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Correlated spontaneous emission between two Iongltudmal modes
in an extended-cavity semlconductor laser '

M. Ohtsu® and K.-Y. Liou.

- AT&T Bell Laboratories, Crawford Hill Laboratory, Holmdel, New Jersey 07733
(Received 12 October 1987; accepted for publication 2 November 1987) *

Recently, correlated spontaneous emission in a laser of three-level atoms has been analyzed ,. :
theoretically and has been demonstrated experimentally usnng a three-level He-Ne Zeeman . ,
laser. We demonstrate that correlated spontaneous emission is also feasible in a semiconductor

laser with a long extended cavity. As a result, the - heterodyned spectral width between two

lasing modes in a grating extended-cavity laser was reduced to below the spontaneous emission

noise level. The laser can be used for high-precision optical-heterodyne sensing.

A technique commonly used for optical sensing is to
measure the frequency shift of an optical heterodyned signal
between two laser fields. These two fields may come from
two highly coherent single-mode lasers or from two different
longitudinal modes of a single laser. The quantum-noise-
limited resolution of such a sensing system is mainly related
to the intrinisic laser linewidths, which are combined in the
linewidth of the heterodyned signal.

Scully' showed recently that it is possible to correlate
the spontaneous emission into two different, modes of the
same laser so that the relative phase angle of the two modes
remains constant in time. Although the two modes still have
finite individual linewidths, their heterodyned linewidth can
be nearly zero because their phase fluctuations due to the
spontaneous. emission noises are synchronized. This ap-

proach can be applied to a simple three-atomic-level laser, in-

which the transitions from the two upper levels to the lower
level result in two lasing lines. The two.upper levels can be
correlated, for example, by applying an external microwave
field at a frequency equal to their energy difference.? Using
this method; the relative phase of the two lines is locked to
the phase of the microwave field, and the spontaneous emis-
sion into the two lines is correlated. These ideas have been
tested recently by Toschek and Hall® in an experiment using
a He-Ne Zeeman laser. By applying a rf (radio frequency)
magnetic field to the gain tube of the laser, they were able to
reduce the linewidth of the Zeeman beat to a value lower
than the Schawlow-Townes limit.

For semiconductor lasers, the idea of correlated sponta-
neous emission is not directly applicable, because the band
structure of the semiconductor gain medium cannot be mod-
eled as a three-level system. However, we report in this letter
that it is possible to achieve correlated spontaneous emission
in a semiconductor laser by coupling two cavity modes of the

laser via optical sidebands, which are produced by modulat-

ing the injection current at a frequency equal to the frequen-
cy separation between the two modes. In our experiment, a
passive extended cavity was added to a semiconductor laser
chip to reduce the longitudinal mode separation to a few
hundred MHz for current modulation, and correlated spon-
taneous emission between two nerghbonng cavrty modes
was demonstrated.

The experimental setup is shown in Fig. 1(a). A grating

* Onleave from Tokyo Institute of Technology, Graduate School at Nagat- i

suta, Midori-ku, Yokuhama, Kanagawa 227, Japan.
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extended-cavity laser** was used. A fiber Mach-Zehnder
interferometer and an avalanche photodiode were used for
heterodyning. The signal was then amplified and analyzed
using a spectrum analyzer. The gain medium in the extended
cavity laser was a 1.3-um wavelength InGaAsP semiconduc-
tor laser chip. One facet of this chip was antireflection coat-
ed. The light output from the coated facet was coupled to a
diffraction grating using an objective lens with a 0.85 nu-
merical aperture. The total length of this extended-cavity
laser was 42 cm, which gave a longltudmal mode spacmg of
360 MHz.

The laser oscillates wrth a single longltudmal mode sta-
bilized by the frequency selective reflection from the grating.
The grating can be rotated to tune the lasing frequency but a
large tuning results in mode changes to successive longitudi-
nal modes. A piezoelectric transducer (PZT) was used for
fine tuning of the extended cavity length, which was con-
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FIG. 1. (a) Experimental setup. PZT: piezoelectric transducer, AR antire-
flection coating, f,,: modulation frequency of the injection current, APD:
avalanche photodiode. (b) Schematic diagram showing the mode spectrum
of the laser under current modulation at a frequency v, = v, — vy, wherev,
and v, are two lasing longitudinal modes. _ e
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trolled to operate the laser under the two-mede switching -
condition. A sinusoidal modulation current at 360 MHz was
added to the injection current to generate AM (amplitude ~

modulation) sidebands in the frequency domain.

Figure 1(b) shows schematically the two oscillating
cavity modes at v, and v, and their AM sidebands. If the
modulation frequency f,, is sufficiently close to the longitu-
dinal mode separation v, = (v, — v,), the AM sideband of
one cavity mode is aligned with the other cavity mode, as

shownin Fig. 1(b). The phase of the cavity modeis locked to

the AM sideband aligned to it, similar to the case of injection
locking, due to the nonlinéar property of the laser. The rela-
tive phase between the v, and v, modes is therefore locked
through their sidebands. Mathematically this is the same as
the theory of Scully,'?> which shows that the relative phase
angle of the two resonances. is locked to the phase of the
applied microwave modulation and the fluctuations of spon-
taneous emission into.the two resonances are correlated.

. The longitudinal mode spectrum of the laser was moni-
tored using a scanning Fabry—Perot interferometer. Al-
though the time-averaged spectrum was maintained to have
two modes with equal intensities, the output light power
switched randomly in time between the two modes. Because
the two mode powers under this mode-hopping condition
are anticorrelated in time, a Mach-Zehnder interferometer
with a long fiber delay line, 2.8 km, was used in the experi-
ment to increase the heterodyned signal.-

Figure 2(a) shows a heterodyned spectrum of the laser
under free-running condition, i.e., without current modula-

Tl

360 MHz

(b) 0.2 MHz

FIG. 2. Heterodyned spectra between the two longitudinal modes. (a)
Without current modulation; (b) with current modulation, where the mod-
ulation amplitude i,, = 8 mA, f,, = 360 MHz, and the dc bias is 65 mA.

1 Appl. Phys. Lett., Vol. 52, No. 1, 4 January 1968
2

‘modulation current at f,, = 360 MHz =

 tion. The full width at half-maximum (FWHM) was about
* 500-kHz. This linewidth is mainly governed by the sum of

the independent phase fluctuations of the two modes due to
the fluctuations of the spontaneous emission. _When the
(v, —v,) was ap-
plied, the FWHM of the heterodyned spectrum, shown in -
Fig. 2(b), was reduced to about 25 kHz. The laser output
with and without current modulation was monitored with a

" scanning Fabry—Perot interferometer, and two-mode oper-

ation with equal tlme-averaged intensities was mamtamed in

'both cases. -

The difference A7 between the peak heights of the heter-
odyned signals with and without the 360 MHz current mod-
ulation is plotted in Fig. 3 as a function of the modulation
current amplitude i,, . The threshold current of the laser was
35 mA and the dc bias was 65 mA. Figure 4 shows the mea-
sured FWHM of the heterodyned spectrum asa function of
i,,. A drastic decrease in FWHM with i,, was observed
which saturated at a value approximately equal to the reso-
lution limit of the Mach—Zehnder interferometer with a fin-
ite length of delay line (24 kHz resolution for a 2.8-km fiber
used). These measurements confirm that the FWHM of the
heterodyned spectrum between: the two modes is reduced
significantly by the current modulation, and indicate corre-
lated spontaneous emission due to phase locking through the
AM : sidebands. The required :modulation amplitude i,, is
about 5 mA, which is small compared to the threshold cur-
rent or the dc bias.

The phase locking between the two mod&s that results in
correlated spontaneous emission can be discussed by analo-
gy with injection locking through the AM sidebands. That
is, one longitudinal mode is injection locked to the AM side-
band of the other longitudinal mode. The locked longitudi-
nal mode can be considered as the slave laser mode and the
AM sideband is the master laser. The locking range, i.e., the
maximum value of | f,,— (v, — v,)| for which injection
locking can be maintained, is proportional to \Pm/Ps, Where
P and p, are the optical power of the master and the slave
laser mode, respectively. For an injection laser with a thresh-

old current I,, \p, is proportional to \/(Z/1,) — 1 and
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FIG. 3. Difference A7 between the peak heights of the heterodyned signal
with and without current modulation. The dc biases are 60.1 mA (O), 70.1
mA (X ), and 80.0 mA (V).
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FIG. 4. Full width at half-maximum (FWHM) of the heterodyned spec-
trum with current modulation. The broken line represents the resolution of
the measurement (24 kHz) governed by the finite length of the fiber delay
line. The dc biases are the same as in Fig. 3.

\[P. is proportional to M \[(I/I,,) — 1, where [ is the dc
bias and M is the modulation index of the amplitude of the

optical electric field. Since the locking range is independent
of [(I/I) — 1], and M is proportional to i,, the locking
range can be expressed as

Ifm_(VZ_Vl)llockozim' (1)
To verify the above relationship experimentally, we define
an easily measurable locking range, Af,,, as the value of
| fn — (v, —v,)| at which the peak height of the hetero-
dyned signal is reduced to one-half the heterodyned peak
height when | f,, — (v, — v,)| = 0. To a first-order approx-
imation, Af,,, defined here is proportional to the exact lock-
ing range | f,, — (¥; — ¥{)|ioex in Eq. (1). The measured
Af,., as a function of i,, is shown in Fig. 5(a), and the mea-
sured Af,,, as a function of [ (1 /I,,) — 1] is plotted in Fig.
5(b). It is seen clearly that the locking range is proportional
to i,, and is independent of [(//I;) — 1]. These results
clearly show that the mechanism of phase locking employed
in this experiment to achieve correlated spontaneous emis-
sion can be interpreted by analogy with injection locking
through the AM sidebands.

