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Abstract—In this paper we explain how to use rate equations to
describe a laser that includes integrated optical feedback. We find
a relation between the threshold current, the voltage drop at the
gain section, output power, linewidth, and side mode suppression
ratio, and show experimental results.
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laser, wavelength locking, wavelength stabilization, frequency sta-
bilization, laser stability, side mode suppression ratio, linewidth,
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I. INTRODUCTION

PTICAL feedback interferometry [1]-[3] describes how
Oto use a laser both as a transmitter and a detector at
the same time. The laser, acting as a transmitter, emits the
beam through an air interface. The beam gets scattered from
a device under test and a small part gets reflected back to the
laser and is reintroduced into the lasers’ cavity. The beam in
the cavity interferes with the back reflected beam. The relative
phase of the two beams is determined by the phase shift, of the
back reflected beam that depends on the change in wavelength
and the length of the air interface. Dependent on the phase
shift measurable changes occur, e.g. a voltage drop at the gain
section [4], from now on refereed as gain voltage, or the output
power. Monitoring the parameters enables to determine the
displacement [5] or the velocity [6] of the device under test.

The measurement of the gain voltage has also been used
to preliminary characterize a laser [7] without optical mea-
surement. The voltage variation has been used to determine
the front and back mirror heating powers where the maximum
reflection peaks are perfectly aligned. Furthermore, the voltage
measurement has been used to actively align the mirrors under
operation to grant stable operation [8].
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In order to explain the variations of the parameters of a
laser under optical feedback, Lang-Kobayashi [9], [10] set
up the rate equations which consider the interference of
the cavity beam with the back reflected beam. The photon-
and carrier density changes with variation of the strength
of the reflectivity, the length of the feedback section and
the wavelength. Those parameters have been combined into
one effective reflectivity coefficient [11] that reduces the two-
cavity problem to a single cavity.

In this paper we propose a model that can be implemented
to virtually any tunable laser as long as one can find a
reflection point that can be handled as an effective reflectivity.
Starting from the model of Lang-Kobayashi, we evaluate
expressions for the threshold current, gain voltage, output
power, linewidth [12], and side mode suppression ratio [13]
(SMSR) of a tunable laser [14], [15] with an active/passive
section of the laser cavity. Furthermore, we combine the opti-
cal feedback interferometry with the gain voltage measurement
at fixed length of the feedback section, which is integrated
into the laser chip. This enables to determine the wavelength
dependency of a tunable laser under optical feedback. Mea-
suring the voltage fluctuations for a tuned wavelength would
help to obtain the absolute distance of a device under test.
Variations of the voltage at fixed length of the feedback section
could be used to determine wavelength changes which makes
the parameter to a monitor signal for active adjustment of the
tuning parameters to stably lock the lasers wavelength.

Experimental results are provided based on a tunable
InP/polymer DBR laser. We adjusted the tuning parameters
to achieve continuous tuning [16] and measured the gain
voltage, output power, laser linewidth, and SMSR. Further-
more, we carried out some threshold current measurements
by increasing the injection current while simultaneously mea-
suring the output power. Performing this measurement for
different phase and Bragg heating powers reveals the threshold
current for continuous tuning.

II. THEORY

The rate equations from [9] are written with complex
amplitudes and with the optical feedback as a delay term.
In order to describe the laser analytically, we consider the
influence of the optical feedback using the effective mirror
model, derived from transmission matrices [13]. The effective
reflectivity makes the expression for the mirror losses wave-
length dependent and allows a discussion of the rate equations
in terms of photon and carrier density.
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Fig. 1. Laser with active, passive and feedback section in one device with
length 15, lp and lg. The left facet with reflection and transmission coefficient
r1, t; and the right facet, rp, tp build the laser cavity. The coupling point
between passive and active section can be considered with losses and coupling
transmission coefficient tc # 1. The chip has a feedback section where
losses at the coupling point are neglected and 2 + 2 = 1. The output
facet has a reflectivity coefficient r3 << 1. The two-cavity setup can be
reduced to one cavity by defining the effective reflectivity coefficient refr at the
passive-feedback point with the related effective transmission coefficient teff.
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A. Effective Mirror Model

