N·Lcav would
reduce the impact of the optical feedback on the tuning char-
acteristic. In this case, the modes of the feedback section fit
exactly to the modes of the laser cavity and no additional loss
takes place. The sine term in equation (4) would remain zero and
the cosine term always equal to one. All modes would suffer the
same amount of mirror loss and no preference would emerge.
Fig. 7 shows the calculated mirror losses of certain laser modes.
For Lf � Lcav all modes have different losses whereby the loss
characteristic is sinusoidal. For Lf = Lcav, the variation of the
losses is zero. Assuming all modes suffer the same interference
loss at all times the lasing mode is determined by the mirror loss
of the Bragg grating only and is not dependent on the influence
of the optical feedback, ensuring continuous wavelength tuning.
Taking this into account we can state a design rule for a laser
under optical feedback in order to reduce impact on the mode
hop zones to a minimum,

Lf = N · Lcav ;N := 1, 2, 3, . . . (5)

We calculated the mapping of a laser with −45 dB optical
feedback using this design rule, Fig. 8. The mode hop zones are
straight and continuous tuning of a laser under optical feedback
is possible by adjusting the heating powers linearly.

B. Absolute Reflectivity and FWHM of the Bragg Grating

The length of the feedback section and the strength of the
feedback are common parameters to evaluate if the laser is stable.
Based on the described model we can additionally consider
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Fig. 9. Calculated effective reflectivity shape of the Bragg grating approxi-
mated by a normal distribution with a FWHM of 2 nm and 5 nm and different
maximum reflectivities of 0.2 and 0.6 at −40 dB feedback. The length of the
feedback section is 3550 μm. The grating with lower reflectivity shows stronger
oscillations from the optical feedback compared to the grating with higher
reflectivity. The grating with higher FWHM shows stronger oscillations from
the optical feedback compared to the grating with lower FWHM.

further parameters like the FWHM of the Bragg grating and the
maximum of the reflectivity. The grating determines which mode
suffers the fewest losses and selects the lasing mode. Therefore,
the parameters of the grating must be considered in the design
of a laser with integrated optical feedback.

The maximum reflectivity of the Bragg grating r22 = R2

has an influence on the maximum value of the mirror loss
deviation because it defines the strength of the output power and
with it the total number of the back reflected photons, which
eventually influences the amplitude of the losses. The smaller
the reflectivity the higher the deviation of the mode’s losses,
Fig. 7. Fig. 9 shows calculated Bragg gratings approximated
by a normal distribution, with a FWHM = 2 nm and optical
feedback of −40 dB. The length of the feedback section is equal
to the laser cavity, equation (5). The maximal reflectivities are
0.2 and 0.6. The grating with higher reflectivity shows weaker
oscillations compared to the one with lower reflectivity. For the
following discussion, we define a flank as the section with a
strong slope to the peak of the reflectivity, Fig. 9. The grating
with higher reflectivity has steeper flanks and the oscillations
from the feedback do not impact the shape of the grating. The
grating with lower reflectivity and lower slope of the flanks
shows stronger oscillations.

Additionally, the FWHM impacts the slope of the flanks as
well. Fig. 9 shows additionally the calculated grating approx-
imated by a normal distribution with a FWHM of 5 nm. The
strength of the optical feedback is −40 dB and the length of the
feedback section is 3550 μm. The grating with lower FWHM
has weak oscillations compared to the one with higher FWHM.
As seen for the grating with higher reflectivity the bigger slope
of the flanks leads to a reduced impact of the optical feedback.
Furthermore, the plateau of the maxima is broader for a higher
FWHM. Therefore, multiple oscillations on the maxima peak

Fig. 10. Mode loss difference of a laser with cavity length of 3550 μm, a
grating with 4 nm FWHM, R = 0.2, and a feedback of −50 dB. The gray arrows
show that there is a smooth transition zone between tuning regimes I and II and
a strict separation is not possible.

can be seen. To reduce the impact of the optical feedback on
the Bragg grating, a high reflectivity of the grating and a low
FWHM are advantageous.

