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Abstract

A general form of analytic expression fot the oscillation condition of a pure index
coupled distributed feedback (DFB) semiconductor laser has been derived following
a recent work on DFB lasers. For this derivation a sinusoidal variation of refractive
index corrugation along the length has been assumed and finite values of reflection
at the front and back facets of the DFB semiconductor laser has been assumed.

Following the derivation of the equation for oscillation condition of a pure index
coupled DFB laser, an equation representing oscillation condition for a 'gain plus
index' coupled DFB semiconductor laser has been derived. In this type of laser, si-
nusoidal variation has been assumed for both index and gain coupling. An equation
representing dispersion relation for such a laser has been presented. The equations
for 'gain plus index' coupled DFB laser have been taken as a more general form of
equation, since this can be used for (i) pure index coupled case by assuming zero
value for gain coupling coefficient, (ii) pure gain coupled case by assuming zero
value for index coupling coefficient ami (iii) for a 'gain plus index' coupled case by
assuming finite values for index as well as gain coupling coefficients.

Next, the generalized equations for 'gain plus index' coupled DFB semiconductor
laser has been modified for taking into account of the effect of laser output signal
entering back into the laser after facing partial reflection from a surface external to
the laser. Such a reflection has been termed as external feedback.

A computer programme has been prepared using Quick Basic on 386 and 486
microcomputers for obtaining numerical solutions of the generalized equation rep-
resenting oscillation in a 'gain plus index' coupled DFB semiconductor injection
laser. The programme has been prepared in a way so that numerical computations
.and plots of relative gain vs. relative frequency of the results are obtained simulta.
neously. Solutions and plots for real part of the equation are obtained at first, and
the solutions and plots of the imaginary part of the equation are obtained next on
the same screen.

A number of combinations of parameters for (i) index coupled, (ii) gain coupled
and (iii) 'gain plus index' coupled laser have been used for computation work with-
out any external feedback. Then the computations for these examples have been
repeated for various values of external feedback ratio. The values of critical feedback
ratios of each type of DFB semiconductor laser have been obtained through com-
putation work for lasers prodticing.minimum value of threshold gain. The results
for the three types of lasers have been analyzed and compared with each other.

. (ix)



CHAPTER 1

Introduction

1.1 Historical background of lasers

The introduction of ruby laser in 1960 [2J [4] and subsequent work on intense

coherent optical sources during the foliowingdecades have stimulated researches in

optical communication. Lasers of different types e.g., gas type, liquid type, solid-

state ion type, semiconductor for both pulsed and continuous operations have been

tried in optical comml1Iiication besides various other applications.

The maser principle, which was originaliy developed in the microwave frequency

range, is the basis for lasers [4]. Application of this principle to optical transitions

provided the first method of achieving net gain at optical frequencies. Extension

of the maser principle to optics was first proposed by Schawlow and Townes [I) in

1958. in i960 Maiman [2J used maser principle in optical transitions to produce the

first pulsed ruby iaser.

Maiman's demonstration [2]was the beginning of a number of successes. Shortly

after this, a second type of solid-state laser was reported by Sorokin and Stevenson

(1960) at the iBM corporation. iHvalent uranium ions in calcium fluoride was used

as a material in this solid-state iaser. Approximately one year later, Javan et. aI.

[3] of Beli telephone Laboratories reported the first continuous wave (CW) He-Ne

laser. This CW laser operated in the near infrared region.

The laser boom started In 1961. in this year, Johnson andN8B8au [8] demon-

strated the first solid-state Neodymium laser, in which the neodymium ion was

a dopant in Calcium tungstate (CaWO,) [4J. johnson [5]' Kiss and Pressley [6]'

and Goodwin and Heavens [7J reviewed varioUs optically pumped crystalline lasers

operated utilizing (i) transition metal ions such as CrH, Ni2+, and CQJ+j (ii) rare-

earth ions such as Ndd+ Pr3+ ErH HoH TmH Yb3+ Sm2+ Dy2+. and (iii)) , ) , ) , ) ,
1



the actanide ion U3+. Room temperature operation of a continuously pumped solid

state laser was first reported in 1962 by Johnson et. aI. [8J using N<fl+ in CaWO•.

Since then a number of CW solid state ion laser operation have been reported. Of

these, solid-state ion lasers made of Cr3+ in Al203 (ruby) [9] [10]' N<f3+ in glass [I1J
and CaMO. [12] are worth mentioning. Among these the most higWy developed

continuous solid state ion laser is the one made of Nd:YAG [13].

The first semiconductor diode laser was demonstrated nearly simultaneously

by three separate groups in the fall of 1962 [4J. All three teams, one from the

General Electric Research Laboratories in Schenectady (New York); another from

the IBM Watson Research Centre in Yorktown Heights (New York), and the third

from the MIT's Lincoln Laboratories in Lexington (Massachusetts) demonstrated

similar Gallium Arsenide diodes cooled at 700K temperature of liquid Nitrogen [4).

During the next few years several more of today's most important lasers emerged.

Bridges [4J in (1964) observed laser transitions in the blue and green parts of the

spectrum from singly ionized argon. This is the basis of today's argon ion lasers.

Kumar and Patel [4] (1964) obtained a 10.6j.tm laser emission from carbon dioxide.

Lasers of this type are still used as high power source in industry.

Sorokin and Lankard [29) at IBM Watson Research Centre in 1966 demonstrated

the first organic dye laser, they used a giant pulse ruby laser to excite solutions of

the dyes chloroaluminium phthalocynaine (CAP) which is a standard tool of laser

spectroscopy nowadays. The first chemical laser is the hydrogen chloride type

which emitted at 3.7j.tm and was demonstrated in 1965 by Kaspar and Pimentel [4].

A simple p-n junction type semiconductor laser needs large forward currents

and high dissipation, which required for cooling and pulsed operation. These dis-

advantages were overcome by using heterojunction laser structures. A further im-

provement was obtained with a double heterojunction (DH) structure (figure 1.1)

in which an active GaAs layer is sandwiched between two iayers of higher-band gap

GaAs. The two most important DH lasers are (i) one with the active region made

of Gal_.Al.AB, (ii) the other one with the active region made of Gal_.ln.ABI_IIPIl'

The first one emits light of wavelength ranging between .75j.tm and .88j.tm. This

spectral region is convenient for short-haul «2 km) optical communication In silica

2
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fibres. The second type iaser has the wavelength between 1.1Jlrn and 1.6Jlrn de-

pending on x and y. The region near 1.55Jlrn is suitable in optical communication

due to its low loss (0.15 dB/Km ) [14].

Due to difficulties in confining current and radiation in the lateral (y) direction

in heterojunction lasers more than one transverse (y) modes appeared thus mode

hopping as well as spatial and temporal instabilities result. In order to circumvent

these difficulties a new type of laser structure caiIed buried heterostructure (BH)

laser has been developed. The first of this kind of laser was successfully operated

by Tslikada [15Jin 1974. A basic structure of BH laser is shown in figure 1.2. Here

the active region is surrounded on all sides by the lower index GaAlAs, so that

electromagnetically the structure is that of a rectangular dielectric wave guide. The

transverse dimensions of the active region and the index discontinuities (i.e. the

molar fractions x, y, z) are so chosen that only the lower order transverse mode can

propagate in the waveguide.

Usually, lasers contain three key elements, one is the laser medium itself, which

generates the laser iight. The second is the power supply, which delivers energy to

the laser medium in the form needed to excite it (medium) to emit light. The third

is the optical cavity or resonator, which concentrates the light to stimulate emission

of iaser radiation (4). The laser oscillation is constructed by utilizing the laser gain

medium inside an optical cavity as shown in figure 1.3. Optical regenerative gain

occurs for light travelling along the cavity axis. The cavity length l is typically 103

to 106 times larger than the laser wavelength. Typically more than one axial or

longitudinal cavity resonance fall within the laser gain profile. Oscillation occurs

[16J at those cavity resonance lying within the inhomogeneous width of the laser

transition for which the laser gain exceeds the cavity losses. This is depicted in

figure 1.4, where the laser peak gain exceeds the single pass cavity losses for the

two lowest order transition modes. The optical and temporal coherence of a laser

source arises from the regenerative character of the combined laser gain medium and

optical cavity. Iri the subsequent section we shall be dealing with semiconductor

lasers as a result a discussion on the semiconductor materials is necessary at this

stage.

4
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1.2 Semiconductor laser materials

A semiconductor laser consists of an appropriate type of semiconductor material

within a suitable resonator having two reflecting mirrors. The semiconductor ma-

terial should be such that one can get significant population inversion for obtaining

stimUlated emission. The very high population inversion obtainable in a semicon-

ductor reslilts in a large gain. The gain can be so large that the path length for the

stimulated emission need not be long and the ends of the cavity need not be highly

reflecting. Thus with cavity lengths of only a few hundred microns, semiconductor

lasers are extremely smail. In contrast to other types of lasers where the transi-

tions occurs between discrete states of excited atoms, in a semiconductor laser, the

transitions invoive sets of banded states. The boundary of states resuits from the

close packing of activated atoms. Hence a high density of population inversion is

required to reach threshold conditions. The high gain required for laser action in

semiconductor materials is observed in direct semiconductor than indirect semicon-

ductor. The favourite direct semiconductor materials are GaAs, InGaP, AlGaAs,

Ga(A8.Pl_') etc.

The high gain associated with the direct gap semiconductor can be understood

from the energy diagram of figure 1.5. Here, a minimum in the conduction band, at

A for example, corresponds in the momentum scale to a minimum in the conduction

band, at B. Hence, an electron can be eievated from the conduction band at A into

the valance band at B with minimum energy and there is no change in momentum

during the process. Similariy, the direct transition in the other direction i.e., from B

to A, causes the emission of a photon without changing the momentum. For indirect-

gap semiconductors, of which Si is the principle member, one gets a simplified energy

band diagram as shown in figure 1.6. In this case, an eiectron transferred across the

minimum energy gap from C to D or vice versa must also experience a simultaneous

change in momentum as shown in the diagram. This momentum change is achieved

by interaction with lattice phonon vibration. Such an indirect process is less likely

than the direct transitions involving no change in momentum. In this section, we

have discussed about the necessity of direct band gap semiconductor materials for

constructing any type of semiconductor laser. In the next section we will discuss

6
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about a basic semiconductor laser diode struCture.

1.3 BaSicGaAs laser diode structure

When a photon interact with an electron, the electron can absorb energy to

move to a higher excited. state or alternatively with an equal probability, the elec-

tron can lose energy and in doing so emit a further photon, which leads to photon

amplification [41J. Depending on the initial energy state of the interacting electron

either absorption or amplification will occur. If it is a low energy state E) as showD.

in figure 1.7, an impinging photon with energy hlJ 2. Eg will be absorbed, elevating

the electron to an available higher energy state E2.By pumping the lower energy

electrons with ~nergy to raise them to the excited state it is possi ble to have an

unusually large number of electrons at the higher level. Such a situation is called a

population inversion. '('his condition is il1ustrated in figure 1.7, the corresponding

energy vs. density of state for ail intrinsic semiconductor at equilibrium'and at

inverted condition is shown in figure 1.8. At this stage, an incident photon of the

correct wavelength Ag = hef E can stimulate an electron to fall to the lower energy

state, resulting in a stimulated. emission as shown in figure 1.9. In such stimuiated

emission the emitted photon has the same wavelength Ag, phase, polarization and

direction of propagation as the incident one. Devices that rely on this mechanism

to generate coherent radiation are called lasers, which is an acronym for light am-

plification by stimulated emission of radiation [41J. It is to be noted that the highly

coherent stimulated emission is the only responsible for laser.

The pumping mechanism fot population inversion for semiconductor laser can

easily be achieved by forward biasing the p-n junCtion as shown in figure 1.10. The

energy band diagram without bias is shown in figure 1.11. When a forward bias

voltage VFB is applied, such that eVFB 2. Eg, all levels at the n+ side are raised

in energy, all those at the p+ side are lowered, the barrier height is considerably

reduced from its equilibrium value VB, and the concept of Fermi energy is strictly

no longer valid but it is constructive to consider quasi Fermi level shown as EFp and

EFn. Large number of carriers are injected across the junction to create an active

region of popuiation inversion in the vicinity of the junction as shown in figure 1.12

8
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in which radiation transitions of eiectrons from the conduction band can occur. For

this active region to exist, with consequential stimuiated emission, the forward bias

voltage must be eVFlJ > Eg.

A schematic diagram of the structure of a laser diode is shown in figure 1.10. The

GaAs crystal is very precisely cleaved on its end faces as shown to create smooth,

paraiiel, semitransparent, reflecting surfaces, which are essential for lasing action.

When small forward bias voitage, VPD is applied, no population inversion occurs

and there is only weak incoherent light output due to spontaneous emission as

shown in figure 1.13. As soon as eVpD becomes> Eli and a critical current flows, an

inverted population of carriers is produced, which is first resporisible for spontaneous

emission of photon. These photons reach the cleaved surfaces, internally reflected

due to the high reflective index of the medium (around 3.6) and back into the

active region. The photons then make a pass through the active region, stimulating

additional coherent photon emissions as they traverse it. On reaching the far cleaved

surface photons are again reflected and pass the active region and release more

photons, all coherent with each other.

1.4 Distributed feedback (DFB) semiconductor lasers

A theoretical analysis of distributed feedback (DFB) laser was proposed by

Kogelnik and Shank [17)[18J. They proposed that the conventional resonator con-

sisting of two (or more) end mirrors terminating the laser medium, can be made

mirroriess by providing the feedback mechanism distributed throughout and inte-

grated with the gain (lasing) medilim. In particular, the feedback mechanism is

provided by Bragg scattering from a periodic spatial variation of the gain medium

or of the gain itself [17J.

A DFB laser can be made in double-heterostructure (DB). At the beginning,

opticai feedback in such a DFB laser used to be provided by a corrugated surface

between the active layer and the outer p-GaAlAs layer. The fabrication of the

grating in such an active layer caused the interface recombination centers which

increases the threshoid current density substantially at higher temperatures: For

this reason it was impossible to operate such iasers at around 3000K at low current

11
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densities. This problem has been overcome by separate optical and carrier con-

finement heterostructure (SCH) jointly proposed by Aiki, Nakamura, Umeda from

Central Research Laboratories,lIitachi Ltd. Japan and Yariv, Katzir and Yen at
California Institute Of Technology,Pasadena, Calif. USA [I9J. Here, the carriers

are confined to the p-GaAIAs active layer while it extend to the p - Gal_yAlyAs
(y ~ 0.17) layer and the p - Gal_,Al,As (z ~ 0.07) layer grown successively

on the active layer. The grating is made on the p - Gal_,Al,As layer to obtaili

the optical feedback. Since the active layer is separated from the corrugated inter-

face, the threshold current density has been found to be low enough to operate the

diode at higher temperature. Numerous other realizations of DFB lasers have been

reported in literatures [20J-[23].DFB structures have the advantage of providing

better frequency stability of mode of oscillation than cavities formed by partially

transmitting mirrors at the ends of the structures.

Periodic structures'with DFB have other applications. Bandpass transmission

and reflection filters may be constructed using passive structures that utilize Bragg

reflection [24J[25J.The reflection filter formed by such a structure is the equivalent

of a mirror reflecting a band of frequencies . In surface acoustic applications [26]

[27J,such mirrors are utilized to build high-Q cavities.

1.5 Objective of this research

The technique of distributed feedback semiconductor lasers is now known

[17][18][19][32][33][35J.Some theoretical analysis of index and gain coupling have

been presented by Kogeinik and Shank [17J in 1972, Islam et. al. [32] in 1991

and Suhara et. al. [33Jin 1992. Detailed analysis of pure gain coupled and 'gain

plus index' coupled [32]semiconductor lasers are yet to be done. Recently, some

techniques of fabrication of gain coupled lasers have been reported in [39J. After

this, it seems to be worthwhile in working on developing analytical expressions for

the design of gain and 'gain plus index' coupled DFB semiconductor lasers.

