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Abstract

We present a detailed investigation of the intensity and phase noise current dependence of a DFB laser diode emitting at
1.3 pm. Phase-amplitude correlations due to the linewidth enhancement factor « are taken into account. The phase to
amplitude conversion is realized with a Michelson interferometer. We show that the phase—amplitude correlation is effective
only just above threshold and that it goes to zero for increasing current as predicted theoretically by Karlsson and Bjork
[Phys. Rev. A 44 (1991) 7669]. Our experimental results are well fitted by the standard quantum noise theory of
semiconductor lasers providing an additional pumping noise is added. © 1998 Elsevier Science B.V.

PACS: 42.55.Px: 42.50.Dv: 42.62.Fi

1. Introduction

Understanding ot the noise of semiconductor lasers has
a great importance in fields spanning from optical telecom-
munications to high-sensitivity spectroscopy. Intensity
noise reduction below the shot noise level (SNL) has been
demonstrated first by Machida et al. [1] and by many
others since then. However the situation is not always very
clear when it comes to the comparison between experimen-
tal results and theoretical models [2]. For example many
types of laser diodes do not exhibit sub-shot noise opera-
tion when driven high above threshold as predicted by
theory [2]. A first important limitation of these models is
that they deal with a single laser mode. It has been pointed
out that the presence of weak longitudinal side-modes is of
crucial importance for the intensity noise of Fabry-Perot
semiconductor lasers [3-6]. Similar mode competition ef-
fects have been observed for polarization modes [7]. We
think however that further comparison between experi-
ments and theory is needed.
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In this work we have used a distributed feedback
(DFB) laser with a 40 dB side-mode suppression ratio [8]
in order to deal with true single-mode lasers and to avoid
the problems arising from side-mode anticorrelations. This
diode is driven with a quiet current source. The amplitude
and phase noise behavior of this diode is compared with
the model of Refs. [2,9] including the linewidth enhance-
ment factor [10]. It appears that the experimental results
are well fitted by this model providing an additional
Poissonian pumping noise is added.

The laser beam is sent through a Michelson interferom-
eter to investigate both amplitude and phase noise. For a
non-zero arm length difference {/,, > A) a Michelson inter-
ferometer is a dispersive element that rotates the quadra-
ture and that can convert phase noise into amplitude noise
when sitting on the side of a tringe. Due to the linewidth
enhancement factor (commonly referred to as the « pa-
rameter) [10] the phase and amplitude noise are correlated.
The minimum noise quadrature is therefore no longer the
amplitude. This means that a partial image of the ampli-
tude fluctuations lies in the phase fluctuations, and that by
choosing the right linear combination of phase and ampli-
tude quadratures it is possible to find a quadrature whose
noise is less than the directly detected amplitude noise
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[11.12]. We have observed experimentally that this correla-
tion decreases as the driving current increases in very good
quantitative agreement with the theoretical predictions of
Karlsson and Bjork [9]. However for a correct description
of the intensity noise behavior, a Poissonian pump noise
had to be used in the model, although the laser is driven by
a noiseless current source. The origin of this excess noise
has not yet been identified.

The outline of the paper is the following. The experi-
mental set-up (2.1) and the experimental results (2.2) are
presented in Section 2. The theoretical model for the
amplitude and phase noise including the effect of the «
parameter are detailed in Section 3. Finally in Section 4
the experimental results are compared with the model.

2. Experiment
2.1. Experimental set-up

A sketch of the experimental set-up is shown in Fig. [.
The laser diode is a strained layer multi-quantum well
DFB laser [8] emitting at 1.3 wm. Its side-mode suppres-
sion ratio is 40 dB [8] and we have checked using the
method of Refs. [13,14] that there is no noise contribution
coming from eventual longitudinal side-modes. The facet
reflection coefficients for the intensity are respectively 0.9
and 0.04. It is driven by a low-noise current source and its
temperature is servo-controlled around room temperature.
The laser threshold is [, = 8.8 mA. Optical isolation of 40
dB is provided by two YIG Faraday rotators and three
polarizing cubes.

