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Modulation Properties of an Injection-Locked
Semiconductor Laser

O. Lidoyne, Philippe B. Gallion, Member, IEEE, and D. Erasme

Abstract—The modulation properties of an injection-locked semicon-
ductor laser are investigated using the rate equation formalism. Inten-
sity and phase modulations (IM and PM) are analyzed throughout the
locking range where the locked laser is stable. The relaxation oscilla-
tion resonance in the IM and PM frequency responses can be dramat-
ically reduced by tuning the injected power and the frequency difference
between the master laser and the free-running slave laser. The power
spectra under direct modulation are derived throughout the stable
locking range. The spreading of the harmonics of the modulated locked
laser is strongly affected by the frequency detuning, the injected power,
and the injected current dul M ts illustrating the
theoretical results are also presented.

I. INTRODUCTION

EVERAL methods for modulating the phase or the fre-

quency (PM or FM) of the output lightwave of a semicon-
ductor laser have been reported [1], [2]. The direct phase mod-
ulation of an injection-locked semiconductor laser appears
particularly promising for communication systems. The depen-
dance of both the gain and the refractive index on the carrier
density results in a combined intensity and frequency modula-
tion of the laser output wave under direct current modulation.
The change in the instantaneous frequency of the light emitted
by a modulated semiconductor laser is referred to as the fre-
quency chirping [3], [4]. With a direct detection system, the
frequency chirping results in dispersion penalties for high bit-
rate long distance systems. In heterodyne systems using ampli-
tude modulation, the spurious frequency modulation requires an
increase of the amplification bandwidth at the intermediate fre-
quency, thus reducing the signal to noise ratio of the receiver
[5]. In addition, spurious intensity modulation in a frequency
shift keying (FSK) system gives rise to demodulation errors [6].

Injection locking is a technique using two semiconductor la-
sers. A fraction of the light of the first laser, the master, is
launched into the second laser, the slave. The locking occurs
within a certain frequency locking range defined by the injec-
tion level and the amplitude-phase coupling coefficient [7]-[9].
The amplitude-phase coupling is typical of semiconductor la-
sers. It is responsible for the asymmetry of the locking range,
the existence of instabilities in the locking range, and the simul-
taneous modulation of the amplitude and phase of the optical
carrier when the laser current is modulated. The injection-lock-
ing technique results in several advantages, such as the reduc-
tion in the frequency chirping [10]-[12], the linewidth reduc-
tion of the free-running slave laser [13], [14], and the
suppression of partition noise [15] and mode hopping. Injection
locking has also been used to perform a conversion from fre-
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quency to phase modulation [16], to study an optical phase
locked loop [17], [18] and an optical FSK modulator [19], to
design a multifrequency laser transmitter [20], or to investigate
the injected laser in a way free from electrical bandwidth con-
sideration [21].

The aim of this paper is to present an investigation of the
modulation properties of an injection-locked semiconductor
laser. In Section II, the formalism for the evaluation of the phase
and intensity responses to a current excitation is developed. The
approach uses the rate equations. The formalism for the deri-
vation of the locked laser power spectrum is developed in this
section also. In Section III, the modulation responses to a sin-
usoidal current modulation are derived. Our approach comple-
ments the previous analysis of Kobayashi and Kimura [16] by
including amplitude-phase coupling, relaxation effects, and the
stability considerations. Then, power spectra are evaluated in
the stable locking range for various types of modulation current
waveforms. Finally, the measurement system is presented, the
experimental results are reported and compared to theory.

II. THEORY
A. Modulation Frequency Responses

Two semiconductor laser diodes are required in order to per-
form an injection-locking system. One laser diode, the master
laser, injects its light into the other laser diode, the slave laser.
An optical isolator prevents the reverse light coupling. In the
present analysis, emphasis is put on the intrinsic laser behavior
through the study of its active layer and its cavity. The package
parasitics, consisting generally of a bond wire inductance and
a small capacitance between the input terminals and the para-
sitics of the semiconductor chip, which are usually modeled by
a stray capacitance and a resistance for the material surrounding
the active region, are not taken into account. Thermal effects
are omitted also, thus the analysis is only valid for frequencies
above 100 MHz.

