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Relationship Between Carrier-Induced Index Change
and Feedback Noise in Diode Lasers

DONALD M. FYE, MEMBER, IEEE

Abstract–An improved theoretical analysis of siugle-mode diode laser
dynamics reveals that feedback-induced intensity pulsations and fre-
quency modulation are consequences of the carrier-dependent modal
refractive index of the Iaser cavity. A stabiWy criterion baaed on

injection-locking theory indicates that gain-guided diode lasers are more

likely to exhibit feedback-induced pulsations than are index-guided de-
vices. Numerical simulation of feedback-induced noise is shown to be
in excellent agreement with previously reported experimental data.

I. INTRODUCTION

ECENT experimental studies of feedback-induced noise inR single-mode diode lasers [1] , [2] have revealed that

weak feedback can induce the generation of strong submodes

in the laser spectrum separated by 1-3 GHz from the primary

optical mode (Fig. 1). The asymmetry between the intensity

of the upper and lower submodes indicates that the optical

feedback is producing both amplitude and frequency modula-

tion of the laser emission. An interesting observation is that,

for external cavities longer than several millimeters, the sub-

mode frequency is independent of the length of the optical

feedback path and increases with increasing laser drive current.

Tests on several different types of gain-guided and index-

guided single-mode diode lasers revealed that buried hetero-

structure lasers were the only ones that never exhibited these

feedback-induced submodes [3].

The analytical and numerical results reported in this paper

indicate that feedback-induced high frequency intensity pulsa-

tions and frequency modulation in the emission of single-

mode diode lasers are caused by the carrier-dependent modal

refractive index of the laser cavity. A simple diode laser sta-

bility criterion derived from injection locking theory is used to

relate the development of feedback noise to the modal refrac-

tive index and modal gain of the diode laser cavity. The sta-

bility analysis indicates that gain-guided diode lasers are more

likely to exhibit feedback-induced high frequency submodes

than are index-guided devices. The experimental observations

of feedback-induced submodes in diode laser spectra [1] -[3]

are fully explained by including the carrier-dependent modal

refractive index in a numerical model of diode laser dynamics.
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Fig. 1. Observed emission spectrum of CSP diode laser with ~0.01 per-
cent opticrd feedback [2]. Drive current is 1.3 times threshold.

II. ANALYTICAL TECHNIQUE AND STABILITY CRITERION

The analysis presented here is based on a time-dependent

numerical solution of the differential equations that govern

the complex optical field and carrier concentration in a single-

mode diode laser injected by an external optical signal. The

same formalism is used to treat both feedback from an ex-

ternal reflector or injection by an independent optical source.

With reference to Fig. 2, the laser optical field e(t) and in-

jected optical field x(t) inside the laser cavity are represented

in complex notation as

e(t)= h’(t) exp {j [tilt+ @l(t)]} (1)

and

x(t) = x(t) exp {j [urt + or(t)] } (2)

where Ul, @l(t) are the angular frequency and phase of the

laser field, and or, @r(t) are the angular frequency and phase

of the externally injected field. The equation that relates e(t)

to x(t) is [4], [5]

de(t)
— -

dt {
k%(n) + : [G(n) - ~;l ]1e(t)=(2tp)-1 x(t)

(3)

where n is the carrier density, G (rs) is the modal gain, and ~P is

the photon lifetime in the laser cavity. The angular optical fre-

quency ti~(n) of the iWh longitudinal mode of the laser is

determined by the Fabry-Perot resonance relation

Nrrc
u~(rz) = ~ (4)

n(n) L
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Fig. 2. Diode laser injected by an external optical signal. For external
feedback with roundtrip time T, x(t) - e (t - 2’).

with fv an integer, c the speed of light, L the length of the laser

cavity, and ii(n) the carrier-dependent modal refractive index

of the laser cavity. Substituting (1) and (2) into (3) and sep-

arating real and imaginary parts yields equations for the phase

and amplitude of the optical field in the laser cavity

“ sin [(uZ - c.+) t+ @z(t)- Or(t)] (5)

d.E(t) _ 1
— - ~ [G(n) - T;’] E(t)+ x(t) (2rP)-’

dt

“ Cos [(6.) - 6+) t + @l(t)- or(t)]. (6)