In order to describe optical feedback by using the effective
mirror model we take the theory from [10], [11], [13], [17].
If not mentioned otherwise, all lengths written with a capital L
are considered to be the optical length L = n - 1. with n
the refractive index and 1 the length. Fig 1. shows a laser
with an active, passive, and a feedback section with length
la, Iy, and 1. The laser cavity is created by the reflection
point with reflectivity coefficient r; at the left side of the
active section and rp at the right side of the passive section.
The passive and feedback sections are considered ideally
coupled with 2 + 2 = 1. The feedback section has a
reflection point r3 << 1 and reflects a small part of the
emitted laser beam back into the cavity. In order to reduce
the two cavities into one, the two reflection coefficients ry
and r3 are taken to be an effective reflectivity refr and can be
described by equation (1) [11], [13]. Dependent on the length
of the feedback section and the emitted laser wavelength,
the reflectivity increases or decreases. Since r3 << 1 and
1 4+ 13 &~ 1, the effective reflectivity can be simplified,

t22r3Exp [—ZiZT”Lf]
1+ rorsExp [—2i 2 Lf]

refr (4)

|
N
[\ o)

%

2+t r3Exp _ZITLf (1)

B. Wavelength Dependent Rate Equations

The effective reflectivity changes the mirror loss coefficient
om(4) dependent on the lasers emitted wavelength and the
length of the feedback section. Due to the design of the
integrated feedback section, the length L¢ can be assumed to
be constant. Therefore, some laser parameters become wave-
length dependent only and the mirror loss coefficient [13], [18]
becomes with the coupling efficiency Cyy [18] of the active
and passive section to

1
Coutr ’reﬁ”(i)} .
Additionally, we can define the average internal loss a of
the active and passive section by a = (aala + aplp)/(la + 1)

with the internal losses aa, ap of the active and passive sec-
tions, respectively. The losses and the average group velocity

o (A) = )

Lo
o1, 8
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Vg = ¢/ng, ng being the group index and c the velocity of light,
impact the photon lifetime Aphoton, Which is now wavelength
dependent due to the wavelength dependent mirror losses.
It can be described as

Tphoton (2) = [vg (@ + om ()17 3)

The fact that the laser beam propagates in the active as well
as in the passive section changes the total confinement factor
to I' = I'xyLa/(La +Lp) with T'xy the transverse confinement
factor. The material threshold gain gy, can be written in terms
of the previously mentioned parameters,

-1
81 () = 02T o D] - )

Under consideration of the empirical material gain coeffi-
cient go and the transparency carrier density ng, the threshold
carrier density ng, becomes

nep (4) = ny Exp [&h_u)]
80

For the steady state, the material gain above threshold can
be considered as g(I > I) = gy, as well as the carrier density
Nearrier (I > In) = ngy [11].

The laser rate equations (6) and (7) can be used to determine
the threshold current Iy, the gain voltage Uy, the output power
Pout as well as the linewidth Ao, and the SMSR.

(5)

dncarrier _ 771_1 _ Ncarrier oo on 6)
dt B qV Tcarrier g8 photon
% = Tvggnphoton + T'Bsp Rsp — thoton @
photon
Nearrier = carrier density that is above threshold equal ng,
i = current injection efficiency
I = injection current
q = elementary charge
\'% = lhaw,/T"y active region volume
I'a = confinement factor in the active region
Tearrier = carrier lifetime
g = material gain that is above threshold equal g,
Dphoton = Pphoton density
Bsp = reciprocal of the number of available modes
in the bandwidth of the spontaneous emission.
Rsp = number of photons spontaneous generated per

unit time per unit volume.

