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Abstract—A theoretical and experimental study of an injection-
locked semiconductor laser is reported. Typical results concerning the
position and the size of the locking bandwidth are given and compare
favorably to the calculated ones, thus validating the developed model-
ization of the injected laser. The effect of synchronization on the inten-
sity level is pointed out. Then the interest of the technique in terms of
modulation is estimated by investigating the behavior, amplitude, and
frequency of the relaxation oscillations which are the main limiting
factor in this case.

I. INTRODUCTION

EMICONDUCTOR lasers exhibit several intrinsic

characteristics such as partition noise, mode instabil-
ity, and broad linewidth, which are prejudicial to their use
in coherent optical communication systems. As injection
locking had already proven successful for different kinds
of oscillators [1]-[3], its application for semiconductor
lasers aroused great interest. It was indeed likely to im-
prove coherence properties of the emitted signal and to
give rise to various applications. Numerous studies con-
ducted on the subject have shown encouraging prospects:
suppression of mode hopping, lowering of the partition
noise [4], reduction of the relaxation oscillations under
direct modulation {5], [6], and linewidth narrowing [7].
In addition to the above-mentioned improvements, injec-
tion locking offers several advantages in view of coherent
telecommunications such as the possibility of frequency
to phase modulation conversion, and the achievement of
locked local oscillators. In the development of semicon-
ductor laser arrays, injection locking has been demon-
strated to operate conveniently by synchronizing an array
of lasers onto a unique master [8].

Injection locking may also prevent spurious feedback
effects which are difficult to avoid and can strongly dis-
turb the behavior of the laser. As this feedback is very
sensitive to external influences, in particular to mechani-
cal vibrations and temperature, and as its effects are some-
what random, a stable injection locking may overcome
them, provided that the injection level is high enough.

Furthermore, injection locking is a method of investi-
gating laser properties, the injected beam acting as a probe
inside the slave cavity. The resulting signal provides in-
formation on the gain curve [9], the carrier number change
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due to injected photons, and the consequent variation of
the refractive index [10], or the damping of relaxation os-
cillations [11]. Furthermore, the position and the width of
the locked region are strongly dependent on the phase-
amplitude coupling, which is a phenomenon specific to
semiconductor lasers [12]-[14].

However, the above conclusions concerning the locked
laser behavior have to be made more precise, for they
strongly depend on parameters such as the injection rate
and the position of the injected frequency in the gain curve
of the laser. Thus, the conditions of operation have to be
taken carefully into account in order to evaluate the ap-
plicability of the method to optical communications.

The work presented in this paper is aimed at describing
the effects of injection locking on the output signal spec-
trum, as a function of the injection rate and the frequency
detuning between the master and free-running laser fields,
and at discriminating their advantages and drawbacks, in
view of communication applications. In Section II, we
consider the achievement of optical synchronization. We
derive theoretical results for the locking bandwidth and
report original experimental measurements of the position
and width of the locking range. The free-running and
locked output powers are measured for different operating
points and the power change through the locking band-
width is compared to experimental results. Next, in Sec-
tion 111, we focus on the dramatic evolution of the power
spectrum when the operating point is moved through the
locked area: injection modifies the damping mechanism
of the relaxation oscillations, giving rise to exaggerated
lateral peaks in the intensity spectrum and decreasing con-
siderably the laser coherence. This weak damping of the
relaxation oscillations will be a major limiting factor in
the modulation of the locked laser. Finally, we discuss
necessary conditions for obtaining an efficient injection
locking.

II. LockING MECHANISM

We consider two semiconductor lasers chosen so that
they both are monomode and emit in the same wavelength
range. The light of one laser, referred to as the master
laser (ML), is injected into the second one, called the
slave laser (SL). An optical isolator prevents reciprocal
coupling.

By carefully adjusting the currents and temperatures of
the lasers, the slave cavity is made resonant, or near so,
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with the master optical field, which is then amplified since
there is gain available. Depending on the injection level
and the laser frequencies, the master field saturates the
gain more or less strongly [9]. Therefore, it is not nec-
essary that the two frequencies be very close together to
achieve synchronization, but then the locking may not be
complete; this means that, of itself, the injection level is
not high enough to saturate the gain and to extinguish all
the free-running modes. In that case, our experimental
setup leads to bimodal behavior, and the energy is dis-
tributed between the free-running and locked modes, the
latter being at the master frequency. However, the oper-
ating conditions most often permit complete locking. We
will limit the analysis in the following development to this
case, for it is the most interesting and efficient, as well as
the simplest theoretically.