In this work, three types distributed feedback corrugation in semiconductor

lasers will be studied. These corrugations are: (i) pure index coupiing type, (ii)

pure gain coupling type, (iii) 'gain plus index' coupling type. The equations repre-

.13



senting the oscillation condition will be derived following recent researches [32J-[34J.

For each case numerical computations will be performed using microcomputers to

obtain threshold gain, the frequency at which threshold gain occurs for various com-

binations of DFB semiconductor laser parameters. The above computation work

will then be done for differeIit amount of external reflections. The proposed research

work thus will be an investigation of some new structures of semiconductor lasers

to deal with applications having external reflections.

1.6 A brief introduction to the chapters of this thesis

The main objective of this work is to study the bahaviours of a semiconductor

injection laser having distributed periodic corrugations. To explain the necessity of

periodic corrugation in a semiconductor laser, it is necessary to briefly introduce

the working principle of the conventional Fabry-Perot semiconductor laser. Such

an inttoduction is provided in chapter 2.

in chapter 3, equations for pure index corrugated DFB semiconductor laser

without any reflection from outside are presented. The derivation statts off with

the Maxwell's equations for Electric and Magnetic fields. The equation representing

the oscillation condi tion for such a laser is presented in this chapter.

Chapter 4 deals with pure index corrugated DFB semiconductor laBer with ex-

ternal feedback. In this analysis it is assumed that a portion of the laser output

entering iIito an Fibre optic cable or going towards an optical disk is reflected back

and enters into the DFB laser. Under this condition the equations derived in chap-

ter 3 are modified in this chapter.

In chapter 5, it is assumed that both index and gain corrugations are present

in a DFB semiconductor laser. For such a complex coupling, necessary equations

are derived foiIowing the procedures of chapter 3. Also, following the procedures of

chapter 4, the effect of external feedback is taken into account and the equations

are derived for such a case. The equations representing the oscillation condition,

derived for a 'gain plus index' corrugated DFB semiconductor laser with external

feedback, are general forms of equations.

A computer method is presented, in chapter 6, for obtaining the solutions of the

14



general complex equations representing the oscillation condition of a DFB semI-

conductor laser. Numerical solutions and graphical plots for various values of the

parameters are presented in this chapter. Comments on the obtained results are

also presented ih this chapter.

Discussions on the total work are presented in chapter 7. Some suggestions for

future work are also presented in this chapter.
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CHAPTER 2

Fabry-Perot laser

2.i Ihtroduction

This work deals with distributed feedback type of semiconductor laser. In order

to explain the operation of such a laser it is necessary to explain the operation of a

basic Fabry-Perot laser first, since the theory of laser oscillation can be explained

with ,the help of a Fabry-Perot laser. For this reason a simple treatment of Fabry-

Perot laser is necessary at this stage. In this chapter, the physical construction of a

simple Fabry-Perot laser and its mechanism of operation will be briefly discussed.

The structure of a simple Fabry-Perot laser is briefly explained in section 2.2. Also,

using a model of reflection and transmission of waves at the two cavity mirrors of

a Fabry-Perot laser the equations representing the amplitude and phase conditions

of oscillation in such a laser are deduced in section 2.2. The equation for obtaining

the frequency of oscillation of a Fabry-Perot laser is presented in section 2.3.

2.2 Fabry-Perot Laser

From the very beginning of laser invention, it is known that for laser generation

it is necessary to have population inversion in a laser medium Le. the higher energy

state of the material will contain more atoms than the lower energy state. If such

a medium is placed inside an optical resonator containing two reflectors, then an

electromagnetic wave bounces back and forth between the two reflectors and passes

through the laser medium and gets amplified [14]. If the amplification exceeds the

losses caused by the imperfect reflection in the mirrors and scattering in the laser

medium, the field energy stored in the resonator increases with time. This causes

the amplification constant to decreases as a result of gain satUration [14J. The
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Figure 2.1: Schematic diagram of a Fabry-Perot laser.
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oscillation level keeps on increasing until the saturated gain per pass just equals the

losses. At this point the net gain per pass is unity and no further increase in the

radiation intensity is possible; that is the steady-state oscillation is obtained. This

type of laser is known as Fabry-Perot laser, A schematic representation of such a

Fabry-Perot laser is shown in figure 2.1. In such a case an amplification medium

with an inverted atomic population is placed between two mirrors as shown in figure

2.1.

Let us consider the model of figure 2.1 which is a Fabry-Perot laser containing

two mirrors and the laser medium with an inverted atomic population in between.

For such a case the complex propagation constant ~f the medium may be written

[14J as

k'(w) = k + kX(w) _ JkX' (w) - Jex/2
2n2 2n2

(2.1)

In this case}ex accounts for the distributed passive losses of the medium. Thus,

the intensity loss-factor per pass is exp( -p). In equation (2.1), (k - p/2) is the

propagation constant of the medium at frequencies well removed from that of the

laser transition, and X(w) = X'(w) - JX' (w) is the complex dielectric susceptibility

due to the laser transition. The imaginary part of X(w) is given [14] by

1
1+ [4(1/- iIO)2/(~1/)2J

(2.2)

where, II= w/21r is the frequency of laser output light. The relation between X(I/)

and X. (II) can be written [14] as

(2.3)
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Here, the propagation factor corresponding to a single transition is exp( -]ftl)

where, k' is given by equation (2.1) and I is the length of the etalon. Therefore,

adding the partial waves at the output one can write [14Jthe total outgoing wave

Etas

Et tjt2E;e-Jk'I[1 + rjr2e-Jk'1 + r~rie-(Jk'l + ]
t t -;k'l

_ g[ j 2e ]
, 1 :..-rlr2e-J2k'1
. t t e-J(k+£>k)leh-cx)I/2
E[I2 . . J

- ; 1 - rlr2e-J2(k+£>k)leh-cx)1

in equation (2.4) the followingrelations have been used,

(2.4)

k' - (k + ilk) + ]('Y - a)f2, (2.5)

ilk kX(w) (2.6)-
2n2

_kX'(w) (2.7)
n2
. ,\ 2

g(IJ) (2.8)(N2-N1)8 2
7rn t.pont

1£the atomic transition is inverted (i.e. N2 >. N1), then 'Y> 0 and the de-

nominator of equation (2.4) can become very small. The transmitted wave Et can

thus become larger than the incident wave E;. The Fabry-Perot etalon (with laser

medium) in this case acts as an arnplifier with a power gain 1~12.
. .

if the denominator of equation (2.4) becomes zero, which happens when

(2.9)

then the ratio Etf Eo becomes infinite. This corresponds to a finite transmitted wave

Et with a zero incident wave (Ei = O)-that is to oscillation condition. Physically
condition (2.9) represents. the case in which a wave making a complete round trip

inside the resonator returns to the starting plane with the same aniplitude and with

the same phase. It is possible to split the oscillation condition (2.9) into an equation

for ampiitude condition and an equation for the phase condition

Thus, for the threshold gain constant 'Yt(w) we get

(2.10)
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Similarly, after separation, we get the following equation for the phase condition.

2[k + Ll.k(w)]l = 27Tin m = 1,2,3 ..... (2.11)

The amplitude condition (2.10) can be written as

1
'Yt(w) = Q - yin rjri

Using equation (2.8) to replace 'Yt(w)in the above equation we get

(
8?rn2t .pont ( 1 I )

Nt - N2 - Nj)t = g(v),\2 Q -i nrjr2

This is the population inversion density at threshold.

2.3 The frequency of oscillation

(2.12)

(2.13)

The phase condition (2.11) is satisfied at an infinite set of frequencies for

different values of m. If in addition, the gain condition is satisfied at one or more

of these frequencies, the laser actually will oscillate at this frequency.

In order, to solve for the oscillation frequency, we put the value of Ll.k from
equation (2.6) in phase condition equation (2.11) and obtain the equation

We now introduce

kI[l + ~~)] = m?r

me
vm=-2ln

(2.14)

(2.15)

so that it corresponds to the mth resonance frequency of the passive [N2 - Nj = OJ

resonator: It has been shown in [14] that the propagation constant 'Y(w) can be

written as

(2.16)

For this case we can write 'Y(v) as

(2.17)
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So, putting the value of XU (II) from (2.17) in equation (2.3) and then using the

value of x'(i/) of the resulting equation in equation (2.i4) we get

[1
(i/o - II)

II ---- D.v
(2.18)

(2.19)

In the above equatIon 110 is the centre frequency of the atomic lineshape function.

By adjusting the iaser length such that one of Its resonance frequencies 11m is very

near to 110 which will reswt in a slowly varying gain constant Y(/I) with respect to

v. Replacing ')'(1/) in (2.14) by ')'(l/m) and (110 - v) by (110 - vm) we get [14J

.. ')'(l/m)e
1/ ::= 11m - (Vm - 110) .

21rnD.11

2.4 Summary

A brief introduction to a simple Fabry-Perot laser has been presented. The

equations for amplitude and phase conditions for obtaining oscillations in a Fabry-

Perot iaser have been presented. The equations for the frequency of oscillation for

such a laser is also presented. The discussions of this chapter wiil help in explaining

the operation of DFB lasers in the next 3 chapters.
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CHAPTER 3

DFB semiconductor iaser having pure index
corrugation and without any reflection from

outside

3.i Iniroductlon

The principles of a simple Fabry-Perot laser has been presented in the

previous chapter. In this chapter, the equations for a DFB semiconductor laser is

developed. Starting with the Maxwell's equations and considering the laser cavity

as a resonant waveguide cavity the equation for a simple semiconductor laser is

developed in section 3.2.

It is now well-known that three types of corrugations are possible in a DFB

semiconductor laser. These are: (i) pure refractive index corrugation, (ii) pure gain

corrugation and (iii) a combination of refractive index and gain corrugation. In

the first case, the refractive index of the active layer of a semiconductor laser is

periodically corrugated. In the second case, the gain of the medium of the active

layer is varied periodically, arid in the third case, both refractive index and gain are

varied in the active layer.

In this work, at first, only index corrugation is considered and the equations for

such a case are derived. This chapter deals with index corruagation only which is

termed as pure index corrugation or pure index coupling. In section 3.3, the equa,-

tions of a simple semiconductor laser of section 3.2 are then extended for a semi-

conductor laser with refractive index corrugation only. In section 3.4, the boundary

conditions for a DFB laser are applied to the solutions obtained in section 3.3. Thus,

the equations for forward and backward waves for a DFB semiconductor laser with

refractive index corrugation and no optical feedback from outside are derived in
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section 3.4. Using the equations of the two waves of section 3.4 the osciliation con-

dition for a DFB semiconductor iaser with refractive index corrugation is deduced

in section 3.5.

3.2 Wave equation for a semicohductor laser

It is well-known that a semiconductor laser consists of a layered semiconductor

structure placed inside ali optical resonator. in such a resonator two opposite

field waves propagate back and forth inSide the cavity. In a distributed feedback

(bFB) laser, reflection occurs from the backscatterlng of the periodic perturbation

as shown in figure 3.1. As a result, such a laser does not need end reflectors. The

propagation of electromagnetic waves in semicondiictor material is given [32](14][31]

by the Maxwell's equations.

VxE -

V.D 0

VxH

V.B

a13
at
_ aD.

- uE+ at
- 0

(3.1)

(3.2)

(3.3)

(3.4)

Here, u is the conductivity of the medium.

In the above equation D is the electric flux density which is related to the electric

field intensity E by [32][14](31]

In equation (3.5), Co is the free space permittivity, n is the refractive index. Here

P(r,t) is electric polarization, which tan be written [32](14][31Jas

Here, X is the dielectric susceptibility of the medium. From equation (3.1) and

(3.2)

_ {j . av x V x E = --(V x 13) = -/lo-(V x 11)at at
23
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Figure 3.1: Scematic diagram of an index cormgated DFB semicondudor laser.
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Figure 3.2: Schematic dia.gram of a simplified index cormga,ted DFB laser con-
sidering a length of I (from z = 0 to z = I).
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(3.8)

In this case, V x V x E = V(V.E) - V2 E = - V2 E (since V.lJ = 0 and thusE = 0).

Therefere, from equations (3.1)-(3.7)

.- 8 - .8E 8E
- V' E = -J.lo at (oB + con' at + coX 8t )

or,

Now, by defining ~ as [32J

,
0= o+JWcoX

equation (3.9) can be written as [32J

2- ,8E 2&E
V E - J.loO at - J.loCon 82t = 0

(3.9)

(3.10)

(3.11)

This is the generalized wave equation of a semiconductor laser without any corru-

gation. The solution of equation (3.11) may be written in the form

E = A(z)F(x, y)e?"t-J(3< + B(z)F(x, y)e?'t+J(3<+ c.c. (3,12)

Now, considering a semiconductor laser without any corrugation and also ~ = 0

equation (3.11) reduces to

or,

[ & + 8
2

2 2 _ {J2JF. ( )-'(3< - 08x2 8y2 + J.loCon W x, y "'" -

In the above equation F(x,y) is as defined iIi equation (3.12).
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3.3 Wave equations for a semiconductor laser having re-
fractive index corrugation only

In the previous section the effect of index corrugation has not been taken

into consideration. Let us now consider that a refractive index corrugation of the

form [32][33][34J

(3.16)

is present in the semiconductor laser with periodic variation in the z direction.

Here, we assume that", is the initiai phase of corrugation and Lln <t: n. In this

equation of corrugation, {3n is the propagation Constant satisfying Bragg condition

({3n = n:/ A). The c.c. (complex conjugate) term is present because the physical

terms are real. Figure 3.1 and figure 3.2 are two schematic representation of DFB

lasers having such a corrugation. However, for this section we refer to figure 3.2

From equation (3.16) the square of n can be written il.s

(3.17)

or,

(3.18)

Here, the terms containing higher power of Lln may be neglected since Lln <t: n.
With this approximation equation (3.18) reduces to

(3.19)

It may be noted that after considering the index corrugation, {3z is to be replaced

by {3nz and eqUation (3.12) may be written as

E = A(z)F(x, y)eJW1-JfJD% + B(z)F(x, y)eJWI+JfJD% + C.c. (3.20)

Using equation (3.19) and (3.20) we replace n and E in equation (3.11) and

obtain the following equation.
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V2(A(z)F(x, y)e:M-J(Jo>+ B(z)F(x, y)e:M+J(Jo>+ c.c.]

-tvl ~(A(z)F(x, y)e",t-J(Jo>+ B(z)F(x, y)e",t+J(Jo>+ c.c.]
8t

-iloeo(n2 + (n.6.ne2J(JOHH>+ C.C.)] :;2 (A(z)F(x, y)e",t-J(JO>

+B(z)F(x, y)e",t+;(JO>+ C.C.] = 0

Splitting into x, y and z direction variations we get

82 82(- + -)A(z)F(x, y)e",t-;(Jo>
8x2 8y2
82 ,

+ 8z2 (A(z)F(x, y)e",t-J(Jo>]

+( & + 8
2
)B(z)F(x, y)e",t+J(Jo>

8x2 8y2
82 ' , '

+ 8z2 (B(z)F(x, y)e",t+;(Jo>l

-JWj.lo<!A (z)F(x, y)eJWt-;(Jo>

- JW/lou' B(z)F(x, y)e:iWt+J(Jo>

+j.loeoW2(n2A(z)F(x, y)e:iWt-J(Jo>

+n2 B(z)F(x, y)eJWt+;(Jo>

+n.6.71.A(z )F(x, y)e",t+J(JOHJ4>

+n.6.nB(z)F(x, y)e:iWt+J3(JoHj~

+n.6.nA(z)F(x, y)e",t-J3(Jo>-H>

+n.6.nB(z)F(x, y)e",t-J(Jo>-H>]+ c.c. = 0

After further simplification the above equation can be written as

82 82

(- + -)A(z)F(x, y)e",t-;(Jo>8x2 8y2
82A(z)+ 8z2 F(x, y)e",t-J(Jo>

-2J{3B 8~~)F(x, y)e",t-J(Jo>

-131A(z)F(x, y)e:iWt-J(Jo>
& 82+(- +-)B(z)F(x, y)e",t+J(Jo>8x2 8y2

+&~~z) F(x, y)e",t+J(Jo>

27
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In a semiconductor laser the lowest order mode can be obtained by the variations

of x and y direction..Actually this cali be obtained by controlling the thickness.