The light is then sent through a Michelson interferome-
ter with non-zero arm length ditference (/,= 0.5 mm).
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Fig. 1. Experimental set-up. A 30 dB optical isolator avoids
spurious feedback in the laser. The path difference is controlled
finely by a piezo-clectric transducer (PZT) and coarsely by a
translation stage (not shown). The ac parts of the photocurrent are
either added or subtracted and sent to a spectrum analyser (SA).
The de part of one of the detectors is monitored on an oscillo-
scope together with the output signal of the SA.

The mirrors of the Michelson interferometer are corner
cubes to prevent light from being reflected back into the
laser. One of the mirrors is mounted on a piezo-electric
transducer (PZT) so that its position can be scanned over
the wavelength. The contrast of the interferometer is better
than 95%.

The intensity noise of the light coming out of the
interferometer is detected in the standard way using a
balanced configuration [15]. The SQL is recorded when the
power combiner is switched to the — position. The +
position gives the total intensity noise. The detectors are
high quantum efficiency (n = 0.92 £ 0.02) InGaAs photo-
diodes (Epitaxx ETX 1000). The ac photocurrents are
preamplified with a low noise amplitier (OEI model
AHO013), combined, and sent to an electronic spectrum
analyzer. The noise is analyzed at a frequency w/(27) =7
MHz with a 300 kHz resolution bandwidth and a video
filter of 30 Hz. The output of the spectrum analyzer is sent
Lo an oscilloscope together with the de signal of one of the
detectors to allow simultaneous recording of the noise and
the mean ftield intensity. The optical transmission of the
whole set-up is 7= 62%.

2.2. Experimental results

Before presenting the experimental results, let us ex-
plain what we mean by quadrature rotation. If we represent
the field vector in the complex plane rotating at the optical
frequency (cf. Fig. 2), its average value is located on the P
axis. The noise appears then as an ellipse where the
probability of finding the head of the field vector is more
than a given value. When the linewidth enhancement
factor « is zero (Fig. 2(a)), the ellipse axes are along the
£ and Q axis, and their sizes ¢, and r, are the noises of
the corresponding quadratures. i.e. ¢, = Y{8P*) and v, =
1{8Q7) . Note that for a semiconductor laser the phase
noise which is due to the Schawlow-Townes phase diffu-
sion [16] is much larger than the intensity noise due to the
small length of the cavity. If' « is now set to a non-zero
value (Fig. 2(b)). without changing any other laser parame-
ters, the ellipse becomes longer and thinner and is tilted.
According to the formulas derived in Section 3 the ampli-
tude noise is unchanged, and we have v}, = t,. The phase
noise at small RF frequency is enhanced by a factor
I+ a” as already shown by Henry [10] some time ago.
The tilt angle € is given in the limit of large phase noise
(i, ¢, which is the case for laser diodes) by

H:C\W,

where C is the normalized correlation between the phase
and the amplitude defined below in Eq. (20). Note that this
correlation, C, depends of course on « but also on the
laser driving current as shown theoretically in Ref. [9]. It is
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Fig. 2. Representation of the field vector in the rotating complex
plane. The ellipse is the contour of equal probability density. In
(a) the linewidth enhancement factor is @ = 0. The small axis of
the noise ellipse is on the P axis. The amplitude noise is
V(8P?) = v, and the phase noise is \/(8(}3) =1, In (b) the
linewidth enhancement factor is now « # (} and all the other laser
parameters are identical. The amplitude noise is unchanged and
r, = ¢,. The phase noise is enhanced by a factor 1+ a® and is
=+ @?). The noise ellipse is now tilted by an angle 6 =
Cy/e, /vy, (when ¢ > ¢). Its small axis is no longer on the £

axis and its size is ¢ (1 — C)

precisely this dependence that we want to check experi-
mentally in this paper.