The current injection efficiency considers the terminal
current that recombines radiatively and non-radiatively with
respect to the total injected current [13]. The laser used in
this work is supplied with a constant current source at the gain
section. The current injection efficiency is therefore considered
to be constant.

C. Wavelength Dependent Laser Parameter

The threshold current [11], [19] can be obtained from
equation (6) by requiring the laser to be in steady state,
dncarrier/dt = 0, and no stimulated emission, nppoton = 0
nip(A)qV

NiTcarrier

I (2) = ()
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The gain voltage Ug(A) depends on the carrier density
within the active region, ngy(4). With the intrinsic carrier
density nj, the Boltzmann constant kg, and the temperature T,
the voltage Ug(4) becomes [20], [21]

2kgT

Ug(4) = Log[nn(2)/nil. ©)

The total output power Pgu (1) relies on the differential
quantum efficiency 7q4(1) = (giom(1))/(a + am(4)) which
is defined as the number of photons emitted per electron [11].
However, in a laser with two outputs, the delivered power
of each facet has to be considered by the relation of their
reflection and transmission coefficients [13]. For the fractional
power Pppr(4) at the DBR output, we consider the fractional
power factor Fpgr ()] = |ter (4)|? /((1—|regr]?)+ refe |t~ (1—
r12)). Furthermore, the transmission through effective length
lefr of the effective mirror is lossy with a small uniform loss
appr and becomes |tefr(4)|* = (1 — |reft|*) Exp[—opBRLefr ]-
With the Planck constant h, the powers are

h
Pout (1) = 1a (1) S 11 = Ly ()],
ql

Ppar () = Fppr (1) Pour (). (10

The output power also depends on the threshold current,
which is wavelength dependent as well, but inversely corre-
lated. For a small enough injection current, I, the wavelength
dependency of the threshold current dominates and the output
power will have maxima at the gain voltage minima. For
sufficient large injection currents, the wavelength dependency
of the differential quantum efficiency and the fractional power
factor dominate and the maxima of the output power are at
the maxima of the gain voltage.

Due to the dependency on the output power, and thus
on the differential quantum efficiency and the thresh-
old current, the laser linewidth [12] becomes wavelength
dependent as well. As a starting point, we calculate the
linewidth Avg(4) of a laser with a gain section only but
do consider the additional losses from the roundtrip in
the passive section by a modified mirror loss an*(1) =
la_lLog[(Coutrl|reff(/1)|Exp[—aplp])_1]. For a laser with
active and passive section, the roundtrip delay from the passive
section reduces the linewidth by the square of the chirp
reduction factor F = 1 + vulp/vply [22]. With the threshold
inversion factor ngp, the group velocity in the active section
v, and the enhancement Henry factor ay [23] the linewidth
Av(4) [24] of a laser with active/passive section becomes

vainspa, (2) (aa + afy (1) (1+ an?)
471 Pyyy () ( (ri+]reg)) (1= |rdf(ﬂ~)|))

rl (lflrdf(/l)lz)

Avo (1) =

1
Av (1) = Avyg (i)ﬁ (11)
and shows for sufficient small threshold current the same
phase as the wavelength dependent gain voltage. The Henry
factor varies with the optical feedback conditions [25] but will
considered as constant in further calculations.
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Fig. 2. Tunable Laser with an Indium phosphide (InP) active gain section that
is supplied by a constant current source and the voltage measured. The lasers
wavelength can be tuned by the phase heating power Ppy and the Bragg
heating power Pg;. The passive and the feedback section are in the same
polymer chip. The chips output is butt-coupled to a single mode fiber (SMF)
with phase matching glue.