(3.23)

(3.25)

+2Jf3lJ 8~;Z) F(x, y)eJWt+JPD'

-f31B(z)F(x, y)eJWI+JPn<

-JW/-lorTA(z)F(x, y)eJWI-JPD'

- JW/-lorTB(z)F(x, y)eY"t+J/lD'

+/-locOw2[n?A(z)F(x, y)eY"t-JPD'

+n213(z)F(x, y)eY"I+JPD'

+n~nA(z)F(x, y)eJWt+JPDHN

+n~nB (z) F( x, y)eJWt+J3PDHN

+n~nA(z)F(x, y)eJWI-J3/lD'-N

+n~nB(z)F(x, y)e)WI-JPD'-N] + C.C. = 0

Thus we get,

[& & 2
8x2 + 8y2 - f3lJ

8A(z)
-8z

The variation of fieldampiitudes is usually very smali in the z direction. As a re-

sult, in the above equation, the second order derivatives in the z direction may be ne-

glected. Now to obtain spatial average, we multipiy both sides by F'(x, y)eJPD'e-JWt

and perform integration for x, y and z within the limits -00 to 00, -00 to 00, and

-27f / f3lJ to +27f / f3lJ respectively. In addition the time average of both sides are

also taken over a period of ~T = 1/w. Now,we choose J':"oo J':"oo IF(x, y)I2dxdy = 1.

After these operations the c.c. terms vanish because of the time averaging of the'
e-2JW1terms.

-JW/-l0.l:.l: rTjF(x, y)/2dxdy + /-locow2n2]A(z)

8A(z) . 2 .~
-2Jf3lJ 8z + /-locoWn~ne-J B(z) = 0 (3.24)

Substituting equation (3.15) into the above equation, we get
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8A(z)
-

8z

or,

{]1- (3'b A(z) _ Wf..Lo100 100 o'IF(x, y)12dxdy + f..Loeo~n2A(z)
2J{3n 2{3n -00 -00

2-A -;4,+f..LoeoWnune B(z) = 0 (3.26)
2J{3n

The factor in the first term of the r.h.s of equation (3.26) may be approximated as
follows

{32 - {3'b = ({3 + {3n)({3 - (3n) ~ -J({3 _ (3n) - -JLi{3
2J{3n 2J{3n

where [40],

2?rn ?rLi{3 = ({3 - (3n) = - - -.\ A
Taking the factor in the second term of equation (3.26)

Wj.t 100 [00
___ 0 o'IF(x, yWdxdy
2{3n -00.-00

Wf..Lo 100 100 0'IF(x,y)/2dxdy
2wvef..Lo -00 -00 .

= - ~ (ji;1°O r a'/F(x, y)/2dxdy
. 2n V -;;; -00 ~-00

1. 100 100= -----=2nVeof..Lo a'IF(x, y)/2dxdy
2C:on -00. -00

1 100 100= - 'l~ -2 nveof..Lo aIF(x, y)I2dxdy
.t.eon -00 -00

i £00 [00+ . _2nveof..Lo weoxIF(x,y)j2dxdy2Jeon . -00. -00
1

= -(g- a)
2

(3.27)

(3.28)

(3.29)

Here, 0' = (j + jWeox, 9 = relative gain and Q = loss, {3n = Wvf..Loe= nWvf..Loeo

and n = ,j£;. [32J.Next, taldng the faCtor in the third term of equatin (3.26)

f..Loeow2nLine-j~

2J{3n

29.

f..LoCow2nLine-N

2]Wnveof..Lo

w~Line-N

2]
k Line-No- ~]2

- -JKne-J~ (3.30)



Here, n = n+ (fl.; e2JPD.+j~+ c.c.), Kn= k.l~nl,ai:Ldko = the wave number in free

space.

From equations (3.26)-(3.30) we get

dA(z) 1 ~-- = [-J~t3 + -(9 - o:)]A(z) - JKne-J B(z)
dz 2

(3.31)

Here, the term ~t3 appears due to the index corrugation. Following the above

procedure, in a similar manner, the equation for B(z) is obtained as

dB(z) = [j~t3 - !Cg - o:)]B(z) + JKne-J~A(z)
dz 2

(3.32)

Since equation (3.3i) contains both A(z) and B(z) terms and equation (3.32) al-

so contains A(z) and B(z) terms therefore, the forward and backward waves are

coupled.

Next, differentiating both sides of equation (3.31) the following equationis ob-

tained

~ A(z)_ [A 1(_ )]dA(z) . _~dB(z)
dz2 -JL.Jo{3+ 2 9 - a dz - JKne dz

Substituting the expression of d~.) from equation (3.32)

(3.33)

~A(z)
dz2

1 dA(z) . 1 .
[-J~t3 + 2(9 - o:)]~ - JKne-~[J~t3 - 2(g - a)]B(z)

+JK~A(z) (3.34)

Next, the expression of B(z) obtained from equation (3.31) is replaced in the

above equation. The resulting equation is

Thus,

~A(z)
dz2

. [-J~t3 + ~(g - a)J dA(z)
2 dz

. 1 dA(z) 1
+[J~{3 - 2(g - o:)][~- {-J~{3 + 2(g - a)}A(z)]

+K~A(z) (3.35) .

~A(z) 1
. dz2 = [b~{3- 2(g - aW + K~lA(z)

By writing the complex propagation constant 'Yas [32][38J

1
'Y2 = [J~t3 - 2(g - aW +K~

30
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equation (3.36) may be written as

d}A(z) = "('A(z)
dz'

The solution of this equation may be written as

(3.38)

(3.39)

where "( is given by equation (3.37). Again equation (3.31) can be written as, .

i 1 . A(z)
B(z) = -;4> {[-J~,B + -(g - a)]A(z) - -d }

JKe 2 z

Repiacing A(z) from equation (3.39) into the above equation we get

(3.40)

This equation is In the form of

(3.42) .

Equation (3.39) and (3.42) are the two general wave equations for a semiCon-
ductor laser having refractive index corrugation only.

3.4 Wave equations for DFB semiconductor lasers having
refractive index corrtigation only and no reflection from
outside

The wave equations of a partiCular type of laser may be obtained by applying

the boundary conditions of that laser to equations (3.39) and (3.42). For this section

iet lIS consider the DFB laser of figure 3.2 with refractive index corrugation only.

Here, z = 0 piane is chosen to coincide with the left facet and z = I plane with
the right facet.

Putting z=O in equation (3.39)

(3.43)



Writing equation (3.39) in terms of A(O)

A(z) = A(O) AleOY' + A2e-OY' = A(O) eOY'+ (A2/AI)e-OY'
Ai+A2 1+A2/AI

(3.44)

The reverse travelling wave B(z) of electric field at z=l plane is equal to the prod-

uct of the forward wave A(z) and the relfeetion coefficient at z=l plai1e (plane 2).

So,

(3.45)

Ilere 1'2 is the reflection co-efficient at' z = iplane.~ .

Putting the values of A(l) from equation (3.39) and B(l) from equation (3.41)

in the above equation

. el~ 1
r2[Aleoyl + A2e-OYl]e-OYPol= -. {[-JL'i.,B+ -(g- a) - 'Y1Aleoyl

. JK. 2

+[-JL'i.,B + ~(g- a) + 'Y1A2e-OYl}e'POI (3.46)
2

Dividing both sides by Ai and e-JP01 and multiplying by JK.

JK.r2(eoyl+ A2 e-oyl) = e21Pol+~{(-JL'i.,B + ~(g - a) - 'YJeoyl
AI 2

1 A+[-JL'i.,B + -(g - a) + 'Y]---2e-oyl}
2 Ai

A2 -JK.r2eoyl + [-JL'i.,B + Hg - a) - 'YJeJ2Pol+~eoyl
-AI JK.r2e-oyl - [-JL'i.,B + ~(g - a) + 'YJe12Pol+ne-oyl

(3.47)

(3.48)

(3.49)

Putting the value of ~ in equation (3.44) the numerator of A(z) tan be written

as
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(3.55)

33

Nurri. = A(O) X

{)Kr2e-oyl - [-J£1,8 + ~(g - (0) + 'Yle12PDl+J~e-oyl}eOYx
2

+{ -JK;-2eoy1+ [-J£1,8 + ~(g - 0) - 'Y]eJ2PDl+J~eoyl}e-OYx (3.50)
2

= A(d) x 'Y[eoy(x-l)+ e-oy(.-I)JeJ2PDI-J~

+{)Kr2 - [-)£1,8 + ~(g- a)lHeoy(x-l) - e-oy(.-I)Je-;2PDI-~ (3.51)
2

and the denominator OfA(z) as

DeTiam. = {)Kr2e-oyl - [-J£1,8 + ~(g - a) + 'YJeJ2PDI+~e-oyl}
2
1 .

+{-JKr2eOYI + [-J£1,8+ 2(g- a) -'YJeJ2PDl+~eoyl} (3.52)

. -'Y[e-oyl + eoylle12PD1+~

1+{-JKr2 + [-)£1,8 + 2(g - a)J}[eoyl - e-oylle-PIIDI+J~ (3.53)

Eliminating e-J2PDl+J~ from both numerator and denominator the equation of A(z)
is

A(z) = A(O) x
-'Ycosh['Y(z -l)] + {)Kr2e-J2PD1-J~ - [-J£1,8 + Hg - am sinh(-y(z -l)J

-'Y cosh ['YlJ + {-JKr2e-;2PDI-J~ + [-J£1,8 + l(g - a)J} sinh['Yl], 2
(3.54)

Since, sInh x . "-20-' and cosh x = "+20-'

Now after multipiying the numerator by A(O) and the denominator by Ai +A2
of the R.Il,S of (3.41)

B(z) = A(O) x.' . . .y'<{[-J£1,8 + ~(g- a) - 'YleJx + [-J£1,8 + Hg - a) + 'Ylt-e-OYX}
1+~A,

Putting the vaiue of t- from equation (3.49), repiacing [-J£1,8+ Hg - a)J2 - 'Y2
by _K

2 and after simpiifYing, we get

B(z) = A(O) x
-'}"r2&~ coshh-(z -l)J + {r2eJ~[-J£1,8 +~(g- a)] - JKe-J2PDl+J~} sinh['Y(z -l)]

-'Ye2J1iDl+~ cosh['}"lJ+ {-JKr2 + [-)£1,8 + ~(g- a)Je2JPDI+J~} sinh['Yll

(3.56)



Dividing both numerator and denominator by e2JfJnl+J~the equation of B(z)

becomes

B(z) = A(O) x
_-yr2e-2JPnl coshh(z -l)J + {r2e-2J/lnl[_J6o,8 + Hg - a)J - JKeJ~} sinh[-y(z -l)]

_-y cosh[-ylJ+{- JKr2+e-2J/lnl-J~+ [-J6o,8 + H!J - a)J} sinh[-ylj
(3.57)

Equations (3.54) and (3.57) are the two wave equations which contain the in-

formation of the iocation of the facets, reflection coefficient r2, relative gain 9 and
loss a. These equations may be equally appiied to DFB and Oail. lasers. In a DBR

laser 9=0 i.e., zero gain in the corrugation area, but in a OFB laser both gain and

loss are present.

3.5 The equation representing the oscUiation condition of
a pure index corrugated DFB semiconductor iaser with
no reflection from outside

Consider a DFB semiconductor laser with its ieft facet at z=lj and the right

facet at z = l2 having reflection coefficients of rj at the left facet (plane 1) and r2 at

the right facet (plane 2) as shown in figure 3.3. It may be recaiJed that the solution

of wave equation is of the form

.E = A(z)F(x, y)e!"t-J/l> + B(z)F(x, y)eJWt+J/l>+C.c. (3.58)

Consider the section 0 to l2 of the laser where 0 S z S l2 named as region 2.

Following equations (3.54) and (3.57) the expressions for the forward and reverse

wave amplitudes for this section may be written as

A2(z) = A2(0) x
--ycosh[-y(z -l2)] + {;Kr2e-J2/lnl,-», - [-J6o,8 + ~(g- a)]} sinhh(z -l2)]

--y cosh[-yl2J+ {-JKr2e-J2/lnl'-J~' + [-J6o,8 + Hg - a)J} sinhhl2]
(3.59)
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1'1

~---- 11 ----.-J~""---lz
region (J) region (2)

z=o

Figura 3.3: Forward and reverse travelling waves in a DFBsemiconductor laser
with longitudinal dimensions extending from z = -11 to 12,

1'2

z=o

Figura 3 .4: Forward and reverse travelling waves in a DFB semiconductor laser
with longitudinal dimensions extending from z = 0 to I.
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where,

B'i(z) = A2(0) x
_"(r2e-2JPDI, cosh["(z -12)] + {r2e~2JPD!'[-J~,B + 1(9 - a)]- JKeJoh}. 2

-"(cosh["(I2]+ {-JKr2 + e-2JPD!,-1<h+ [-J~,B + ~(9- a)J)
sinh["(z - 12)]

X sinh["(I2]
(3.60)

(3.61)

and 1>2is the phase shift of index corrugation at the z=O plane. Equation (3.16) is

the same equation as (3.37).
For convenience equations (3.59) and (3.60) may be written as follows

A2(z) = A2(0)P(z)

B2(z) = A2(0)Q(z)

(3.62)

(3.63)

For the other section of the iaser the value of z is -II ~ Z ~ O. We call this

section as region 1. The expressions for AI(z) and BI(z) of this section may be

obtained by replacing A2(0) with AI(O) , z with -z, 1>2with 1>1,12with II and r2

with rl iIi the above equations of A2(z) and B2(z).

So,

AI(z) = AI(O) X

-"(cosh("( -z -II)] + bKrleJ2PD!d~l- [-J~,B+ H!l - am sinh["(-z -II)J
-"( cosh["(IIJ+ {-JKrl e-J2PD!d~1+ [~J~,B +H!l - a)J} sinhbIIJ

(3.64)

arid

BI(z) = AI(O) X

_"(rle-2JPD!1 cosh["( -z -II)] + {rle-J2PDI,[ -J~,B + H!l - a)] - JKeJ~l}

-"(cosh["(ll]+ {-JKrle-J2PD!1-~1 + [-J~,B + H!l - a)]}

sinhh( -z -II)]
x sinh["(II] (3.65)

In the above equations, A2(z) and B2(z) are the expressions for waves A(z) and

B(z) in region 2 (figure 3.3) and AI(z) and BI(z) are the expressions for waves
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A(z) and B(z) in region 1 (figure 3.3). For convenience, equations (3.64) and (3.65)

may be written as follows

At(z) = AI(O)R(z)

B1 (z) =Al (O)S(z)

At z=O the boundary conditions are

A2(0) = BI (0)

AI(O) = B2(0)

(3.66)

(3.67)

(3.68)

(3.69)

Now, putting the value of BI(O) from equation (3.67) in equation (3.68) results

in

(3.70)

Next, putting the value of AI(O) from equation (3.65) in the above equation

Substituting B2(0) from equation (3.59) in the above equation results in

A2(0) - A2(0)Q(0)S(0)

i.e., Q(O)S(O) - 1

(3.71)

(3.72)

Replacing Q(O)a.rut S(O)by their expressions in the above equation the following

equation is obtained

[_'}Tle-2JPD!1cosh(-"ll) - {rle-J2PD1'[-J~.6 + !(g - a)] - Jlte»'} sinh("il)]. 2
1 .

x [_"r2e-2JPDI, cosh(-"l2) + {r2e-J2PD1'[-J~.6 + -(g - a)] - JlteJ~} sinh( -"l2)J. 2
= [-" cosh("ll) + {-Jit rle-JPDll-J~l+ [-J~.6 + ~(g- a)J) sinh("ll)J

1
x[-" cosh("l2) + {-Jit r2e-J2PD1'-J~+ [-J~.6 + 2(g - a)]} sinhhl2)]

(3.73)

This equation represents the oscillation condition for a DFB semiconductor laser.