We have recorded for different values of the driving
current the intensity noise at the output of the interferome-
ter while scanning the arm length difference over half the
wavelength around a value /, = 0.5mm (see Fig. 3).

The shot noise and the intensity noise are recorded
together with their corresponding dc current. They are then
recombined on the same graph, and the horizontal offset is
found by superimposing the dc current traces.

Let us first comment on Fig. 3(b) which is easier to
understand since for high values of the driving current the
amplitude phase correlation C is almost zero. The double
peak structure is due to the conversion on the slopes of a
bright fringe of the huge phase noise into amplitude noise.
At the very top of a bright fringe, the noise is the ampli-
tude noise of the laser as if it would be directly detected at
the output of the laser without the interferometer. It there
is no phase—amplitude coupling the noise at the top of a
bright fringe corresponds to the minimum noise level. In
this case the small axis of the noise ellipse is along the

amplitude axis. If there are some correlations between the
phase and the amplitude noise, the minimum noise is no
longer at the top of a bright fringe, and the noise trace
becomes asymmetric. This occurs because in this situation
the noise ellipse is tilted and its small axis is no longer the
amplitude axis. This asymmetric behaviour is weak but
present in Fig. 3(b), showing a small but non-zero ampli-
tude phase correlation C (| C|=0.15).

In Fig. 3(a), the laser is driven just above threshold
(1/1,, = 1.4). The noise trace displays a very asymmetric
profile, and the minimum noise is obtained clearly on the
side of the bright fringe. This is the signature of a rather
strong phase—amplitude coupling and the fitting gives
indeed a normalized correlation | C| = 0.75.
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Fig. 3. Example of fine PZT scans. Raw experimental results
(thick line) and best fitting (thin line) using Eq. (A.3) of Appendix
A, where the electronic noise has been added. The bottom trace is
the SNL. and the upper trace is the intensity noise at the output of
the interferometer. The scanning time is about | s. the resolution
bandwidth is 300 kHz and the video bandwidth is 30 Hz. For
graph (a) the driving current is /=11 mA, and the fitting
parameters are (SP°) =143, {(3Q7)=1.2Xx10", C=-075.
For graph (b) /=60 mA and the fitting gives (8P ) =12,
{(80°)=8x10% and C= —0.15,
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Fig. 4. (a) quantum efficiency versus the normalized driving current. In all the following graphs the noise has been detected at w/Q27) =7
MHz. (b) Uncorrected and corrected intensity noise. The (<) symbols fitted by the thick solid line correspond 1o the intensity noise detected
at the top of a bright fringe versus the normalized driving current ///y,. The ( +) symbols fitted by the thick dashed line correspond to the
minimum noise. 11 corresponds to the intensily noisc corrected by the correlated phase noise. The thin solid and dashed lines are the
theoretical predictions for a noiseless pump respectively for the uncorrected and the corrected intensity noise. The () dB level corresponds (o
the SNL. (¢) Normalized correlations | C| (note that the first experimental point has been removed because of the difficulty of obtaining an
accurate value from the experimental data). (d) Phase noise. The 0 dB level corresponds to the SNL. The parameters for the fittings are the
same for the 4 graphs and are: 7, = 1077 s Tpe = 6 X107 s, Too =087, =4 e=1. [, =88 mA, @/(27) =7 MHz. The data
presented in these graphs have been corrected Tor the electronic noise and for the optical transmission of the sct-up (7 = 0.62) and quantum

efficiency of the detectors (1= 0.92).

The experimental traces have been fitted by the expres-
sion given in Appendix A, with the intensity noise the
phase noise and their correlation as adjustable parameters.
So this allow us to infer the magnitude of these three
parameters which are given in the caption of Fig. 3.