C. Mode Loss Difference

It has been shown in the previous sections that a cavity ratio of
Lf/Lcav = 1, a high reflectivity, and a low FWHM of the Bragg
grating improves the laser stability. However, considering only
one of these parameters does not grant stable laser operation.
In order to give a broader overview of the set of values for the
parameters, we define the mode loss difference (MLD) as the
difference in losses between the mode with the minimal loss k
and the mode with the second minimal loss k∗

MLD = αm (λk)− αm (λk∗) . (6)

The mode k∗ can but does not have to be a mode next to the
lasing mode k. For example, given a broad grating with low
reflectivity, high FWHM, and strong feedback, it may happen
that k∗ = k + 2. Fig. 10 shows the MLD for a set of values,
FWHM = 4 nm, R2 = 0.2, R3 = −50 dB, as a function of
the cavity ratio. As stated in the previous section the ratios of
0 and 1 are stable, equation (5). For this cavity ratio the MLD
is far above zero and the MLD spreads minimally. The MLD
spread indicates the variation of the MLD with small changes
of the cavity ratio and can be used as an indicator for the laser
stability. For example, a certain temperature change of the laser
module results in a change of the optical length of the laser and
the feedback cavity. This changes the cavity ratio and thereby
also the MLD. If the parameter set causes the MLD spread to be
small such that the MLD remains stable, the laser would remain
stable because the lasing mode still suffers the lowest losses.
On the other hand, if the MLD spread is large such that the
MLD could even drop to zero, minimal changes in the cavity
ratio would result in chaotic behavior of the laser. A MLD = 0
means that two modes have equal losses at the same time and
single mode operation cannot be granted. At this point laser
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Fig. 11. Mode loss difference at a cavity ratio of Lf/Lcav = 0 for different
sets of the feedback reflectivity R3, maximum reflectivity of the grating R2, and
the FWHM of the grating.

cavity tuning should be considered as well. Tuning the laser is
achieved by a change of the laser cavity length, resulting in a
change of the cavity ratio. A huge MLD-spread would cause a
big change of the MLD during the tuning. The cavity ratios can
be split into three regimes resulting in different behavior of the
MLD, see Fig. 10.

The parameters R3, R2 and FWHM impact the MLD to
different degrees. Fig. 11 shows the MLD for a cavity ratio
of Lf/Lcav = 0 and different sets of parameters. For different
feedback reflectivities at R2 = 0.99 and FWHM = 0.5 nm the
change of the MLD is small compared to the R2 and FWHM
sweep. Due to the small variations of the feedback strength the
MLD also varies only slightly. However, increasing the feedback
strength reintroduces more photons back into the laser cavity and
increases the losses and decreases the MDL.

For a FWHM of 0.5 nm and a feedback strength of−45 dB the
MLD reaches values between 0 and 0.7 when varying R2. With a
low R2 more photons will exit the laser cavity, the output power
gets increased and more photons get reflected back into the laser
cavity which results into a higher mirror loss deviation, Fig. 7.
However, we do have to take into account that the MLD strongly
depends on the shape of the grating. With a lower reflectivity R2

the flank of the grating becomes flatter and more modes will
suffer a higher reflectivity. Therefore, we have a high mirror
loss deviation and a low MLD for low reflectivity R2 and a low
mirror loss deviation and a high MLD for a high reflectivity R2.

The MLD does not vary a lot for big FWHM between 3 and
5 nm because for such widths multiple modes do suffer a high
reflectivity, Fig. 9. However, decreasing the FWHM to e.g. lower
than the free spectral range of the laser will significantly increase
the MLD because only one mode is on the top of the grating’s
spectra and suffers the highest reflectivity.

D. Tuning Regime Parameter β

In order to divide the cavity ratios into tuning regimes of
the same linear/non-linear/no tunability behavior, we define the

tuning regime parameter β as the first cavity ratio with MLD
equal to zero.