In this equation index corrugation is considered. It will be shoW!later that for

considering index as well as gain corrugation this equation is to be modified by

replacing It by It. + Jltg [17](40J.
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3.6 Summary

Starting with the Maxweil's equations the wave equations of a simple semicon-

ductor laser have been derived. Using a sinusoidal index corrugation the equations

for the forward and reverse waves in an index corrugated DFB semiconductor laser

have been derived. The equation representing the resonance condition of an index

corrugated DFB semiconductor laser has been derived.
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CHAPTER 4

DFB semiconductor laser having pure index
corrugation with external feedback

4.1 Introduction

The wave equations and the oscilIation condition for a DFB type semiconductor

laser with refractive index corrugation and without external feedback has been

presented in chapter 3. In this chapter, the effect of external feedback in a DFB

semiconductor iaser is considered. It has been observed that the behaviour of a

semiconductor laser could be significantely affected by external optical feedback

i.e., feedback of a portion of the laser output .back into the laser cavity from a

reflecting surface external to it [30]. Such feedback appears from the surface of a

connecting device such as a collimate lens, optical disk or optical fibre [31]. The
effect of external feedback depends on the distance of the reflecting surface from

the iaser cavity, the phase change of the reflected wave at the reflecting surface and

the value of the power reflection coefficient at the reflecting surface.

In section 4.2, the effect of external feedback in terms of wave reflection is

Iexplained. An expression for the effective reflection coefficient at the right facet

, (output facet) of a DFB semiconductor iaser is derived with the help of a simple

model followingprevious researches [30][32][34J.

In section 4.3, the equation of an index coupled DFB semiconductor laser are

modified by taking into account of the effectof the external feedback. The equations

.representing the oscillation condition have been presented for four combinations of
I .
left facet reflection coefficient, right facet reflection coefficient and the lengths of

the right and ieft halves of the generalized DFB laser model.
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4.2 The effect of external feedback in a DFB semiconductor
laser

In the previous chapter, equations have been developed without taking into

account of the effect of external feedback. Here, external feedback refers to the

portion of the laser output entering back into the laser after facing a reflection from

the surface of a device external to the laser. A schematic dlagram illustrating such

a reflection is presented in figure 4.1 [30][32][33][34]. In this model it is assumed

that output of the laser is taken out through the right facet. Thus the left facet is

the back port and the right facet is the front port of the laser.

Here, it is considered that a laser output wave of amplitude 1 is incident on the

right facet (figure 4.1) and a portion VR.2 of this wave is reflected back into the

laser. Therefore, VI - R2 of the incident wave is transmitted through the facet. A

portion (vT) of this transmitted wave then faces reflection at the surface of another

device at B. The reflected wave after travelling backward over the distance of length

lex' meter (0/2 radlans) then enters into the laser through the right facet. At this

time, VI - R2 portion of the reflected wave enters into the laser. Thus, ultimate-

ly VI - R2vTe-j9 VI - R2-./ii = (1 - R2)yTi'fe-j9 fraction of the unity amplitude

incident wave is now entering into the laser. We now have VR.2 fraction of the inci-

dent wave due to the reflection at the right facet plus (1 - R2)yTi'fe-j9 fraction of

the incident wave through the process of reflection from the surface of an external

device. Thus, the effective reflection coefficient is changed from r2 to r; where,

(4.1)

This expression for the effective reflection coefficient has also been used by Suhara

et. al [33][34]. Therefore, for taking into account of the effects of the external

cavity reflection entering into the laser cavity i.e., external feedback the reflection

coefficient r2 at the right facet of a DFB semiconductor laser wiJI be replaced by

the expression of r; of equation (4.1).
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Reflected wave

Transmitted wave
viI - R2

Surface of an
external device

vT\~
~

~

~

~.:(1/2

VI - R2.vI - R2y"i7-../f'e~jO

r2 = ..[l'[; .
VI - R2-../f'e-jO
I

DFB semiconductor laser

rl =VR; \

z = -II z=o
A

z = 12
B

--~

Figure 4.1: A schematic diagram of a DFB laser illustrating the effect of exter-
nal feedba,ck. An wave having an amplitude of 1 is incident at the right facet of
the laser experiances reflection. ..[l'[; portion of this wave is reflected back into
the laser and vI - R2 portion passes outward and later experiances reflection at
the surface of another external device, ultimatemately (1 - R2)#e-jO portion
of the wave comes back into the laser. Thus the effective reflection coefficient is
r~= ;,I7l:; + (1 - R2)#e-jo. -
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4.3 The equation representing the oscillation coildition fot
an index coupled DFB laser taking into account of the
effect of exterIial feedback

The schematic diagram of a DFB semiconductor laser extending from z . -11

to z = 12 is shown in figure 4.2. In this section, one half of the DFB semiconductor

laser of figure 4.2 will be considered for analysis. This will simplify the equations

significai:J.tly.The modified DFB semiconductor laser is shown in figure 4.3.

Since, the left half of the laser is absent, we may write

(4.2)

Also, we assume rl = 1 i.e., ioo% reflection from the left facet. The boundary

conditions fot this DFB semiconductor laser is

(4.3)

Putting the values of Aj(O) and B2(O) from equations (3.59) and (3.60) in the above

equation the following equation is obtained

Dividing both sides of equation (4.3) by sinh(')' -l2) we can write

-')'coth[-')'l2] + {j,,:r2e-2JP01'-J4>, - [-J.6./1 + ~(g - a)]}. 2
= _')'r2e-2JPol, coth[-')'l2] + {r2e-2JPOI'[_j.6./1 + ~(g - a)] - JK.eJ1>,}

2
(4.5)

After rearranging the above equation, we can write

Here, r2 is the reflection coefficient on the right facet of the semiconductor laser

medium.
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Laser
output

z=lz

Initial phase shifi of corrugation =q)2

z=o

initial phase shift q)l

z =-h

••••
Laser
output

Figure 4.2: Schematic diagram of n, pure index corrugated DFB semiconductor
laBer.

Laser output
will be zero ., ••••
on this side if

ri = 1

~

Laser output

z=o z=lz=l

Figure 4.3: Schematic diagram of a simplified pure index corrugated DFB semi-
conductor laser considering a, length of I (from z = 0 to z = I).
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We now consider reflection of the laser output from the surface of an external

device as shown iIi figure 4.4. in order to consider the effect of this reflection or

feedback from the external cavity we replace r2 by r; where

(4.7)

4.4 The oscillation condition for a pUre index coupled DFB
laset considering four combinations of rll r21 hand 12
and considering externai reflection

Let us now consider the DFB laser of figiJre 4.2 which is the same as figure 3.1

of chapter 3 consisting of two halves extending from -I] to 12- It has already been

shown in chapter 3 that equation (3.73) represents the oscillation condition for such

a laser in the absence of any external feedback. Here, we see that we can have a

combination of values of r], r2, I] and 12. In this sectioIi we shah derive a DFB
semiconductor laser for four cases taking into accouIit of external feedback.

First of all, let us assume the simple case i.e., r] = r2 = 0 but I] "# 0,12"# o.
Putting this value in equation (3.73) we get

-JKeJ~1sinh(ry/j) x {-JKeJ~1 sinh(ryl])}

= [-ry cosh(-ryl]) + [-J.6.,8 + ~(g - a)J sinh( -ryI])]
1 .

x [-rycosh(ryI2) + [-J.6.,8 + 2(g - Q)] sinh(-ryI])]

(4.8)

Secondly, we consider 1'] - 0, r:j

then becomes

0, I] - 0 and 12 "# O. Equation (3.73)

Since ry"# 0, the above equatioIi redUces to

rycosh(ryI2)+ fJ.6.,8 - ~(g - a)] sinh(ry12) - 0
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DF'B semiconductor laser

Active layer
<

z=l

Surface of
another device

\i
reflecting surface ~

~
.0

reflect cd / / .
. ~transrnttteci

()xterna.1 cavity

I

Figure 4.4: The index corruga.ted DFB semiconductor with laser light reflected
. from the surface of another exiernal device and entering into the laser (Le., in
preesnce of external reflection). The tota.1 pha.se shift during the travel is e = 2kol,",t ..
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IIi the third case, iet us consider rl - 0, li - 0, r2 1= 0 arid l2 1=0. in this

case, equation (3.73) becomes

(-')') X {-cosh(')'l2)} + {_JKr2e-2Jilol'-J~ +[-J~,B+ ~(g -a)]}slnh(')'l2) = 0

(4.11)

Again, since ')' 1= 0 then the above equation results in'

(4.12)

In the fourth case, let us assume II = 0, rl 1= 0, l2 1= 0 and ri 1= o. For

these values of parameters the equation representing the oscillation conditioIi may

be obtained from equation (3.73) by putting the above mentioned values. Thus this

equation may be written as

[_')'r]r2e-2Jilol, ~osh(')'l2) + rd r2e-J2Po!,[~(g - a) - J~,Bl-JKeJ1>,}sinh(";l2)J. 2
= [-')'cosh (')'l2) - {-JKr2e-Jilol,-J1>, + [~(g- a) - J~,BJslnh(')'l2)

2
(4.13)

After simplification of this equation we can write

')'(1 - rlr2e-2Jilol,) cosh( ')'l2) + (rlr2e-/Jilo!, + 1){~(g- a) ~ J~,B} sinh(')'l2)

-j(rl + r2e-j2ilol,-j~)Ksinh(')'l2) = 0 (4.14)

This is a practical case, since in this model reflection terms for both left and right

facets are present.

Here, we recall that for taking into account of the effect of reflection from the sur-

face of another device external to the laser we have to replace r2 in equations (4.7),

(4.9), (4.11) and (4.13) by ~ where

Here, the phase term is

(4.15)

2,Blext 2(~,B + ,Bn)lext
-

11 11
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and [""t is the length of the external cavity. In the above equation 4>1is the initial

phase shift of the index grating at z = 0 for region 1and 4>2is the initial phase shift

of the index grating for region 2.

In equations (4.7)-(4.13) K is the coupling term for pille index coupling DFB

laser (Le., K = Kn). It will be shown in the next section that while conSidering

both index and gain coupling the coupiing coefficient K can be written as

(4.17)

4.5 SUIhmary

The phenomena of external feedback in a DFB semiconductor laser has been

explained by considering a simple model. An expression for the effective reflection
coefficientat the right facet has been presented by this model. By considering the

effect of external feedback the equation representing the oscillation condition of an

index corrugated DFB semiconductor laser has been derived.
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CHAPTER 5

DFB semiconductor laser having 'gain plus ind~x'
corrugation and pure gain corrugation with

external feedback

5.1 lnirorluctioii

1n the previous two chapters, wave equations and the equation represent-

ing the oscillation condition have been presented for a pure index coupled DFB

semiconductot laser. In this chapter, equations are derived for a OFB laser having

refractive index corrugation as well as gain corrugation. Such a DFB semiconductor

laser having both index and gain corrugations will be termed as 'gain plus index'

corrugated DFB laser [32].

In section 5.2, generaiized wave equations for a 'gain plus index' corrugated

DFB semiconductor laser an; derived. This derivation is similar to the d.eductions

presented in the previous chapters.

In section 5.3, the equation representing the oscillation condition for the above

mentioned 'gain plus index' corrugated type of laser is deduced by assuming the

generalized type of DFB laser model extending from z = -II to 12• The equation
is then simplified for the simplified model of a DFB semiconductor laser extending

from z = 0 to z = i2•

5.2 Generalized wave equations for a 'gain plus index' cou-
pled semiconductor DFB laser

We now consider a DFB semiconductor laser in which, both gain and refractive

index corrugations are present which is termed here as 'gain plus index' coupled DFB

semiconductot laser [32J. We recalt the general wave equation for a semiconductor
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laser deduced from MaxweiI's equations in section 3.2. From equation (3.9), this

wave equation cail be rewritten as [32J

(5.1)

n

(5.2)

Here, 1> is the initial phase at z=O and f3/J = 11:1A is the propagation constant

corresponding to the Bragg wavelength and A is the spatial period of the index cor-

rugation. Here, n is the average refractive index and .a.n is the maximum amplitude

variation. A DFB laser having the A/4 shifted region is equivalent to rf> =0.511: in

the present model. This model is shown in figure 5.1. However, for the analysis of

this section the model of figure 5.2 is also acceptabie.

Asstmiing a simiiar variation of dielectric sUsceptibility for gain corrugation we

can write [32][34J

x
(5.3)

Here, X is the average dieiectric susceptibiiity and .a.X is the maximum amplitude

variation, l/J is the phase difference between the index and gain corrugation. Con-

sider .a.n << n equation (5.2) can be written as

A solution of equation (5.1) may be written as

E = A(z)F(x, y)e1"'I-JlJr + B(z)F'(x, y)eJW1+JlJr +C.c.

(5.4)

(5.5)

Putting the value of E from equation (5.5) in equation (5.1) aild replacing ri2 and

X in equation (5.1) by (5.4) and (5.3) we get
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Z=O

corrugat ion

Figure 5.1: Schematic diagram of a 'ga.in plus index' corrugated DFB semicon-
ductor la.ser.

Laser oui [)11 \

Qn this side
will be zero z = 0
if 1'1 = ]

--~~
Laser output

Figure 5.2: Schematic diagmm of a simplified 'gain plus index' DFB semicon-
ductor laser considering a. length of I (from z = 0 to z = I);
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V2[A(z)F(x, y)eJWt-}f3%+ B(z)F(x, y)eJWt+Jf3%+ c.c.]

-J.tou[)wA(z)F(x, y)eJWt-}f3%+ JWB(z)F(x, y)eJWt+Jf3%+ c.c.]

-J.loEo[n2 + (fill.ne2Jf3D%+J1+ C.C.)][-W2 A(z)F(x, y)eJWt-}f3D%

_W2 B (z) F( x, y)eJWt+Jf3D%+C.C.]

