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Abstract —Narrow stripe geometry double-heterostrnctnre injection

lasers for opticaf communication applications allow direct modulation up

into the Gbit/s range. Modulation behavior and influence of modulation on

the laser spectrum are discussed. The spectraf and modulation properties of

gain-guided and index-guided laser types differ significantly. Limitations

arise from intensity fluctuations due to intrinsic quantum noise, dynamic

instabilities, and reflected opticaf power, and also, in the case of analog

modulation, from harmonic distortion. By coherent injection locfdng, single

mode operation and strongly damped transient response can be achieved.

Electronic circuits for Gbit/s direct modulation are discussed.

I. INTRODUCTION

I N THE RAPIDLY developing field of optical communi-

cations, the semiconductor injection laser has become

the most promising light source [1]–[6]. Its main ad-

vantages are simple pumping by dc current, high efficiency,

and direct modulation capability up into the gigahertz
range. GaAs/Gax All_ ~As lasers emit in the wavelength

region of 0.8–0.9 pm and exhibit room temperature life-

times greater than 106 h [7], [8]. Quaternary lasers for the

wavelength region between 1.1 and 1.6 pm meet with

growing interest [9]–[ 13], since in this region a fiber at-

tenuation as low as 0.5 d~/km at 1.3 pm and 0.2 dB/km

at 1.55 pm is possible [ 14]–[ 16]. Furthermore, monomode

fibers have a dispersion minimum at 1.29 pm, yielding a

pulse broadening of only 4 ps nm- * krr- 1 [15].

In this paper we discuss the modulation behavior of

semiconductor injection lasers for communication app~ca-

tions.

11. LASER STRUCTURE AND LASER OPEWTION

Modern semiconductor injection lasers for optical com-

munications are constructed in double heterostructure

(DHS) and narrow stripe geometry. By this way, low

threshold currents and stable operation in the fundamental

transverse mode are achieved. Fig. 1 shows the structure of

a modern DHS stripe geometry GaAs/GaXAl 1_. As injec-

tion laser [8], [17], the V-groove laser. The active p-GaAs

layer is sandwiched by two GaXAll _ ~As layers which

exhibit a higher band gap than the active region. By this

way, the GaX Al ~_ .As layers provide carrier confinement

as well as an optical confinement in the vertical direction.
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Fig. 2. Energy-band diagram of the inje@ion laser.

The p-type GaXAll _ .As layer and a subsequent n-type

GaXAll _ .As layer form an insulating pn junction. Below

the etched V-groove the n-GaXAll _ .As layer is converted

to p-type with a shallow Zn diffusion. In this way, a

narrow conduction path approximately 3pm wide is formed

below the V-groove. The structure exhibits no refractive

index variation in the plane of the active layer. Waveguid-

ing wit~in the junction is accomplished by gain confine-

ment only. If a current in fo~ard direction is impressed,

electrons and holes are injected into the active region,

formed by the GRAS layer. Due to the lower band gap of

the GaAs layer, electrons and holes are confined within

this layer. Fig. 2 shows the energy-band diagram of the

injection laser. Since GaAs is a direct semiconductor, elec-

trons and holes recombine radiatively with a high internal

quantum efficiency. The cleaved laser end faces act as

mirrors, so that the radiation is generated within a

Fabry–Perot cavity. In the case of current injection, va-

lence band and conduction band are in nonequilibrium

and exhibit different quasi-fermi levels EFP and EF.. For a

sufficiently large injection current, the separation between
.EFP and EF. exceeds the energy gap E~, and an effective

population inversion is established in the active region. As

a consequence, the active region exhibits optical gain within

a “certain wavelength interval. The photons created by
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Fig. 3. Index-guided laser structures. (a) Channeled substrate planar

(CSP) laser [19]. (b) Buried heterostructure (BH) laser [20]. (c) Trans-
verse junction stripe (TJS) laser [2 1].

stimulated emission are in phase with the stimulating field.

Furthermore, the stimulated emission rate into the modes

is proportional to the number of modes in the resonator.

When the laser is switched on, the spontaneous emission

processes give the initial field contribution from which the

photon field is built up. At a certain threshold level of the

injection current the round-trip gain for the electromag-

netic wave exceeds the bulk and mirror losses for a certain

mode and the laser starts to oscillate.

The V-groove laser has no built-in index waveguide in

the transverse horizontal direction. The oscillating mode is

guided only by the gain profile within the junction plane.