Similar graphs were recorded for 24 values of the
driving current ranging from //{,=1.02to I/1;, =10.2,
For each of these graphs the noise at the top of a bright
fringe and the minimum noise have been measured experi-
mentally and have been displayed versus log(//1,,) in Fig.
4(b). Each of these 24 graphs has been fitted as in Fig. 3.
and the corresponding parameters {SP?). {8Q7), and
C = (5P 8Q) have been extracted. It can be noted that the
value of the intensity noise coming from the fitting corre-
sponds to the value directly measured on the experimental
trace to better than 1 dB. The normalized correlation
coefficient C and the phase noise obtained from the fit-
tings have been plotted versus ///,, in Fig. 4(c¢) and 4(d)
respectively.

The graphs of Fig. 4(b), 4(¢) show clearly that the
phase—amplitude noise correlations decrease as the driving
current increases as predicted in Ref. [9]. Moreover. these
experimental results are very well fitted by a theoretical
model similar to the one of Refs. [2.9]. A detailed deriva-
tion of this model is presented in Section 3. And the
comparison between experiments and theory will then be
made and discussed in Section 4.

3. Theoretical model

In this section, we present in detail a theoretical model
of a single mode laser diode including phase noise effects.
This model is based on coupled Langevin type equations
for the evolution of the electro-magnetical field (1) of the
laser and the evolution of the excited carrier population
N(1) [2.9]. 1t is identical to the model used in Ref. [9], but
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has been simplified for our purpose. The electro-magnetic
field is considered here as a complex number and we have

datr) _ _l(L+L+z,-J)

dr 2 Toe Tho
N(1)A
+—7—(l —ia)la(r)

+ (™) + i)

+H(¥M) iy () + (6(0) +iE(1)).
(n

where | /7. is the photon decay rate due to the coupling
mirror, 1 /7, is the photon decay rate due to intracavity
optical losses. The coefficient A is the spontaneous emis-
sion rate of the lasing mode. The detuning A is such that
the mean value of the imaginary part of the rhs of Eg. (1)
is zero, and fulfils therefore the condition A =
—aA{N(1)) /2 that defines the frequency of the laser.
The « parameter is the phase—amplitude coupling coeffi-
cient [10]. The last terms are Langevin noise terms decom-
posed into their real and imaginary parts. All these
Langevin function are real numbers. The mean field is
chosen as real and gives the phase reference. The y™(¢)
terms are associated with the output coupling. Their non-
zero correlations are

I = )
=801 1) /47, )

The y"°Xr) terms correspond to the intracavity losses.
Their non-zero correlations are given by

() = ()
=a8(1—1")/47,,. (3)
Finally the £(r) terms concern the noise associated with
the stimulated emission. Their non-zero correlations are
CE(NE) =CENE ) =8(1 = 1) AN /4.
)

The equation of motion for the total excited carrier
number N(r) is

d/\(;(t,) =r- N.([) —A(n(ty+ DNGY+T(0)
F0O) + 1), 5)

where P is the pumping rate. 7, is the spontaneous
electron lifetime, and n = «'a is the photon number in the

cavity mode. The last three terms are Langevin noises. The
first one I'*7'(+) is associated with the pump noise, its
correlation function is

(PO () =611 )P (6)

where € = 0 for a pump noise suppressed laser, and € = |
for a laser driven by a Poissonian pump. The second and
third one I"®P(r) and I'(#) are respectively associated
with spontaneous and stimulated emission noise. Their
non-zero correlations are

(PO o))y =8(1 = ')XNY /1, (7
(P (1))y=8(1 =1 YA(NY{n) . (8)

Finally. due to their same physical origin, the noise
terms associated with the stimulated gain for the photons
and stimulated-emission for the electrons are perfectly
anticorrelated and have cross-correlations

(I(E()) = =81 — ") AN /4. (9)

Note that all the other correlations and cross-correlations
are 7ero.

The stationary solutions for the internal photon number
{n) when the laser is lasing (i.e. »# > 1) have simple
analytical expressions

{ny=Pr—1/A7,,. (10)
(N)=1/A7. ()

with 1 /7= 1/7, + 1 /7,,. Note that in the following, all
the analytical formulas will be obtained within the approxi-
mation n > 1.