" In summary, we have demonstrated that the linewidth
of the heterodyned signal between two neighboring longitu-
dinal modes of an extended-cavity semiconductor laser can
be reduced by modulation of the injection current at a fre-
quency equal to the frequency separation between the two
modes. Limited by the resolution of the measurement setup,
the two-mode heterodyned linewidth was reduced by a fac-

12 Appl. Phys. Lett., Vol. 52, No. 1, 4 January 1988
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FIG. 5. (a) Relation between i,, and the lock range Af,,;. The dc biases are
85.0mA (O) and 65.0 mA (X ). (b) The relation between the normalized
dc bias (I /I,, — 1) and the locking range Af,,, for i, = 6 mA.

tor of 1/20 to 25 kHz, while the individual linewidths of the
two modes remained unchanged. These observations dem-
onstrate that it is feasible to lock the relative phase of two
lasing modes in a semiconductor laser, or in other words, to
correlate the fluctuations of spontaneous emission into the
two modes. This correlated spontaneous emission semicon-
ductor laser may be of interest for applications in optical
heterodyne sensing with a precision better than that limited
by the intrinsic spontaneous emission noise. '
The authors would like to thank C. A. Burrus for the 1.3
um laser chip and G. Eisenstein for facet antireflection coat-
ing, and also acknowledge E. C. Burrows for technical assis-
tance. ‘
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Realization of Ultrahigh Coherence in Semiconductor
Lasers by Negative Electrical Feedback

MOTOICHI OHTSU

Abstract—To be useful, an ultrahigh coherence semiconductor laser
source requires high frequency stability, narrow linewidth, the capa-
bility of frequency tracking to a master laser, and stable frequency
tuning. Negative electrical feedback is proposed to meet these four re-
quirements simultaneously. Although the degree of frequency fluctua-
tion which can be reduced by negative electrical feedback is limited by
the noise contained in the feedback signal, theoretical calculations show
that the fluctuations can be lower than the quantum noise limit. Ex-
perimental results obtained by the author are reviewed: 1) the stability
of the center frequency of the laser field spectrum is improved to 1.4
x 10~'2 for an integration time of 100 s; 2) the linewidth of the field
spectrum is reduced to 200 kHz, which is narrower than the Schaw-
low-Townes linewidth due to spontaneous emission noise; 3) frequency
tracking of a slave laser to a master laser is demonstrated with a cap-
ture range of 1.22 GHz, and the frequency stability of the slave laser
is as high as that of the master laser given in 1); 4) stable frequency
tuning of the slave laser is carried out under the condition of 3). A
47.4-GHz locking range is achieved in which a frequency stability as
high as that of 3) is maintained for the slave laser.

I. INTRODUCTION

IGH TEMPORAL coherence is one of the advanta-
geous properties of lasers. Because the degree of
coherency is still influenced by several external noise
sources (see, for example, [1]), numerous attempts at op-
timizing the temporal coherence have been made since the
invention of the laser. These attempts have attracted the
attention of many researchers because they represent the
pursuit of an ideal light source, i.e., a perfectly sinusoidal
electromagnetic wave in the optical frequency region.
Among several kinds of lasers, semiconductor injection
lasers have been used as light sources for lightwave com-
- munication systems. However, the spectral properties and
temporal coherence of semiconductor lasers still need to
be improved if these lasers are to be used for coherent
optical communications (see, for example, [2]), coherent
optical measurements, and so on. Although these semi-
conductor laser devices have been designed and fabri-
cated carefully, the temporal coherence of solitary semi-
conductor lasers is not yet high enough for these
applications. Further improvement requires the addition
of external electronic circuits or optical components to the

.Manuscript received May 6, 1986; revised June 15, 1987. This work
was partially supported by the Ministry of Education, Science, and Culture
of Japan under a Grant-in-Aid for Scientific Research, and by KDD Engi-
neering and Consulting Foundation under Funds for International Com-
munications Research.

The author is with the Graduate School at Nagatsuta, Tokyo Institute of
Technology, Yokohama, Kanagawa 227, Japan.

IEEE Log Number 8717519.

laser. For example, an external mirror or grating has been
used to provide optical feedback into the laser cavity to
reduce the spectral linewidth [3], [4] or to tune the wave-
length [3], [5]. Alternatively, electronic circuits have been
developed to control the injection current to stabilize the
center frequency of the field spectrum to about 1 x 10~ "2
[6]. A stable Fabry-Perot interferometer or gaseous ab-
sorption spectral lines have been employed as frequency
references for this negative electrical feedback. Further-
more, injection locking phenomena have been utilized for
frequency tracking or synchronization between two lasers
(7. |

These techniques have been employed separately to im-
prove only one of several spectral properties to meet the
requirement for a particular application. To realize ultra-
high coherence, however, a synthesized technique should
be developed to improve all the spectral properties simul-
taneously. In this paper, a promising negative electrical
feedback technique is proposed, and our recent results are
reviewed. :

II. NEGATIVE ELECTRICAL FEEDBACK

Highly coherent oscillators in the microwave frequency
region, e.g., cesium (Cs) and rubidium (Rb) atomic
clocks, and the hydrogen (H) maser, are well developed
for applications in communications, in primary standards
of time, and so on (see, for example, [8]). For gas lasers,
several techniques have also been developed to achieve a
frequency stability of 1 x 107 [1], [9], and a subhertz
linewidth has been realized for a dye laser [10].

It would be instructive to investigate the possibility of
applying these established techniques to semiconductor
lasers. From this investigation, it can be deduced that at
least the following four requirements should be met
simultaneously to improve the coherence of semiconduc-
tor lasers: 1) stabilization of the center frequency of the
field spectrum, to obtain a light source with low. frequency
drift; 2) linewidth reduction of the field spectrum, to ob-
tain a light source with low frequency- or phase-jitter; 3)
frequency tracking to a highly coherent maser laser, to
make a synchronized frequency chain by transferring the
high coherence of a master laser to several slave lasers
(this is required for applications to coherent/heterodyne
optical communications, heterodyne optical measure-
ments, and so on); 4) stable and wide-band frequency tun-
ing, to realize a wide-band tunable coherent light source

0733-8724/88/0200-0245$01.00 © 1988 IEEE
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Fig. 1. Proposed experimental setup for meetmg the four requirements
simultaneously. A PID controller in block (1) is composed of a propor-
uonal amplifier, an integrator, and a differentiator.

for frequency multiplexing in coherent optical communi-
cations, high resolution laser spectroscopy, precise opti-
cal measurements, and so on.

Separate techniques have been developed for meeting
only one of these requirements, as was described in Sec-
tion I. For example, optical feedback has been employed
for (2). However, this technique presents several prob-
lems, including chaotic instabilities which are dependent
on the phase of the reflected light [11], [12], stochastic
instabilities induced by random fluctuations of this phase
[13], drastic increases in cavity volume, and decreases in
direct frequency modulation index. For (3) or (4), injec-
tion locking has been employed. However, the depen-
dence of the locking range (i.e., the frequency range in
which locking can be maintained) on the powers of the
two lasers may limit the reliability of this technique.

Each of the problems for these techniques should be
solved. Furthermore, it is important that the above men-
tioned four requirements be met simultaneously to realize
a highly coherent and reliable light source. A technique
using negative electrical feedback to control the injection
current, which was proposed previously by the author [6],
[14], can be a promising one for this purpose.

Fig. 1 shows a schematic diagram of an experimental
setup by which the four requirements can be simulta-
neously met. Each block (1)-(4) in this figure represents
a feedback loop for treating requirements (1)-(4). The de-
signs of blocks (1), (2), and (4) in this figure were based
on the techniques used for gas and dye lasers [1], [10],
and blocks (1) and (3) were based on the techniques for
microwave oscillators [8], [10], [15]. This system would
be bulky if it were constructed for gas or dye lasers. For
semiconductor lasers, however, it can be very compact.
The size can be reduced by integrating several electronic
or optical components together with the laser devices in
the future, and an ultrahigh-coherence miniature light
source can be realized. Although simultaneous operation
of the four blocks in Fig. 1 has not yet been demonstrated,
the performance of each of these blocks have been eval-
uated. The details will be described in Section III.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 6, NO. 2, FEBRUARY 1988

The theoretical limit of the reduction of the frequency
fluctuations will be discussed prior to rev1ewmg the ex
perimental results. In this discussion, it is assumed that
quantum mechanically induced frequency fluctuations can
be accurately measured by classical electrooptical tech-
niques such as interferometric measurements or hetero-
dyning, and that these frequency fluctuations can be com-
pensated by applying the modulation of a macroscopic
quantity to the laser [16]. These assumptions are valid for
semiconductor lasers because the magnitude of the quan-
tum noise is rather large and the frequency can be directly
modulated by the injection current. Frequency fluctua-
tions d»(¢) under this negative electrical feedback were
estimated by a quantum mechanical Langevin’s equation
of motion, which is expressed as [16]

1 d(3e()

27 dt
=T + T ~ | )

. {L . d(se(t—1t"))
27 dt

ov(t) =
(1)

+ I‘,,(t')} dr'

where 6 ¢ () represents phase fluctuations, and I, (¢) and
T, (t) are the Langevin’s forces for representing the con-
tributions of spontaneous emission and carrier density
fluctuations, respectively [17]. The impulse response of
the feedback loop, the measured value of frequency fluc-
tuations, and the noises contained in the feedback signal,
are represented by hs(t'), d(6¢(t — t'))/dt/2, and
T, ("), respectively. A list of symbols used in this paper
is given in Appendix I for the readers’ convenience. The
value of T',(¢) is dependent on the noise magnitude and
the sensitivity of the frequency discriminator. The first
and second terms of this equation represent the quantum
noise sources for the free-running laser. The third term,

