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ABSTRACT

Noise spectra of semiconductor laser subject to a phase-conjugate feedback were
investigated theoretically. Time-delayed rate equations with feedback were solved
and characteristic equations for relative intensity noise and frequency noise
spectra were derived. Numerical results indicate that the relaxation resonance peak
was moved to a new frequency region determined by the amount of feedback.
This is a technological importance for the improvement of modulation bandwidth.
Noise level was affected by the feedback parameters, mainly; the response time
and the feedback rate.

LINTRODUCTION

Semiconductor lasers (SLs) are very attractive sources for optical

communication and optical read-out systems [1]. On the other hand, highly

coherent laser sources with wide continuous frequency tuning range are also
required in many spectroscopic applications [2]. The usefulness of SL in coherent
optical systems that require low phase noise is hampered by their large linewidth
[3] and sensitivity to external optical feedback [4]. Optical feedback (OF) from a
phase-conjugate mirror (PCM) is preferred over conventional optical feedback [5].
In the later case, the SL suffers from extreme sensitivity to mirror-distance
variations within an optical wavelength [6]. For phase-conjugate feedback (PCF)
one is always confronted with a certain sluggishness of the reflector owing to the
finite response time which should be taken into account when analyzing the SL
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stability [7]. For stabilization purpose, the laser with PCF having the phase as an
independent on the mirror position [8], allows the linewidth to be decreased [9].
Recent data on the linewidth of free-running quantum cascade lasers (~150 kHz)
was reported [10], and more reduction in the linewidth can be provided with PCF.

The analysis of nonlinear rate equations for the determination of the noise
spectra of SL subjected to OF from phase-conjugate mirror will be presented in
this paper. The analysis will be based on single mode operation of the SL with
PCF taking into account the: ' '

| -the finite response time effect in the PCM

2-nonlinaer gain coefficient '

3-spontaneous emission rate coupled to the lasing mode.

The plane of the paper is as follows. Section II describes the single mode rate

equations and the evaluation of the time evolution of small perturbations from the

steady-state of the SL operation. Section III will be devoted to the noise spectra
by Fourier transform from the linearized rate equations containing the Langevin
noise terms. The applied technique will be used for calculating the results in
Section IV. Conclusions of the main results will be presented in Section V.
Mathematical details are described in the Appendix.

I1. RARE EQUATIONS
The rate equations for single mode SL with PCF are given by (3, 9]:

£ = -i—(l +ia)LG (N =N, )E() +Z&“—exp{— 21'5{[ —-;—Hexp(i(b,,(.A, JE*(t~7) (1)

- mn

v =00 -2 6, (v = N - P} 2)

r.\'l!

Where N(¢)is the number of electron-hole pairs (inversion) in the active region,
and

r = 2L is the external roundtrip time;
B

r,, the carrier lifetime;

I confinement factor;

& detuning of external mirror;

G, differential gain;

N, is the number of carriers at threshold of the solitary laser diode;
E(t)is the slowly varying amplitude of the optical field,;

a linewidth enhancement factor;
J(t) number of carriers injected into the active region per unit time;

P(r) number of photons inside the laser diode cavity with P(r) =|E(®)|’;
D, pbasé due to PCM,;

¢, response time of the mirror;

¢ nonlinear gain parameter;
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7., feedback rate due to phase-conjugate mirror.

The feedback term in (1) depends on the optical field at and before time ¢-7
[3]. If the scaling time Q taken with the laser relaxation oscillations (RO)
trequency o, , useful approximations of the stability boundaries can be derived
tor small Q [10].

The injection field from the PCM can be written as [3]:

Ep ()= ti exp[2i5(f - E—)J ]E {t-1) exp[—- (;l— + ié')(t - 9)}d¢9 3)

m m

where @ is any time before feedback. The rate equation in (1) can be split into
two equations, and taking into consideration the initial condition satisfying (3).
The following equation relates the optical field and the number of photons: '

E(t) = [ P(t) explid(t)] (4)
Epeas (1) =y Py () CXP[KD POM (t)] (3)

where () is the phase without feedback.