The SMSR can be written as [13]

SMSR45(2) = 10Log, LT A0+ As),
96 (4)

where the net modal gain for the main mode is dg(1g) =
(@ + am(/l()))ﬂspr/rlth (L0)/(I — I1p(Ao)) with the reciprocal
of the number of available modes in the bandwidth of the
spontaneous emission fsp, the radiative efficiency #;, the loss
margin Aa = am(Ao) — am(41) and the modal gain margin
Ag =Tg(11)—T'g(Ao). The wavelength of the lasing mode is
Ao and the wavelength of the mode next to it is A;. The SMSR
should have a minimum for a minimum of the gain voltage
because this implies low losses for the lasing mode. However,
the shape of the Bragg grating [26] impacts the mirror losses
of the lasing mode and its neighbor. As we approximate the
maxima surface of the gain distribution and Bragg reflectivity
by a normal distribution the theory and the measurement may
not show consistent phase dependency.

12)

D. Causal Chain of the Wavelength Dependency

The mirror loss has an impact on the threshold current,
the gain voltage, the output power, the linewidth, and the side
mode suppression of the laser. The material threshold gain
and the threshold carrier density increase with the mirror loss.
The increased carrier density increases the threshold current
and gain voltage. For a sufficiently large injection current,
the output power rises as well. The less optimal laser condition
reduces the laser’s linewidth and the SMSR decreases. The
causality chain can be summarized under the assumption of
I>> Iy as

Ug» Pout T_> Av T, SMSR »L
(13)

am M= gn M= nen = I,

III. EXPERIMENTAL RESULTS

In order to test the theory experimentally, we considered
a hybrid InP-Polymer laser [15] with a feedback section
Ly = 3388 um and a reflectivity at the output facet like
shown in Fig. 2. The lasers cavity consists of the gain section,
the phase section, and part of the Bragg section that is
considered with an effective length L. [13]. The facets of
the cavity are the gain chips left facet ri> = 0.9 and the
Bragg grating 1> = 0.6. The excited wavelength of the laser
can be tuned by applying heating power at the phase Ppy and
the Bragg section Pp;. The Laser was tuned continuously as
already demonstrated in [27]. The feedback section is located
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Fig. 3. Measured threshold current and gain voltage (dots) compared to the
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Fig. 4. Measured output Power and gain voltage (dots) compared to the
calculation (solid line) of a tunable laser just above threshold. The black
arrow marks a power drop. The measured output power has been normalized
due to an increased exposure time of the power-meter.

between the right end of the Bragg section and the output
facet. The reflectivity r3 is about —45 dB which stems from a
small refractive index change of the butt-coupled polymer to
single mode fiber (SMF) coupling point.

Regarding to [1], optical feedback in laser systems can be
divided into five different regimes with respect to the feedback
power ratio. Due to our laser design, we could exclude our
device from regime V and IV because we assume a feedback
of at least —10 dB lower. In regime II, the laser would have
multiple emission frequencies which can also be excluded
from the power spectrum and a SMSR greater than 40 dB.
Regime III and I allow single operation with narrowing or
broadening linewidth dependent on the phase of the feedback.
Our calculations show that the weak feedback of regime I with
feedback values lower than —52 dB is not enough to explain
the variations of e.g. the voltage. Hence, we assume the laser
in regime III with a single emission frequency and dependence
on the phase of the feedback.
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Fig. 5. Measured output Power and gain voltage (dots) compared to the

calculation (solid line). For the calculated output power coupling losses
between chip and butt-coupled fiber have been considered with 3 dB.

A. Threshold Current

In order to determine the wavelength dependency of the
threshold current we performed injection current sweeps for
different sets of phase and Bragg heating powers Ppy and
Pg;. For each sweep the output power was measured. Fitting
the power trajectory linearly gives the threshold current [13].
Fig. 3 shows the wavelength dependency of the threshold
current Iy, and the gain voltage Ug. The two parameters show
the same wavelength dependency and have the same phase.
The solid line shows the theoretical threshold current that was
calculated by equation (8) and has its wavelength dependency
from the threshold carrier density. The measured and the
calculated threshold are in the same range of 8 mA and oscil-
late with the same amplitude of 0.5 mA. The measured gain
voltage is about 310 mV lower compared to the calculation.
The measured values oscillate with 5 mV and the calculated
values with 2.5 mV.