Let us now define respectively the field amplitude

quadrature P and the phase quadrature Q0 by
P=(a+da)/2. (12)

Q=(a—da)/(20). (13)

Expressions for the internal amplitude fluctuations 6P
and phase fluctuations 8§ are obtained from the lineariza-
tion of Egs. (1) and (5). The corresponding output fluctua-
tions are obtained using the usual input—output relations,

1 _
Pmll = p— \Tpc Y- (I4)

] J—
Qnul:w‘__leTpc Yi - (]5)
Ve

Note that in these relations quantities without the out
subscript are internal quantities.

It is then straightforward to obtain the variance of the
zero-frequency output amplitude fluctuations using the
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above formulas and the Langevin noise correlations given
above (Egs. (2)-(9)). It gives

r(l/7, +A{n) T 1
(apz = [ W2 ) Tk | L
2\7'])L_A<I?> 2 Toe

T T,

r(1/7,+An)) VER
2\‘3EA<H> T

(e—=Dr(1/7,+An)
+ 47‘1,CA<11> ’

(16)

Note that the zero-frequency expression is valid for RF
frequency such that w < 1 /7.

The phase noise {8Q1,> at a low RF frequency
w/Q27) (ie. o< 1/7,)is given by

1 l+a? 1,
<5Q5u.>:_(——'+L)- (17)

27, Tw? 2
It can be observed that for low frequencies the last term
can be neglected and the frequency noise is then the
standard Schawlow-Townes phase noise [16] broadened by
the factor 1 + a” as demonstrated by Henry [10].

We calculate now the symmetrized correlation between
the output frequency and amplitude fluctuations. We ob-
tain

o

27 7. Almw

pefsp

(8Q, 0P = (18)
It is important to notice that the correlation is proportional
to the phase—amplitude coupling coefficient o« as ex-
pected. It is also proportional to 1/{n) and goes to zero
for increasing {n).

The minimum noise taking advantage of the correction
due to the phase—amplitude coupling is [9]

(8P ={(8P2 (1 =C?). (19)
where C is the normalized correlation given by

< 8Qou( Spnul >
C om0 w7 (20)
1 < 8Q§ul >< 5P02u1>

The analytical formula for C cannot be easily simplified. It
can however easily be shown that its maximum is
a/V1+a” for vanishing photon number (1). Note that

. ) 2 . .
this corrected noise, {8PZ >, corresponds to the size of
the small axis of the ellipse (c¢f. Fig. 2) and to the
minimum noise level in Fig. 3.

4. Discussion

The total quantum efficiency, defined as the number of
photons coming out of the laser divided by the number of

electrons going through the laser, has been plotted versus
the normalized driving current in Fig. 4(a). This parameter
characterizes the mean value behavior of the laser. The
agreement with theory is perfect for a driving current
smaller than 50 mA. For currents higher than that value
thermal effects decrease the efficiency of the laser.

In Fig. 4(b) the intensity noise at the top of a bright
fringe, and the minimum noise (ct. Fig. 3) with respect to
the driving current are plotted. These values are corrected
for the transmission efficiency 7 = 0.62 and for the photo-
diodes quantum efficiency n = 0.92. The intensity noise at
the top of a bright fringe is the intensity noise that would
be detected directly on a photodiode without the interfer-
ometer. The minimum noise is the intensity noise corrected
by its correlation with the phase noise. It can be seen that
neither the directly detected intensity noise nor the cor-
rected noise go below the SNL. But the theoretical predic-
tions prescribe that for a noiseless pump the uncorrected
and corrected noise should be below the SNL when the
driving current is respectively larger than 25 mA and 20
mA. We had then to artificially add a Poissonian pump
noise to model properly our experimental results. We have
of course checked that this excess noise is not coming
from the laser power supply. The real physical origin of
this noise source is not clear and is far beyond the scope of
this paper. Let us mention that the production of squeezed
light from some laser diodes has already unambiguously
been observed (see for example Ref. [17]) according to the
theory of Ref. [2]. Note that the fact that the experimental
data can not be fitted by a noiseless pump is not due to
thermal effects, which take place only for large driving
currents (/> 50 mA).