Other laser types with gain guiding are the oxide-stripe

laser [18], the diffused-stripe laser with low diffusion, and

the proton-implanted laser. Some injection laser structures

exhibit index guiding also in the lateral direction. Exam-

ples of these “index-guided lasers” are the channeled sub-

strate planar (CSP) laser [19], the diffused-stripe laser with

deep diffusion, the buried-heterostructure (BH) laser [20],

the transverse junction stripe laser (TJS) [21], and the

constricted double-heterostructure laser [22]. Fig. 3 shows

some index-guided laser structures. Examples of quaternary

lasers with index guiding are the BH laser [23], the buried

crescent (BC) laser [13], and the self-aligned structure laser

[24]. Spectral and modulation behavior of gain-guided and

index-guided lasers differ significantly.

III. THE RATE EQUATIONS

The rate equations describe the dynamic behavior of a

semiconductor injection laser [25]–[30]. The quantum

mechanical rate equations describing the electron density

and polarization and the photon amplitude give informa-

tion about the time development of the amplitude,

frequency, and phase of the photon field, and also about

its statistical properties [25]. However, in many cases, only

the time evolution of the mode intensities is of interest and

one may restrict the analysis to the much simpler classical

rate equations [26]–[30].

We give a discussion of the classical rate equations for

the laser with N oscillating modes. The rate equations for

the electron density n(t) and for the photon number Si(t)

in the ith mode are given by

dn J(t)
—= —–+R,P(n)– $ ‘iri Sir,, (Ei, n) (1)
dt e. d

j=~ ‘“( E,)

dSi
~f~) (r,p(Ei, n)+si~st(~2j n)). (2)

~+—
dt = – rPh, ,

In (1) and (2), J(t) is the injection current density, and eO

the absolute value of the electron charge. The stimulated

and spontaneous emission rates per unit of volume and

unit of photon energy r,t( E, n) and Y,P(E, n) depend on the

photon energy E and the carrier density n. V and d are

volume and thickness of the active region.

Lasher and Stern have calculated r~Pand Y,t for GaAs at

room temperature, assuming transition between parabolic

bands with k selection rule for pure material and without k

selection rule for highly doped material [31 ]. For transi-

tions between parabolic bands without k selection rule and

analytic solution for r,t ( E, n) has been given in [32].

R,P is the total spontaneous emission rate per unit of

volume and follows from r~Pvia

R,P(n)=/~r~P(E, n)dE.
o

(3)

For the spontaneous emission energy halfwidth AE,P or the

corresponding wavelength halfwidth AA,P, respectwely, we

obtain approximately

CAA ~P
R,P(n)= r,P(Eo, n) AE,P=r,P(~O, n)~ (4)

o

where E. and Ao are photon energy and wavelength in the

spontaneous emission maximum. With the internal quan-

tum efficiency K (that is, the ratio of the number of

radiative spontaneous transitions to the total number of

spontaneous recombination processes) we obtain the total

spontaneous carrier recombination rate l/K R,P. The value

of ~ can be as high as 80 percent. In the linear approxima-

tion we obtain

K “R,,(n) = ~ (5)
SP

where rsp is the spontaneous electron lifetime. Measured

values of Z.P are between 2 and 8 ns for room temperature

double-heterostructure GRAS lasers [33], [34].

The spontaneous and stimulated emission rates, both

into the i th mode are given by ( Kiri / @( Ei))r,P( E,, n) and

(~~yi/@(Ei))~i~st(Ei, ~). Q(E) is the number of orthog-
onal modes per unit of volume and unit of energy, ri is the

photon confinement factor of the ith mode and Ki is the

equivalent mode number. @(E, ) is given by

(6)

where Et is the index of refraction for the i th mode, and the

effective index of refraction ii; considering the dispersion is

given by

“=(l-H) (7)

For a free-space wavelength of 8500 A, the photon energy

is E, = 1.46 eV and with E = 3.6 and ii’= 5 [35], we obtain

for the number of modes per unit of volume and unit of

energy @(Ei) = 1.817.1012 meV–* cm–3. The photon con-

finement factor r, gives the ratio of photon energy con-

centrated within the active layer of volume V to the total
photon energy, both for the ith mode. For d <0.5 pm, the
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photon confinement factorr, decreases considerably with

d. For d = 0.2 pm, we obtain r,= 0.6 [36], [37]. The

equivalent mode number Ki plays an important role for

lasers of the gain-guiding type [38]. For any mode of an

orthogonal mode family, the near-field area Al and the

far-field solid angle $2,fulfill the relation Aifli = A; [39]. For

nonorthogonal modes, the product Aifll can exceed the

value X’ and the factor

(8)

denotes the number of orthogonal modes to which the

nonorthogonal mode is equivalent in the phase space.