€., the integral, represents the effect of negative feed-
back. The magnitude of the frequency fluctuations can be
derived from the Fourier transform of this equation, which
is

_IL(S) Io.(f)
F(f) = 1+ H(f) 1+ H(f)
_H(f)
1+H(f) - IL,(f) (2)

where f is the Fourier frequency, and F, H, I, IT, and
I, represent the Fourier transforms of frequency fluctua-
tions 6»(t)(= d(8¢)/dt/2x), by, T, T,, and T, re-
spectively. The magnitudes of the first and second terms
of this equation approach zero in the limit of an infinite
negative feedback gain (| H| — o). This means that the
contributions of the quantum noise sources (I'; (), T'.(#))
can be completely removed by negative feedback. The
magnitude of the third term approaches |II,|, which
means that the frequency fluctuations can’ be ultimately-

5



OHTSU: REALIZATION OF ULTRAHIGH COHERENCE IN LASERS BY NEGATIVE ELECTRICAL FEEDBACK 247

reduced to the value limited by the magnitude of the.noise
contained in the feedback signal. As will be shown in Sec-
tion III, the value of this limit is much lower than that of
the frequency: fluctuations due to the quantum noise
sources, from which it is expected that ultrahigh coher-
ence can be realized in semiconductor lasers by negative
electrical feedback. '

The above discussion can also be applied to other types
of feedback schemes and for other types of lasers, as long
as the assumptions made for (1) are satisfied. In the case
of a gas laser, however, it is known that I'.(#) = 0 and
the fluctuations represented by I';(¢) are much lower than
those in semiconductor lasers because of the large Q-fac-
tor of the cavity. From these facts, it has been pointed out
for gas lasers that the magnitude of the noise-limited fluc-
tuations attained by negative feedback is still larger than
that caused by the quantum noise sources if conventional
frequency references, e.g., saturated absorption spectral
lines of atoms or molecules, are employed [6]. However,
the magnitude of the noise-limited fluctuations in gas la-
sers can be reduced to a value lower than that limited by
quantum noise if an ultrahigh sensitivity frequency ref-
erence, €.g., a two-photon Ramsey spectral line in freely
falling atoms [18], is employed in the future.

III. EXPERIMENTAL APPROACHES

A. Stabilization of the Center Frequency of the Field
Spectrum ' '

Stabilization of the center frequency and reduction of
the linewidth of the field spectrum will be discussed in
this and the next subsections, because the frequency
stability’ and linewidth have been conventionally used as
measures of coherence for several applications. However,
it should be pointed out that a primary measure of coher-
ence should be the power spectral density of the frequency
or phase fluctuations because the frequency stability and
linewidth are governed by the power spectral density.

The stability of the center frequency of the field spec-
trum can be estimated by measuring the fluctuations of the
beat frequency between two independent lasers. The Al-
lan variance ag(‘r) has been popularly used to evaluate the
magnitude of fluctuations [21], by which not only station-
ary stochastic processes but also unstationary ones, €.g.,
random walk or flicker noise of frequency drifts, can be
quantitatively represented. It corresponds to the second
moment of the normalized fluctuating frequency y(t)
(= 8v(t)/vy) measured within the integration time 7,
where », is the nominal frequency of the laser.

The use of an analog integrator, i.e., a servo-amplifier
with a higher gain at lower Fourier frequencies, is effec-
tive in reducing the drift. A Fabry-Perot interferometer

'Strict definitions of frequency stability as well as frequency reprodu-
cibility and accuracy of quantum oscillators (lasers, masers, and micro-
wave atomic clocks) have not yet been clearly documented. However, a
reasonable example of the definition is found in [19], [20], which are sum-
marized in-Appendix II. In the present paper, this definition is employed.

6

has been conveniently employed as a frequency reference,
and played the role of a frequency standard and a fre-
quency discriminator in the feedback loop.: Since the res-
onance frequency of this interferometer will drift with the
ambient temperature, a more stable frequency reference
is required to obtain a higher frequency stability. The
spectral lines of stable atoms or molecules can be used as
stable references. The absorption spectral lines of com-
bination tones or the higher harmonics of vibration-rota-
tion transitions in gaseous organic molecules, e.g., H,0,
CO,, etc., are appropriate candidates for the frequency
reference for 0.8-um AlGaAs lasers [22], [23]. Since a
large number of spectral lines are found near 0.8 um, al- ’
most all the AlGaAs lasers can be tuned to at least one of
them even though the wavelengths of the lasers can vary
over a wide range. A problem is the low absorption coef-
ficients of these lines, which may limit the sensitivity of
frequency discrimination.

To overcome this difficulty, linear absorption or satu-
rated absorption spectral lines of electronic transitions in
alkali vapors, e.g., Cs [24], Rb [25], etc., can be used as
references because of their large absorption coefficients.
In contrast to the organic molecules, these vapors have
only a few spectral lines near 0.8 um, which may limit
the number of lasers tunable to these references.

For 1.3-1.6 um InGaAsP lasers, absorption spectral
lines in organic molecules, e.g., NH3, H;O, etc., as given
above, can be used [26].

Fig. 2 shows calculated results of fluctuations in the
center frequency of the field spectrum of a single-mode
AlGaAs laser, represented by the square root of the Allan
variance o%(r) [6]. Curve H represents the value given by
the quantum noise sources, i.e., I';(#) and I';(¢) in (1).
Curve F represents the value when the contributions from
external noise sources (fluctuations of ambient tempera-
ture and injection current) are also included. These two
curves represent fluctuations of a free-running laser.
Curve G represents the limit of residual frequency fluc-
tuations under negative electrical feedback, obtained by
letting | H| — oo in (2). That is, it represents the limit
given by the magnitude of the noises contained in the
feedback signal. This estimation is obtained by assuming
that the principal noise source in the feedback signal is
from the photodetector, and that a linear absorption spec-
tral line in Rb vapor is used as a frequency reference. On
this curve, the square root of the Allan variance of resid-
ual frequency fluctuations is g, = 1.7 X 10~ for an in-
tegration time 7 of 100 s, which is as low as that of a
hydrogen maser [8], [15]. This means that an extremely
stable center frequency can be attained by negative elec-
trical feedback.

Fig. 3 shows the experimental results for AlGaAs lasers
[6]. The curves FR, ~ FR, represent the results for free-
running lasers, while the curves ST, ~ ST; are for the
lasers under negative electrical feedback. The curves F
and H are copies of the curves F and H in Fig. 2, respec-
tively. By comparing curves ST, and ST3 with curve H, it
can be seen that the frequency fluctuations were reduced
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Fig. 2. Calculated results of the square root of the Allan variance ¢2(7)
of frequency-fluctuations in 0.8-um AlGaAs lasers [6]. A: Fluctuations
due to spontaneous emission (I',(¢) in (1)). B: Fluctuations due to car-
rier density fluctuations (I (t) in (1)). C: Fluctuations by current fluc-
tuations induced by the carrier density fluctuations of the curve B. D:
Fluctuations induced by fluctuations in injection current. E: Fluctuations
induced by fluctuations in ambient temperature. F: Total fluctuations in
a free-running laser (superposition of the curves A-E). G: Residual fluc-
tuations in a laser under negative electrical feedback, which are limited
by the noise from a detector. H: Contributions of quantum noise sources
to a free-running laser (superposition of the curves A-C).
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Fig. 3. Experimental results of the square root of the Allan variance of
frequency fluctuations in 0.8-pm AlGaAs lasers [6]. FR,-FR,: Free-run-
ning lasers. ST,-ST;: Lasers under negative electrical feedback, for which
an absorption spectral line in H,O vapor, that of Rb vapor, and a Fabry-
Perot interferometer were used as frequency references, respectively.

to a value limited by the quantum noise source, i.e., 0, =
1.4 X 107" for r = 100 s. With further improvements
in the performance of the servo-control circuit, approach
to curve G in Fig. 2 can be expected. For 1.5-um In-
GaAsP lasers, on the other hand, frequency fluctuations
have been reduced to values as low as that of curve ST,
in Fig. 3 [16], and further reductions can be expected.

It is known empirically that frequency drift cannot be
reduced sufficiently for an integration time 7 longer than
about 1 X 10* s because of the intrinsic noise sources that
cause the frequency drift of semiconductor lasers, the fi-
nite gain of the integrator in the feedback loop, and the
frequency drift generated by the feedback loop itself. An
insufficient reduction of the frequency drift would limit
the frequency stability which has also been observed for
other types of lasers and microwave oscillators [1], [8],
[15). As an example, a blue shift of 26-MHz /h in free-
running 0.8-um AlGaAs lasers has been observed within
a period of more than six months even though they were
operated under very stable conditions (fluctuations of the
heat sink temperature and injection current were reduced
tol X 103K and 0.6 nA/ E (at the Fourier frequency
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of 1 kHz), respectively) [27]. This frequency drift has not
yet saturated after a continuous operation of more than six
months, and cannot be reduced sufficiently due to the fi-
nite gain of the present feedback loop. Furthermore, vari-
ations in mode-hopping properties have also been ob-
served in the six-month period [17]. The observed long-
term variations in spectral properties are attributed to slow
temporal decreases of thermal resistance due to the oxi-
dation of the Indium bonding layer or the thermal effects
induced by nonradiative recombination of carriers near the
facets [27], [28]. :

These uncontrollable variations would limit the fre-
quency reproducibility of the laser, and the reliability of
coherent optical systems. To improve these properties, re-
duction and stabilizaton of the thermal resistance, and
screening of laser devices, are required at the stage of
laser fabrication. Detection and compensation of the long-
term variations of spectral properties using a microcom-
puter, which have been employed for microwave oscilla-
tors, may be an effective technique applicable to semi-
conductor lasers [29].