-J.loEo[X + (ll.Xe2Jf3D%+J~+J~'+C.C.)][ _W2A(z)F(x, y)eJWt-Jf3D%
2

_w2 B(z)F(x, y)eJ"t+Jf3D%+ c.c.] = 0 (5.6)

or,

82 82 8:iA(z)(_ + -)A(z)F(x, y)eJ"t-Jf3D%+ --'-~F(x, y)eJWt-Jf3D%
8x2 8y2 8z2

-2JfJn 8~~Z) P(X, y)eJWt-Jf3D%- fJnA(z)F(x, y)eJWt-Jf3D%

2 2 82 ()
+( :X

2
+ :y2 )B(z)P(x, y)eJ"t+Jf3D%+ ~2Z F(x, y)eJW

t
+
Jf3D

%

8B(z) .+2JfJn 8z F(x, y)eJ"t+Jf3D%- fJ1B(z)F(x, y)eJWt+Jf3D%

-JWJ.loUA(z)P(x, y)eJ"t-Jf3D%- JWJ.loUB(z)P(x, y)eJWt+Jf3D%

+J.toEow2[fi2A(z)F(x, y)eJW!-Jf3D%+n2 B(z)F(x, y)eJWt+Jf3D%

+fill.hA(z)F(x, y)eJ"t+Jf3D%+J~+ fill.nB(z)F(x, y)eJWI+Jlf3D%+J1

+nll.nA(z)F(x, y)eJ"t-3Jf3D%-J~+ nll.nB(z)F(x, y)eJWt-Jf3D%-J1J

+J.loeow2[xA(Z)F(x, y)eJWt-Jf3D%+ XB(z)F(x, y)eJWI+Jf3D%

+ ll.2XA(z)F(x, y)eJ"I+Jf3DHJ1+J'P+ ~X B(z)F(x, y)eJWt+3Jf3D%+J~+J'"

+ ~X A(z)F(x, y)eJWt-J3{3D%-J1-J'P+ ~X B(z)F(x, y)e1"t-}f3D%-JH"'J +C.C.= 0

(5.7)

In the above equation, the variation of field amplitudes is very small in the

z direction. As a result, the second order derivatives in the z direction may be

neglected. Now,multiplying both sides by F'(x, y)eJf3D%e-JWtand perform integration

for x, y and z within the limits -00 to 00, -00 to 00 and -21r/fJn to +21r/fJiJ

respectively to obtain spatial average. In addition the time average of both sides

are also taken over a period of ll.T = l/w. Choosing J""oo J""oo IF(x, y)1
2
dxdy = 1.
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After this operations the c.c. terms vanish because of the time averaging of the

e-):lwt terms.

It may be recalled that equation (3.13) represents a semiconductor laser having

no corrugation. The same equation is also valid for the present case if we consider

no corrugation. Thus

Separating the z direction variation and the transvers plane variations we get

& 82 2 2 2[8x
2
+ 8

y
2 + /locon w IF(x, y) = {3 F(x, y)

(5.8)

(5.9)

(5.10)

In this equation, n may be replaced by fi since fi >> tl.n.

Now, utilizing equation (5.9) in the equation resulting after averaging of equar

tion (5.7) mentioned above we get

Next, dividing both sides by 2j{3[J and after rearranging we get

After further rearrangement of this equation, we get

8A(z)
-

8z
{32- {31 l-locow2 {CO100.2 wIJo 100 roo .
[ 2J{3[J + 2J{3[J Loo -00 xIF(x,y)1 dxdy - 2{3[J -ooLoo uIF(x,y)1

2
dxdyjA(z)
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_J[IJ-0£pW21°O100

n~nlF(x, y)12dxdy
2J n -00 -00 .

+/10£ow
2
e-:1'i>100100~XIF(x, yWdxdyjB(z) = 0

2J{3iJ -00 -00 2

The first term of equation (5.12) may be simplified to define J~{3 as

(5.12)

(5.14)

($.15)

Next, a quantity ~(9 - a) may be defined as follows

Jl~;:21:L: Im(x)IF(x,y)12dxdy

WJl [00 [00 . 9 - a__ 0 a/F(x,y)12dxdy=--
2{3n . -00. -00 2

At this stage coupling fot index corrugation will be denoted by Kn and defined

as [32J

K
n
= Jlo£oW

2 roo 100
f[~nIF(x,y)12dxdy

2{3n Loo -00

Similarly, coupling for gain corrugation will be denoted by Kg and defined as

. = iJoE-o
W21°O 100jm(~x) IF( )12d. d

Kg - 2{3 2 x, Y x Yn -00-00
(5.16)

Using equations (5.11)-(5.14) in equation (5.10) we get

dA(z) 1 of' ~.dz = [-J~{3 + 2(g - a)]A(z) - J[Kn+ JKge-J Je- B(z) (5.17)

In a similar manner, it is possible to obtain the equation for B(z) as

From these two coupled wave equations the following wave equations may be

obtained

and,

arB(z) 1 .
dz2 - [b~{3-2(9 - a)V + {Kn + JKge+J"'HKn + JKge-J'P}]B(z) (5.20)
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The solutions of these equations are in the form of

A(z) = Ale~' + A2e-~'

B(z) = Ble~' + B2e-~'

(5.21)

(5.22)

From equations (5.19) and (5.20) it may be pointout that -y is the complex

propagation constant which may be written as

(5.23)

The dispersion curves for a gain plus index corrugated. DFB laser may be ob-

tained from this expression. By comparing equation (5.21) with equation (3.37)

it may be observed. that, if the gain corrugation is absent then K.g =0 then eqUllr

tion (5.21) reduces to (3.37).

5.3 Oscillation' condition of a 'gain plus index' corrugated
DFB laser taking the effect of reflection from an exter-
nal device surface

Let us first consider the model of the DFB laser shown in figure 5.1. We

now compare equation (5.19) with equation (3.38) and find that equation (5.19)

can be obtained. from equatIon (3.38) if we replace K.n by K.n+ jK.e-N and. K.~ by

(K.n+jK.e-N)(Kn+jK.e+N). We also note that equations (5.21) and (5.22) are same as

equations (3.39) and. (3.42). Bearing these in mind we can accept equation (3.73) as

the equation representing the oscillation condition for a 'gain plus Index' corrugated

DFB laser of the geometry shown in figure 5.1. Thus following equation (3.73), we

can write the equation representing the oscillation condition for a 'gain plus index'

corrugated DFB laser as

[_-yrle-2J!1nl,coshbld - {rj e-J2Pnl,[-JLl.,B + ~(g- a)] ~ JKe»1IsinhbldJ

x [_-yr2e-2JPnl, cosh[-yl2]- {r2e-J2Pnl,[ -JLl.,B + ~(g - a) J - JKeJfJ} sinh[-yl2JJ
2

= [-')'cosh[')'ld + {-JK rle~2JPnll-»1+ [-JLl.,B + ~(g- a)J} sinhbll]J
1

x [-')' cosh[-y12]+ {-JK r2e-J2Pnl,-J~' + [-JLl.,B + -(g - am sinh[-y12]]
2

(5.24)
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DFB semiconductor laser

rj = V1Z2 I
d'~/fJB

z=o

•

z = I,

Surface of '
another device

/;
reflecting surface ~

~

~
reflected 0.

~transmitted

external cavit.y

----*- "o<t~

Figure 5.3: A 'gain plus index' J)FB semiconductor la.ser with laser light in p-
resence of externa,1 reflection. Here, e = 'lkol"".
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where,

(5.25)

Let us now consider the 'gain plus index' laser of figure 5.2 extending from z=O

to l. Fot this model we take 1>2 = 1>, /2 = I, h = 0 in the above equation.

The left facet has now moved to z = 0, so rj will remain in the equation. With

these values the equation representing the oscillation condition of a 'gain plus index'

corrugated DFB semiconductor laser becomes

-'Yrl[-'Yr2e-Pf3D! cosh(oyl) - {r2e-j2f3D![_j~,B + ~(g - o)J - jKd~} sinh(-yl)]

= -'Y[-'Y cosh('Y1)+ {-jKr2e-j'J{3D!-j~ + [-j~,B + ~(g -a)J) sinh( 'Y1)](5.26)

After simplification this equation becomes

'Y2rlr2e-j2f3DI cosh('Yl)+ 'Yrlr2e-j2I1DI[- j~,B + ~(g - a)] sinh( 'Y1)- hrlKd~ sinh(-yl). 2
=.l cosh(-yl) + hKr2e-j2f3.!-j~ sinh(-yl) - 'Y[-j~,B + ~(g- a)] sinh('Y1)

(5.27)

After further simplification we get

(1 - rlr2e-j2f3D!)-y2 cosh(-yl) - 'Y[-j~,B + ~(g--,a)](l + rlr2e-j'J{3D!) sinh(-yl)

+h[Kr2e-j2f3DI-j~ + Krlej~J sinh('Yl) = 0 (5.28)

Fot a 'gain plus index' cotrugated DFB semiconductor laser K in the above

equation is to be replaced by Kn+jKge-N. With this change equation (5.26) becomes

(1- rl1'2e-j2f3DI)-ycosh(-yl) - [~(g - a) - j~,BJ(l + rjr2e-j2f3DI)sinh('Yl)

+j{(Kn + jKgeN)rld~ + (Kn + jKgeN)r2e-j2f3DI-j~} sinh('Y1) = 0 (5.29)

Due to reflection from the surface of another device entering into the laser cavity,

as shown in figure 5.3 r2 is to be replaced by ~ in the above equation so that

(5.30)

(5.31)

where,

(5.32)
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5.4 Summary

The generalized wave equations for a 'gain plus index' coupied DFB semicon-

ductor laser have been deduced. Using this similarity between these wave equations

and the wave equation of chapter 3 the equation representing the oscillating condi-

tion of a 'gain plus index' corrugated DFB laser has been obtained for a laser cavity

extending from z = -II to 12• This equation has been modified for a simplified

model of the DFB laser extending from z = 0 to I assuming the reflection of rl at

the left facet and r2 at the right facet and a power reflection coefficient of r from

the external sUrface.
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CHAPTER 6

Numerical solutions of the general equation
representing oscillation in a DFB laser

6.1 Introduction

In this chapter, a computer method is presented for obtaining the solutions of

the generai complex equation representing the osciilation in a DFB semiconductor

laser. The computer programme can be used for (i) pure index coupled (ii) for

pure gain coupled and (iii) for 'gain plus index' coupled DFB semiconductor laser.

Numericai solutions for various values of parameters without externai feedback are

presented iii section 6.3. Considering external feedback solutions for critical feed-

back are presented in section 6.4 and the effect of right facet reflection on critical

feedback are discussed in section 6.5.

6.2 A computer method for soiving the general equation
representing the oscillation

In chapter 3, an equation has been developed winch represents the oscillation

condition of a pure index corrugated DFB semiconductor laser. in this section,

the effect of external feedback has not been considered. This equation has been

developed for a generalized DFB semiconductor laser model extending from z = -II

to 12 and having reflection coefficient rl at the left facet and r2 at the right facet.

In chapter 4, the effect of external feedback is included in this equation. Besides

this, a simplified model of a pure index coupled DFB semiconductor laser extended

from z = 0 to I having a reflection coefficient rl at the left facet and r2 at the

right facet is considered in this chapter. In chapter 5, the presence of miXed type

of coupling termed as 'gain plus ilidex' coupling in a DFB semiconductor laser has
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been considered. it now appears that the eqUation for 'gain plUBindex' coupled

DFB semiconductor laser i.e., equation (5.24) can be treated as a general equation.

From this equation (equation 5.24) one can obtain the equation (i) for pure index

coupled laser, (ii) for pure gain coupled laser arid (iii) for 'gain plUBindex' coupled

laser. For computation purpose it is necessary to use eqUation (5.25) aild (5.30)

along with equation (5.24).

It may be noted that this equation is a complex one containing both real and

imaginary terms. After replacing r2 of equation (5.24) by the expression of ri of

equation (5.30) the resulting equation is still a complex equation. This equation

can be split into (i) an equation containing real terms and (ii) another equation

containing imaginary terms. in order to get total solutions we have to get solutions

of the real equation and also the solutions of the imaginary equation within a specific

range of both + ve and -ve tJ.(J values. The two solutions will then be plotted on

the same graph. The intersections of the two curves will give us the final solutions:

This is demonstrated in figure 6.1.

The solutions of the real equation and the imaginary equations are obtained by

iterative interval halving method of polynomial solution. A computer program has

been developed for this purpose using Quick Basic in a personal computer. The

flowchart of the program is presented in figure 6.2. In this program, arrangements

have been made to obtain graphical plot of the solution while the computation

process goes on. This enables us to look into the plots while the computation

process is on. As a result it is possible to interrupt the computation and start

a new cycle if it is found that the input parameters are to be changed. Such a

process of computing and plotting simultaneously has been found to be essential

for this case. A listing of the computer programme is presented in Appendix A.

For obtaining the solutions of the complex equation representing the oscillation

condition (equation 5.24) we provide input values for a number of parameters and

then specify the +ve and -ve ranges of tJ.(J values. At the same time it is necessary

to limit the +ve range of (9th - a) so that the computer does not waste time in

obtaining solutions beyond this range. The reason for doing so is that we can not

view the solutions beyond the above mentioned range because the plot window is

fixed by the programme.
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Figure 6.1: Solutions of rea.l plot of equation (5.24) and imagina.ry part of equa.-
tion (5.24) plotted on the sa.rne graph. (a) The crossing point XI and X. are the
final solutions representing oscillation. (b) Expanded scale plots around XI to ob-
serve the crossing closely. The value of (g - a) at XI is the relative threshold gain
val.ue and the t:>.(3Bl is the deviation from the Bragg frequency.
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DBINIINUM)~DB

FOR X~ XMIN TO Xi'lAX
STEP ~IXMAX-XMIN)/50

I
I ,-

I
I
I

r<FOR 1~1 TO MUM>
, I
i DB1~DBINIII)
i
I
I,
I
I .
'- __ -INEXT II

,- -- - - -~ NE(T yl-.-I FOR Y~YMIN TO YMAX
I i- - -- STEP~IYMAHMINI/50
i
i
I
I
i
I
I
i
I
I
I
I
i
I
I
I
I

y

FOR NMAX TO XMIN
STEP~IXMAHMIN)/50

READ R" R" ." 2B,I, .,
XMIN, XMAX, YMIN, YMAX

SET COLOR, LMO~O.0000004, BB~3.141,9/LMD, L~O.l, MR,:,

I
I
I
I
r 1---
r
I :
I I
I 1
I I

I
I I
i I
I I

1
1 \

I

i I
I I

I

I

I '
I
(

- --NEXTY

frlD

Figure 6.2(a): Flowchart of the programme for computing and plotting,
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C=o 0=0

COSH=le-OL +eOL 112, SINH=leOL -e-". 112, S,=SINH,COSIDL,I, S,=COSH,SIN(DL,I,
C,=COSH,COSIDL,I, C,=SINH,SIN(OL,I,

U,=l- R,R,COS(TH21- R,fll-R,ICOS(TH2t2IBB+OBILINR),
V,= R,R"S INITH2 I+R,f II-R, lSIN(TH2t2 (BB+OB IL1NR),

U,=C, V,=D, U,=C" V3=C,

U,= OGI2, V,=DB, U,=l+ R,R,COS(TH2It R,f(1-R,ICOS{TH2+2IBB+OB)LINR),
V,= R,R,SINITH21-R,fll-R,ISIN(TH2t2IBBtDB)LINR)

U3::S1~ V3=S2

CALL PRODUCT

RR,=PRDR II,=PROI

U,=-KGCOCITH3),V,=KP+KGSIN(TH31,U,= R,COS(THl+TH21+ fll-R,ICOS{THltTH2t2IBB+DBILINR)
V,=- R,SIN(THl+TH2)- rll-R,ISIN{THl+TH2+2(BB+DB)LINR), U,=S" V,=S,

CALL PRODUCT
RR,=PROR, II,=PROI

U,=-KGCOS(TH3), V,=KP-KGSINITH31, U,= R,COSITHlI, V,= R,SINITHll, U,=S" V,=S,

RR,=PROR, II,=PROI
FF=RR,+RR,+RR,+RR,
GG=II,+I!,+II,+Il,

Figure 6.2(b): Flowchart of the subroutine FUNC,
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FigUre 6.2(e): Flowchart of the subroutine PRobuCT.

CDUNT-]
. ,...

DB3-(DBI+DB2)i2, DB-DB3
ICALL FUNC

y

DBNB3,DB-DB2

'" y'FI-F21 <10

DB1-DB2, DB2-DBI+W
DB2-DB1, DBI-DB2-W

WX-(XMAX-XMIN)i200.L" CDUNT-O, DB2-DB1+wxl

FigUre 6.2(d): Flowchart of the subroutine HALF.F.
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y

COUNT=COUNT+l

081=082, 082=081+WX

'(

WX=IXHAX-XHINI/200,l" COUNT=O, DB2=081+WX

FigUre 6.2(e): Flowchart of the subroutine flALF.G.
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INPUT,XMIN,XMAX,YHIN,YHA

SET THE SCREEN WITH UNIVERSAL CO-ORDINATE.