These two equations must be solved in conjunction with the

familiar rate equation for the carrier density n(t)

dn
‘1 n(t)- G(n) lJT(t)12 + -j

z “-7s
(7)

where ~~ is the spontaneous carrier lifetime, J is the injection

current density, e is the electronic charge, d is the active layer

thickness, and E(t) is normalized such that [E(t) 12is equal to

the photon density in the laser cavity. Equations (5)-(7) are

the coupled nonlinear differential equations that express the

interaction between the optical field of the diode laser and the

optical field of the injected signal. Even though an exact solu-

tion for the diode laser dynamics must be found by numerical

means, a satisfactory qualitative understanding of feedback-

induced intensity pulsations can be provided by extending

established injection-locking theory [6] to include the effects

of the carrier-dependent modal refractive index in the laser

cavity. In order to establish a simple stability criterion involv-

ing the carrier-induced index change, the evolution of instabil-

ity in a diode laser subjected to feedback will be analyzed by

considering the closely related case of a free-running diode

laser injected by an external optical signal at the center of the

locking range. During the first external cavity roundtrip time

after a reflected signal returns to the diode laser, the feedback-

induced fluctuations in the laser emission are identical to the

fluctuations that would be caused by injecting the laser with

an independent signal having an optical frequency equal to

that of the free-running laser. Numerical results indicate that

if self-sustained pulsations are established during this initial

time period when the external injection analogy is valid, then

they will persist during successive roundtrip periods.

When the injected field amplitude x is much smaller than

the field amplitude E. in the free-running diode laser, setting

E(t)= E. in (5) yields an approximate analytic solution for

the phase of the laser field. Analysis based on this weak injec-

tion approximation [4] , [6] predicts that the optical fre-

quency of the diode laser will lock to the optical frequency of

the inject ed signal if the locking criterion

I UN - Cd, I S (27P)-’ K’/2 (8)

is satisfied, where ~jv is the unperturbed optical angular fre-

quency of the free-running laser, Ur is the optical angular

frequency of the injected signal, and K = (x/.E)2 is the ratio

between the injected optical power and the laser optical power
inside the cavity. The injection locking range is *400 MHz for

a typical diode laser photon lifetime of 2 ps and an injection

ratio of 10-4. If the feedback path is long enough to have a

Fabry-Perot mode spacing much smaller than the injection

locking range, then the steady-state optical field intensity and

carrier density in the diode laser subjected to feedback will

correspond closely to the case of a diode laser injected by an

independent external signal at the center of the locking range.

The solution of(5)-(7) reveals that under these conditions the

enhanced optical field intensity and reduced carrier density in

the injection-locked diode laser are

{
E2 =E:(l - K1i’)-l 1 +#2

~ [(l+..+(:-l)]-l}
and

()1,2 Q& -1. ‘.th - T~lIK dn

(9)

(lo)

where nth and ~~h are the carrier density and current density

at threshold, respectively.

It will now be shown that if the carrier-induced change in

the natural frequency of the diode laser cavity is large enough,

then the presence of optical feedback can cause self-sustained

pulsations in the laser emission. An approximate expression

for the diode laser natural frequency as a function of the

carrier-dependent modal refractive index is derived from (4)

CJo dii
~N(n)=wo- r — An

n~h d.
(11)

where co. = UN (nth) is the optical angular frequency of the

free-running laser and An is the difference between nth and

the carrier density of the injection-locked laser. The ratio be-

tween the carrier-induced change in the modal refractive index

and the modal gain can be expressed by the dimensionless

factor R, defined as [5]

K(Z)(3R= 2U0 dii
(12)

Substituting (1 O) into (11) and making use of(12) yields an

expression for A tiN (n), the carrier-induced change in the

natural frequency of the injection-locked diode laser

AtiN(n) = ~(2TP)-1 K112. (13)

It is clear that when Ur = co., a consistent steady-state solu-

tion of the system (5)-(7) will not exist if A tiN(n) exceeds

the locking half-bandwidth given by (8). Therefore, if IR I ex-

ceeds unity, a diode laser will be potentially unstable with

respect to external optical injection at the center of the lock-

ing range. Values of R between -0.5 and -3.0 have been pre-

viously reported for diode lasers [5], and recent studies at

GTE Laboratories have indicated much stronger carrier-

induced index changes for gain-guided diode lasers with oxide

defined stripes [7].
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Fig. 3 contains a schematic representation ofielf-sustained

oscillations caused by injectinga diode laser with an.external

optical signal at the center of the’ locking range. When IR I ex-

ceeds unity, changes in the carrier density are sufficient to

cause the optical frequency of the diode laser to oscillate in

and out of the locking range. This modulation of the laser

emission frequency is accompanied by strong pulsations in the

laser output intensity. It must be emphasized that this pulsa-

tion mechanism is a nonlinear injection locking phenomenon

that does not depend on the presence of saturable absorbers in

the laser cavity [8].

III. NUMERICAL RESULTS

The qualitative stability analysis presented here has been

confirmed by numerical solution of the system (5 J-(7) using a

fifth-order Runge-Kutta algorithm. The modal gain G(n) in

(6) and (7) was represented by the linear approximation

G(n) = g(n - ne)

with g a proportionally constant and ne the carrier density at
zero gain. The diode laser parameters chosen for these calcula-

tions were 7~ = 2 ns, 7P = 2 ps, g = 1.4 X 10-6 crn3 “ s-l, and

ne = 1018 cm-3. Before proceeding to the exact numerical

solution for an example of optical feedback, the case of ex-

ternal injection at the center of the locking band will be ex-

amined in order to determine. the essential features of the

feedback-induced instability. Fig. 4 displays intensity pulsa-

tions caused by external injection at the center of the locking

band for diode lasers with R values of -0.5,-2.0, and -3.0.