Index-guided lasers have orthogonal modes and, therefore,

K, =1. Gain-guided lasers exhibit index guiding only in the

transverse direction. We obtain, therefore, K, from the

product of the lateral near-field halfwidth w, and the

far-field angle y,

(9)

For a typical V-groove laser, K =11 has been calculated

[38] and values up to K= 100 seem to be possible for

narrow stripe geometry gain-guided lasers [40]. Measured

values of K are between 15 and 25.

The ratio a, of the spontaneous processes radiating into

the ith mode, (Kir, /0 ( E, ))r,P( E,, n) to the total number

of spontaneous recombination processes per unit of time

VK - lR,p(~) is given by

KKZ ri

“= V@(El)AE,P .
(lo)

For GRAS lasers, AE,P is approximately 50 meV.

For Q(E) = 1.817.1012 meV-l cm-3, an internal quan-

tum efficiency of K = 0.8, an active region of 0.2-pm thick-

ness, 250-pm length, 3-pm width, and a corresponding

r, = 0.6, we obtain a, ~ 3.5.10-5 for lasers with index

guiding. Gain guiding may increase a by more than one

order of magnitude. The photon lifetime in the i th mode is

given by [26], [35]

ii: ( )11-’
Tph, = ~ a~+—ln —

L Ri
(11)

with the internal loss per unit length a,, the laser end

mirror reflectivity Ri, and the laser length L. For a; = 10

cm–l, Ri = 0.3 [35], fi~= 5, and L = 250 pm, we obtain

rP~= 2.9 PS.

III. THE STATIONARY OPERATION

At the laser threshold for one mode the gain from the

stimulated emission processes equals the losses. From (2)

we obtain

1 Koro
—=

‘~st(Eo>~th
‘ph. @(Eo)

) (12)

for the threshold electron density n ‘~. The index O denotes

the mode with the lowest threshold. Neglecting the a, for

small ai we obtain from (1) and (5) the threshold current

Fig. 4. Light output versus injection-current characteristics of a CSP
laser and a V-groove laser.

density

e. dn &
J,h = —

‘T.
SP

(13)

This definition of the threshold current density is also used

for gain-guided laser types which exhibit a considerable

increase of radiation already at threshold. If a. ~ O, i.e., if

the spontaneous emission into the lasing mode can be

disregarded, (12), in the steady-state, has to be fulfilled

also above threshold. From (1), (5), (12), and (13) we

obtain the photon number of the lasing mode

‘n th7ph J

()
so=— —

J
–1 .

‘r
SP th

(14)

In the limit of a *O, only the laser mode with the lowest

threshold carrier density n ~hoscillates. Furthermore, in this

case, the photon number linearly depends on the injection

current density J& However, for a high frequency direct

laser modulation we cannot expect a linear dependence of

the light intensity on the injection current.

Fig. 4 shows the dc light output versus injection current

characteristics of a CSP laser and a V-groove laser. The

CSP laser, which has a low a, in the order of some 10-5,

exhibits only small increase of the light output power

below threshold, whereas the gain-guided V-groove laser

shows a smooth transition from the luminescent region into

the lasing state. This smooth transition is due to the

spontaneous emission term in (l). From (1) and (10) we

obtain in the steady-state

rph ,

[

K,r,
si=a, nv-~ blll@(Ei) 1‘~t(Ei,n)“. (15)

For a, # O in the steady-state n will be below the n ~ given

by (12). From (15) it follows that for al = O only one mode,

for which the term in the bracket of (15) vanishes, may

exist. For a, * O several modes will exist. Fig. 5 shows the

steady-state spectra of a CSP laser and a V-groove laser.

The CSP laser oscillates in a single longitudinal mode,

whereas the V-groove laser due to its higher spontaneous

emission spectrum oscillates in several longitudinal modes.

Due to narrow stripe geometries, the modem laser types

oscillate in the fundamental transverse mode, and exhibit
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Fig. 5. Steady-state spectra of (a) a CSP laser and (b) a V-groove laser,
both at 5-mW optical power.

no so-called “kinks” in the light output versus current

characteristics [2], [40]–[42]. The fundamental transverse

mode exhibits a longitudinal mode group with a wave-

length separation SA of adjacent modes, given by [34]

8A= z:%,~
!. (16)

For GaAs lasers with a typical le;gth of 20~–400 pm, the

longitudinal modes are separated by 1.5-3 A. The spectral

position of the lasing modes is very sensitive to temper-

ature changes [43]. Since the band gap of a semiconductor

decreases with increasing temperature, the wavelength of

maximum gain also increases. For GaAs, this temperature

coefficient is approximately 2.5 A/K. The wavelength of

an individual spectral mode also has a temperature coeffi-

cient because of the temperature dependence of the refrac-

tive index of the semiconductor. For GRAs, this temper-

ature coefficient is approximately 0.4 A/K [44].