INPUT COLOR, Ig-QjL,~L"gL, +
FOR X"XMIN TO XMAX STEP (XHAX-XHINj/400r-----

I
I

"
I

,I

I LOCATE THE POINTS IN BOTH THE BOXES FOR REAL AND IHABINARY
I

~ .
\..-- - ---- - ------ NEXT X

Figure 6.2(f): Flowchart of the subroutine DISPERSION.
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6.3 Numerical solutions for various coinbhiatioils of cou-
pling coefficients to observe the effect of grating phase
angle

For obtaining the solutions of a DFB semiconductor laser, varioUs combinations

of the values of the parameters K"l, kf, 1>1,_rl, r2, e, f3nl, l)f are used. Actually, the

programme has been prepared for providing inputs for K", Kg, RI = rl 2 R2 = t2 2,

1>1 in radians, 2f3nl in even multiples of 1f i.e., 2p1f (where, p is an integer). In this

program, the value of I is taken as 0.0005 meter and the values of lext is chosen as

0.1 meter.

In order to obtain solutions of a pure index coupled DFB laser it is necessary

to make Kgl=O ahd for pUre gain coupling it is necessary to make K"l=O. For a

'gain plus index' coupling both K" and Kg have finite values i.e., K"l i" 0, Kgl i" 0..
Thus we consider three cases of coupling i.e., (i) pure index coupled DFB laser, (ii)

pure gain coupled DFB laser and (iii) 'gain phis index' coupled DFB laser. In this

section we shall not consider the effect of external feedback.

i) Pure index coupled DFB semiconductor laser without external feedback:

For this case, we set Kgl=O and take four values of K" i.e., K"l=l, 2, 3, 4. For

each of these cases, we take RI = 1, R2 = 0, l = 0.0005 meter, 2f3nl -' 0, 1/J = 01f

and l)f = o. This means that reflection from external cavity i.e., external feedback

is absent.

The solutions of the oscillation condition are then obtained using the above

mentioned computer programme by varying the grating phase shift angle 1>1. The

threshold gain values obtained from the solutions are then plotted against grating

phase angle values. Thus, four cUrves are obtained as shown in figure 6.3. From

this figure, it may be observed that for K"l = @ the minimum threshold gain occurs

at 1>1 = oi;t'S1f radians and the maximum value occurs at 1>1 = 1.51f radians. Thev
difference between the minimum and maximum gain is around 0.3 which is not

large. In the same figUre (figure 6.3) it is fOUnd that for Knl = 2 this difference is

around 1.5 which is significant. For low values of threshold gain within the range
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x'nl = 4, x,gl = 0
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Figure 6.3: Gain vs. gmting phase angle for a pure index coupled (K.nl "" 0, 1<91 ='
0) DFB semiconductor la.ser for the values of index coupling coefficient I<nl=1, 2, 3
and 4. Here.R1 = 1, R2 = 0 and 1]1' = O.
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of </>1 = 0.271"to </>1 = 0.671"Knl=4, 3 and 2 are good choices.

ii) Pure gain coupled DFB semiconductor laser without external feedback:

For this case, we set Knl= 0 and take four values of KgI Le., KgI=l, 2,3, 4. For

each of these cases we take R1 = 1, R2 = 0 and 71r = o. This means that external

cavity reflection Le., external feedback is absent.

The solutions of the oscillation condition are then obtained using the generalized

computer programme by varying the phase shift angle </>1. The threshold gain values

obtained from the solutions are then plotted against grating phase angle values.

Here also, four curves are obtained as shown in figure 6.4. It is very difficult to

say which of these four coupling is the best. However, It may be observe that the

curve for Kg! = 3 has high threshold gain values for the whole range of vales of </>1

between 0 to 2rr. It appears that for </>1 = Orr to 0.6571"the curve for Kgl = 2 shows

lowest threshoid gain value. Also for </>1 =0.25rr to 0.65rr the curve for KgI = 4 shows

low value of threshoid gain but these values are higher than those of the curve for
KgI = 2.

ii) 'Gain plus index' coupied DFB semiconductor laser without external feedback:

For a 'gain plus index' coupled DFB semiconductor laser, at first, we consider

Knl = 1 and take four values of Kg i.e., KgI=i, 2, 3, 4. For each of these four

combinations we take R1 = 1, R2 = 0 and 71r = o. Thus, here also we do not take

into accoUnt of the effect of external feedback.

As before, the solutions of the oscillation conditions are obtained using the

generalized computer programme by varying the grating phase shift angle </>1. For

each case the threshold gain values are plotted against grating phase angie values.

The curves obtained in this way are shown in figure 6.5. The curves indicate that

the combination of Knl = 1 and KgI = 3 provides minimum threshoid gain values
over the range of </>1 = 0.171"to 271".

Next, we assume KgI = 1 and take four ~alues of Kn i.e., Knl =1, 2, 3 and 4. For

these cases the other parameter values are chosen as before and the effect of external
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Figure 6.4: Gain vs. grating phase angle for a pure gain coupled (K."l = 0, Kgl i' 0)
DFB semiconductor laser for gain coupling coefficient. Values of Kgl= 1, 2, 3 and 4.
Here Rj = 1, Rz = 0 nnd 11f = O.
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feedback is neglected. Solutions of the oscillation conditions are then obtained for

the four cases. The resulting four curves are shown in figure 6.6. From these clirves

it may be observed that the average value of the threshold gain over the range of

<PI = Orrto 2rr is lowest for K.nl = 4 and K.gl = 1 at <PI = Orr.

6.4 Numerical solutions considering external feedback

It is now considered that external feedback is present. Due to the presence of

external feedback, external cavity modes will appear in addition to the main lasing

mode. To demonstrate this let us take a particular example of pure index coupled

DFB laser having K.nl=3, K.gl=O, R1=1, R2 = 0, <P1= o.75rr, 2{3nl = Orrand t/J = Orr.

For this case three different curves are plotted in figure 6.7 for three different values

of feedback ratio (felf). The first one is plotted for f elf = 0.0398. In this curve

we found that the plots of the real and imaginary solutions cross each other at one

point i.e., the laser has only one mode, the main mode (figure 6.7(a)). The next

one is plotted for fell = 0.0603. In this plot we find that the plots of teal and

imaginary solutions cross each other at one point and they touch at a second point

(figure 6.7(b)). The touching point indicates the appearance of a second lasing

mode in addition to the main lasing mode. This second lasing mode is the external

cavity mode. Since this mode appears when the feedback ratio has been increased

from 0.0398 to 0.0603 so fell = 0.0603 is the critical feedback ratio (fe). Next, we

increase the value of fell to felf = 0.1 which is grater than the critical feedback

ratio fe. Plots of the solutions for this case is shown in figure 6.7(c). In this

plot we find that the touching point in the previous plot now appears as crossing

point i.e., the plots of the real and imaginary solutions intersect each other at two

places in addition to the intersection corresponding to the main mode. The two

intersections appeared as a result of increasing the feedback ratio will correspond

to two external cavity modes. The mode with the lowest relative gain (0.03) is the

main mode (p - mode) [30][33][34],the next mode with next higher gain (0.04) is

the external cavity mode (m - mode) [30][33][34Jand the mode with highest gain is

the second external cavity mode (m' - mode) [33][34]. Following this procedure we

obtain the critical feedback ratios, the values of /i.{3nl at which the external cavity
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modes appear and also the relative values of gains for main mode pIUs the external

cavity modes for different combinations of parameter values.

Similar to the examples considered in the last section, here also three cases i.e.,

(i) pure index coupling with external feedback, (ii) pure gain coupling with external

feedback and (iii) 'galn plus index coupled' with external feedback are considered.

i) Pure index coupled DFB semiconductor laser with external feedback:

Four values of pure index coupiing are taken as example and computations are

performed for different values of grating phase shift angle <PJ. The values of index
coupling are Itnl =1, 2, 3 and 4 (with Itgl = 0). For these cases the remaining

parameter values are R] = 1, R2 = 0, l = 0.0005 meter, and 2t3lJl = 07f, lIr = 0

(i.e., no external reflection). The obtained threshold galn values for each of these

cases are plotted against </>] and the plots are shown ih figure 6.3. Frointhese plots

we find that the lowest gain occurs for the laser with index coupling coefficient

Itnl=3 at </>1 = o.757f.
With this finding (i.e., taking rjJ1 = 0.757fand Itnl = 3) we continue computations

to find the external cavity modes by considering the external reflection and assuming

l",t=O.1 meter. To do so, the effective feedback coefficient (lIr) is increased gradually

from O. For this case, the values of relative gain are plotted against feedback ratio.

These plots are shown in figure 6.8. From this figure we see that the critical feedback

ratio for this type of laser is 0.60 i.e., tel/ = 0.60 since, within the range of lIr=O

to 0.60 external cavity modes do not exist. The mode with the lowest telative gain

is the main mode (p - mode) and the external cavity mode with the lower relative

gain is the m - mode and the higher relative galn is for m' - mode. From the plot

it is found that the main mode has nearly constant gain for the range of feedback

ratio values of 0.045 to 0.2. However the variation of gain at the begining is also not

significantly large. After the critical feedback ratio value the gain for the m - mode

decreases while for the m' - mode increases with the feedback ratio.

For the same parameter values of /tn, ltg, </>1, 2t3lJl, .p the deviatioh from the

Bragg frequency (i.e., f).t3lJl) is plotted against feedback ratio. This plot is shown in

figure 6.9. In this plot it is also found that the frequency of the main mode is nearly
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constant over the considered values of 1jf except for a very small range of values at

the begining. Figure 6.9 shows that one of the external cavity mode (m - mode)

has a values of of t!..[3nl. Figure 6.9 shows that the (m' ~ mode) has a lower values

oft!..[3nl.

ii) Pure gain coupled DFB semiconductor laser with external feedback:

For pure gain coupled DFB semiconductor laser also four values of gain coupling

are taken as example. These values are II:gI=1, 2, 3 and 4 (with 11:"1 = 0). Here

also, the remaining parameter values are choosen to be RI = 1, R2 = 0, 1 =.
0.0005 meter, 2[3nl = 011",1jf = 0 (Le., no external feedback) as in the pure index

coupling examples. The obtained threshold gain values for each of these cases are

plotted against <PI in figure 6.4. From these plots, we find that the lowest threshold

gain occurs for the laser. with 11:"1 = 0, II:gI = 2 at grating phase shift of <PI= 0.011".

To find the critical feedback ratio and external cavity modes for this particular

type of laser, taking 11:"1 = 0, II:gI = 2, <PI= 0.011", l = 0.0005 meter, i""t=O.l meter,

2[3nl = 011", !/J = 011",RI = 1, R2 = 0 the oscillation condition is solved for different

values of feedback ratio. The resulting curves are shown in figure 6.10 and 6.11. In

figure 6.10, the relative gain values are plotted against feedback ratio (fell) values.

From the plots we find that the external cavity modes appear after the value of

f eff = .0023. Therefore, the critical feedback ratio for the present combination

is 0.0023. The main mode (p - mode) has the lowest relative gain. The external

cavity mode with the lower relative gain is m - mode and the mode with higher

gain is m' - mode. Figure 6.11 shows the plots of the deviation from the Bragg

frequency (i.e., t!..[3nl). against feff' From this figure it may be obtained that the

critical feedback ratio is 0.002 (Le., fc = 0.002). The external cavity mode with

lowerrelative gain (m - mode) has higher values of t!..[3nl and the mode with higher

relative gain (m' - mode) has lower values of t!..[3nl.

iii) 'Gain plus index coupled DFB semiconductor laser with external feedback:

For 'gain plus index' coupled DFB laser at first we take four combinations of

index and gain coupling values. The valUes are (i) 11:"1 = 1, II:gI = 1, (ii) II:nI =

11
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1, KgI = 2, (iii) Knl = t, KgI = 3 and (iv) knl = 1, KgI = 4. For these cases also, we

take R} = 1, R2 = 0, 1= O.ooQ,5m, 2f3nl = 07i",1Jr = 0 (Le., no external reflection).

The obtained threshoid gain values for each of these cases are plotted against 4>1

and the plots are shown in figure 6.5. From figure 6.5 we observe that the lowest

gain appears for Knf = 1, KgI = 3 of coupling at 4>j = 0.2511".

We now take Knl = 1, KgI = 3 case with 4>1= 0.2511" and solve the oscillation

condition for different values of effective feedback ratio 1Jr assuming 1""1=0.1meter.

The plots are presented in figure 6.12. As can be seen from figilre 6.12, due to

the presence of external feedback, external cavity modes (m - mode aild m' -

mode.) appear in addition to the main mode (p-mode) above criticai feedback value.

From these curves it may be observed that external cavity modes appear when the

feedback ratio exceeds 0.016) Therefore, this value is the criticai feedback ratio for
""

the above mentioned parameter values of a DFB semiconductor laser. For the main

mode the value of relative gain falls by a small amount of 0/6~ over the range of
'V

feedback ratio of 0 to 0.025. This falls is relativeiy faster at the beginning of this

range.

For the same parameter values curves of /lf3nl against feedback ratio are also

plotted in figure 6.13. Here also, the appearance of external cavity modes can be

seen' beyond a value of critical feedback ratio of O.O,i21C.'it ;fo'm' be observed that

for the main mode the value of /lf3nl remains constant throughout the range of

feedback ratio of 0 to 0.025.

6.5 Effect ofrefl.ectioIiat the right facet on the performance
of a DFB semicondtletor laser

in this section, we wiil vary the power reflection coefficient R2 at the right

facet (transmitting facet) of a DFB semiconductor laser and obtain the solutions

of the osciliation condition to observe the effect of R2 on the performance of such

a laser. The solutions will be obtained only for critkai vaiues of feedback ratio

(i.e., rc). Since a highly poiished GaAIi semiconductor structure has a reflection

coefficient as high as 0.3 [38],we wili vary the reflection coefficient from zero to 0.3.

We shall study the effects of variation of R2 on three types of DFB lasers e.g., (i)
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pure index coupled DFB laser, (ii) pure gain coupled DFB laser and (iii) 'gain plus

index' coupledDF13 laser.

i) Pure index coupled DFB semiconductor laser with external feedback:

In the previous section the vaiue of critical feedback is obtained from computing

solutions (for a particular set of parameters values) fora pure index coupled DFB

laser producing single mode oscillation at the lowest threshold gain with R2=0.

Following the same procedure we obtain the values of critical feeback ratio for

values of R2 within the range of R2 = 0 to R2 = 0.3 keeping other parameters

unchanged. Using these results the plots of critical feedback ratio rc against right
facet reflection coefficient R2 of figure 6.14 is obtained. For this plot the values of

other parameters are Knl = 3, Kgl = 0, 4>1 = 0.75rr, 2f3Bl = Orr,l = O.OOOSmeter,

lext=O.l meter, if; = Orr,.R1 = 1. From this figure we find that this type of laser has

a stable operation for values of R2 within the range from 0.03 to 0.1 with a slight

variation of feedback ratio, after which the feedback ratio has a sharp change.