The rate equations for a single-longitudinal-mode injection-
locked semiconductor laser are expressed as [8]

aP _ (G - l>p + % v, (PiP)’? cos 8 + R 1

dt 2

dd 1 /P\* |

o= (0 — w,) + YA <F> sin @ )
dN N

—d?:—;—GP-FQ. 3)

P is the photon number in the laser cavity and P, is the number
of injected photons. 8 is the difference between the phase of the
optical field of the master laser and that of the injected slave
laser ®. N stands for the carrier number in the active volume.
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R is the spontaneous emission rate, G is the gain, 1 / 7, is the
total cavity loss rate, 7, represents the excited carrier lifetime,
and Q is the carrier injection rate. w, is the stationary value of
the optical frequency equal to the master frequency and w, TEep-
resents the resonant frequency of the jth longitudinal mode of
the slave laser cavity. v, is the group velocity of light in the
cavity and L is the length of the cavity.

Under a direct current modulation, the carrier injection rate
is an ac component Q,,f(f) together with a dc value at the bias
level Q,, that is:

o0 = @, + Q.f() @

where f(7) is a normalized temporal function containing the sig-
nal to be transferred on the phase-locked optical carrier.

In order to solve (1)~(3) by linearization, a small-signal anal-
ysis is going to be used. According to Agrawal, this condition
is satisfied for indexes of modulation m = Q,,/(Q, — Q) less
than 0.3 [22].

The steady-state values of the rate equations are obtained by

. setting the left members of (1)-(3) equal to zero. We call p(2),
n(?), and ¢(?) the deviation of P(¢), N(1), and $(¢) from their
steady-state values P, N, and é:

P(®) =P +p@®
2 = + o
N@ = N + n().
Within a first-order approximation [23]:

G=G,+G,n+ Gyp (5)
o
W = Wy + 2 G,n + w,p. 6)

G, and w,; are the stationary values of the gain G and the fre-
quency w;, respectively. G, = dG/dN is the differential gain.
« is the linewidth enhancement factor, also equal to the ratio of
the real part and the imaginary part of the carrier-induced change
in the refractive index [24]. The value of « dramatically affects
the modulation characteristics of a semiconductor laser. As the
diode is directly modulated, the variation in gain results in a
change in the laser frequency as shown in (6), and consequently
an indirect frequency modulation. G, = 3G /9P is a parameter
representing spectral hole burning [23]. w, = dw; /3P expresses
a dependence of the resonant frequency on the photon number
but is negligible in (6), because the gain change is nearly sym-
metrical about the laser line [25] and the corresponding index
change, which is the Kramers Kronig transform, is nearly zero.
Equations (1)-(3) are linearized and the second order terms in
p (1), ¢(t), and n(¢) are neglected. By making use of the Fourier
transform a(w):

+oo

a(w) = % S_m a(r) exp (—iwr) d 0

the linearized equations are solved.
In order to simplify the notations, we define:

A = 2Ppsinf B = G,P
C=isin0 D = pcos b
2P =P
_a
E=2G, F=G,+ G,P
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where p = (1/2L) v, (P;/ P)%3 is the normalized injection rate.
The photon number and the optical phase, solutions of (1)-
(3) in the frequency domain, are thus given by:

[AE + BD + iwB]

p@) = Qn L@

flw) = Hy(w) f(w) ®

and

[EI + ED — BC + iwE]
L(w)

ew) = Qn flw) = H (o) flw) (9

where
L(w) = FAE + FBD + HID + HD?
+ HAC — w*(H + 2D + I) + iw(FB + 2HD
+ HI + ID + D* + AC — w?). 10)

f(w) is the Fourier transform of f(¢), H,(w) and H,(w) are the
modulation transfer functions of the locked laser for the photon
number and the phase of the optical field, respectively.

Their moduli and arguments are given by

Ycos 0 + « sin 0)* + w*
mod [Hy(w)] = G,PQ, \I{p = L(w;tLil(nw)) .