A. Theory

Under the previous conditions, the usual plane-wave
and slowly varying envelope approximation of the electric
field inside the injected cavity leads to the well-known
rate equations for the total photon number P and the phase

¢ [15]. ,
. ¢ [P\
P—[G—I/Tp+ng—L<F> COSG:‘P (1)
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G is the optical gain approximated by TA(N — N,)
where T' is the confinement factor, 4 is the differential
gain, N is the carrier number, and N, is the carrier number
for transparency. 7, is the photon lifetime, L the cavity
length, n, the group index, and c the light velocity. o
accounts for the phase-amplitude coupling in the electric
field [12]. P; represents the number of injected photons in
the cavity and § the phase difference ¢; — ¢ between the
injected and the free-running fields. w, is the angular fre-
quency of the master laser and w,,, is the unperturbed cav-
ity frequency which is the closest to w, and the frequency
detuning between the two laser fields w, — w,, will be
noted Aw.

The equations have been suitably normalized so that P
equals the square amplitude | E|? of the electric field.

A third equation for the carrier number completes the
description of the system:

v=_gp- ¥ (3)
e 7,
where [ is the injection current, ¢ the electronic charge
and 7, the spontaneous electron lifetime. Fluctuation driv-
ing terms are neglected at first.

B. Locking Bandwidth

_ The search of the steady-state solutions of the system,
P, N, 0, characterizes the laser operating point and con-

stitutes the first step in the study of the locking band-
width.

From (1) and (2), the expression of the locking band-
width is given as a function of the injection rate (¢ /2n,L)

. (P,-/P)l/?' and the phase difference 6:

c [P 1/2
Aw nL <P> (sin @ — a cos 8). (4)

Aw appears there as a sum of two contributions [13].
The first represents the detuning w, — w,,; between the
master and injected slave cavity angular frequencies; it is
the usual frequency shift, appearing in every locking
mechanism, and was first introduced by Adler [1]. The
second part of expression (4) accounts for the cavity fre-
quency shift due to optical injection w,; — w,,. It is an
extra term peculiar to semiconductor lasers, arising from
the refractive index dependence on carrier density.

By setting p = (c¢/2n,L) - (P,~/P)1/2 and 6, = tan”'
(a), we rewrite Aw as pv1 + a? + sin (8 — 6,). The
sine law, due to the Adler’s phase difference, sets a first
limitation on the locking bandwidth and consequently
| Aw | remains less than pv1 + a”.

Another physical restriction comes from the ability of
the laser to oscillate at the master frequency. The forced
oscillation competes with the amplification of the spon-
taneous emission and prevails over it if the net gain of the
medium in the locked state (G — 1/7,) is negative [16].
This condition implies an important reduction to the ac-
ceptable 6§ excursion: between — /2 and 7 /2 only. Con-
sequently Aw is bounded by

—pV1 + o’ < Aw < p. (5)

The locking bandwidth clearly appears asymmetric be-
cause of the phase-amplitude coupling.

As the locked-slave laser oscillates at a unique fre-
quency, it is convenient to introduce a more intuitive ap-
proach of the phenomenon. The optical field is repre-
sented on a phasor diagram, as the sum of the free-running
(\/I_’f, ¢) and injected (\/17,-, ¢;) contributions; the axes of
the diagram are the real and imaginary parts of the electric
field (Fig. 1). From the condition —7/2 < § < /2,
the locked laser operating points fall above the dashed
line, and it is clear that injection locking is a constructive
interaction with regard to the power balance since the to-
tal locked power is always greater than the free-running
one.

The detailed study of the detuning Aw as a function of
the phase difference shows that the variations are not
monotonic; at every detuning between —p+V1 + «’ and
—p correspond two possible values of 8, with two gain
levels [16]. The long-term stable state is the one requiring
the weaker gain at threshold. The 6 range [—7 /2, —7 /2
+ tan"! ] is then excluded for a long-term synchroniz-
ation, but it may be reached if hysteresis occurs and pro-
vides an opportunity for bistability.