β = Cavity Ratio (MLD = 0) (7)

At this cavity ratio the mode hop zones will periodically
touch each other and continuous tuning is not possible anymore.
Between β and 1- β the MLD will oscillate and reach zero peri-
odically. This impacts the laser tuning because it is established
inter alia by changing the laser cavity length Lcav. This changes
the cavity ratio Lf/Lcav and with it periodically the MLD. Fig. 10
shows the oscillation of the MLD for different cavity ratios. The
tuning parameterβ is about 0.35 for a laser with a cavity length of
3550 μm, a grating FWHM of 4 nm, a maximum reflectivity of
0.2, and a feedback power ratio of −50 dB. For a cavity length
of 1-β the MLD is again above zero, the mode zones do not
contact each other anymore.

E. Tuning Regimes

Based on the tuning regime parameter β we can divide the
cavity ratios into three different tuning regimes.

Tuning Regime I: starts from the cavity ratio of zero and ends
at tuning regime II. A clear separation of these two regimes is
not possible because there is a smooth transition between the
linear and non-linear tunability. However, it can be stated that
within tuning regime I, it is always possible to tune the laser
continuously by adjusting the heating powers linearly. Fig. 10
shows with grey arrows that the end cannot be determined
strictly. The lasing mode suffers the lowest loss, respectively
the highest reflectivity, compared to the mode with the second
lowest loss. The mode hop zones are a little shifted, but linear
adjustment of the heating powers is sufficient, Fig. 12(a). Tuning
Regime I appears twice, at the cavity ratio of 0 and 1, and for all
further cavity ratios equal to the integer N.

Tuning Regime II: lies between tuning regime I and the tuning
regime parameter β. The β parameter indicates the cavity ratio
where the MLD reaches zero. In this tuning regime continuous
tuning is still possible. However, a linear adjustment of the
heating powers might no longer be sufficient, Fig. 12(b). This
tuning regime is a transition zone between linear tunability and
non-tunability.

Tuning Regime III: is located between the parameters β and
1- β. In this tuning regime the MLD reaches zero for any cavity
ratio and the MLD spread is maximal. Continuous tuning is not
possible and the mode hop zones contact each other periodically,
Fig. 12(c). This tuning regime appears once in the center, sur-
rounded by tuning regime II from both sides. For certain design
parameters, for example a low FWHM, it might happen that this
tuning regime does not appear and the MLD does not reach zero.

F. Laser Cavity Length

In the previous discussion we always assumed a constant
length of the laser cavity. Going back to the discussion of the
effective reflectivity with an additional sinusoidal perturbation
on top of the normal distribution, the length of the laser cavity
can have an impact as well when the cavity design rule is
applied, equation (5). Upon decreasing the cavity length and
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Fig. 12. Calculated wavelength mappings of a laser with cavity length of 3550 μm and (a) regime I. and cavity ratio of 0.15 where continuous tuning is possible
by linear adjustment of the heating powers; (b) regime II and cavity ratio of 0.30 where continuous tuning is still possible even if a linear adjustment of the heating
powers is no longer sufficient. The dashed arrow shows a possible non-linear tuning trajectory; (c) regime III and cavity ratio of 0.50 where continuous tuning is
not possible. The mode hop zones get in touch.

Fig. 13. Reflectivity R2 from where the β-parameter starts to be 0.5 and the
MLD does not get zero anymore for different cavity lengths and R3 =−40 dB.

with it the feedback section length, the period of the sinusoidal
perturbation gets larger. With a larger period, lesser oscillations
will take place on top of the grating. Or the other way around,
a shorter laser cavity increases the free spectral range. In this
case, a broader FWHM can be tolerated because fewer modes
suffer the reflectivity on top of the grating. Fig. 13 shows the
reflectivity R2, which would be necessary to have a laser with
tuning parameter β = 0.5. For such a case tuning regime III
would not occur and the laser would be feedback resistant for
all cavity ratios and continuous tunable without touching any
mode hop zones. The larger the laser cavity length, the higher
must be the reflectivity to reach β = 0.5. The lower the FWHM,
the lower must be R2.