The above equations will be used for obtaining P,®,®,.,,,P,.,,, and N, from -

the numerical integration of the followings:

P (1) = DGy ANP() + 27 gy N PO Py (1) c0s[D(1) = @ (0] (6)

d(r) = L r‘)’A"VGN ALY \/ %ﬂ Sin[(b(t) =D (’)] (7)

2
"“’(’)"r ,(M(t)+;—\/P(t )Py (8) COS|D( =) + D iy, (1) = 26(t —7/2)] (8)

m m

Py (026 [T DSnl0U -0+ @ 0-2605/2]  (9)
N @) =00 -2 6 aN(1-eP0)P) (10)

.\'I)
where AN = N(1)- N, , the number of electron-hole pairs (inversion) in the active

region. The Langevin noise terms had been disregarded provide that the emission -

of the laser diode assumed to be single frequency and constant light output. This
state can be reached when the laser diode was locked to the frequency & of the
mirror pump-beams as:

D) =54+ Dy (11

Dy (1) =61 =Dy ‘ ' (12)
where @, is at steady-state operation of the laser diode.

Steady-state operation of the SL can be reached when the deviations decay and

allow the rate equations to be linearized. Defining y(r) as a deviation from the

steady-state then:
x(0) = (P(t) = Py, ®(t) -8t - @, N(t) - Ng,P,(M(t) Py @,y + 54— D ) (13)
where P, @, N, are the steady-state values.

Assuming a solution of an exponentlal time-dependence for the above

equatmns as.
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(1) —> exp(y.) . (14)

o | pr\u AAlAaas A:ﬂ-‘n..nma-:nl nn-u\i-:r\nr\ Ao
atidd (vl ucta_y—uuu:lcuual cs.luauuuo AD. .
2t =7) > y(t)exp(~y1) (15)
: x(t —7) = exp(y.t)exp(~y.7) (16)

The rate equations can now be written with the addition of Langevin noise
- terms as:
2= Ay + Ayt =1)+ F(1) YD
where F(r)is the Langevin noise term.
The system can be formally solved using Laplace-transform techniques [1]:
(r.1 - 4~exp(-y0))F(7) = 2(0) (18)
where / is the unit matrix. The system can be regarded as stable, if and if all the
roots of the characteristics equation:
D(y) =det(y.l — 4 Aexp(y.r)) (19)
is equal to zero.
Writing the full y —dependence of D(y) yields:

D) =7 +dyy' +dyy’ +{dy +dy exp(-yo)ly’ +{dg +d, exp(-y.2) +d,, exp(=2y.0)}y
+ {doo +dy, exp(=y.7) + dy, exp(—2;/.r)} (20)
where the coefficients 4 are functions of the laser parameter under steady-state
conditions [see Appendix A for the coefficients of d, ].

. III. NOISE SPECTRA
To obtain the optical spectra of the laser system, Fourier transformation had to
be performed in the form:
()= (ia).l —A-4" exp(-—ia).,z'))—] F(w) 21
where F(w) is the Fourier transform of y(+), and F(w) is also the Fourier
transform of the Langevin noise F(s). The power and the phase are of the form

. []:

. I e e .
w sP@ =1 [M,,(i0)F, (0) - My, (i0)F, ()] (22)
6(w) =— [ My (10)F, (0) + My (i) Foy (@) 23)

Alw)

with A(w) is the determinant of {iw.l - 4~ 4'exp(~iw1)}. D(y) can be found by
Laplace transformation and A(w) is equal to D(iw). M, (iw) are the minors of
{iw.l ~ A- A exp(-iwz)}. [See the Appendix B forM (iw)] The relative intensity
noise (RIN) and the frequency noise spectrum (FNS) are:

R 2 2 2 1
, ="M | —=+IM, — 24
S (@) ]A[Z\E;[I ol e 213;} .
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Se (@) = [}M,ll 2RP, + |M22| ] (25)

af \/
where R is the rate of spontaneous emission, and is given by R=48.N. f isthe
fraction of this emission coupled into the lasing mode.

IV. RESULTS
A. Relative Intensity Noise (RIN)

In order to decrease the influence of spontaneous emission in the intensity .
fluctuations, the laser will be assumed to be pumped around more than at least 5%
above threshold (gain will be more than losses). The laser parameters that have
been used in the numerical simulations are listed in Table 1 below. The angular

RO frequency of the solitary laser can be found the relation o, = Gu , with P,
TI)

is the number of photons at the inversion above threshold. <, is the photon
lifetime. The stable region of laser operation with OF will be considered and
investigated for low-feedback (y,.,, <100x10"sec™) and then for high-feedback

(V ey £1500x107 sec™ ) regimes. Eriksson had related the nonlinear regions of laser

diode dynamics to the RO frequency relative to free-running laser diode [11].
Fig.(1) represents the numerical results of Eq.(24), the RIN for the laser diode
with PCF and for two different values of the response time ¢, of 100 psec and 400

psec in the low-feedback regime. Notice that, a resonance peak has occurred
when the applied frequency was equal to the RO frequency at that power. There is
a substantial rise in the RO peak when the response time ¢, was increased.