B. Linewidth Reduction of the Field Spectrum

Since the field spectrum is given by the Fourier trans-
form of the autocorrelation function of the amplitude of
the laser electric field, its spectral lineshape depends on
the magnitude of the phase fluctuation with a slowly vary-
ing amplitude. Therefore, the spectral linewidth depends
on the magnitude of the phase fluctuation or that of the
frequency fluctuation as long as | y(2)| = |év(2)/wo|
<< 1. .

The linewidth can be measured from the beat spectrum
between two independent lasers, by a delayed self-het-
erodyning technique [30], or by using a high-resolution
scanning Fabry-Perot interferometer [31]. For accurate
measurements, the integration time of the measurements
should be long enough to maintain high resolution, which
is a consequence of the uncertainty principle between fre-
quency and time. At the same time, this integration time
should be short enough to avoid the effect of frequency
drift, because the frequency of the free-running laser ex-
hibits a random walk process due to the fluctuation of the
ambient temperature or the injection current. Because of
these requirements on the integration time, the spectral
linewidth is not necessarily an accurate measure of co-
herence. The power spectral density or the Allan variance
of the frequency fluctuation should be used as a primary
measure. Since spectral linewidth is used for several ap-
plications, however, discussions will be focused on spec-
tral linewidth in this subsection. In this discussion, it is
assumed that a suitable integration time has been used for
accurate measurements.

The frequency fluctuation induced by spontaneous
emission (I's(¢) of (1)) is a white noise, which gives a
Lorentzian lineshape. Its linewidth A g is given by the
Shawlow-Townes formula [32], and is inversely propor-
tional to the laser power and Q-factor of the cavity. This
formula is applicable to general lasers. In addition to this

7
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linewidth, anomalous dispersion due to carrier density
fluctuations (T'.(¢) of (1)) induces an extra broadening of
the lineshape, which is a specific broadening mechanism
in semiconductor lasers.

The linewidth governed by these two quantum noise
sources is given by the modlﬁed Schawlow-Townes for-
mula [33]:

Avgg = Avsy - (1 + &), (3)

where « is a parameter which represents the magnitude of
the contribution from the carrier density fluctuation, and
has been called the linewidth enhancement factor. Its
value has been reported as 2-6 [6], [33]-[36]. The line-
width given by this formula is larger than those in other
kinds of lasers because the cavity Q-factor of the semi-
conductor laser is smaller and the contribution from the
carrier density fluctuation is larger than in other lasers.
The measured linewidths are in the range of several

megahertz to several hundreds of megahertz. Further-

more, relaxation oscillations due to carrier density fluc-
tuations can induce FM sidebands spaced about 1 GHz
from the optical carrier frequency »,.

In addition to such a large linewidth, a power-indepen-
dent linewidth has also been observed, which is about 0.6~
0.9 MHz for AlGaAs lasers at room temperature [33],
[37]. The origin of this width has been reported to be
power-independent carrier density fluctuations [38], ther-
mal fluctuations of electronic state occupancy [39], power
independent flicker noise of the electron mobility [40],
and so on.

To reduce such a large linewidth by negative electrical
feedback, frequency fluctuations for f < Awgg should be
reduced, where f is the Fourier frequency [14]. If the
bandwidth of the feedback loop is larger than Awgg, and
if (1) and (2) are valid, the linewidth can be reduced to a
value limited by noise contained in the feedback signal.
Fig. 4 shows the noise-limited linewidth as a function of
the reflectance Rgp of the Fabry-Perot interferometer used
as a frequency discriminator [14], where it has been as-
sumed again that the principal noise source contained in
the feedback signal was from the photodetector, and that
a Fabry-Perot interferometer 1 cm long was used as the
frequency discriminator. The difference between curves 4
and B is caused by the difference in the values of excess
noise factors (M*) of a Ge-APD (A) and a Ge-p-i-n (B)
photodiode [14]. This figure indicates that a narrow
linewidth of about 1 kHz can be obtained. It should be
noted that the calculations and experiments discussed in
this subsection are for a 1.5-um InGaAsP laser, while the
discussions in other subsections are for a 0.8-um AlGaAs
laser. However, the discussions in this subsection are also
applicable to 0.8-um AlGaAs lasers.

By negative electrical feedback, we have obtained a
330-kHz linewidth for a 1.5-um InGaAsP laser which has
a 5-MHz linewidth under free-running conditions [14].
More recently the linewidth was reduced to 200 kHz,
which is 1/25 times that of the free-running laser [41]. It
should be pointed out that the field spectrum under elec-
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Fig. 4. Calculated results of the relation between the detector-noise-lim-
ited linewidth of a 1.5-um InGaAsP laser and the reflectance Rjp of the
Fabry-Perot interferometer used as a frequency discriminator [14].
Curves A and B represent the results when a Ge-APD and a Ge-p-i-n
photodiode were used in the feedback loop, respectively.

trical feedback was very stable because this feedback is
inherently negative, which is not necessarily the case for
optical feedback. Fig. 5 shows the progress of our exper-
imental results. This figure shows that recently obtained
linewidths are already narrower than A vgr of (3) because
the value of the linewidth enhancement factor for In-
GaAsP lasers is about 2.2 [42], i.e., 1 + o = 5.84. This
result indicates that linewidths narrower than that limited
by quantum noise sources can be achieved and proves the
validity of the argument in Section II.

However, the linewidths shown by Fig. 5 are still larger
than those of Fig. 4. One of the reasons is the upper limit
of the gain of the servoamplifier in the feedback loop,
which was imposed to avoid oscillation at a higher Fou-
rier frequency. This oscillation is induced by the phase
delays of the direct frequency modulation of the laser, by
the response characteristics of the electronic circuits in
the feedback loop, and by the finite length of the feedback
loop. Fig. 6 shows an example of simulated power spec-
tral density of frequency fluctuations for a laser under
negative electrical feedback. For this simulation, the
transfer functions of all the components in the feedback
loop were estimated by measuring their response charac-
teristics and the phase delay [43] mentioned above. An
oscillation can be seen at a Fourier frequency near 30
MHz, at which the phase delay reaches 180°. Using a
laser with a small phase delay, reducing the length of the
feedback loop, and optimizing the design of the phase
compensation circuit in the servoamplifier are required to
suppress this oscillation and to increase the feedback gain.

Curve A4 of Fig. 7 shows the power spectral density of
frequency fluctuations for a free-running 1.5-um In-
GaAsP laser measured with the present experimental setup
[43]. It can be approximated as a white noise for Fourier
frequencies lower than 100 MHz. Curve B represents the
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Fig. 6. An example of simulated results of the power spectral densities
Ses( f) of frequency fluctuations under negative electrical feedback [43].
This value is normalized to that of the free-running laser Sge( f). The
feedback gain was increased in going from curve 4 to B to C.
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Fig. 7. The power spectral density of frequency fluctuations in a free-run-
ning 1.5-um InGaAsP laser [43]. A: Measured value qf frequency fluc-
tuations. B: The noise induced by laser power fluctuations.
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noise component contained in the curve A which was in-
duced by laser power fluctuations. This curve was ob-
tained by measuring the laser power fluctuation with the
Fabry-Perot interferometer removed from the setup in
Fig. 1. An optical attenuator was installed alternatively
in front of the detector to adjust precisely the dc laser
power. Comparison of curves A and B shows that the sig-
nal-to-noise ratio in the frequency fluctuation measure-
ments was about 28 dB ( = 600). Assuming that the feed-
back loop is constructed according to the optimum design
mentioned above to maximize its gain, the frequency fluc-
tuation can be reduced until the signal-to-noise ratio is
decreased to unity. Therefore, Fig. 7 shows that the
linewidth can be reduced to about 1,/600 times that of a
free-running laser using the present experimental setup,
because the linewidth is proportional to the magnitude of
the power spectral density, as long as it can be approxi-
mated as white noise.

Increases in laser power fluctuation should be taken into
account for this estimation because the InGaAsP laser
(DFB type) used for Figs. 5 and 7 is a conventional one
which has only one electrode. For such a conventional
laser, the laser power fluctuations usually increase when
the injection current is controlled to reduce the frequency
fluctuations [44]. Calculations were carried out using Fig.
7 to estimate these increases. The result confirmed that
the increases were less than 10 percent of the fluctuation
in a free-running laser, which does not sacrifice much of
the accuracy of the estimated limit for linewidth reduction
using electrical feedback. It can then be concluded that
the optimal feedback loop in the present experimental
setup can reduce the linewidth to about 1 /600 times that
of the free-running laser, i.e., to about 8 kHz.

A novel type of semiconductor laser has been devel-
oped recently whose cavity is divided into two parts with
segmented electrode [45]-[48]. One segment was used as
an active region for laser oscillation, and the other was
used as a phase modulator. If the injection currents for
both parts are simultaneously controlled in a mutually
correlated manner, frequency fluctuations can be reduced
while maintaining low enough power fluctuations to im-
prove the coherence. For example, direct frequency mod-
ulation characteristics have been improved by controlling
the currents applied to the segmented electrode for appli-
cations in coherent optical communications [49].