G. Tuning Regime β-Space

The discussion of the parameters R2, R3, FWHM, cavity ratio,
and the laser cavity length show that their correct adjustment is

Fig. 14. Calculated tuning parameter β for different values of the FWHM, the
maximal reflectivity of the Bragg Grating R2, and the reflectivity of the optical
feedback reflection point R3. The used laser cavity length is 3550 μm.

mandatory to design a laser which is reliable tunable in case of
reflection points at fixed distances due to unavoidable coupling
points. In order to give a more readable picture of the parameters,
we calculated the β-parameter for different value sets: 0 ≤ R2

≤ 1, 0 ≤ R2 ≤ 0.001 (−50 dB ≤ R3 ≤ −30 dB), and 1 nm ≤
FWHM ≤ 4 nm. This parameter space is from now on referred
to as β-space. The β-space has been calculated for two different
cavity lengths, 3550 μm and 2500 μm.

Fig. 14. shows a 3D plot of the tunability parameter β (R2,

R3, and FWHM). The surface cuts the space into parameter sets
with β = 0.5 which means tuning regime III does not occur
such that the laser is tunable for all cavity ratios; and β < 0.5
which means that the MLD will be zero for some cavity ratios
and tuning regime III appears.
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Fig. 15. Calculated tuning parameter β for a FWHM = 2.4 nm for different
maximal reflectivities of the Bragg Grating R2, and the reflectivity of the optical
feedback reflection point R3. The used laser cavity length is 3550 μm.

Fig. 16. Calculated tuning parameter β for different values of the FWHM, the
maximal reflectivity of the Bragg Grating R2, and the reflectivity of the optical
feedback reflection point R3. The used laser cavity length is 2500 μm.

The tolerance of the tunability decreases significantly with
increasing R3. Feedback levels of R3 = 10−4 (−40 dB) need a
reflectivity of the Bragg grating of 0.5 to ensure tunability over
all cavity ratios if the FWHM is 4 nm. On the other hand, a
FWHM of 1 nm would make the laser more robust against the
feedback strength and the reflectivity R2 can be chosen in the
lower range.

Fig. 15 shows a cross section of the β-space at a FWHM
of 2.4 nm. Compared to a FWHM of 4 nm the β-parameter is
already 0.5 for a reflectivity R2 ≈ 0.6 and a strong feedback of
R3 = 10−3. As stated in the previous section, a lower FWHM
makes the laser more tolerant to optical feedback.

Fig. 16 shows the same calculation but with a smaller cavity
length of 2500 μm compared to Fig. 14 with 3550 μm. The
β -space shows that a shorter laser cavity is more tolerant to
feedback. It needs a lower reflectivity R2 and the FWHM can

be chosen in a broader range while maintaining continuous
tunability. This is related to the lesser oscillations on top of
the reflectivity due to the shorter feedback section. Therefore,
a broader FWHM can be chosen. Also, the reflectivity of the
Bragg grating R2 can be lowered because the reflectivity oscil-
lations broaden and the lower slope of the grating’s flanks are
still sufficient such that only one mode experiences the highest
reflectivity.

IV. CONCLUSION

This paper describes a model of a tunable laser with optical
feedback from a constant distance reflection which can be han-
dled as an external cavity. It determines the lasing wavelength by
finding the mode with the smallest mirror losses. Based on this
model it is possible to calculate wavelength mappings which fit
well with experiment. We discuss the laser design parameters
which are indispensable for wavelength tuning in the presence
of optical feedback. Assuming the cavity ratio of the optical
length of the feedback and the laser cavity as an integer describes
the case with straight mode hop zones and ensures continuous
tunability with linear tuning parameter adjustment. Furthermore,
a decrease of the FWHM and an increase of the reflectivity of
the Bragg grating show higher tolerance of the tunability of the
laser under optical feedback. With the introduced mode loss
difference parameter, it is possible to easily predict in which
tuning regime a certain laser design will operate. In tuning
regime I, it is possible to tune the laser continuously by adjusting
the heating power linearly; in tuning regime II tunability is
possible by non-linear adjustment of the heating powers; in
tuning regime III it is not possible to tune the laser continuously.
Furthermore, the spread of the MLD is a good indicator of how
much the MLD varies with cavity ratio variations. The tuning
regime parameter β derived here from the MLD cavity ratio
sweep permits to easily predict if a given set of laser design
parameters results into a continuous tunable laser.
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