Yet the problem of stability has not been completely
addressed. The laser is stable if it comes back to its op-
erating point after undergoing slight perturbations dP, dN,



150 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 24, NO. 2, FEBRUARY 1988

ImE

Re E
Fig. 1. Phasor diagram sketching the injection locking effect. The dashed
lines (----) mark the maximum excursion of @ and the other dashed
line (— - ——-) is the loci of relaxation oscillations introduced in Sec-
tion III.

df. To verify this condition, we first linearize the rate
equations in the form

dap/ wiofp

dN

2Pdb [ wioT,

—p cos 0 1 —p sin 6
= wfw(Zp'rp cosf —1) -2/ O

p sin 6 -0 —p cos 8

dP/wroT,
| dN (6)
2Pdf /wioT,
with the additional notation 7, = 2(1/7, + ’'4P) ' and
wzo = (TAP /7,)'/2.
Finally we use the Routh-Hurwitz criteria which apply

to any linearized system and constitute a set of necessary
conditions for stable behavior. They are

tr(M)=0
det (M) = 0
det (M) < tr (M) - Zmn‘

(7a)
(7b)
(7c)

where M is the above 3 X 3 matrix describing the system
evolution, tr (M) its trace, det (M) its determinant, and
the m;; its minors.

The first condition is automatically satisfied if the in-
equality (5) is fulfilled. The two others lead to compli-
cated and tedious calculations if completely developed.
However, usual experimental conditions allow us to make

some approximations:
p7, << 1 p/7p << who and p<< wgo.

Therefore, under the assumption of a weak injection
rate, P;/P < 10, the system reduces to

2/7mg > p(asin 6 — cos 6)

=p 1+azcos[7r—(0+tan71a)]. (8)
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Fig. 2. Synchronization region (hatched area) and other operating regions
under optical injection as a function of the injection rate and the detuning
between the two fields. The boundary specified by § = —x /2 + tan™'
« corresponds both to the highest frequency of the locking range and the
maximum detuning (taken as an absolute value).

From (8) it is seen that for a sufficiently low injection
rate, p < 2/(mpV1 + a?), the laser remains uncondi-
tionally stable.

For higher injection rates, inequality (8) defines the low
frequency limit of the synchronization and the minimum
absolute value of detuning. It corresponds to an arc of
hyperbola, the equation of which is derived from (8). The
locking bandwidth is there limited to a narrow range of 6
values.

Fig. 2 illustrates these conclusions and displays the
synchronization area (hatched area) on a graph showing
the normalized detuning y = (Aw7g) /(1 + o) as a func-
tion of the normalized injection rate x = (p 7z)/

1 + a”. The other regions of operation shown are intro-
duced in the following.

Before going on, it is worth noting that the allowed de-
tuning is negative for injection rates higher than p =
2/~N1 + o and it is more convenient to consider its ab-
solute value in the following. In that case, the high-fre-
quency limit of synchronization corresponds to the max-
imum detuning and the low-frequency limit corresponds
to the minimum detuning.

C. Experimental Results

In parallel, experiments were carried out investigating
the laser behavior for various injection rates.

Two CSP-AlGaAs lasers (Hitachi 1400) were used,
both of which were thermally stabilized within a few hun-
dredths of a degree by thermoelectric elements. Numeri-
cal values of the device parameters are L = 300 um, n,
=43, a=>5.

Fig. 3 represents the experimental setup. The output
beam is passed through a spectrometer and then through
a Fabry-Perot interferometer. The spectrometer allows a
precise determination of the different mode wavelengths,
serves as a filter of spontaneous emission, and eliminates
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Fig. 3. Experimental setup.

residual mode effects in the Fabry-Perot. The free-run-
ning and locked output powers are recorded from the
monitor beam.

Before the locking occurs, on the -high-frequency side
of the locked area, that is with the maximum detuning,
the optical injection induces a modulation in the free-run-
ning signal [17] while the output power remains constant.
When the detuning reaches Aw.,., the free-running
mode disappears and the oscillation locks onto the master
frequency; simultaneously the power increases rapidly and
reaches its maximum at a very near point. Then, as the
detuning keeps decreasing, the power gain is reduced but
does not vanish completely, for the evolution is stopped
by stability considerations. At the low-frequency bound-
ary, the locked laser becomes unstable [18]. The laser be-
comes multimode and the damping of the relaxation os-
cillations vanishes. The loss of synchronization is
therefore difficult to determine precisely: although the
dominant lasing mode remains at the injected frequency,
spurious free-running modes increase gradually.

Fig. 4 displays an enlargement of a part of Fig. 2, in
which operating points are plotted. These are determined
by calculating x and y from P;, P, and Aw measurements.
Awpay is obtained either by measuring w, and w,,, sepa-
rately or by directly reading the difference Aw, at the limit
of synchronization, when it is less than the free-spectral
range of the Fabry-Perot; then the operating point is
moved through the locking bandwidth by increasing the
slave current, thus decreasing slightly the injection rate.
The equivalent free-running frequency is assumed to vary
at the ordinary rate —3 GHz/mA, allowing a calculation
of Aw for every point. The width of the locking range
reaches up to 10 GHz when P,;/P is about 1073, that is
the maximum valid level of our approximations. The
average locking bandwidth in Fig. 4 is 4-6 GHz.