—_ =1 —"i’——
arg [H,(w)] = tan [ p(cos 0 + o sin 0)]

- {Im [L(w)]} W
Re [L(w)]
mod [H,(w)]
‘R sin 0\ T 2
[——PGp+p cos § — —— + w
— @ ul ¢
=7 Gnln L(@)L*w)
(13)
[6]

_ -1
arg [H,(w)] = tan R o . . <in 0
P , + p | cos o

— {Im [L(w)]].

Re [L(a)] 1

Re [L(w)], Im [L(w)], and L*(w) are the real part, the imaginary
part, and the complex conjugate of L(w), respectively. For the
case of a sinusoidal current modulation f(¢) = sin (w,,?), where
w,, is the modulation frequency, the deterministic photon num-
ber p (t) and phase () of the optical field, it is written:

p(® = mod [H,(w,)] sin (w,t + arg [H(w,)]) a1s)
and

e() = mod [H ()] sin (0! + arg [H(w,)).  (16)

The moduli of H, and H, lead to the amplitude of the modula-
tion for the photon number and the phase of the optical field,
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respectively, whereas their arguments give the phase shifts to
the current excitation. The amplitudes of the modulated photon
number and optical phase are directly proportional to the cur-
rent modulation Q,,.

Stability of the emitted mode is achieved when, after a per-
turbation, the laser returns to its stationary state after a nonper-
iodic transition or damped relaxation oscillations. In mathe-
matical terms, the roots of the equation L(w) = 0, given by the
complex frequencies w = ix and w = iy + z, must be found in
the upper half of the complex frequency plane. x and y represent
the decay rate of the relaxation oscillations and z is the fre-
quency of the relaxation oscillations.

They are linked together by the following equations:

x+2y=H+1+2pcosb a7
2y + y* + 22 =J1 — (I + 2p cos 0)7,)
+ HI +2(H + Dpcos 6 + p> (18)

x(y* + 2% = p{J*Q — (I + 2p cos 0)7,) (& sin 6 + cos )
(19)

The stability requirement must be combined with the follow-
ing condition. The net gain G — 1 /7, must be negative in order
that the forced oscillation prevails over the amplification of the
spontaneous emission [9]. The locking range can be expressed
in terms of the phase detuning 6, which is related to a frequency
detuning Aw = wj, — w, through:

] cos"l[wjo_wo] t "[1]

= —F=—| —tan” |~
V1 + a? 4]

where w, is the optical frequency of the master and w;, the res-

onant frequency of the jth longitudinal mode for the free-run-
ning laser.

+ I(Hcos 6 + p) + p(I + H)}.

(20

B. Power Spectra

In this section, the formalism used to evaluate the power
spectrum of an injection-locked semiconductor laser is devel-
oped. In the following analysis, the intensity noise is neglected
since it only leads to a slight asymmetry in the noise sidebands
of the static power spectrum [26].

When the current of the slave laser is modulated, its field may
be expressed by:

E@ = m(@) exp jlw,t + @ + ¢,(0)] (21)

where ¢,(?) is the stochastic phase noise process, treated under
the stationarity assumption. m(f) is a complex stationary mod-
ulation process expressing

m(1) = E, exp jlp() + ¢,] 22)

where E, is a constant and ¢ (f) a complex deterministic mod-
ulation process given by: :

E%mod [exp (e )Y = [P + p(1)] 23)
with appropriate normalization of the field and
arg [exp (jo )] = o). (249

¢, represents the start phase uncertainty of the modulation pro-
cess with respect to the carrier phase. ¢, is a random variable,
independent on ¢,(#), with uniform probability distribution from
—= to . In the following analysis, the stochastic phase noise
process ¢,(t) is assumed to be independent on m(r). This as-
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sumption is reasonable for lasers under small-signal modulation
[27].
Thus, the autocorrelation function of the field is:

Gee(1) = (exp jAp,(t, 7)) exp i(w,7) Gu(7) 25

where Ag,(t, 7) = ¢,(t + T) — ¢,(f) is the phase jitter and
G, (1) is the autocorrelation function of the electric field mod-
ulation. For a deterministic periodic modulation function, ex-
panded as a Fourier series with real coefficients a, and b,, the
autocorrelation function of the electric field modulation then
writes

0 =1

T 3
Gpu(r) = 1T S {P + HZ mod [H,(w)] [a, cos (nw(t + 7)

0.5
+ arg [Hy(w)]) + b, sin (nw(t + 7) + arg [Hp(w)])]}

. {p + Z]l mod [H,(w)] [a, cos (nw(?)