Further increases in the total gain of the feedback loop
can be expected if the sensitivity of frequency discrimi-
nation is increased. In the case of Figs. 5 and 7, it can be
realized by using a Fabry-Perot interferometer with a
higher resolution. Fig. 8 shows the relation between the
width of the resonance curve of the Fabry-Perot interfer-
ometer Avgp and the detector-noise-limited linewidth of
the laser under electrical feedback [43]. For this estima-
tion, it was assumed that the required phase compensation
discussed above was made by the optimum design of the
servoamplifier. Since A vgp is inversely proportional to the
sensitivity of frequency discrimination, the noise-limited
linewidth decreases with decreasing A vgp, Which is rep-
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Fig. 8. Relation between the detector-noise-limited linewidth Avgg of a
1.5-um InGaAsP laser under feedback and the width of the resonance
curve of a Fabry-Perot interferometer A vgp used as a frequency discrim-
inator [43]. The linewidth A vgp is normalized to that of the free-running
laser Avgg. Lgp: the length of the interferometer, where the reflectances
of its mirrors were assumed as 90 percent. The linewidth Aygg is de-
creased with decreasing A vgp, i.e., increasing the feedback gain, which
is represented by the curve A. Further decreases in A vz would induce
a rebroadening of Avgg, which is represented by the meshed area be-
tween the curves B and C.

resented by curve A. This increase in sensitivity is equiv-
alent to the technique of employing the ultranarrow spec-
tral line of two-photon optical Ramsey spectroscopy
described in Section II. In the present case, however, a
decrease in A vgp would also reduce the bandwidth of the
feedback loop and induce a rebroadening of the laser
linewidth, because A vgp gives the response bandwidth of
the interferometer. This effect is represented by the
meshed area between curves B and C in this figure. This
figure shows that a linewidth about 1078-10"7 times that
of a free-running laser, i.e., a subhertz linewidth, can be
obtained if Avgp is about 1-10 MHz. This subhertz line-
width is predicted by neglecting the effect of the increase
in power fluctuations of a conventional laser, which was
estimated earlier to be less than 10 percent of that of a
free-running laser [43].

A long Fabry-Perot interferometer has been fabricated
recently using low-loss optical fiber [S0]-[51]. It can be
used as a sensitive frequency discriminator if the value of
Avgp is adjusted to about 1 MHz-10 MHz. The length of
such an interferometer is given on the abscissa of Fig. 8,
where the reflectances of the end mirrors of the interfer-
ometer are assumed to be 90 percent. It is seen that the
minimum laser linewidth is obtained when the length of
the fiber is about 1-10 m. Such a fiber interferometer can
be wound around a small cylinder to reduce the volume
of the system.

Even though the FM noise at the tail of field spectrum
is not reduced because of the finite bandwidth of the elec-
trical feedback loop, it has been confirmed that the profile
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around the peak of the field spectrum can be well approx-
imated as a very narrow Lorentzian [41], [43]. Therefore,
electrical feedback can be an effective technique to im-
prove temporal coherence of light sources especially for
low-to-medium bit rate coherent optical communication
and narrow bandwidth sensing systems such as the fiber

gyroscope.

C. Frequency Tracking to a Highly Coherent Master
Laser

The technique of frequency tracking of a slave laser to
a highly coherent master laser can be very useful for ap-
plications to coherent/heterodyne optical communica-
tions, heterodyne optical measurements, and so on. A fre-
quency offset locking method proposed by the author as a
stable and accurate technique for frequency tracking [52],
[53] is described in this subsection.

The experimental setup is shown in block (3) of Fig. 1.
The injection current of the slave laser is controlled to
lock the divided beat frequency between the slave and
master lasers to the frequency of a microwave local os-
cillator. By this negative electrical feedback, the fre-
quency of the slave laser v is given by

(4)

where vy, vg, and v, are frequencies of the master laser,
beat signal, and the microwave oscillator, respectively.
The integer M represents a division rate of the beat fre-
quency provided by a prescaler. This formula shows that
the locked frequency of the slave laser is offset by + M -
v, with respect to the frequency of the master laser. This
technique is called frequency offset locking. It has been
employed for gas lasers [9], [54]. For semiconductor la-
sers, it has been used in experimental coherent/hetero-
dyne optical communication systems [55], [56]. Since ac-
curate performance evaluations have not yet been fully
documented for semiconductor lasers, improved experi-
ments were carried out in the present study.

Instead of controlling the frequency of the beat signal,
its phase, i.e., the time integral of frequency, was con-
trolled in the present experiments to reduce the frequency
drift and to improve the accuracy of frequency tracking.
For this purpose, the phase of the beat signal was com-
pared with that of the microwave oscillator using a digital
phase comparator which consisted of binary up-counters,
down-counters, full adders, and a D/A converter. This
scheme is partly equivalent to a phase locked loop for a
conventional electronic circuit (see, for example, [57]).
To detect a large phase fluctuation, however, the dynamic
range of the present phase comparator was designed to be
27 x 2" rad, which was much larger than that of a con-
ventional phase locked loop for electronic circuits.

Experiments were carried out for 0.8-um AlGaAs la-
sers. Figs. 9(a) and (b) show waveforms of output signals
from the phase comparator under free-running and fre-
quency offset locked conditions, respectively. Fig. 9(c)
shows the fluctuation of the beat frequency. It is seen that
the beat frequency was tightly locked by the present phase

VS=VMiVB=VMj:M'VL
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Fig. 9. Output signals from a phase comparator under (a) free-running,
and (b) frequency offset locking conditions [53]. The ordinates of these
figures represent a phase difference between the signal from the micro-
wave oscillator and the beat signal whose frequency has been divided by
M. (c) Fluctuations in the beat frequency v5. Parts A and B represent the
waveforms under free-running and frequency offset locked conditions,
respectively [53], where M was fixed at 500 and the locked value of vg
was 0.6 GHz.

control scheme. The bandwidth of the feedback loop was
1 MHz. As will be shown in Section III-D the locking
range of the beat frequency was 1.58 GHz. On the other
hand, it was determined empirically that the capture range
of the beat frequency was 1.22 GHz, i.e., the free-run-
ning beat frequency v can be fixed at M - v, if v stayed
within this range. Such a large capture range was due to
the large dynamic range of the phase comparator men-
tioned above. The capture range was limited mainly by
the response speed of the photodiode (a Si-APD used in
the present experiments) and the prescaler.

Fig. 10(a) shows the square root of the Allan variance
Ugg(T) of the beat frequency fluctuation, which is nor-
malized to the nominal laser frequency (yg(t) =
8vg(2)/vo) [53]. A computerized Allan-variance real-time
processing system was developed and used for these mea-
surements [53], [58]. Since the directly controlled quan-
tity was not the frequency of the beat signal but its phase,
the Allan variance 03,5(1) of the phase fluctuations was
also estimated from Fig. 10(a) and is given by Fig. 10(b),
where the relation 035(7) = (27 vy7)* - 025(7) was used.
Reductions in frequency and phase fluctuations by the fre-
quency offset locking technique are clearly seen in these
figures. It is also seen that the effects of frequency offset
locking increases with the integration time, which means
that frequency drift was sufficiently reduced. For exam-
ple, Fig. 10(a) shows that o,5(7) = 3 X 107" for 7 =
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Fig. 10. The square roots (a) of the Allan variance of.,,(-r) of the normal-
ized frequency fluctuations, and (b) that of aﬁ,(r) of the phase fluctua-
tions in the beat signal [53]. The black and white circles represent the
values under free-running and frequency offset locked conditions, re-
spectively.

100 s, i.e., the residual frequency fluctuation was as low
as 11 Hz.

In the present experiments, the beat frequency fluctua-
tion was reduced to a value limited by the noise due to
round-off error in pulse number counting, which was gen-
erated at the D/A converter in the phase comparator. The
magnitude of this error was multiplied by M to give the
magnitude of the noise. The magnitudes of other noise,
e.g., the detector noise, were estimated to be lower than
this noise. Further reduction in the beat frequency fluc-
tuation can be expected with a lower division rate M ob-
tained by using a faster phase comparator and a higher
frequency microwave oscillator.

Since frequencies of the master laser and the beat signal
were locked by different and independent feedback loops,
their residual fluctuations were uncorrelated. Therefore,
the Allan variance of the frequency fluctuation of the slave
laser can be expressed as

P 2
Oys = Oym + OyB-

(5)

Since it can be approximated that 0%y >> o3 for 7 = 1
us by comparing Fig. 10(a) with the curves ST, — ST; in
Fig. 3, (5) means that 0% = 02, i.e., the residual fre-
quency fluctuation of the slave laser was as low as that of
the master laser. From this estimation, it is confirmed that
accurate frequency tracking of the slave laser to the mas-
ter laser was realized. In other words, the high coherence
of the master laser was transferred to the slave laser.

1
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D. Stable and Wide-Band Frequency Tuning

A highly stable, reproducible, and accurate technique
for wide-band frequency tuning is required for several ap-
plications. Frequency offset locking can also be consid-
ered as a candidate for such a technique. In this tech-
nique, the slave laser frequency can be swept in a stable
manner by sweeping the microwave frequency with a
sweep speed which falls within the bandwidth of the feed-
back loop. Fig. 11 shows the beat frequency v which was
varied by stepwise sweep of the microwave frequency at
a 20-MHz interval. Here, the division rate M of the pre-
scaler was fixed at 500 for v < 0.7 GHz, and at 2000
for vg = 0.7 GHz, respectively, which was required be-
cause of the limited bandwidth of the prescalar used. As
shown in this figure, a stable sweep was carried out for
24 MHz < v < 1.6 GHz. This means that the locking
range of the beat frequency was 1.58 GHz and the fre-
quency tuning range of the slave laser was 3.16 GHz. The
locking range was limited by the following factors: the
sensitivity of phase comparison was: not high enough for
vp < 24 MHz because of the low phase fluctuation which
was proportional to the beat frequency; for v5 > 1.6 GHz,
on the other hand, the sensitivity was also reduced be-
cause of the limited response speed of the Si-APD and of
the prescaler.

As shown in Fig. 12, it was confirmed that within the
locking range the magnitude of frequency fluctuation is
independent of the beat frequency. In this figure, fluctua-
tions for vz = 0.7 GHz are slightly larger than those for
vg < 0.7 GHz due to the contribution of a round-off error
from the phase comparator, which is proportlonal to the
division rate M of the prescaler, as was explained in Sec-
tion III-C.