B. Output Power Just Above Threshold

As shown in Fig. 3, the measured threshold current is about
8.5 mA. In order to support the statement that the output
power shows a minimum near the threshold for a maximum
of the gain voltage, the laser was tuned continuously with a
driving current of I = 10 mA. In order to achieve continuous
tuning, the phase- and Bragg heating powers have been applied
in such a manner that the wavelength shifts continuously.
The exposure time of the power-meter has been increased
from 1 ms to 10 ms which normalized the output power by
10 dB. Fig. 4 shows the wavelength dependent gain voltage
and normalized output power. The power shows a drop at
a maximum of the gain voltage. Regarding equation (10) in
this context the injection current I is too small make to the
differential quantum efficiency 7q(4) the dominating effect.
Hence, the losses from the threshold current I, (1) determine
the trajectory of the output power and lead to a power drop at
a maximum of the gain voltage.

Following the chain of causality from equation (1) to
equation (9) we find refr(4) — am(4) — Tphoton(4) —
gq(4) = ng(4) — Ug(4) what shows that the proportionality
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of the gain voltages to the wavelength refr, is
rar3 + Exp [2i 2T”Lf]
r3 + rExp [21' 2T”Lf]

and the peaks became sharper and the valleys broadened.

U, (1) o< Log[ ] (14)

C. Output Power far Above Threshold

In contrary to the output power just above the threshold,
the output power far above threshold shows the same phase
and wavelength dependency as the gain voltage. Fig. 5 shows
the measured output power and the related gain voltage. The
two parameters show the same wavelength dependency and
have the same periodicity. The injection current is large enough
to compensate its wavelength dependency from the threshold
current. Hence, the wavelength dependency of the coupling
efficiency is dominating. The calculated output power is about
1.5 dBm higher compared to the measurement. The mismatch
might come from higher intrinsic losses or coupling losses
between the active/passive section. Coupling losses from the
butt-coupling between the chip facet and the single mode
fiber has been considered with 3 dB. The amplitude variation
shows a mismatch to the theory as well. The measured values
vary by 0.5 dBm and the calculated values about 0.04 dBm.
In the calculations refractive index changes and frequency
shifts, as described by Lang and Kobayashi [9], were not
considered and may explain the mismatch. The calculated
gain voltage variations are about 2.5 mV and therefore on
the scale of the measured values, which are about 2.0 mV.
Furthermore, Fig. 5 shows an increasing offset of the voltage
to lower wavelengths. Due to the polymers’ negative thermo
optical coefficient, TO = —1.1 - 107%1/°C [27], heating
the Bragg section tunes the grating to a lower wavelength.
A higher temperature decreases the refractive index change,
lowers the gratings reflectivity and causes a higher mirror loss.
As explained in equation (13) an increased mirror loss leads
to an increase of the gain voltage.

D. Laser Linewidth

The laser linewidth has been measured for different Bragg
and phase heating powers. Fig. 6 shows the wavelength
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Fig. 7.  Measured side mode suppression ratio (SMSR) and gain voltage
(dots) compared to the calculation (solid line).

dependent linewidth and gain voltage. The linewidth increases
with the voltage as well. The measured linewidth is about
1.0 MHz and oscillates with about 0.2 MHz. The calculated
value with 0.218 MHz is one magnitude lower and oscillates
with 0.002 MHz. As mentioned in the section above, refractive
index changes from the carrier density and frequency changes
were not considered and may explain the mismatch.

The wavelength dependency of the linewidth is dominated
by the mirror loss apn(4) and has the same wavelength
dependency as the gain voltage. Regarding to equation (11),
the output power influences the linewidth in the opposite way
than the mirror loss does. However, the impact is too small
to change the wavelength dependency compared to the gain
voltage.