0.5
+ arg [H,(w)]) + b, sin (nw(f) + arg [H,,(w)])]}

- exp 2i { 2 mod [H,(w)] sin <"T"">

. [bn cos (nw (z + %) + arg [H‘a(w)])
— a, sin <nw <: + %) + arg [HAw)])B dt (26)

where T is the modulation period.
Since the phase jitter Ag,(#, 7) is known to have a Gaussian
distribution [28], [29] it can be easily shown [30] that

_{Bei() >>

> @n

(exp [iAg,(t, D])Y = exp (

For an injection-locked semiconductor laser, the mean square
phase jitter { Ap%(7) ) is given by [31]:
R 1 +a? R R
2 = —m + 2 +—_— (==
(Ao = op L T+ S asind + cos ) \P _ P,

* (1 —exp[—7 * k(o sin 6 + cos 0)]) (28)

where P and P,, are the photon numbers in the cavities of the
slave and the master lasers, respectively. R and R,, are the rates
of spontaneous emission into the lasing mode. This expression
does not take into account the dynamic phenomenon which af-
fects the carrier density and the subsequent relaxation oscilla-
tions between the carrier density and light intensity. If these
effects were to be taken into consideration, the current modu-
lation would lead to modulation sidebands around the relaxation
frequency in the same way as it happens around w,,.

The average power spectrum is thus evaluated by

+oo
S(w) = L S Ge(7) exp (—iwT) dr. (29)

N

III. RESULTS
A. Numerical Results

The values of the parameters chosen are typical for a 0.83
pm index guided CSP AlGaAs semiconductor laser. A 300 um
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Fig. 1. Authorized phase detuning as a function of injection rate, indicated
by the heads of arrows.

long laser is considered with a cavity volume of 1.2 - 10~
cm™>; The linewidth enhancement factor « is equal to 5; this
value comes from locking range measurements [32]. The pho-
ton lifetime is 7, = n,c ~'[e, + log (1/R,)/L]1™"', where c is
the free-space velocity of light, «, = 45 cm ™! is the distributed
loss, n, = 4.3 is the group refractive index, and R,, = 0.31 is
the mirror reflectivity. The active region gain is given by G =
G,N — N,) where G, = 5.75 - 10° s™' is the differential gain
and N, = 1.7 - 10® is the number of carriers at transparency.
The spontaneous-emission rate R is related to the gain by G =
ne,R where ng, = 2.6 is the spontaneous-emission factor. The
carrier recombination rate is N/7, where 7, = 2.2 - 107%s. A
0.1% gain suppression due to the spectral hole burning is as-
sumed, leading to G, = — 1072 G/P [22]. The carrier injection
rate 0, corresponds to an average output power P, of 2 mW per
facet related to the intracavity photon number Pby P = 2 L -
P, - ny/lc - hv - log (1/R)].

The lower and the upper limits of the stable locking range are
defined as the phase detunings for which the decay rate x and y
are null, respectively. Fig. 1 shows the stable locking range for
the locked laser.

The IM response, in modulus and argument to the drive cur-
rent, are calculated at various injection levels P;/P for phase
detunings 8 within the stable locking range. For the injection
level P,/P = —20 dB in Fig. 2, the efficiency of the IM de-
creases when ‘the lower limit of the stable locking range is
neared. A flat IM response is obtained if the frequency of the
master laser and that of the slave laser, which is shifted by in-
jection, are equal, i.e., the phase detuning § between the two
laser fields is zero. At this point, the maximum output power is
reached [9]. For injection levels as weak as P;/P = —60 dB,
the effect of the injection locking on the IM response is negli-
gible.