From figure 6.3 we choose another DFB laser having parameters as Knl -

2, Kgl = 0 and R2 = o. For this case figUre6.3 shows a wide gap between its

minimum and maximum threshold gain (without external reflection). This case

shows that for this laser minimum gain occUrsat 4>1 = 0.5rr. Now, taking Knl = 2,

Kgl = 0, 4>1 = 0.5rr, 2f3Bl = Orr, l = 0.0005m, lext = O.lm, if; = Orr, R1 = 1 the
critical feedblick ratio is found for various values of reflection coefficient R2• The

plot of rcagainst R2 for this case is shown in figure 6.15. From this plot we see that

the feedback ratio exponentially increases against the reflection coefficient. In this

case, for the choosen range of R2 (i.e., 0 to 0.3) the values of rc are smaller than

the example of figure 6.14.

ii) Pure gain coupled DFB semiconductor laser with external feedback:

From figure 6.4, it is seen that the pure gain coupled DFB semiconductor laser

with the gain coupling coefficientKgi = 2 has both the lowest threshold gain and the

highest gap between its minimum and maximum threshold gain. So only one type
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of pure gain coupled DFB iaser will be taken for observing the effect of variation

of Ri on te• Now, taking K.l = 0, Kgl = 2, l = 0.0005m, l",t = O.im, ,pI = 0.011",

2f3ni = 011",.p =011", RI = 1 the critical feedback ratio is found for different values

of reflection coefficient R2. The plot IS shown in figure 6.16. From this plot we find

that the critical feedback ratio increases at a very low rate against H2• Comparing

tills case with the two cases of figure 6.14 and 6.15 we observe that the values of rc
witilln the choosen range of R2 for the present case is much lower than the other

two cases of pure index coupling.

iii) 'Gain plus index' coupled DFB semiconductor laser with external feedback:

For complex coUpling i.e., 'gain plus index' coupled DFB semiconductor laser a

plot of critical feedback ratio against reflection coefficient IS presented in figure 6.17

for the combinations of parameters of K.l = 1,Kgl = 3, l = 0.OOO5m,leot = O.1m,

,pI = 0.2511",2f3nl =' 011",tjJ = 011",Rj = 1. ,pI = 0.2511"value IS cboosen because for

tills value minimum threshold gain is obtained (figure 6.5). In this case a dip in rc
is observed at R2=0.5. However, the te value varies from 10-2 to 1.5X10-,3 within

the range of R2•

Similarly, another graph is plotted for 'gain plus Index' coupled DF13 laser with

the following parameters Knl = 4, Kgl = 1, l = 0.OOO5m,L",t = O.lm, ,pI = 0.011",

2f3nl = 011",.p = 011",RI = 1. The choice of ,pI is made on the same basis of minimum

threshold gain (figure 6.6). The plot is shown in figure 6.18. This graph shows a

large value of re at R2=0.03. The value of re falls at a fast rate to a low value at

0.04 and after which re values swing witilln a small range for the range of values of

reflection coefficient from .04 to .3.

Comparing figure 6.5 and 6.6 we find that for 'gain plus index' coupled with

coupling coefficients K.l=l, and Kgl=4 has the largest gap between its minimum

and maximum threshold gain without feedback. The critical feedb~k ratio against

power reflection coefficient for tills case with Knl=l, Kgl=4, ,pI = 1.7511",l =.Op05m,

l",t = O.1m, 2f3nl = 011",.p = 011"is presented in figure 6.19. Here also, the value

of ,pI is choosen on the basis of mlnlmum threshold gain (figure 6.5). The plot of

figure 6.19 shows that a sudden change of te occurs for R2=0.8 to 0.9 and a smooth
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change occurs witilln R2=0.1 to 0.3. This type of laser shows the lowest critical

feedback ratio among the types of DFB semiconductor laser considered.

6.6 Stlffiroary

Numencai solutions of the oscillation condition for pure index, pure gain and

'gain plus index' coupled DFB semiconductor laser without external feedback have

been obtained. The various results have been analyzed. Also, nui:nerical solutions

of the osciliation condition for pure index, pure gain and 'gain plus index' coupled

DFB semiconductor laser with external feedback have been obtained for varioliS

combinations of parameters. The results have been presented in graphical form.

The obtained results have been analyzed. Critical feedback ratio values have been

obtained for the above mentioned cases and plots of critical feedback ratio against

power reflection coefficient at the right facet of a bFB semiconductor laser have

been presented.
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CHApTER 7

Discussions and suggestions

7.1 Discussions

Using Maxwell's equations for Electric and Magnetic fields, the equations rep-

resenting the oscillation condition for a DFB semiconductor laser have been derived

following previous publications [14][17][18]. At first, Equations have been derived

for pure index coupled DFB semiconductor laser. Then, equations for 'gain plus

index' coupled DFB semiconductor laser have been derived by following the same

technique used for the above mentioned index coupled case. One of the purpose

of this study is to observe t.he behaviour of a nF~laser under situations when a
'"""J

portion of laser output, after getting reflected from an external surface, enters into

the laser. Such a situation has been termed as external reflection. The equations

representing the oscilJation condition for the 'gain plus index' coupled DFB semicon-

ductor laser have been derived after taking into account of the external reflection.

For taking into account of the effect of external feedback the arrangement of ex-

ternal feedback and the method of computation used in [32][33][34][39]have been

accepted. Using this method the equations representing the oscillation condition

have been modified to take into account of the external feedback. The equations

for 'gain plus index' coupled DFB semiconductor laser with external reflection have

been taken as general equations since by putting coupling coefficient Kgl=O we can

get the equations for pure index coupled case, and by putting Knl=O we can get

the equations for pure gain coupled case from the same generalized equations. If

external feedback does not exist then we have to set external reflection coefficient

f=O.

The equation representing the oscillation condition contains real as well as imag-

inary terms. As a result it was necessary to split the complex equation into a real
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equation and an imaginary equation. Solutions for real and imaginary equation-

s were obtained separately by numerical computations. the intersections of the

curves containing real solutions and the turves containing imaginary solutions were

taken as the final solutions of the complex equation representing the oscillation

condition. Computer programmes have been developed for the generalized 'gain

plus index' coupled case and numerical solutions were obtained for different set of

paraiJIeters. During the COinputation process we have found that the plots of re-

ai solutions and the plots of imaginary solutions sometimes tend to be a touching

point rather than a crossing point (figure 6.1). Often, after the magnification of

that region, we find that they do not meet at ail although the meeting point is also

a solution (because both the real and imaginary parts are zero).

Solutions of three types (Le., (i) pure index coupled, (ii) pure gain coupled

and (iii) 'gain pius index' coupled) of DFB semiconductor laser have been obtained

using the generalized equations representing the oscillating condition. For each case

numerical computations have been performed at first without takirig into account of

the external feedback and next taking the effect of external feedback into account.

The minimum threshold gain for various set of parameters for the above mentioned

three types of laser have been obtained with the help of the computer programme

mentioned above. The value of minimum threshold gain is important because it

indicates which laser will oscillate at the lowest value of injection current.

Kogelnik and Shank [17] showed theoretically that the gain coupled DFB laser

would work better than the index coupled DFB laser because the index coupled

laser has no oscillation at Bragg frequency but the pure gain coupled laser oscillate

at Bragg frequency [17J. This resuit has been confirmed by Eli Kapon et. al. in

[37]. We have also observed the same results during the computation (figure 6.11).

In the operation of a DFB laser in presence of external feedback the critical feed-

back ratio indicates the highest feedback ratio after which single mode operation

is not possible. Therefore, for a DFB laser operation in presence of external feed-

back, it is necessary to know the value of critical feedback ratio in addition to the

lowest threshold gain. A DFB semiconductor laser having a high critical feedback

ratio will be very much useful for applications where externai feedback exists. It is

found that critical feedback ratio changes with the variation of R2• The sensitivity
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of this variation is different for different set of parameters. For observation of this

sensitivity we have taken a range of values of the right (front) end facet reflection

coefficient R2 =0.03 to 0.3. A number of combinations of coupling coefficients have

been taken for computation of threshold gains. For each set of coupling coefficients

the sensitivity due to variation of corrugation phase shift angle 1>] have been com-

puted. From each of these obtained curves the value 0[1>] at which minimum value

of threshold gain occurs has been obtained. With this value of 1>] critical feedback

ratio rc has been computed. The sensitivities of rc due to the variation of the front

(right) end facet reflection are then computed and plotted.

Our computations show that for pure index coupled DFB semiconductor laser

having the coupling coefficient Knl=3, R] = 1, R2' 0, 2{3IJI = 0, 1/J = 0, I =

0.0005m and the lowest value of threshold gain obtained at a value of corrugation

phase shift angle of 1>] = 0.7571"(figure 6.3). For this laser the effect of external

feedback was taken into consideration and it found that the oscillation frequency

has a deviation from the Bragg frequency by about 2.52 radian at lower value of

feedback ratio and decreases with the higher of value feedback ratio (figure 6.9)

and it has the highest value of deviation from the Bragg frequency among the three

examples considered here. Computations also show that for pure gain coupled DFB

semiconductor laser with Kgl = 2, R] = 1, R2 = 0, 2{3IJI = 0, 1/J = 0 the value of

grating phase shift angle 1>] = 0 produces lowest possible gain (figure 6.4). Here, for

this case the deviation from the Bragg frequency at lower value of feedback ratio is

very small aroub.d 0.008 and increases to 0.013 for a higher value of feedback ratio

(figure 6.11). For a 'gain phis index' coupled DFB semiconductor laser having the

parameters as Knl = 1, Kgl = 3, R] = 1, R2 = 0, 2{3IJI = 0, 1/J = 0 the lowest

threshold gain is obtained at a grating phase shift angle of 1>] = 0.2571"(figure 6.5).

This 'gain plus index' coupled laser has a deviation from the Bragg frequancy by

about .408 radian. It appears from these examples that the pure gain coupled DFB

laser will have minimum deviation between the oscillation frequency and the Bragg

frequency. This deviation has significant value for pure index and 'gain plus index'

coupled DFB lasers. For some combinations of parameters the deviation may be

higher in index coupled case and for another combination (assuming same value of

Knl for both index coupled and 'gain plus index' coupled cases) this deviation may
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be higher in 'gairi pius index' coupled lasers.

Among the three types of laser considered here the pure index coupled DFB

laser shows the highest critical feedback ratio over the selected variation range of

R2=0.03 to 0.3, but a highest critical feedback ratio is not the only eriterion for the

selection of a laser. The range of variation of critical feedback ratio with the change

in reflection coefficient of the transmitting (front) end facet of the laser is also a

significant factor. It is desirable that due to the variation of transmitting end facet

reflection the changes in critical feedback ratio should be very small. Therefore,

a DFB laser having high values of critical feedback ratio and very small changes

in critical feedback values should be a good choice. From this view point, for pure

index coupled DF13 laser having Knl = 3, K.gl = 0, <P1= 0.7571",2{3nl = 0, Ij; = 0, l =
0.0005m, lext = O.lm has a minimum value of fc = 0.1 over the range of R2=0.03 to

0.3 and appears to give good r,esults (figure 6.14). Following the above guide line,

the pure gain coupled DFB laser having Kgl = 2, Knl = 0, <PI -c 0, 2{3nl = 0, Ij; =

0, l =0.0005m, lext = O.lm has a minimum value of fc = 0.006 over the range of

R2=0.03 to 0.3 and appears to give good results (figure 6.16). On the same basis

the 'gain plus index' coupled laser having K"l = 4, Kgl = 1,. <p) = 0, 2{3nl = 0, Ij; =

0, l = 0.0005m, lext = O.lm has a minimum value of fc = 0.002 over the range of

R2=0.03 to 0.3 and appears to give good performance over the range of R2-'0.04

to 0.3. At this stage it seems that further computations need to be done with

the help of the same computer programme and by varying the coupling coefficients

as well as the remaining parameters to search for better set of parameters. During

computations it has been observed that using the developed computer program on a

486 microcomputer approximately 15 sec is required (2min by a 286 microcomputer)

for obtaining the complete plot including the computations for real and imaginary

parts of the equation.

1.2 Suggestions for future work

In the present work an analytical expression for critical feedback could not be

presented. An analytical expression for critical feedback ratio will be very useful for

studying the effects of various parameters e.g., Kgl, Knl, <Pl, rl, r2, (g-a) etc. on
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Similarly' other
]

the criticai feedback ratio. With the help of such an expression it is expected that

computation time can be reduced significantly. Therefore, deducing an analytical

expression for critical feedback ration can be done in future.

We have studied the 'gain pius index' coupled DFB semiconductor laser having, ,

the coupling coefficient (i) I\:n/=1, I\:g[=I, 2, 3, 4 and (ii) I\:gl=l, I\:n[=I, 2, 3, 4.

The other combinations of coupling coefficients may be studied for a better DFB

iaser. Instead of selecting individually I\:n and I\:g for searching a good and useful

combination it might be worthwhile treating I\:n + jKg as IKlei9 and varying both

IKJ and O. The obtained results may be presented in some other forms for easy

interpretation and analysis.

In the present work, sinusoidal variation has beeIi assumed for both index and

gaiIi corrugations. It may be worthwhile studying a sawtooth wave type of periodic

variation of corrugations and square wave type of periodic variation of corruga-

tions. The effect of having sinusoidal variation for index corrugation and square

wave variation for gain corrugation, and square wave variation for index corruga-

tion and sinusoidal variation for gain corrygation may be studied.

combinations may also be studied.

, It is expected that by using a different algorithm for the complete solutions of

real and imaginary parts of the generalized equation representing the oscillation

condition of a DFB semiconductor laser computation time could be minimized.

Thus some work on the development of a new computer programme for this purpose

needs to be done.
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APPENDIX A
List of the computer ptogramtne

1110 SCREEN 12 'CONSOLE"O,l1120 , CONSTANTS------------------------
1130 'COLF = 5: COLG = 1
1140 L2 = .0005
1150 LMD = .0000008 / 2
1160 BB = 3.141592654# / LMD
1170 L = .1
1180 NR = 3
1190 DIM DBINI(21)
1200 '*START
1210 'LOCATE 1, 2: INPUT "CLS(Y/N)"; A$
1220 IF A$ = "Y" OR A$ = "y" THEN CLS 2
1230 'COLOR 71240 'If you would like to see dispersion relations,
1250 . remove a single-quotation marl< in the next line!
1260 'GOSUB 4390: END'*DISPERSION
1270 LOCATE 1, 2: INPUT "Keep parameters (y/n)"; B$
1280 IF B$ = "Y" OR B$ = "y" THEN GOTO 1360'*STARTZ
1290 LOCATE 2, 1: INPUT "I<nL,1< gL"; KNL, KGL: KP = KNL / L2:

KG = KGL / L2
1300 INPUT "R1,R2"; Rl, R2
1310 INPUT "oj)l(AT LEFT FACET) XIT "; xxx: TI.J1= xxx *

3.141592654#
1320 INPUT "213BL (AT RIGHT FACET) XIT "; xxx: TH2 = xxx *

3.141592654#
1330 ' oj);Phase difference between index and gain
1340 INPUT "oj) XIT";xxx: TH3 = xxx * 3.141592654#
1350 '*STARTZ1360 INPUT "XMIN,XMAX,YMIN,YMAX"; XMIN, XMAX, YMIN, YMAX
1370 INPUT 'T eff=10AX X"; GAMEFF: GAM = 10 A GAMEFF
1380 CLS 1
1390 LOCATE 2, 7: PRINT YMAX: LOCATE 26, 7: PRINT YMIN
1400 LOCATE 27, 12: PRINT XMIN: LOCATE 27, 76: PR1NT XMAX
1410 LOCATE 16, 6: PRINT "(g-a)": LOCATE 27, 40: PRINT "013 L"
1420 LOCATE 28, 6: PRINT "R1="; Rl; "R2="; R2; "I<nL="; KP * L2; "k gL=";

KG * L2;
1430 PRINT USING "& &",,, "'1='", 'I' ,1440 PRINT USING "# .##,';TH1 / 3.141592654#;
1450 PRINT "IT ";
1460 PRINT USING "& &"; "213BL=";
1470 PRINT USING "#.##"; TH2/ 3.141592654#;
1480 PRINT "IT ";
1490 LOCATE 29, 25: PRINT USING "& &";" oj)=";
1500 PRINT USING "#.##"; TH3/ 3.141,59265411;
1510 PRINT "IT "