Fig. 4(c) and 4(d) respectively display the normalized
correlation | C| and the phase noise (relative to the SNL)
deduced from the fittings of 24 fine scan graphs as those in
Fig. 3. The constant phase noise corresponds to the
Schawlow-Townes phase diffusion noise. As previously
these quantities are corrected for the transmission effi-
ciency 7=0.62 and for the photodiode quantum effi-
ciency 1= 0.92. It should be noted that the values ob-
tained from the first graph (i.e. for / =9 mA) have been
discarded due to the poor sensitivity of the fitting to the
values of the correlation and the phase noise.

For the correlation, the agreement with theory is very
good. It reaches its maximum value «/(1 + a?) just
above threshold, and goes to zero for large driving cur-
rents. The value of the linewidth enhancement factor «
given by the fittings is a =4 + 1.

According to the theory the phase noise should not
depend on the driving current. The relatively large disper-
sion on the experimental values is due to the fact that the
arm length difference is chosen so that the correlation
effects are clearly visualized but is too small to allow
precise estimation of the phase.

It has to be emphasized that all the fittings of Fig. 4
have been performed with the same set of parameters. The
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agreement with theory. for the mean values as well as for
the noises, is very good. The driving current dependence
of the noise reduction due to the phase—amplitude cou-
pling is well reproduced. However the data presented in
this paper show quantitatively that some devices suffer
from an excess noise which is not included in the simple
model of Ref. [2], and which was here added in a phe-
nomenological way as a Poissonian pumping noise.

5. Conclusion

The purpose of this paper was to present a detailed
comparison between the experimental amplitude and phase
quantum noise behavior (including the « parameter) of a
DFB semiconductor laser and the standard theory ot Refs.
[2.9]. We have clearly observed the noise reduction associ-
ated with phase—amplitude coupling for low driving cur-
rents [9]. The agreement with theory is excellent providing
we phenomenologically add a Poissonian pump noise to
describe the fact that the intensity noise never goes below
the SNL for large driving currents. We have not yet
identified the physical origin of this excess noise. Possible
hints could perhaps be found in Refs. [18.19]. In these
papers. the effects on noise of the spatial distribution of the
field intensity along the cavity are considered (see also
Ref. {20]). We are currently investigating these problems
more quantitatively in the situations corresponding o our
lasers.
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Appendix A. Quadrature rotation after propagation in
a Michelson interferometer

In this appendix. we give the formula for the intensity
noise after rotation of the quadratures due to the propaga-
tion of a laser beam in a Michelson interferometer. An
explicit derivation of this formula is given in Appendix A
of Ref. [14].

Let us first define the following parameters

w=cos(hk(l,+x)). A =sin(h(, +x)).
v =cos(wl,/c). “=sin(wl,/c). (A.1)

where k =27 /A (A is the light wavelength). /; + v is the
interferometer  arm  length  difference. where v €
[—A/2.0/2] is the fine scan of the mirror position around

l,. The quantity w/(27) is the RF noise analysis fre-
quency.
The shot noise level S(.xv) is given by

S()=(1-0)/(1+0)+Quw?. (A.2)
where Q is the fringe contrast.

The intensity noise level N(x) at the output of the
interferometer can then be written as

N(x)=S(){vr [wr(sp?) —20(8P60)]
— 37w (P8Q) — #7{(80%)]
v T+ [ T (A3)

where (6P, (8Q7). (8P SQ) are respectively the am-
plitude noise. phase noise. and their symmetrized correla-
tion, at the output of the laser (i.e. the input of the
interferometer) as defined in Section 3. Note that the out
subscript has been omitted for clarity. Eq. (A.3), where a
constant term has been added to describe the electronic
noise. is the formula used in the fittings of Fig. 3. These
last three parameters are the adjustable parameters used in
these fittings. The intensity and phase noise are given
relatively to the SNL. i.e. a value of 1 is the SNL.
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