There are two promising ways to further increase the
range of stable frequency tuning of the slave laser. They
are schematically explained by Fig. 13(a) and (b). As
shown by Fig. 13(a), one of the methods is to achieve
discrete tuning of the master laser frequency by locking it
to successive frequencies of a frequency reference grid
which are nearly equally spaced. For each locked fre-
quency of the master laser, the frequency offset locking
technique is applied to the slave laser. By this control
scheme, a stable and accurate sweep of the slave laser
frequency can be realized. Absorption spectral lines of

combination tones or hlgher harmonics of vibration-rota-
tion transitions in organic molecules can be used as a fre-
quency reference grid. This is because a large number of
lines are distributed within a several gigahertz or several
tens of gigahertz interval in the near infrared wavelength
region and some of their absolute frequencies have al-
ready been calibrated with an accuracy of about 1 X 1078
to 7 x 107% [23], [26]. Spectral lines of electronic tran-
sitions in I, vapor can be a very promising frequency ref-
erence grid for shorter wavelength, visible semiconductor
lasers in the future [59], [60].

In the present experiment, equally spaced resonance
frequencies of a Fabry-Perot interferometer were used as
a simple frequency reference grid. The master laser fre-
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quency was locked to fifteen successive resonance fre-
quencies. For each locked frequency of the master laser,
frequency offset locking was applied to the slave laser to
reduce the fluctuations in the beat frequency to values as
low as those shown in Figs. 10 and 12. By this locking
method, the stable frequency tuning range of the slave
laser was extended to 47.4 GHz.

The number of lines of a frequency reference grid to
which the master laser can be locked was limited by mode-
hopping phenomena in the master laser. A laser without
mode-hopping can improve the frequency tuning range.
A recently developed 1.5-um InGaAsP DFB laser may be
used for this purpose because its wavelength can be con-
tinuously varied over 15 nm without mode-hopping by
temperature change under free-running condition. This
corresponds to a frequency range of 2 THz [61]. A stable
wide-band frequency tuning of more than 1 THz can be
expected if these kinds of lasers are employed with fre-
quency offset locking.

The second method is to prepare a number of slave la-
sers and to apply frequency offset locking to adjacent las-
ers using a common microwave oscillator. This is sche-
matically illustrated in Fig. 13(b). Since the frequency of
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Fig. 13. Two possible ways of extending the range of stable frequency
sweep of the slave laser. (a) The master laser frequency vy is succes-
sively locked to one of the reference grid frequencies (»,,, < v,2 <

- < v, x). For each locked frequency of the master laser, frequency
offset locking is applied to the slave laser. vg,: The locking range of the
beat frequency. (b) A number of slave lasers are prepared and frequency
offset locking is applied between each of the adjacent lasers by using a
common microwave oscillator. Since the frequency of the Nth slave laser
vsy can be fixed at vy, + N - M * yy, it can be swept over a wide range
by sweeping »,. M.O.: microwave oscillator. M.L.: master laser. S.L.i:
ith slave laser (i = 1, 2, -+, N). F.O.L.: servocontrol circuit for
frequency offset locking.

the Nth slave laser can be fixed at vy + N - M - v, the
range of stable frequency tuning for this laser becomes N
times wider than that of the first slave laser. Such a fre-
quency offset locked laser array is of interest for ultrashort
light pulse generation because the lightwave superposed
by all the laser beams from the array is mode locked. This
is because the frequency difference between neighboring
slave lasers is fixed at M - »;, and all lasers have the
common high-coherence property of the master laser.
Generation of an ultrashort light pulse train can be ex-
pected if the lightwaves from all the lasers are superposed
under appropriate conditions and the value of N - M - v,
is large enough. The absolute frequency of the mode
locked laser system is stable because the master laser fre-
quency is tightly locked to a stable reference frequency.

In principle, the techniques shown in Fig. 13 can be
applied to conventional semiconductor lasers. However,
it would be more advantageous to use longitudinal-mode
stabilized lasers (e.g., DFB, DBR, C? lasers, and so on)
to avoid mode-hopping, which limits the range of contin-
uous frequency tuning.

IV. SUMMARY

Negative electrical feedback is proposed as a promising
technique for simultaneously meeting four requirements
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for ultrahigh coherence in semiconductor lasers. Theoret-
ical estimations show that the frequency fluctuation can
be reduced to a value limited by noise contained in the
feedback signal, which is lower than the value limited by
quantum noise sources of the laser. Recent experimental
results, by the author, are reviewed. They are summa-
rized as follows.

1) Stability of the center frequency of field spectrum:
a,(t) = 1.4 x 107" for 7 = 100 s (for a 0.8-um
AlGaAs laser). :

2) Linewidth of the field spectrum: 200 kHz, which is
1/25 times that of the free-running laser (for a 1.5-
pm InGaAsP laser). It is estimated to be narrower
than the value given by the Schawlow-Townes for-
mula.

3) Frequency tracking: the capture range of the beat
frequency is about 1.22 GHz, and the stability of the
beat frequency is g,5(7) = 3 X 107" for 7 = 100
s (for a 0.8-um AlGaAs laser).

4) Stable frequency tuning: the locking range of the
beat frequency using the frequency offset method is
1.58 GHz, and the total frequency tuning range of
the slave laser is 47.4 GHz. Stability of the beat fre-
quency as high as that of 3) is maintained (for a 0.8-
um AlGaAs laser).

An improved experimental setup is now under prepa-
ration to achieve higher coherence. Further improvements
in the performance of this system can be expected when
a novel integrated laser device with lower drift and im-
proved FM response characteristics are used in the future.

APPENDIX 1
LisT OF SYMBOLS

F Fourier transform of é» ().

f Fourier frequency.

H Fourier transform of A¢(?).

hs(t) Impulse response of the feedback loop.

Lgp Length of a Fabry-Perot interferometer.

M Division rate of the beat frequency provided
by a prescalar.

N Number of lines of frequency reference grid,
or number of slave lasers.

Rpp Reflectance of mirrors of a Fabry-Perot inter-
ferometer.

Sp(f) Power spectral density of frequency fluctua-
tions.

Srp(f) Power spectral density of frequency fluctua-
tions of a laser under negative electrical
feedback.

Ser(f) Power spectral density of frequency fluctua-
tions of a free-running laser.

t Time.

t Time.

y Normalized frequency fluctuations.

yg(t)  Normalized beat frequency fluctuations.

o Linewidth enhancement factor.

13
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T.(t) Langevin’s force of carrier density fluctua-
' tions.

I, (t) Langevin’s force of the noise contained in the
feedback signal.

I';(t) Langevin’s force of spontaneous emission.

Avgg  Laser linewidth under negative electrical
feedback.

Avgp  Width of a resonance curve of a Fabry-Perot
interferometer.

Avpg  Linewidth of a free-running laser.

Avsr  Linewidth given by the Schawlow-Townes
formula.

ov(t) Frequency fluctuations.

ovp(t) Beat frequency fluctuations.

8¢ (t) Phase fluctuations.

vp Beat frequency.

varL Locking range of the beat frequency.

v Signal frequency from a microwave local os-
cillator.

Yy Frequency of a master laser.

Vo Nominal frequency of the laser, i.e., optical
carrier frequency.

Vi The ith reference frequency provided by a fre-
quency reference grid (i = 1 ~ N).

Vs Frequency of a slave laser.

Vs.i Frequency of the ith slave laser (i = 1 ~ N).

II, Fourier transform of T',.

I, Fourier transform of T',,.

I, Fourier transform of T';.

03 ()  Allan variance of normalized frequency fluc-
tuations.

af,B (r) Allan variance of the normalized beat fre-
quency fluctuations.

aiM( 7) Allan variance of the normalized frequency
fluctuations of a master laser.

ags () Allan variance of the normalized frequency
fluctuations of a slave laser.

aﬁB () Allan variance of the phase fluctuations of the
beat signal.

T Integration time.

¢ Phase.

APPENDIX II

In the present paper, definitions of frequency stability,
reproducibility, and accuracy of quantum oscillators fol-
low those of [19] and [20], and are summarized as fol-
lows:

Stability: A sequence of N readings of a particular os-
cillator frequency in a particular adjustment, against a
comparison oscillator assumed temporally constant, will
show fluctuations. The standard deviation of these obser-
vations is often called the stability [19].

Reproducibility: A sequence of comparisons for inde-
pendent adjustments of a particular oscillator frequency,
against a reference oscillator frequency available and tem-
porally constant, will yield a standard deviation. The
standard deviation of such observations may be called the
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reproducibility. In this sense, reproducibility indicates the
degree of resettability of the frequency [19].

Accuracy: Accuracy means fractional uncertainty in
determining an atomic transition frequency of the free
atom and is expressed by 3¢ limits for statistically deter-
mined frequencies [20].
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 Electrical Feedback and its Network Analysis for
Linewidth Reduction of a Semiconductor Laser

MOTOICHI OHTSU anp NOBORU TABUCHI

Abstract—The center frequency of the field spectrum of a 1.5-uym
InGaAsP DFB laser was stabilized by negative electrical feedback. The
resultant residual frequency fluctuation was ¢ = 3.6 x 10~ for an
integration time of 10 s. The linewidth of the field spectrum was simul-
taneously reduced by using another electrical feedback loop. Its mini-
mum value was 360 kHz, which as 1/27 times that of the free-running
condition. It was confirmed that this linewidth was narrower than the
one determined by the magnitude of the spontaneous emission of the
free-running laser. The field spectrum was very stable, and the value
of the linewidth was kept constant in time for more than 40 h. Network
analysis was carried out to realize further reductions of the linewidth.
It was found from this analysis that an IM noise-limited linewidth, i.e.,
1/630 times that of the free-running condition for the present laser,
can be expected by decreasing the delay time of the feedback loop to
0.6 ns, and by increasing a low frequency cutoff to 16 kHz. It was
pointed out that a linewidth of between 58 mHz and 2.9 Hz, limited by
the IM noise of the laser and the bandwidth of the FM noise discrim-
inator, can be expected by optimizing the sensitivity of the FM noise
discriminator.