Erneux et al. considered a beating phenomenon between the RO peak and the
regimes of exhibiting frequencies close to external cavity frequency [12].

~ The influence of increasing the number of photons (power output) on the RIN
spectra was conducted in order to see its effect, as in Fig.(2). A distinct effect of
the photon on the RIN spectra is clear from the figure. When the pumping current
was increased from 1.04Jy, to 1.06Jy,, which means the increase of power output,
the resonance peak was shifted to a higher value. This is due to the increase of
RO frequency with the power output as mentioned before. Also, it can be noticed
that there is a decrease in the RIN value with the increase of pumping.

Fig.(3) illustrates the effect of the delay time r in the external cavity on the
RIN spectra at the low-feedback operation of the laser diode -(stable operation). .
The height of the RO peak changes withr , predicting that when w,r = p.2z, where
pis an integer, a strong coupling between the two cavities will exist giving rise to

an enhancement in the RO peak. If %—R—z is not an integer, then due to phase
n

mismatch, no coupling will exist.
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RIN spectra of the laser in two different feedback levels were studied and the
results are shown in Fig.(4). The strength of OF had a clear effect on the RO
resonance peak. This resonance is attributed to the inversion dependence of the

: intrinsic laser resonance, where the inversion is changed due to feedback as a

| result of reflected photons back to the laser cavity from the external mirror.

- Furthermore, the overall noise level was decreased due to the increase of the level
of feedback.

B
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Fig.to) represents the effects of »,on the ENS ol the Taser Tor bwo
vatues ot teedback. the knv-Teedback and the high-1ecdback, o addition
to the shilt o the resonance peak due (o the inercase of 4, s a result

- ol the feadback on the inversion, it has an overall efteet on the spectra,

response time 7, time delay in the external cavity 1, and the injection
ware alsa studied, similar to the RIN spectea,

Forsunmuarize the inflience ni' pumping (inversion) aund the feedbuack
rate on the noise characteristics of the semiconductor laser, a 3-1) plots
were used o the simulation o illustrute these elleets, Fip(7) and
i (8) indicate
frequencey when bath the pumping and y .., swere inereased. RIN spectra
were showa i bold and FNS in 1lint lines, '

The spectia agree in some aspects with those obtained hy van der
Giraal ¢t al {30 There is one ¢lear diserepancey: they did not observe a
shilt of the RO Jregquency witly the applicd frequencey in the laser outpul
apecating with PCEC Phis s due o the fiet they assumad a Tinear gain
(¢ Op ne their simulation. Noise spectris RIN and NS, were all
approached zero when -0, This'is beeause of the phase compensating

Aature of the POM which fises the phase in the Tong run.
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V. CONCLUSION

Noise properties of semiconductor laser operating with phase-conjugate
feedback have been studied théoretically, using a single mode rate equations
modified to cope with this kind of feedback. Noise spectra were calculated, with a

main concern on the relative intensity noise and frequency noise spectra. These

main noises can tolerate the modulation bandwidth of the laser. A strong

resonance formation had been observed in the output of the semiconductor laser.

The resonance peak was identified as a result of the interaction between the optical

field and the excess carriers in the laser cavity due to phase-conjugate feedback.

The height of the relaxation oscillation resonance peak with PCF was very
sensitive to the external cavity parameters, namely; time delay, response time, and
pumping. For (&=0), i.e., for linear gain, the RO resonance peak was washed out.
RIN and FNS were found to be drastically dependent on 4,., for the resonance
iﬁeak and the noise level. RIN and FNS spectra approached a zero value

whenw — 0, and it was interpreted as phase compensation by the PCM.
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APPENDIX A

. The Coefficients
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Lo 0 0 0 o_,l

For instantancous PCF, the matrices « and € are given by:

(e adive Ny a3y
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TABLE 1

*
LASER PARAMETERS USED IN THE CALCULATIONS.

Parameter Symhol " Value Unit
Differential gain Gy 1.19x10° sec”’
Linewidth enhancement factor o 3 _
Confinement factor r 0.6 _
Nonlinear gain coefficient £ 3.57x107 _
Carrier lifetime - 7, 2 sec
Threshold inversion N, 7.74x10% _ -
. Carriers transparency N, 3x10° _
Injection Carriers J, 3.87x10"7 sec”
Photon lifetime ST, 1.4 psec
. External cavity roundtrip time T 0.5 psec

*(THESE VALUES ARE TYPICAL FOR SEMICONDUCTOR LASER.)
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