IV. DIRECT MODULATION OF INJECTION LASERS

For the analysis of the rate equations we introduce the

normalized electron density z = n/n*, the normalized

photon number xi= S,~,P/Vn *~P~O, the normalized injec-
tion current q = J\.l,h, and the normalized gain g,(z)=

~~t(~,, ~)/r.t(%> ‘th)~ and obtain the normalized rate

equations

~,p:=q–z–xxzgl(z) (17)
i

dx
Tphr+ = Xc[g, (z)”–l]+arz. (18)

In the gain maximum, the approximation

go(z)=z~ (19)

can be used with 1= 3 for GRAS DHS lasers at room

temperature [28]. The Taylor expansion of the gain around

the gain maximum yields a square-law dependence of gain

on the wavelength. Therefore, the normalized gain of the

i th mode is given by [30]

gl(z)=go(z)(l –ciz). (20)

For a gain linewidth of 120 A and a mode spacing 8A= 2

z
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Fig. 6. Transient response of an injection laser initially biased below

threshold (q = 0.8) when the current is switched to q = 1.1 at t = O for
7,p7p~=900, a=10–5, 1=3, andc =10-3.

A, the coefficient c is in the order of 10-3.

Fig. 6 shows the calculated transient response of an

injection laser to a step current pulse with the normalized

amplitude q = 1.1. The calculations have been performed

for 21 modes. The laser parameters are ~,P/~P~ = 900, a =

10-5. We have chosen 1= 3 and c =10 -3 for all calcu-
lations. The spectral width AA of the laser is given by

II
~i2xl 1/2

AA= 28A -
2X, “

(21)

1

If a step current pulse q is applied to initially unbiased

laser or to a laser biased below threshold, the electron

density in the active layer increases. After an initial delay

time td the electron density reaches its threshold value. For

the unbiased laser td is given by [46]

t~ = ~,Pln[q/(q – 1)]. (22)

If the laser is prebiased with q. and a step pulse of

amplitude qP is superimposed, the delay time td is reduced

to

td = ~,Pln[qP/(qP + q. – l)]. (23)
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After the initial delay, the light intensity first increases

rapidly and is then subject to damped relaxation oscil-

lations. These relaxation oscillations are generated in the

following way. When the electron density reaches its

threshold value, the photon number has not yet reached its

stationary value, where the stimulated processes would

effect a high carrier recombination rate. Therefore, the

carrier density further increases above its threshold value.

The increase in the number of photons in the laser modes

starts from an initial level determined by the spontaneous

processes. The photon number increase is at first very slow

since the rate of photon creation is proportional to the

actual photon number. If the photon number passes its

stationary value, due to the rapidly increasing stimulated

recombination processes, the carrier density quickly de-

creases but the photon numbers further increase until the

carrier density falls below the threshold value. Now the

photon number decreases. After the photon number falls

below its stationary level, the electron density increases

again until the threshold carrier density is reached again.

Afterwards, the whole process is repeated, but since the

initial photon number now is higher than at the beginning

of the process, the photon number reaches its equilibrium

value at a shorter time. Therefore, the overshoot in the

electron density and the following photon number over-

shoot are smaller than before,” and the oscillations are

damped. For low values of a, there is a considerable delay

between the passing of the threshold level by the carrier

density and the intensity maximum of the first spike. A low

spontaneous emission results in a strong spiking.

For higher values of a, the transient oscillations may be

aperiodic since for a higher spontaneous emission the

initial photon number is reached earlier and the overshoot

is smaller. Gain-guided lasers exhibit a higher value of a

and oscillate in several longitudinal modes. In the multi-

mode case, the relative contribution of spontaneous emis-

sion into the oscillating modes is proportional to the num-

ber of oscillating modes. This can result in an aperiodic

transient behavior. In extremely narrow laser structures,

the transient oscillations are damped due to carrier diffu-

sion. The diffusion damping is proportional to (LD /s)2

where L~ is the diffusion length and s is the stripe width

[50], [51]. For the very narrow buried heterostructure

geometry the diffusion damping is equivalent to a values

between 10-2 and 10-3.

Injection lasers are well suited for digital applications up

into the Gbit/s range. Fig. 7 shows the calculated light

intensity and spectral width for direct modulation with a

101101 return to zero pcm signal. The laser data are

~,P/~P~ = 900 and a = 10 – 5. The laser is prebiased to

threshold ( qO =1) and the normalized modulation signal

amplitude is 0.1. The laser exhibits strong spiking during

the modulation pulses. The increase of the light output

power is accompanied by a decrease of the spectral width

8A.
Fig. 8 shows the response of an injection laser with

a = 10 – 4 and r~P/~P~ = 2500 to a nonreturn to zero signal

with v. = 1 and a normalized modulation amrditude of 0.1.
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Fig. 7. Response to a rz pcm pattern for 7,P/7Ph = 900, a = 10-5, 1 = 3,
andc =10-3.
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Fig. 8. Response to a nrz pcm pattern for T,p/Tph = 2500, a = 10-5,
1=3, and~ =10-3.