E. Side Mode Suppression

The side mode suppression ratio and the correlated gain
voltage are shown in Fig. 7. The measured SMSR remains
over 40 dB and oscillates with an amplitude of 2.5 dB. The
calculated SMSR is about 32.5 dB and oscillates with an
amplitude of 1.5 dB. The correlated gain voltage shows a
maximum at a minimum of the SMSR with a slightly shift.

The SMSR depends on the net modal gain for the main
mode, the loss and the modal gain margin. The model gain
margin Ag does not have any feedback related wavelength
dependency and does not affect the trajectory of the SMSR.
The net modal gain dg(4g) dependents directly on the mirror
losses and cause the same wavelength dependency as the gain
voltage. Although the loss margin Aa is directly influenced
by the mirror losses, it has not the same dependency than the
gain voltage. Hence, the trajectory of the SMSR depends on
the ratio of the reflectivity of the lasing mode with wavelength
Ao and the mode next to it with wavelength 1; and can be
expressed as

SMSR (1) « Log [M]

15
|regr (A1) >
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TABLE 1
RATE EQUATION PARAMETER VALUES
Parameter name Symbol Value Unit
Refractive index active medium n, 3.4 -
Refractive index passive medium n, 1.46 -
Effective group index ng 3.8 -
Length active medium L, 400 pm
Length passive medium I, 1500 pm
Effective length of mirror Lest 500 pm
Width active medium w 2.1 pm
Height active medium h 0.04 pm
Coupling efficiency Cout 1 -
Initial gain 2o 1750 1/m
Transparency carrier density Ny 1.57-10' 1/em®
Waveguide active modal loss Qaa 30 1/em
Waveguide passive modal loss ap 3 1/em
Reflectivity mirror 1 Ri 0.9 -
Reflectivity mirror 2 Rz 0.6 -
Reflectivity feedback section Rn 3-10° -
Length of the feedback section L 3388 um
Threshold inversion factor Nsp 1.5 -
Intrinsic carrier density N 2.6:10" 1/em®
Current injection efficiency ni 0.85 -
Electron lifetime Te 1-10° s
Confinement factor active region r 0.04 -
Reciprocal of available modes B 1.25-10° -
Radiative efficiency e 0.8 -
Henry factor an 2.5 -
reff’ Tp E
Oy nth’ lth’ i
Ug’ Pout’ .AV, 8G '
Ao :
SMSR N\A
Wavelength
Fig. 8.  Wavelength dependency of the effective reflectivity refr, photon

lifetime p, mirror loss am, threshold carrier density ng,, threshold current
Iin, voltage at the gain section Ug, output power Poyt, laser linewidth Ao, net
modal gain for the main mode dg, loss margin Aa and side mode suppression
ration SMSR of a laser with optical feedback from a reflection point with a
constant distance.

IV. CONCLUSION

Starting from the Lang-Kobayashi model, we used the
effective reflectivity to set up wavelength dependent equations
for the threshold current, gain voltage, output power, linewidth,
and side mode suppression ratio. By using a tunable laser,
we measured the parameters in dependence on the wavelength
and found the experimental data to be agreeable with the
theory’s predictions. Tracing each parameter with the gain
voltage we found that a minimum of the voltage is an excellent
indicator for good lasing conditions with reduced linewidth
and increased SMSR. A maximum of the voltage indicates
maximal output power. Monitoring only the active section,
the tuning parameters can be set at an adequate operation point

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 56, NO. 1, FEBRUARY 2020

of the laser with regards to output power, SMSR and linewidth.
Furthermore, the wavelength dependency of the gain voltage
at a fixed, integrated feedback section has been demonstrated.

APPENDIX

Fig. 8 shows the wavelength dependency of different para-
meters of a laser under optical feedback which comes from a
reflection point with a fix distance.
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