D. Locked Power

As previously mentioned, injection locking affects the
output power of the slave laser [16]. Under the assump-
tion of a weak injection, P;/P < 1073, Fig. 1 allows us
to write the total photon number as

P=Pf+2VPfP,*'C080.

In terms of optical power P,, the equality becomes

1/2
Pll: uf+<2££-Pume> - cos 0

0

NORMALIZED DETUNING Y
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1 2 3

NORMALIZED INJECTION RATE X

Fig. 4. Theoretical locking bandwidth (solid lines) and series of exper-
mental locked points through the locking bandwidth.
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Fig. 5. Output power variations through the locking bandwidth as a func-
tion of the injection current. The abrupt side corresponds to the maxi-
mum absolute value of the detuning, on the high-frequency boundary of
the locking bandwidth.

with 7,, being the decay time associated with the facet
losses only.

Finally synchronization produces an output power
change AP,: i

AP,

, 12
<2 -£. PufPu,-> - cos 8
Tm

1/2 A
ap, =1 <2 -:2 . P,‘fP,,,-> : <sin 6 — 7“’)

a m

For our experimental points, the rate Aw/p is largely
greater than sin 6 and a linear dependence of AP, on Aw
is observed. Fig. 5 gives an example of the output power
change through the locking bandwidth.

III. RELAXATION OSCILLATIONS

As previously noted, no attention was paid in the above
analysis to quantum fluctuations that continuously occur
and disturb the laser emission. This simplification was
justified as long as the study was focused on stability and
locking mechanisms. However, noise has to be included
in order to gain further knowledge of the laser line char-
acteristics; the noise is a combination of the noise of the
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slave oscillator itself and the fluctuations of the injected
signal. One way to take this into account is to complete
the rate equations (1)-(3) with usual Langevin force terms
[19], [20]. An extensive simulation of noise in injection-
locked semiconductor lasers has been achieved by Schunk
and Petermann [14].

The equations are then linearized and, after a Fourier
transform, the noisy locked laser is described by a linear
system parameterized by the angular frequency w.

At this stage, two levels of approximation may be
adopted depending on the result sought. The simpler one
takes into account the spontaneous emission coupled in
the lasing mode, but it neglects the dynamics of the gain
saturation. Such an approach leads to calculations of the
laser linewidth and of the intensity noise spectrum. This
has been developed extensively in numerous works for
free-running lasers [19]-[22]. In this paper, study is fo-
cused on describing and explaining the fine structure of
the intensity spectrum of the locked laser, and its evolu-
tion through the locking bandwidth. The gain saturation
plays a key role since its relaxation mechanisms give rise
to lateral peaks or sidebands in the intensity spectrum [23].
These are observed through a Fabry-Perot interferometer
with a 10 GHz free spectral range. They have been ob-
served in various types of semiconductor lasers, and their
intensities are on the order of 1 per cent of the main peak,
or even less [21]-[24]. Fig. 6 displays a typical spectrum
of the free-running slave laser; it exhibits lateral peaks
slightly higher than expected. This is most probably due
to some undesired feedback.

Nonetheless, the gain saturation dynamics are strongly
disturbed under optical injection, and even more so under
synchronization, as will be demonstrated below.

Considering again the above mentioned Fourier trans-
form matrix, we obtain a third degree equation in jw, the
solutions of which provide the parameters of the transient
regime in the form

w =j/T} (9a)
wy = i +j/7k (9b)
w3 = — wp +j/ Tk (9¢)

The last two solutions, which contain both an imagi-
nary and a real term, express the modified relaxation os-
cillation frequency wg and damping time 7 of the injected
laser and contain information concerning the modification
of the sidebands in the locked laser.

When p is small compared to 1/7,, we may expand the
angular frequency wp and the associated damping time
7 as functions of the free-running parameters wgo and 75
as follows

Wi = wko — 1/7¢ (10a)
2/1h =2/1z + p(cos @ — asin§).  (10b)

The most dramatic effect is the action of injection lock-
ing on the damping time since it depends on the sign of
(cos 6 — p sin 6) and is a rapidly varying function of 6;

v
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Fig. 6. Free-running intensity spectrum of the slave laser.
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Fig. 7. Evolution, through the locking bandwidth, of the intensity spec-
trum, showing up lateral peaks arising from relaxation oscillations. The
three spectra refer to the series numbered 7 on Fig. 4 and are arranged
in order of decreasing | Aw |. The abscissa is graduated in gigahertz.

the greater the value of p, the more pronounced is this
effect.