Due to the higher value of a the laser exhibits low transient

ringing and higher spectral width. Increasing the bias cur-

rent to qO = 1.05 (Fig. 9) reduces the transient ringing as
.“ ,
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Fig. 10. Response to a rz pcm pattern for .,P/~Ph = 2500, a =10 -5,
1=3, andc =10-3.

well as the spectral width. Fig. 10 shows the modulation

behavior of the same laser and the same bias conditions for

return to zero modulation. Fig. 11 shows the direct modu-

z
W30ULATION 2

CURRENT :

i
I I t ,, , I

—t 2ns/olv

Fig. 1I. Light output slgnaf and modulation current signal of a GaAs

V-groove laser modulated with a l-Gbi\s return to zero signal [ 17].

+———+
10 ns

Fig. 12. (a) Light output signal and (b) modulation current signal of a
GarInl _ ~AsYP1 _ v V-groove laser with a 280-Mbit/s return to zero

signal [52].

lation of a GaAs V-groove laser with a l-Gbit/s return to

zero signal [17], and Fig. 12 shows a 280-Mbit/s pcm

modulation pattern of a quaternary V-groove laser [52]. In

order to obtain low pattern effects, i.e., bit pattern de-

pendend modulation distortions at high bit rates, it is

necessary to bias the laser up to threshold or above

threshold. Modulation experiments with GaAs lasers up

into the Gbit/s range have been reported b y several authors

[53]-[59]. A bit rate of 8 Gbit/s has been achieved using a

TJS laser with a short spontaneous lifetime due to heavy

doping in the active region [59]. With GaXInl - .AsYPI _ ~

buried stripe lasers, modulation up to 2 Gbit/s has been

carried out in the 1.3-pm wavelength region [60]–[62]. Far

below threshold, injection lasers show a broad spontaneous

~mission spectrum with a halfwidth of approximately 300
A. With increasing current, this spectrum is narrowed and

exhibits a mode structure at and above threshold. Modem

narrow stripe injection lasers oscillate only in the funda-

mental transverse mode. Above threshold, the width of the

longitudinal mode spectrum decreases with increasing light

intensity. Figs. 7– 10 show also the spectral widths AA

given by (20). The spectral narrowing with increasing in-

tensity occurs also in the dynamic case. Fig. 13 shows the

calculated spectra corresponding to Fig. 9 for stationary

bias at q = 1.05 and at the first light intensity maximum

t/G = 77. These results are in agreement with experi-
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Fig. 13. Calculated emission spectra corresponding to Fig. 9, (a) for
stationary bias at q = 1.05 and (b) at the first light intensity maximum

t/6 = 7’7.
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Fig. 14. Measured dependence of the spectraf width AX of a GaAs

V-groove laser on the bias current 10 and on the modulation current

amplitude lW

mental results where no significant structural change in the

bias dependent CW spectra could be observed when mod-

ulating the laser [56], [57]. Fig. 14 shows the dependence of

the spectral width AX of a GaAs V-groove laser on the bias

current 10 and on the modulation current amplitude 1~ for

modulation with 280 Mbit/s and 560 Mbit/s. The spectral

broadening due to modulation reported in earlier papers

[29], [63] does not occur in modem narrow stripe geometry

lasers.

Sinusoidal modulation of injection lasers above threshold

gives insight into the dynamic properties of injection lasers

[28]-[30], [49]. For a laser biased above threshold to v and

%, respectively, and oscillating in a single-mode small signal

analysis (17) and (18) yields the following dependence of

the complex normalized photon amplitude f, on the com-

plex modulation current amplitude, both at angular

Fig. 15.
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1815

modulation
frequency for biasing 10 percent (&ntinuo& curve) and 20 percent

(broken curve) above threshold for T,P/TPh = 107.

frequency u:

Xg’(z)+a~= ~ (24)
T~pTp~ u: + j6r/3 – u=

with

a;= [1- g(~)+ ag(Z)+xOg’(Z)]/7,pTP, (25)

and

B = [l+w(z)l/7,p+ [1–g(z)]/7p, (26)

where g’(Z) denotes dg/dz. Fig. 15 shows the dependence

of modulation depths on modulation frequency for biasing

10 and 20 percent above threshold for g(Z) given by (19)

with 1= 3 for different values of a. For a = 10 – 3 and

smaller values of a the modulation transfer characteristic

shows a resonance. The results with higher a are repre-

sentative for the multimode case if an effective sponta-

neous emission coefficient aeff is introduced [30].