A-I
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o 13 L
(DB)

OLOOO = GG

L- --" (XMAX,- YMIN)

= 1 TO NUH
DB1 = DBINI( i)
GOSUB3850 '*HALF.G

FOR i

NEXTX

(XMIN, YMAX)-(XMAX, YMIN): VIEW (91, 1)-(618,
400), , 7

1680 FOR J = XMIN TO XMAXSTEP (XMAX - XMIN) / 10
1690 LINE (J, YMIN)-(J, YMAX), , , &H8888
1700 NEXT J
1710 FOR J = YMIN TO YMAXSTEP (YMAX - YMIN) / 10
1720 LINE (XMIN, J)-(XMAX, J), , , &H8888
1730 NEXT J
1740 LINE (XMIN, O)-(XMAX, 0)
1750 LINE (0, YMIN)-(O, YMAX)
1760 LINE (XMIN, YMAX)-(XMAX, TI1IN) , , B
1770 'CCOL = 2: CCOL2= 1
1780 '/////////////////////////////////////////////
1790 'Find the solution of G(DB,DG)=O
1800 '////////////////////////////////////////////
1810 FORY = YMIN TO YMAXSTEP (YMAX - YMIN) / 50
1820 DG = Y / L2
1830 NUM= 0
1840 FORX = XMIN TO XMAXSTEP (XMAX - XMIN) / 50
1850 DB = X / L2
1860 GOSUB2440 '*FUNC
1870 IF X = XMIN THENGOTO1940 ''I.ZZ1
1880 II' c:GN(GG) = SGN(Ul.flGG) THENGOTO1940' *ZZ 1
WelD 'FORX=XMIN TO XMAXSTEP (XMAX-XMIN)/50
1900 'IF DB=DBINI(I) THENGOTO*ZZl
1910 'NEXT
1920 NUM= NUM+ 1
1930 DBINI(NUM) = DB
1940 '*ZZl
1950
1960
1970
1980
1990
2000
2010 NEXT
2020 NEXT Y

1520 PRINT USING "& &"; 'T eff=";
1530 PRINT USING "tHl,##~~~~";GAM;
1540 PRINT "(=10~"; GAMEFF; ")"
1550' (XMIN, -YMAX)
1560
1570
1580 (g-a)
1590 (DG)
1600
1610
1620
1630
1640
1650
1660
1670 WINDOW

A-2



2030 '11111111111111111111111111111111111111111
2040 'Find the solution of F(DB,DG)
2050 '1111111111111111111111111111111111111111
2060 FOR Y = YMIN TO YMAX STEP (YMAX - YMIN) I 50
2070 DG = Y I L2
2080 NUM = 0
2090 FOR X = XMIN TO XMAX STEP (XMAX - XMIN) I 50
2100 DB = X I L2
2110 GOSUB 2440 '*FUNC
2120 IF X = XMIN THEN GOTO 2190'*Zl
2130 IF SGN(FF) = SGN(OLDFF) THEN GOTO 2190'*21
2140 'FOR X=XMIN TO XMAX STEP (XMAX-XMIN)/50
2150 IF DB=DBINI(I) THEN GOTO *221
2160 'NEXT
2170 NUM = NUM I- 1
2180 DBINI(NUM) = DB
2190 '*21
2200 OLDFF = FF
2210 NEXT X
2220
2230 FOR i = 1 TO NUM
2240
2250 DBI ='DBINI(i)
2260 GOSUB 3320 '*HALF,F
2270 NEXT
2280 NEXT Y
2290 '*AXIS
2300 JJJ = JJJ I- 1: BEEP: BEEP
2310 LOCATE 30, 1: INPUT "(x/y)"; X, Y
2320 IF X = -1 THEN GOTO 1200'*START
2330 'COLOR (JJJ MOD 6) I- 1
2340 LOCATE 30, 15: PRINT "("; XMIN + X * (XMAX - XMIN) I 10;

2350 PRINT YMIN + Y * (YMAX - YMIN) I 10; ")"
2360 GOTO 2290 '*AXIS
2370 END
2380
2390 .IIl1l1lili#lIl1l1l1lill IWlIlI#lilt lilt Itll## #III1JtjI ItlilUlllll1l
2400 'II SUB ROUTINES
2410 '1II1I1I1I1Itli#lIl1l1l1l1l1li#II#III1###lIl1l1lilllllllllt#lill
2420
2430 '1111111111111111111111111111111111111
2440' *FUNC
2450 '111111111111111111111111111111111111
2460 'Calculation of the function F(DB,DG),G(DB,DG)
2470 ------------------------------------
2480 TA2= P+jQ. r= C+jD
2490 -------------------------------------
2500 P = KP * KP - KG * KG - DB * DB I- DG * DG I 4
251.0Q = -DG * DB + 2 * KP * KG * COS(TH3)

.2520 '
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2530 IF P = 0 THEN GOTO 2600'*Tl2540 IF Q = 0 AND P < 0 THEN C = 0: D = SQR(-P): GOTO 2640'*T2
2550 IF Q = 0 AND P > 0 THEN C = SQR(P): D = 0: GOTO 2640'*T2
2560 C = SQR(ABS(P + SQR(P * P + Q * Q» / 2)
2570 IF C = 0 AND P < 0 THEN D = SQR(-P): OOTO 2640'*T2
2580 D = Q / 2 / C
2590 GOTO 2640 '*T2
2600 '*T22610 IF Q = 0 THEN C = 0: D = 0: GOTO 2640'*T2
2620 IF Q < 0 THEN C = SQR(-Q / 2): D = Q / 2 / C: GOTO 2640'*T2
2630 IF Q > 0 THEN C = SQR(Q / 2): D = Q / 2 / C: OOTO 2640'*T2
2640 '*T2
2650 COSH = (EXP(-C * L2) + EXP(C * L2» / 2
2660 SINH = (EXP(C * L2) - EXP(-C * L2» / 2
2670 '
2680 'sinh
2690 '
2700 Sl = SINH * COS(D * L2)
2710 S2 = COSH * SIN(D * L2)
2720 '-----------------------------------------
2730 'cash(r L2 )=Sl+jS2
2740 '-----------------------------------------
2750 Cl = COSH * COS(D,* L2)
2760 C2 = SINH * SIN(D * L2)
2770 '-----------------------------------------
2780 Ul = 1 - SQR(Rl * R2) *'COS(TH2) - SQR(Rl * GAM) * (1 -

R2) *'COS(TH2 + 2 * (BB + DB) * L / NR) .
2790 Vi = SQR(Rl * R2) *'SIN(TH2) + SQR(Rl * GAM) * (1 - R2) *

SIN(TH2 + 2 * (BB + DB) *'L / NR)
2800 U2 = C
2810 V2 = D
2820 U3 = Cl
2830 V3 = C2
2840 OOSUB 3250 '*PRODUCT
2850 RRl = POOR
2860 II1 = PROI
2870 '-----------------------------------------
2880 Ul = -DG / 2
2890 Vi = DB2900 U2 = 1 + SQR(Rl * R2) * COS(TH2) + SQR(Rl * GAM) * (1 -

R2) * COS(TH2 + 2 * (BB + DB) * L / NR)
2910 V2 = -SQR(Rl *'R2) * SIN(TH2) - SQR(Rl * GAM) * (1 - R2)

*'SIN(TH2 + 2 * (BB + DB) * L / NR)
2920 U3 = Sl
2930 V3 = S2
2940 OOSUB 3250 '*'PRODUCT
2950 RR2 = PROR
2960 II2 = PROI
2970 '-----------------------------------------
2980 Ul = -KG * COS(TH3)
2990 Vi = KP + KG * SIN(TH3)

A-4



3000 U2 = 5QR(R2) * C05(THl + TH2) + (1 - R2) * 5QR(GAM) * C05(THl + TH2 +. 2 * (BB + DB) * L / NR)
3010 V2 = -5QR(R2) * 5IN(THl + TH2) - (1 - R2) * 5QR(GAM) *

5IN(THl + TH2 + 2 * (BB + DB) * L / NR)
3020 U3 = 51
3030 V3 = 523040 GOSUB 3250 '*PRODUCT
3050 RR3 = PROR
3060 II3 = PROI3070 .-----------------------------------------
3080 Ul = -KG * C05(TH3)
3090 Vl = KP - KG * 5IN(TH3)
3100 U2 = 5QR(Rl) * C05(TH1)
3110 V2 = 5QR(Rl) * 5IN(TH1)
3120 U3 = 51
3130 V3 = 52
3140 G05UB 3250 '*PRODUCT
3150 RR4 = PROR
3160 II4 = PROI3170 .------------------------------.-..---------
3180 FF ~ RRl + RR2+ RR3 + RR4
3190 GG = 111+ 112 + 113 + 114
3200 RETURN
3210 '*T4
3220 RETURN
32303240 '/////////////////////////////////
3250 '*POODUCT3260 '/////////////////////////////////3270 POOR = Ul * U2 * U3 - Ul * V2 * V3 - U2 * Vl * V3 - U3 *

Vl * V2
3280 PROI = Ul * U2 * V3 + Ul * U3 * V2 + U2 * U3 * Vl -Vl *

V2 * V3
3290 RETURN
3300
3310 '////////1/1///////////1//////////
3320 '*HALF.F3330 'Half devided search along X axis to solve F=O
3340 '/1/1/////////1///1//////////////
3350 WX = (XMAX - XlHN) / 200 / L2
33G(JCOUNT = 0
3370 DB2 = DBl + WX
3380 '*MLl
3390 COUNT = COUNT + 1
3400 IF COUNT = 20 THEN GOTO 3800'*ML5
3410 DB = DBl
3420 G05UB 2440 '*FUNC
3430 Fl = FF
3440 '
3450 DB = DB2
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'*ML4
CIRCLE (DB3 * L2, DG * L2), (x}lAX- XMIN) I 300

CCOL2 " , F

I
I

I
I,

1
1

3460 GOSUB 2440 '*FUNC
3470 F2 = FF3480 IF DB2 * L2 > XMAX OR DB2 * L2 < XMIN THEN GOTO 3800'*ML5
3490 IF F1 * F2 < 0 THEN GOTO 3520'*ML23500 IF ABS(F1) > ABS(F2) THEN DB1 = DB2: DB2 = DBl + WX: GOTO 3380'*ML1
3510 IF ABS(F1) < ABS(F2) THEN DB2 = DB1: DB1 = DB2 - WX: GOTO 3380'*ML1
3520 '*ML2
3530 COUNT = COUNT + 1
3540 IF COUNT = 20 THEN GOTO 3800'*ML5
3550 DB3 = (DBl + DB2) I 2
3560 DB = DB3
3570 GOSUB 2440
3580 F3 = FF
3590 '
3600 IF (Fl * F3) < 0 THEN GafO 3700'*ML3
3610 '
3620 DB1 = DB3
3630 DB = DB1
3640 GOSUB 2440
3650 Fl = FF
3660 '1llllllllllllllJudgement of convergencelllllllllllllllill
3670 IF ABS(F1 - F2) < 10 THEN GOTO 3780'ML4
3680 GOTO 3520 'ML2
3690 '
3700 '*ML3
3710 DB2 = DB3
3720 DB = DB2
'3730 GOSUB 2440 '*FUNC
3740 F2 = FF
3750 IF ABS(F1 - F2) < 10 THEN GOTO 3780*ML4
3760 GOTO 3520 '*ML2
3770
3780
3780

3800 '*ML5
3810 RETURN
3820
3830
3840 '111111111111111111111111111111111111111
3850 '*HALF.G
3860 'Half devided search along X axis to solve G=O
3870 '111111111111111111111111;/11111111111111
3880 WX = (XMAX - XMIN) I 200 I L2
3890 COUNT = 0
3800 DB2 = DB1 + WX
3910 '*MN1
3920 COUNT = COUNT + 1
3930 IF COUNT = 20 THEN GOTO 4340'*MN5
3940 DB = DBl
3950 GOSUB 2440 '*FUNC
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'.i:MN4
CIRCLE (DB3 * L2, DG * L2), (XMAX - XMIN) / 200

CCOL' 1

)
J

1
l

)

8960 G1 = GG
3970 '
3980 DB = DB2
3990 GOSUB 2440 '*FUNC
4000 G2 = GG4010 IF DB2 * L2 > XMAX OR DB2 * L2 < XMIN THEN GOTO 4340'*MN5
4020 IF G1 * G2 < 0 THEN GOTO 4060'*MN2
4030 IF ABS(G1) > ABS(G2) THEN DB1 = DB2: DB2 = DB1 + WX: GOTO 391O'*MN1
4040 IF ABS(G1) < ABS(G2) THEN DB2 = DB1: DB1 = DB2 - WX: GOTO 3910
4050 '
4060 '*MN2 .
4070 COUNT = COUNT + 1
4080 IF COUNT = 20 THEN GOTO 4340'*MN5
4090 DB3 = (DB1 + DB2) / 2
4100 DB = DB3
4110 GOSUB 2440
4120 G3 = GG
4130 '
4140 IF G1 * G3 < 0 THEN GOTO 4240'MN3
4150 '
4160 DB1 = DB3
4170 DB = DB1
4180 GOSUB 2440 'FUNC
4190 G1 = GG
4200 '////////////////JUDGEMENT OF CONVERGENCE/////////////
4210 IF ABS(G1 - G2) < 10 THEN GOTO 4320 '*MN4
4220 GOTO 4060 '*MN2
4230 '
4240 '*MN3
4250 DB2 = DB3
4260 DB = DB2
4270 GOSUB 2440 '*FUNC
4280 G2 = GG
4290 IF ABS(G1 - G2) < 10 THEN GOTO 4320'*MN4
4300 'LOCATE 23, 1: PRINT AB::;(Ca- G2): GOTO ~!J[)IJ*MN2
4310
4320
4330
4340 '*MN5
4350 RETURN
4360
4370
4380 '////////////////////////////////////////
4390 '*DISPERSION
4400 -
4410 '/////////////////////////////////////
4420 INPUT "XMIN ,XMAX"; XMIN, XMAX
4430 WINDOW (XMIN, -XMAX)-(XMAX, -XMIN)
4440 VIEW (1, 1)-(300, 300), , 7
4450 FOR X = XMIN TO XMAX
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•f

1

,
t
j
1
I,

4460 LINE.(X, -XMIN)-(X, -XMAX), , , &H8888
4470 LINE (XMIN,-X)-(XMAX, -X), , , &H8888
4480 NEXT X
4490 LINE (XMIN, O)-(XMAX, 0): LINE (0, -XMIN)-(O, -XMAX)
4500 '
4510 VIEW (310, 1)-(610, 300), , 7
4520 FOR X = XMIN TO XMAX
4530 LINE (X, -XMIN)-(X, -XMAX), , , &H8888
4540 LINE (XMIN, -X)-(XMAX, -X), , , &H8888
4550 NEXT X
4560 LINE (XMIN, O)-(XMAX, 0): LINE (0, -XMIN)-(O, -XMAX)
4570 LOCATE 1, 19
4580 'INPUT "Select a color number from 1 to 6."; col
4590 INPUT "Input a value (g-a)L ="; idg: DG = idg / L2
4600 INPUT "Input a value k iL"; ikp: KP = ikp / L2
4610 INPUT" k gL"; il,g:KG = ikg / L2
4620 INPUT" cfl Xrr";xxx: TH3 = xxx * 3.141592654#
463U FOR X = XMIN TO XMAX STEP (XMAX - XMIN) / 400
4640 DB = X / L2
4650 GOSUB 2440 '*func
4660 '
4670 VIEW (1, 1)-(300, 300)
4680 PSET (X, -D * L2): PSET (X, D * L2)
4690 '
4700 VIEW (310, 1)-(610, 300)
4710 PSET (X, -C * L2): PSET (X, C * L2)
4720 NEXT X
4730 '
4740 RETURN
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