In all three cases the diode laser drive current is 30 percent

above threshold and the relative intensity of the injected signal

is 10-4. As predicted by the stability criterion derived above,

the calculated output of the diode laser with R = -0.5 is

stable with respect to external injection, while the lasers with

IR I >1.0 display strong intensity pulsations at a repetition

rate of 2.5 GHz. The pulsation frequency is found to be

nearly independent of R for vilues of IR I exceeding unity:

Additional computer calculations indicate that the intensity

pulsations are associated with frequency modulation of the

laser emission spectrum, in agreement with the qualitative

analysis represented by Fig. 3. The frequency modulation has

a calculated maximum deviation of 3 GHz, corresponding to

an FM modulation index of approximately 1.3. This combina-

tion of amplitude and frequency modulation is consistent with

the measured diode laser emission spectrum [1] shown in

Fig. 1. The magnitude of the observed submodes is primarily

a consequence of the relatively large FM modulation index,

while the asymmetry in the intensity of the upper and lower

submodes results from the combined effect of the amplitude,,
and frequency modulation.

Fig. 5 indicates the variation of the pulsation frequency as a

function of drive current for a diode kiser with R = -2.0, in-

jected at the center of the locking band by an external signal

As has been observed experimen-of relative intensity 10-4.

tally [1], [2], the pulsation frequency increases with increas-

ing drive current, from a value of 1.5 GHz for 1 = 1.1 ~th to a

value of 2.5 GHz for 1 = 1.3 lth. Since the pulsation frequency

increases with drive current, but is independent of R, it can be

concluded that the frequency of the pulsations is fixed by an

OPTICAL ANGULAR FREQUENCY —

TIME ‘N(nth)

I @N(n) -@L , @N(n) + OJL

LOCKED, n+,U+@)+

UNLOCKED, nt, f+.@)f

Fig. 3. SeU-sustained oscillations for IR I > 1 due to external injection
at the center of the locking band.
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Fig. 4, Intensity pulsations caused by external injection at the center
of the locking band, with K = 10“4 and 1 = 1.3 lt~. Intensity nor-
malized to that of the free-running laser. (a) R = -0.5. (b) R = -2.0.
(c)R =-3.0.

intrinsic resonance between the photon and carrier popula-

tions in the diode laser. It has previously been established that

this resonance is associated with the appearance of relaxation
oscillations in pulse modulated diode lasers.

Fig. 6 is a plot of the calculated intensity versus time for a

diode laser with R = -2.0 coupled to an external cavity of

roundtrip length 5 ns and feedback ratio 10-4. In this ex-

ample, the diode laser is initially in a free-running state and

the first reflection from the external cavity reenters the laser

at time t = 5 ns. Between 5 and 10 ns the laser emission is

identical to the results presented in Fig. 5(c) for a diode laser

injected at the center of the locking band, and the optical
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Fig.5. Pulsation frequency asafunction ofdrive current for K=lO-4
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Fig. 6. Feedback-induced intensity pulsations for 5 ns roundtrip time.
K = 10-4, R =-2.0, and I= 1.31th.

feedback causes self-sustained pulsations in the laser emission.

After 10 ns the calculated response of the cavity coupled laser

is complicated by the influence of multiple reflections. The

most important feature of the feedback-induced pulsations

displayed in Fig. 6 is that harmonics of the roundtrip fre-

quency modulate the depth of the intensity pulsations without

changing the pulsation frequency. This calculated behavior is

in agreement with observation [1] -[3], and confirms that the

frequency of the strong feedback-induced submodes is inde-

pendent of the length of the external cavity.

CONCLUSIONS

It has been demonstrated that feedback-induced amplitude

and frequency modulation will occur in diode lasers for which

the carrier-induced change in the modal refractive index causes

the quantity ll? I defined in (12) to exceed unity. Numerical

simulation of this feedback noise phenomenon is in excellent

agreement with the observations reported in [1] -[3]. Even

though accurate independent measurements of R are difficult

to obtain, the stability criterion presented does provide an ex-

planation for the absence of feedback-induced submodes in

index-guided single-mode lasers. In index-guided devices the

longitudinal mode frequencies are determined primarily by

the properties of the built-in waveguide, and the carrier-

induced change in the refractive index of the active layer

results in a relatively small change in the modal refractive

index of the laser cavity. For gain-guided diode lasers the

absence of a built-in waveguide causes the modal propagation

constant to be a stronger function of the carrier-dependent re-

fractive index of the active layer. Index-guided single-mode

diode lasers are, therefore, to be preferred for critical ap-

plications such as laser gyroscopes and high-speed coherent

communications where the presence of feedback-induced sub-

modes would degrade system performance.
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