For analog communication applications, semiconductor

injection lasers should have low harmonic distortion even

at a high modulation index. The linearity is determined

from the dc light output versus current characteristic (Fig.

4) only for frequencies sufficiently below the resonance

frequency tio given by (25). From Figs. 7– 10, where the

calculations have been performed on the basis of cosine

shaped modulation current pulses, we see that in the case

of high frequency modulation the light output signal suffers

a strong nonlinear distortion. Harth has given an analytic

solution for the sinusoidal large signal modulation of injec-

tion lasers and has shown that a reduction of the modula-

tion transfer angular resonance frequency ~0, as well as a

strong spiking, may occur [64]. Whereas at low frequencies,
index-guided lasers (due to their highly linear dc light

output versus current characteristic) exhibit lower modula-

tion distortions than gain-guided laser types, at higher

modulation frequencies, the gain-guided laser types show a
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Fig. 16. Modulation frequency dependence of the second- and third-

harmonic suppression akz and ak3 of a V-groove GaAs laser dc biased

to 5-mW light output power and modulated with a modulation index
m = 0.5 [66].
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better linearity, due to the stronger damping of the nonlin-

ear relaxation oscillations [65]. Fig. 16 shows the modula-

tion frequency dependence of the second- and third-

harmonic suppression for a V-groove GaAs laser dc biased

to 5-mW light output power and modulated with a modu-

lation index m = 0.5 [66]. At l-mW optical ac power and

300-MHz modulation frequency, different laser types have

shown a second-harmonic suppression between 40 and 55

dB and a third-harmonic suppression between 50 and 80

dB [67].

V. FLUCTUATION PHENOMENA

Fluctuations in the light output power of semiconductor

injection lasers may impose severe limitations in the appli-

cation of injection lasers. The reasons for these fluctuations

are the random nature of the intrinsic quantum fluctua-

tions, dynamic instabilities, and laser light which is re-

flected back in the laser diode.

The intrinsic quantum fluctuations are due to the quan-

tum statistical nature of carrier recombination and photon

generation and are unavoidable in principle [25], [68] -[71].

In an injection laser, the total light intensity of all oscillat-

ing modes is limited and, therefore, stabilized by carrier

injection. Therefore, the total light intensity fluctuations

are orders of magnitude smaller than the intensity fluctua-

tions of a single mode. Fig. 17 shows the calculated noise

levels at 5 MHz for index-guided and gain-guided lasers

for three cases: detection of all modes, detection of the

central mode intensity only, and a transmission loss that

differs from mode to mode by 1 percent. Also, in the latter

case, the noise level increases dramatically compared with

the detection of the total light intensity. The two curves

(al) and (a2) for the index-guided lasers belong to two

limiting cases when the laser exhibits one dominant mode

(al) and when the gain maximum of the active region is

just between two modes so that the laser oscillates in two

modes of equal intensity. Fig. 18 shows the measured

optical carrier to noise ratio for the total light intensity of a

V-groove GaAs laser for different frequencies and for a

noise bandwidth of 10 MHz. The carrier-to-noise ratio

increases with increasing light intensity and decreases with

— l/1,~

Fig. 17. Calculated noise level versus injection current in arbitrary units

for uniform detection of all lasing modes (——), centraf mode only

(-~ - -). and transmission 10SSvarying from mode to mode by 1 percent
(----). Measured noise level for a V-groove laser (. . . .) [71].

w
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Fig. 18. Measured dc signal-to-noise ratio of a V-groove laser, prebiased

to ~ = 1.25 for different frequencies; noise bandwidth 10 MHz [71].

increasing frequency. Due to the low spontaneous emission

coefficient a, index-guided lasers may exhibit very low

intrinsic quantum noise [72].

Dynamic instabilities may caus~very strong intensity

fluctuations. Basov supposed spatial inhomogeneities to be

the reasons for dynamic instabilities [73]. If the laser

resonator, for example, has two sections (one of which has

optical gain and the other is lossy) in the lossy section the

photon field will raise the carrier density, whereas the

carrier density of the amplifying section will be lowered by

the photon field. Basov has shown that the steady-state
solution of the laser rate equations becomes unstable if the

absorbing section saturates faster than the amplifying one.

Kobayashi has shown experimentally and theoretically that

stationary pulsations can arise when two parallel lasers are

optically coupled [74]. In the same way, self pulsations

could also be caused by the coupling of two filaments in

multifilamentary injection lasers [75]. These oscillations

were strongly related to the “kinks” in the light output

versus current characteristics, which occurred during a

change in the lasing filament. Modern narrow stripe geom-

etry injection lasers oscillate in a single and stable trans-

verse mode and don’t exhibit this kind of instability.
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However, it has also been shown that for narrow stripe

injection lasers a dynamic instability may occur if the

stripe width is smaller than five times the diffusion length

[76], [77].