I. INTRODUCTION

HE performance of semiconductor lasers has recently

been improved to the extent that they can be used for
a variety of applications such as sensing and communi-
cations. If they are to be used for passive ring cavity-type
fiber gyroscopes [1], optically pumped Rubidium and Ce-
sium atomic clocks [2], and coherent optical communi-
cation systems [3], improvement of their temporal coher-
ence is required. It can be deduced from well-developed
techniques for coherent microwave oscillators [4] and gas
lasers [5] that at least four requirements should be simul-
taneously considered to effect this improvement. They are
1) stabilization of the center frequency of the field spec-
trum, 2) linewidth reduction of the field spectrum, 3) fre-
quency tracking to another highly coherent laser, and 4)
stable and accurate frequency sweeping. One of the au-
thors has proposed that electrical feedback is a promising
technique to meet these criteria simultaneously [6], [7].
Some of these techniques were demonstrated also by Saito
et al. [8], [9]. The first criterion 1) has been demonstrated
to obtain stability as high as 10712 [10], and the technique
of frequency offset locking [11] has fulfilled requirements
3) and 4).
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was partially supported by a Grant for Scientific Research from the Min-
istry of Education, Science and Culture of Japan.
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For the second requirement 2), it has been proposed
that the linewidth can be reduced with FM noise reduction
by electrical feedback within the Fourier frequency range
f, lower than the linewidth of the free-running laser Avgg
(i.e., f < Avwgg) [12], [13]. It has been pointed out in [7]
and [13] that this technique has several advantages. For
example, the laser cavity structure does not have to be
modified, is more stable than with an optical feedback
technique which employs an external mirror or fiber to
form an extended cavity [14], and so on. Even though the
FM noise at the tail of field spectrum is not reduced be-
cause of the finite bandwidth of the electrical feedback
loop, it has been confirmed that the profile around the peak
of the field spectrum can be well approximated as a very
narrow Lorentzian [6], [7], [12]. Therefore, even though
electrical feedback cannot provide system performance for
high bit rate coherent optical communications better than -
the optical feedback scheme, it can be an effective tech-
nique to improve temporal coherence of light sources, es-
pecially for low-to-medium bit rate coherent optical com-
munications and narrow bandwidth sensing systems, such
as the above mentioned fiber gyroscope [1] and optically
pumped atomic clocks [2].

In the present work, electrical feedback was utilized to
reduce the linewidth and stabilize the center frequency
simultaneously, demonstrating the technique proposed
above. Furthermore, the electrical feedback network was
analyzed for further reductions of linewidth, because the
details of the network analysis had not yet been given in
the previous work [12], [13].

II. EXPERIMENTAL APPARATUS

Four kinds of 1.5-um InGaAsP distributed feedback
(DFB) lasers were prepared for the present work. The las-
ers A, B, and C were buffer-layer loaded planoconvex-
waveguide (BL-PCW)-type [15]. Laser D was a double
channel planar-buried-heterostructure (DC-PBH)-type
[16]. The threshold currents of these lasers were 30, 56,
58, and 16 mA, respectively, at 20°C.

Fig. 1 shows an experimental apparatus for linewidth
reduction and center frequency stabilization. The laser
was fixed on a heat sink composed of a copper block and
a Peltier element. The temperature fluctuations of the heat
sink were detected by a sensitive thermistor bridge and
reduced to 0.1 mK at 20°C by using a temperature control
circuit. An optical isolator consisting of a Faraday rotator

0733-8724/88/0300-0357$01.00 © 1988 IEEE
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Fig. 1. Experimental apparatus.

and two polarizers was used to prevent injection of the
reflected light from external optical components into the
laser.

A 3-cm-long Fabry-Perot interferometer made of a cy-
lindrical rod of fused silica was used for frequency ref-
erence and as an FM noise discriminator. Dielectric mul-
tilayers were coated on both ends of the rod to obtain a
reflectivity of 80 percent. For linewidth reduction, the
slope of the resonance curve of the light transmitted
through the Fabry-Perot interferometer was used as an
FM noise discriminator. This resonance curve is shown
as curve A in Fig. 2. Its full-width at half maximum
(FWHM) was 400 MHz. The FM response characteristics
of this Fabry-Perot interferometer are described in Ap-
pendix A. Lengths of electrical cables and optical path in
the feedback loop were 10 and 23 cm, respectively. Both
of these paths delay signal propagation through the feed-
back loop, with a total delay time of 1.1 ns. For the servo-
amplifier Al in Fig. 1, a wide-band operational amplifier
(Signetics NE5539) was used. Its gain was fixed at 35 dB,
and the delay time of signal propagation through this am-
plifier was measured as being 3.5 ns. The total gain of the
feedback loop was varied by varying the bias voltage of
a Ge-avalanche photodiode (APD1). A phase compensat-
ing circuit was employed for fine adjustment of the band-
width and gain of the feedback loop, whose characteris-
tics will be presented in Section VI.

In addition to the feedback loop for linewidth reduc-
tion, another feedback loop was employed for simulta-
neous stabilization of the center frequency of the field
spectrum. The slope of the resonance curve of light re-
flected from the Fabry-Perot interferometer (curve B in
Fig. 2) was also used as an FM noise discriminator for
this feedback loop, and the photocurrent of a Ge-APD
(APD2) was fed back to the laser after it was amplified
by a dc servo-amplifier with a high frequency cutoff of
130 Hz.

Furthermore, the slope of the resonance curve of the
reflected light was also used to monitor the FM noise
characteristics under feedback for linewidth reduction,
i.e., the output signal from wide-band amplifier A2 in Fig.
1 was used for monitoring. This same signal was also used
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Fig. 2. Resonance curves of a Fabry-Perot interferometer obtained by
sweeping the dc injection current /. Curve 4: Transmitted light. Curve
B: Reflected light.

to measure the stability of the center frequency of the field
spectrum.

The field spectrum was observed by the delayed self-
homodyne technique [17] using a single mode optical fi-
ber with a cutoff wavelength of 1.2 pm. The fiber length
was 1.5 km, which corresponded to a resolution of 45
kHz for the linewidth measurement [17].

III. FM Noise AND FM RESPONSE CHARACTERISTICS
OF THE LASERS

Laser A was used for the experiments of linewidth re-
duction in Section V. The power spectral density of its
FM noise is shown in Fig. 3 for various power levels. It
is seen that the FM noise is governed by 1 /f noise for f
< 50 kHz. However, it can be approximated as a white
noise for f = 50 kHz, i.e., for the Fourier frequency range
which gives the main contribution to the linewidth of field
spectrum. The magnitude of this white noise was propor-
tional to (I/I, — 1) ', where I and I, are the dc injec-
tion current and its threshold value, respectively. This
means that the white noise is quantum FM noise due to
spontaneous emission and carrier density fluctuations [10].

Fig. 4(a) and (b) shows the FM response characteristics
of the four lasers by injection current modulation, mea-
sured by using a microwave network analyzer (Anritsu
MS560J). The Fabry-Perot interferometer was used as a
frequency discriminator. For these measurements, the AM
response characteristics of the lasers were simultaneously
measured, and their contribution to the measured FM re-
sponse was corrected by the method of [18]. The contri-
bution from the FM response characteristic of the Fabry-
Perot interferometer was also corrected by using the result
of Appendix A.

Fig. 4(a) shows the frequency deviation for each of the
four lasers. Each of the curves in this figure exhibits a
minimum, and there is a large difference in the position
of this minimum for each of the lasers. These values are
distributed in the range of between 2 kHz and 2 MHz.
The frequency deviation at the lower and higher modu-

" lation frequency sides of this minimum can be attributed

to thermal and carrier effects, respectively [19]. Fig. 4(b)
illustrates that the laser frequency has 180° phase delay
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Fig. 3. Power spectral density of FM noise of laser A under free-running
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Fig. 4. FM response characteristics of lasers 4, B, C, and D. f,, represents
modulation frequency of the injection current. (a) Frequency deviation.
(b) Phase delay.

at low modulation frequency, and approached 0° delay
asymptotically at high modulation frequencies. In this fig-
ure, there is also a large difference in the profile of this
asymptotic variation for each of the lasers. The phase de-
lays of lasers B, C, and D did not have constant values in
the modulation frequency range from 10 kHz to 10 MHz,
which is an important frequency range for the linewidth
reduction feedback loop. This complicated the design of
the feedback loop. On the other hand, as laser A had a
nearly constant phase delay in this modulation frequency
range, this laser alone was suitable for the present exper-
iments of linewidth reduction. That is, design of the feed-
back loop assumed that laser A had nearly 0° phase delay
in the modulation frequency range higher than about 10
kHz. However, since laser A did not exhibit a constant
phase delay in the frequency range below 10 kHz, the low
frequency cutoff of the feedback loop was restricted, as
will be discussed in Section VI.

18

1010 T T T T T

10° |- A B .

FREQUENCY DEVIATION (Hz/mA)

107 1 1 1 1 1
102 103 10* 105 10®% 107 108
fm (Hz)
(@)
270 T T T T T

180

90

PHASE DELAY (DEG.)

-90 1 1 1 1 1
102 103 10% 10% 108 107 408

fm (Hz)
(b)
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Fig. 5(a) and (b) shows the dependence of the FM re-
sponse characteristic of laser A on the dc injection cur-
rent. It is seen from Fig. 5(b) that the lower limit of the
modulation frequency range in which the phase delay was
maintained at 0° was increased by an increase of the dc
injection current. This means that the feedback loop
should be designed so that its low frequency cutoff in-
creases for large dc injection current to maintain stable
linewidth reduction. In other words, the bandwidth of the
feedback loop should be reduced for larger injection cur-
rent, which affects the values of linewidth under feed-
back, as will be shown in Fig. 8.