It is of great interest to increase the damping in order
to obtain a signal as Lorentzian as possible, that is, the
finest physical line [7]. The condition 1/7p > 1/73,
which is needed to obtain this result, is fulfilled for the
large detunings of the locking bandwidth. This region is
limited by the reduced detunings —p~'1 + «”and —p(1
- a?)/V1 + ai, corresponding to values of 6 between
—x/2 + tan"? @ and 7 /2 — tan"' «, respectively.

Once again we now deal with the absolute value of the
detuning. At the maximum detuning boundary, 7 reaches
a minimum [1/7x — p(a/~1 + «?)] [Fig. 7(a)]. With
decreasing detuning, 7; increases continuously and equals
the free-running damping time for § = = /2 — tan"! a.
Beyond this limit, synchronization is no longer favorable
to sideband reduction. The lateral peak amplitude in-
creases rapidly [Fig. 7(b) and (c)]. At the minimum de-
tuning boundary, 1 /7 = 0, the relaxation oscillations are
no longer damped and the laser undergoes instabilities,
leading to the loss of synchronization [18], except when
a low value for p prevents 1 /74 from becoming zero. The

necessary condition p < 2/(7xV1 + a?) has been pre-
viously encountered for the static stability of the system.

These results may also be displayed on the phasor dia-
gram introduced in the preceding section. The influence
of injection locking on relaxation oscillations is visual-
ized in Fig. 1 by projecting the injected vector (NP, )
on the loci of relaxation oscillations which is represented
by the dashed line making an angle § with the free-run-
ning vector (\/ITf, ¢). The extent of the damping time
depends on the size of the projection, and it is clear that
7k = 7¢ when the injected field is orthogonal to this dashed
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Fig. 8. Excited modes in the slave cavity when the damping of the relax-
dtion oscillations decreases over the free-running level: the locked mode
at 8241 A (a), and cavity modes at 8251.6 A (b), 8254.2 A (c), 8256.9
A (d), and 8259.7 A (e), respectively; the free-running wavelength is

8256.9 A.

line, i.e., for the previously derived value of § = 7 /2 —
tan~' «. At this point, relaxation oscillations are not in-
fluenced by the optical injection.

Furthermore, experimental observations have shown
that the increase of the relaxation oscillations sidebands
coincides with the degradation of the single-frequency op-
eration; free-running spurious modes which are atten-
uated for the largest detunings increase again. However,
the laser is locked, the main lasing mode being at the mas-
ter frequency. When the operating point is shifted toward
the minimum detuning limit, the spectrum exhibits the
locked mode and several spurious modes of the free-run-
ning cavity (Fig. 8). As the damping time of these oscil-
lations increases, the laser becomes more and more mul-
timode. Each mode of Fig. 8 exhibits a fine structure
resolved through the Fabry-Perot interferometer as dis-
played on Fig. 9 [25].

CONCLUSION

A detailed study of the locking bandwidth and the re-
laxation oscillations of an injection-locked semiconductor
laser has been presented. Measurements of the locking
bandwidth as a function of the injection rate were found
to be in good agreement with theoretical predictions,
which allowed validation of the model elaborated to de-
scribe the system. The output power change has also been
investigated and was found to vary linearly with the de-
tuning when 6 is small. In addition, the fine structure of
the intensity spectrum revealed a dramatic evolution of
the damping of the relaxation oscillations when the detun-
ing and the phase difference between the two fields vary
through the locking bandwidth. The damping of these os-
cillations is of great interest in order to evaluate the po-
tential modulation performance of such a laser.

Injection locking can offer a locking bandwidth up to
about 10 GHz with a ratio P;/P in the range 1073-107*.
However, 6 variations are then limited to a rather narrow
range less than = /4. Moreover, a part of this area seems

AN e
d
e\ c
b

L L n

Frequency 1GHz/div

Fig. 9. Intensity spectra of the modes displayed in Fig. 8. The ordinate
unit is arbitrary but the same for the five spectra.

to be difficult to use for coherent optical communications
since the intensity spectrum exhibits high lateral peaks
due to relaxation oscillations.

The influence of these phenomena is expected to
weaken considerably and even to disappear as the injec-
tion rate decreases and becomes less than the threshold of
unconditional stability. In parallel, 6 is authorized to vary
over a larger interval, which improves the conditions for
performing a frequency to phase modulation conversion,
and the sideband frequency no longer limits the modula-
tion frequency.
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