Strong intensity fluctuations also may occur if laser light

is reflected back into the laser [78]–[82]. If the laser is

coupled to an optical fiber, light is reflected due to Rayleigh

backscattering from the fiber, and due to fiber discontinui-

ties. The reflected light fluctuates in phase due to mechani-

cal fiber vibration and other random influences. On the

other hand, the laser diode also may suffer random

frequency variations during the round trip time of the

reflected light. As a consequence, the reflected light of

random phase causes intensity and frequency variations in

the laser diode. The sensitivity to optical feedback depends

on the coherence length of the laser radiation. Gain-guided

lasers exhibit a coherence length in the order of only 100

pm, whereas the coherence length of index-guided lasers is

in the order of several meters. Therefore, gain-guided lasers

are less sensitive to optical reflection. For high quality

optical communication applications, a reflection with re-

spect to intensity of about 10-3 ...10-5 can be tolerated

for multimode gain-guided lasers, while a reflection of only

about 10–6 . . . 10-7 may be tolerated for index-guided

lasers [84], [85]. Multimode fibers in optical communica-

tion systems may typically exhibit a reflection in the order

of 10 – 5. Therefore, gain-guided lasers may be used in

connection with multimode fibers. In the case of index-

guided lasers, an optical isolator will be necessary in order

to avoid fluctuations due to optical feedback.

VI. INJECTION LOCKING

The direct modulation behavior of injection lasers can be

improved by injecting coherent light into an oscillating

mode of the modulated laser [85]–[90]. We have seen that a

high initial photon number in the oscillating modes due to

a high spontaneous emission coefficient yields a strong

damping of the relaxation oscillations. By injection of a

coherent light signal into an oscillating mode of an inj ec-

tion laser, this strong reduction occurs without multimode

operation. The suppression of the nonirradiated modes

results from the reduction of the electron density and the

associated gain caused by the light injection. Practically,

coherent light injection at the center wavelength of a mode

is impossible and there is always a detuning between the

wavelength of the injected radiation and the wavelength of

the free-running laser mode. The locking range for syn-

chronization to the wavelength of injected radiation is

proportional to the amplitude ratio of injected radiation

and radiation produced in the laser and is inversely pro-

portional to the laser length [88], [90]. For an amplitude

ratio of 10 – 2, a locking range of more than 0.1 A can be

achieved [90]. In the case of practical applications of this
method, therefore, difficulties arise from the need” of a very

exact spectral, tuning of the modulated laser to another

laser which acts as a coherent light source. To overcome

this difficulty, Lang and Kobayashi used two lasers with

slightly different length and, therefore, slightly different
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Fig. 19. Small-signaf modulation depths versus modulation frequency

characteristic with and without coherent” light injeciion for different
ratios of the wavelength detuning range to the wavelength locking range
AA.= (Lp/Tph = 103, 1 =3, ?J~= 1.1).
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Fig. 20. Large-signal response to a step current pulse with coherent light
injection. The light injection intensity corresponds to a maximum

locking range L?~Ph= 0.05 (~,p/rPh = 103, I = 3).

mode spacing [86], [88]. By appropriate choice of the laser

parameters there always exist one or more pairs of modes

with sufficiently close wavelengths to insure locking.

Fig. 19 shows the small-signal modulation depths versus

modulation frequency characteristics with and without

coherent light injection [90]. In the case of coherent light

injection, different detuning AA between the wavelength of

the injected radiation and” the free-running laser wave-

length has been taken into consideration. Within the lock-

ing range t AX ma, the resonance in the modulation char-

acteristic vanishes. Fig. 20 shows the large scale response to

a step pulse which changes q from 0.9 to 1.1 at the time

t = O. The light intensity corresponds to a maximum lock-

ing frequency range flrph = 0.05. Fig. 21 shows the light

output for the same step current pulse for different normal-

ized injection levels P,Xt and without detuning. The normal-

ized injection level Pe,t = 10-3 corresponds to the injection

level assumed in Fig. 22. With coherent light injection the

light output power response to injection current is strongly

damped within the whole locking range and exhibits no

spiking response. For a detuning larger than the stationary

locking range, the frequency locking breaks down and the

laser produces strong spiking oscillations (Fig. 20). The

frequency of these spiking oscillations is identical with the

difference between the optical frequencies of the incident

radiation and the unlocked laser.
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Fig. 21. Large-signal response to a step current pulse without detuning
for different levels of coherent light injection (7,P/~Ph=103, 1= 3).
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Fig. 22, Measured light output response of a laser modulated by a step

current pulse with an ampfitude approximately 9 percent above

threshold (a) without and (b)–(d) with coherent light injection. The

injecting laser was dc operated 11 percent above threshold at different
heat siuk temperatures (b) T= 24”C, (c) T = 25”C, and (d) T= 26”C.