The PM response, in modulus and argument to the drive cur-
rent, is calculated for various injection levels P;/P and phase
detunings 6 within the stable locking range. For the injection
level P,/P = —20 dB and a phase detuning § = 0, a flat PM
response is obtained up to a frequency of 2 GHz (see Fig. 3);
an improved conversion of frequency to phase modulation is
obtained near the lower limit of the stable locking range at the
expense of the bandwidth. The derivation of the argument of
the CPR (chirp to power ratio), obtained from the ratio of the
FM and IM responses, is useful in order to assess the IM deg-
radation in a M-ary FSK system [6]. For injection levels as weak
as P;,/P = —60 dB (see Fig. 4), the PM response is no longer
flat. However, stable phase modulation can be performed for a
phase detuning 8 varying over a region slightly larger than « /2.

If we restrict our model to a low frequency approximation
(frequencies much smaller than the inverse of the damping time
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of the relaxation oscillations) and we set the detuning between
the master and slave laser phases to a given value, our results
for the phase modulation response are similar to those obtained
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by Kobayashi and Kimura [16]. Our results should be more ac-
curate since their approach, using the Van Der Pol equation,
was unable to predict the stability conditions, the effects of the
phase detuning on the IM and PM responses and the resonances
between the carriers and the intensity for the locked laser. The
results obtained with the present analysis in terms of CPR are
in agreement with those obtained by Piazzolla er al. [12].

The power spectra have been evaluated for three types of cur-
rent modulations: sinusoidal, sawtooth, and square waves. In
the following analysis, the amplitude of the modulation current
eQ,, and the modulation frequency w are chosen as 2 mA and
500 MHz, respectively. The power spectrum of the locked and
modulated laser field is shown in Fig. 5 for three different mod-
ulation current waveforms. It is centered around the lasing fre-
quency w,. The sawtooth modulation is given by

4t T
f(t)=—1+7 IE[O,E:I

4t T
. -7
3 T te|:27 ]

and is developed to the 50th order of the Fourier series. The
square wave modulation is given by

"2

T
1 = T
'€ [2’ }
and is developed to the 100th order of the Fourier series. The
spreading of the harmonics of the locked laser is strongly en-

hanced in comparison to the sinusoidal and sawtooth modula-
tions. The power spectrum of the free-running and modulated

f = -1 te[O T]
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Fig. 5. Power spectra of an injection-locked laser under a direct modula-
tion at a 2 mW output power per facet. The modulation frequency is 500
MHz, the injection level —30 dB and the phase detuning 10°. The current
waveform is sinusoidal (top), sawtooth (middle), and square wave (bot-
tom).

slave laser is shown in Fig. 6 for a sinusoidal modulation. A
substantial reduction of the spreading of the harmonics is ob-
tained with the injection-locking technique, as shown experi-
mentally earlier [16].

To summarize, the frequency response and the spreading of
the harmonics of the locked laser depend on the level of injected
power, the static phase detuning between the fields of the two
lasers, the modulation frequency and the current modulation
waveform. The locked laser has been studied within the stable
locking range, whose width depends on damping mechanisms
such as spectral hole burning, lateral carrier diffusion and mul-
timode effects. Lateral carrier diffusion and multimode effects
have not been modeled but they affect the response of the locked
laser and are thus likely to influence the variation of the spread-
ing of the harmonics of the locked laser in the stable locking
range.

B. Experimental Results

The master and slave lasers are two CSP AlGaAs semicon-
ductor lasers (Hitachi 1400). They have identical cavity lengths
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Fig. 6. Power spectra of a free-running laser under a direct modulation at
a 2 mW output power per facet. The modulation frequency is 500 MHz
and the current waveform sinusoidal.
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Spectrum
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1M response PM response

Fig. 7. Experimental setup to study the modulation properties of the in-
jection-locked semiconductor laser. The spectrum analyser is used to mea-
sure the intensity modulation and the scanning Fabry-Perot interferometer
is used to measure the phase modulation from power spectra.

and emit continuously a single longitudinal mode at 830 nm.
Their frequencies are stabilized by thermoelectric elements pro-
viding a 0.01K accuracy. The experimental setup is shown in
Fig. 7. The master laser output is collimated with antireflection
coated microlenses and injected into the slave laser. An optical
isolator providing 36 dB isolation prevents reciprocal coupling.

