PARAMETRIC SIDEBAND AMPLIFICATION
IN INJECTION LASERS

Indexing terms: Optical modulation, Parametric amplifiers,
Semiconductor lasers

If an injection laser is biased above threshold and modulated
with a small signal with an angular frequency w,, the modula-
tion sensitivity at w, can be increased if an additional large
punl)%i;g current with an angular frequency Wy > wy 1S
applied.

The existence of parametric effects in directly modulated
injection lasers is suggested by the occurrence of subhar-
monics.! If an injection laser (biased above threshold current
Ju) with internal small-signal modulation angular resonance
frequency w, is modulated with a sinusoidal large-signal
current of an angular frequency near 2w,, subharmonic
oscillations can be generated at half the modulation frequency.
The generation of subharmonics results from the nonlinearity
of the rate equations?~* and is supposed to be due to a para-
metric instability. We expect that there are operating condi-
tions where instabilities are not yet possible, but parametric
amplification exists. In this letter, a 2-frequency modulationh
will be investigated. The current applied to the laser consists
of a d.c. component J, and iwo sinusoidal components with
amplitudes J, and J, and angular frequerncies w, and w,,
respectively. Here, J, corresponds to the pumping current,
whereas J; is the signal current, It is assumed that Jp is so
large that the nonlinearities of the system are effective; how-
ever, J, is small enough to be considered as a small-signal
modulation.

Because of the nonlinearities, mixing components of various
frequencies occur. Of these, only the term with the idler
angular frequency w; = w,— s will be taken into account.
Neglecting other frequency components can be justified by the
fact that only frequencies below or near the resonance fre-
quency of the laser are of interest. If the second idler angu}ar
frequency w,+ s is also near w,, we assume its suppression
by an external microwave cavity. As the idler component
results from mixing the large pumping current and the small
signal current, it can be considered to be of small;signal type.

The laser will be described by the rate equations

N
dt eV Tsp
b _ S iens . . . .. . ... O
dt Tph

201

10

TETTTTT

05

o2

modulation sensitivity

005

o002

ol . .+ . TURPU HPE EER NSV NI | S
01 02 03 04 05 06 07 08 09
normalised signal angular frequency

Wsg /Wy

Fig. 1 Modulation sensitivity of photon density as function
of signal frequency
7, = 500, JolJum = 1-5, o, |wg = 14

where n is the electron density, s is the photon density in the
active region, J is the injection current, e is the electron
charge, V is the volume of the active region, 7, is the spon-
taneous electron lifetime, 7, is the photon lifetime and gns
is the term describing the stimulated emission. The injection
currént J(¢) has the form

J(t) = Jo+3{J, exp (jo, )+ J,* exp (—jor, 1)
' + Js exp (jos t) + Jo* exp (—jos 1)} (3)

as described above. The electron and photon densitigs are
given by

n(t) = No+3{N, exp (jw, t)+ Np* exp (— jo, 1)
+ N, exp (jows t) + Ng* exp (— jws t)+ Ny exp (jou t)
+ N * exp (—jo 1)} S )
s(t) = So+3{S, exp (jwp 1)+ Sp* exp (—jw, 1)
+ Ss exp (jos 1)+ S* exp (— jo,t)+ S, exp (jw, t) e
+Si*exp(—jout)} . . . . . . . . (O

No, So, N, and S, are known from large-signal calculations:*
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where Iy(a) and I,(a) are the modified Bessel functions of
order 0 and 1 and g and ¢ are given by '
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@0® = (Jo/Jn—DfTspTon . . . . . . . (15

The amplitudes Ny, S,, N; and S, are unknown. Substituting
eqns. 3-5 into eqns. 1 and 2, the equations can be linearised
with respect to the amplitudes of signal and idler frequency.
All large-signal amplitudes are known from eqns. 6-9, and
terms containing products of two small-signal amplitudes are
neglected. Thus, a linear equation system is obtained that
relates the electron and photon densities of signal and idler
frequency to the signal current:
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Solving eqn. 16 for S, and S, yields )
S, Js
= (A11~A1242271 45)? . . (18)
S* : 0

Calculations of the normalised modulation sensitivity
eV wo S5/ Js and eV wy S,/ J; at signal and idler frequency have
been carried out for different values of the parameters
@y w0, Tsp/Tpy and Jo/Jm. In Fig. 1, typical results are demon-
strated for the modulation sensitivity of the photon density
for both the signal and the idler frequency as function of the
normalised signal angular frequency ws/w,. Practical values
are chosen for the parameters: 7/t = 500, Jo/Jiy = 1-5
and wy/we = 1-4. ,
For ¢, = 0, i.e. without pumping current, the signal modu-
lation sensitivity has the well known shape, with a maximum
at the small-signal resonance frequency. Obviously, the idler
component does not exist. Quite a different situation arises
if an additional pumping current (e, = 0.9) with an angular
frequency w, = 1-4w, is applied. The signal modulation
sensitivity (full curve) shows two resonance peaks at
ws/w, = 0:81 and 0-19, respectively. These two resonance

frequencies also occur in the idler modulation sensitivity
(broken curve). As an essential result of this calculation, it is
shown that the maximum signal modulation sensitivity is
significantly increased by applying a pumping current. Thus,
an amplification of the modulation sensitivity has been
obtained. Since only the modulation sidebands, and not the
optical carrier, are amplified, this effect is called optical side-
band amplification in contrast to the well known parametric
quantum amplification of the optical carrier.
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