Further injection locking experiments are reported

in [91], [92]. If the difficulty of the wavelength matching of

the modulated laser to the injected coherent light signal

can be overcome by using a laser amplifier without reflect-

ing mirrors, injection locking could be an interesting

method for high-frequency optical modulation.

VII. MODULATION CIRCUITS

For high bit rate direct modulation of injection lasers,

multiplexer and laser driver circuits are needed. Electronic

circuits up into the Gbit/s range can be realized using

bipolar transistors, GaAs MESFET’S, Gunn effect digital

devices, Schottky diodes, and step recovery diodes as the

amplifying and switching devices [93]–[ 106]. Fig. 23 shows

the circuit diagram of a hybrid integrated laser driver using

bipolar transistors [96]–[98]. Control of the bias current

and the modulation amplitude is possible in order to

compensate for changes in the threshold current and in the

slope of the light output versus current characteristic of the
laser over long periods of operation. The input stage with

VCD
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Fig. 23. Circuit diagram of the laser driver.

T1 and Tz provides 50-fl input impedance and level com-

patibility with emitter coupled logic. The output current

amplitude is controlled by a dc control current 1~ fed to

the differential amplifiers, the output current amplitude is

independent of the input signal amplitude, and also has a

faster rise time. The output amplitude can be controlled in

the range from O to 60 mA. Using transistors with 8-GHz

cutoff frequency, switching times under 200 ps (between 10

and 90 percent) were achieved with a 50-mA output ampli-

tude. Fig. 11 shows the output current waveform of the

driver, and the light output signal of the laser for an

1-Gbit/s rz modulation signal.

Laser control circuits for stabilization of the laser light

output signal against the influence of temperature changes

and degradation monitor the light output from the rear

face of the laser [96], [107], [108].

VIII. CONCLUSION

Modem narrow stripe DHS semiconductor injection

lasers exhibit a stable operation in the fundamental trans-

verse mode and linear CW light output versus current

characteristics. Direct modulation up into the gigahertz

range is possible and has in general no considerable in-

fluence on spectrum and near-field. Harmonic distortions,

occurring especially at high modulation frequencies, limit

the application for high-bandwidth high-quality analog

communications. With respect to fluctuations, the applica-

tion of gain-guided laser types in connection with multi-

mode fibers is not problematic, but the combination of

index-guided lasers with monomode fibers will make neces-

sary the use of an optical isolator. The modulation behav-

ior may be further improved by injection locking, but this
method is not yet ready for technical applications.
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An Exact Analysis of
Propagation Modes

Group Velocity for
in Optical Fibers

KATSUMI MORISHITA, MEMBER, IEEE, YOSHIO OBATA, AND NOBUAKI KUMAGAI, FELLOW, IEEE

Abstract —A method for calculating exactly the group velocity of propa-

gation modes in opticat fibers is proposed. In this analysis, opticaf fibers

can contain uniaxial and dispersive media. The group velocity obtained by

using the seatar approximate anatysis is compared numerically with the

rigorous group velocity computed by this method for square-law index

opticst fibers.

I. INTRODUCTION

T HE SCALAR approximation method is one of the

most widely used techniques in optical fiber analysis

because of short computing time and simple treatment.

The method, however, has much error in the near cutoff

region [1], [2], and the inaccuracies of group velocity are of

practical importance for the analysis of pulse broadening,

particularly in optical fibers which have few propagation

modes. A method is needed for calculating exactly the
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group velocity of propagation modes in various optical

fibers. There are several approximate methods giving the

group velocity, i.e., a computational method based on the

WKB theory [3], a method using the scalar finite-element

analysis [4], a practical method using the scalar multilayer

analysis [5], and a method with the vector multilayer

analysis and the integral expression for the group velocity

in the scalar analysis [6]. Kharadly [7] calculated the exact

group velocity of the dielectric-tube waveguides constituted

by three layers without material dispersion. To the authors’

knowledge, however, a practical method giving the exact

group velocity has not yet been proposed.

It is the purpose of this paper to describe a method for

computing rigorously the group velocity of propagation

modes in optical fibers without” numerical differentiation,

including uniaxial and dispersive material. The group
velocity is determined by using the vector multilayer ap-

proximation and the integral expression for the group

velocity in vector analysis. The calculated results have only

the error caused by the multilayer approximation of index

distribution, and are exact for the staircase index optical
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