The measurement of the injected power is performed by the
coupling efficient method reported by Kobayashi and Kimura
[33]. The intensity and the phase modulation indexes are ob-
tained by the means of a spectrum analyzer and a scanning Fa-
bry-Perot interferometer, respectively, as done by Doyle [34].
The photodetector frequency response has been calibrated using
the beating of two lasers. The frequencies of emission for the
slave and master lasers can be modified by acting on their tem-
perature or their bias current. When the phase detuning reaches
the lower limit of the locking range, the free-running mode van-
ishes, the slave laser frequency locks onto the master laser fre-
quency and the resonance between the carrier density and the
light intensity is significantly suppressed [32]. The locking can
be easily checked by the scanning Fabry-Perot interferometer;
when a shutter is positioned on the light path of the master laser,
the power spectrum is dramatically changed. When the phase
detuning is scanned to reach the upper limit of the stable locking
range, the resonance is strongly enhanced. The upper limits of
the stable locking range can not be characterized with the PM
measurement method used as the resonance between the carrier
density and the light intensity dramatically increases near this
limit. The modulation sidebands cannot be resolved because of
the gradual increase of the relaxation sidebands near this limit.

Fig. 8 shows the intensity and phase modulation responses of
the locked laser for different values of the injected power. The
output power of the siave laser is 1 mW. The lowest modulation
frequency in the IM response is chosen as 100 MHz to facilitate
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Fig. 8. Normalized intensity and phase responses to a sinusoidal small-
signal modulation in dB versus frequency in an injection-locked GaAlAs
laser for three different values of the injected power 11.1, 3.5, and 0.4
uW. The corresponding experimental values are represented by triangles,
diamonds, and squares, respectively. The slave laser output power is 1
mW.

the comparison with the theoretical results which neglect the
thermal effects occurring below. On the other hand, the PM
response is measured down to 500 MHz which is the lower limit
of resolution of the FP interferometer. The 0 dB reference level
in the IM and PM response curves is chosen as the response at
100 and 500 MHz, respectively, in the case of the highest in-
jection level. The value of the phase detuning 6 for the theoret-
ical curves has been obtained by measuring the frequency de-
tuning between the master laser and the free-running slave laser
frequencies. The phase detuning § may be tuned by changing
slightly the bias current of the slave laser. The intensity and
phase modulation responses of the locked laser for a fixed in-
jected power in the stable locking range is shown in Fig. 9. The
output power is 1 mW. The variation of the IM response through
the stable locking range is described accurately by the model,
but the variation of the PM response is not so important as pre-
dicted by theory.

IV. CONCLUSION

A detailed study of the modulation properties of an injection-
locked semiconductor laser has been carried out, both theoret-
ically and experimentally. The theory is based on three coupled
rate-equations for the field amplitude and phase and carrier den-
sity of the injected laser. Theoretical results are obtained in
terms of modulation response and power spectra. The effects of
the phase detuning and the injection rate has been analyzed. In
particular, it has been shown that flat IM and PM responses can
be obtained, provided the injected power level is high. In this
case the peak due to the resonance between the optical field and
the carrier density is nearly suppressed. Therefore injection
locking turns out to be a mean of flattening the frequency re-
sponse of a semiconductor laser. Experimental evaluation of
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Fig. 9. Normalized intensity and phase responses to a sinusoidal small-
signal modulation in dB versus frequency in an injection-locked GaAlAs
laser, at the injected power of 5.9 uW for two different values of the phase
detuning: 6 = 20° and 5°. The corresponding experimental values are rep-
resented by crosses and squares, respectively. The slave laser output power

is 1 mW.

PM and IM responses has been carried out. They are in agree-
ment with the theory.
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