IV. Limit oF LINEWIDTH REDUCTION

As presented in Fig. 3, it is shown that the quantum
FM noise of the semiconductor laser can be detected by
classical opto-electronic techniques such as interferome-
try. Furthermore, as depicted in Fig. 4, the laser fre-
quency can be directly modulated by macroscopic quan-
tities such as injection current. Therefore, the laser
frequency can be countermodulated by the injection cur-
rent to cancel such detected quantum FM noise. This ef-
fect of negative electrical feedback can be expressed by
the following quantum mechanical Langevin equation of
motion if the bandwidth of the feedback loop is assumed
to be infinite [20]:

(1) = 1,00 + Tu(r) - |, A(r)

. {Bv(t— 7) +I‘,,(r)} dr (1)
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where 6»(¢)-is the frequency fluctuation at time 7. Lan-
gevin forces’ I‘ -and T, ‘represent the two quantum FM
noise sources for the free-runnmg laser' due- to sponta-
neous emission and carrier densnty ﬂuctuatlons respec-
tively. The convolution integral on the right-hand side of
this equation represents. the effect of - negative electrical
feedback, where 6v (¢t — 7) is the detected FM noise, T,

is the noise magnitude generated from the feedback loop,
and h(7) is the impulse response of the feedback loop.
The Fourier transform of (1) gives

ny) . I H()
FN =Tvan Y1+ B(7) T+ HD
L IL(f) (2)

where F, I1,, II, II,,, and H represent the Fourier trans-
forms of é», Ty, T, T, and h, respectively. In this equa-
tion, the values of the first and second terms of the right-
hand side approach zero for infinite gain of the feedback
loop (| H| = o), while that of the third term approaches
|II,|. This means ‘that the contributions from the two
quantum FM noise sources can be suppressed by high
feedback gain, and that the magnitude of the FM noise
can be ultimately reduced to a value limited by the noise
generated from the feedback loop. In other words, if a
high gain, low noise feedback loop is employed, a very
high temporal coherence can be artificially realized, re-
sulting in a lower FM noise than the quantum FM noise
level of the free-running laser. For this reason, it can be
claimed that electrical feedback is a promising technique
for improving the temporal coherence of semiconductor
lasers.

In the remainder of this section, the narrowest line-
width to be expected is estimated by evaluating the noise
magnitude generated from the present feedback loop (IL,
in (2)). It was found in preliminary measurements that the
principal noise source of the FM noise detection was the
IM noise of the laser. The FM noise was detected by
APD1 after FM/IM conversion by the Fabry-Perot inter-
ferometer. Therefore, the magnitude of this IM noise con-
tributes to I, in (2). Curve A of Fig. 6 shows the power
spectral density of this IM noise of laser A under free-
running conditions, where the dc ll’l_]CCthl‘l current was
fixed at 60 mA (i.e., (I/I, — 1) ' = 1.0). The curve B
in this figure is that for the FM noise which was detected
after FM/IM conversion. Both curves show that these
noises can be approximated as white noises, with a ratio
between these of a magnitude of 28 dB, which corre-
sponds to the signai-to-noise ratio (S/N) of the present
FM noise detection. Therefore, with an infinite gain and
bandwidth of the feedback loop, the power spectral den-
sity of the FM noise can be reduced until S/N is reduced
to 0 dB (i.e., |F| = |IL,| in (2)), which means that the
FM noise can be reduced to —28 dB (= 1/630) times
that of the free-running condition. For this estimation, it
was assumed that the increases in IM noise under feed-
back can be neglected, as is confirmed in Appendix B. It
can be concluded from this estimation that the linewidth
can be also reduced to 1/630 times that of the free-run-
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Fig. 6. Power spectral densities of the IM noise (curve A4), and FM noise
(curve B). The latter was measured after FM/IM conversion. 'l‘hese re-
sults are for laser A under free-running condition at (I/1, — n-!
1.0.

ning condition because the white FM noise gives a Lor-
entzian field spectrum whose linewidth is proportional to
the magnitude of the FM noise [10], [13].

V. EXPERIMENTAL RESULTS

Fig. 7 shows the result of center frequency stabilization
of the field spectrum of laser A. For this experiment, the
steepest point on the resonance curve of the reflected light
from the Fabry-Perot interferometer was used as a fre-
quency reference. Therefore, this result represents the
frequency traceability of the laser to the Fabry-Perot in-
terferometer, and is expressed by the square root of the
Allan variance o2 [21] of the residual frequency fluctua-
tions. Curve A in this figure shows that long-term fre-
quency fluctuations were reduced by the feedback, with
the value of ¢ at the integration time 7 = 10 s being 3.6
x 107", which is about —22 dB times lower than that of
the free-running condition (curve B).

When the feedback loop for center frequency stabili-
zation was closed, the feedback loop for linewidth reduc-
tion was also closed. Curve A4 in Fig. 8 shows a relation
between (I/1,;, — 1) ! and the linewidth (FWHM) of the
field spectrum of laser A under feedback. This result was
obtained by using optimum values of the feedback param-
eters, which were found from the network analysis de-
scribed in Section VI. Curve A in this figure has its min-
imum at (I/I, — 1) ' = 1.0, which is 360 kHz, and
1/27 times that of the free-running condition. Fig. 9(a)
shows a profile of the field spectrum having this minimum
linewidth, while Fig. 9(b) is that of the free-running con-
dition for comparison.

The linewidth under the free-running condition has been
given by the modified Schawlow-Townes formula [22],

which is expressed as
AIIIFR = Allsp(l + az)-.

(3)
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In this equation, Awy, represents the contribution from
spontaneous emission, which corresponds to Il in (2).
The quantity « is a linewidth enhancement factor due to
carrier density fluctuations [22], and Ay, - a? corre-
sponds to II, in (2). Reported values of the linewidth en-
hancement factor at 1.52-um wavelength are 3.7 < o <
5.0 if the bandgap is assumed to be constant (see [23, fig.
1(@)]) or 1.5 = a < 2.2 if the bandgap is assumed to be
dependent on the carrier density (see [23, fig. 1(b)]). This
leads to 1/26.0 < 1/(1 + o) = 1/14.70r1/59 =<
1/(1 + o) =< 1/3.3. Therefore, the factor of 1/27 ob-
tained from Fig. 8 implies that the linewidth realized by
the present feedback is narrower than the value of Ay,
determined from the magnitude of the spontaneous emis-
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Fig. 9. Profile of field spectrum of laser A at (I/I, — 1)~' = 1.0. (a)
Under feedback condition. (b) Under free-running condition.

sion, which is consistent with the result of the theoretical
discussion in Section IV.

Curve 4 in Fig. 8 shows that the value of the linewidth
under feedback increased for (I/I, — 1) ™' > 1.0. One
of the reasons is a decrease in laser power at lower dc
injection current, i.e., a decrease in the feedback gain.
The other reason is that the feedback bandwidth was not
wide enough to compensate for the broader linewidth Avgg
at lower dc injection current. Curve A also shows that the
linewidth increased for (I/I, — 1) ™' < 1.0. This is
caused by a decrease in the feedback gain due to a de-
crease in the feedback bandwidth. This decrease in the
bandwidth is due to the increase in the lower end of the
feedback passband which was required to maintain a sta-
ble field spectrum, as will be described in Section VI.
This increase was caused by the dependence of the phase
delay characteristics in the FM response of laser A on the
dc injection current, as was given by Fig. 5(b). That is,
the lower limit of the modulation frequency range, in
which phase delay was maintained .at 0°, increased with
an increase in the dc injection current.

The profile of the field spectrum given by Fig. 9(a) was
very stable in spite of ambient temperature fluctuations,
mechanical vibrations, and acoustic vibrations in the lab-
oratory. That is, its linewidth was kept constant in time
for more than 40 hours, as is shown in Fig. 10. Such high
stability can be attributed to the simultaneous stabilization
of the center frequency of the field spectrum, by which
the feedback gain for linewidth reduction was also stabi-
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lized. Furthermore, it can be also attributed to the fact
that the electrical feedback employed here was inherently
negative. It is not always possible to obtain such high sta-
bility by optical feedback, as this method sometimes in-
duces chaotic instability [24] or coherence collapse [25].

VI. NETWORK ANALYSIS OF THE FEEDBACK LoopP

It was expected from Fig. 6 that the limit of linewidth
reduction of laser A by the present experimental setup was
—28 dB (= 1/630) that of the free-running condition.
However, the minimum of the linewidth obtained in Sec-
tion V was 360 kHz, which was 1/27 times that of the
free-running condition. The difference between the ex-
pected limit and the experimental result was due to the
limited gain of the feedback loop, which was caused by
its limited bandwidth. In this section, the results of net-
work analysis are described to discuss the gain and band-
width of the feedback loop for the purpose of further
linewidth reduction.

A transfer function of the feedback loop can be mea-
sured by using a network analyzer, connected between,
e.g., the phase compensating circuit and the capacitor C
in Fig. 1. In this case, the corresponding expression of
the transfer function is given by

H=HC.HL'HF.HA.HP'HD (4)

where H¢ is the transfer function of a circuit composed of
a capacitor C, a resistor R, and the impedance of the laser
diode in Fig. 1. This is expressed as

- YR
71+ 2xfy/s

where s is the Laplace transform complex variable. In this
equation, the impedance of the laser diode can be ne-
glected because its actual value is much less than R. A
low frequency cutoff f; is given by 1/2xCR, which was
adjusted to about 5 kHz in the experiments. H; is the
transfer function of the FM response of the laser, for
which the measured value of laser A in Fig. 4 was used.
Hp is the transfer function of the Fabry-Perot interfer-
ometer and APD1 in Fig. 1. Since the laser frequency was
locked to the steepest point of resonance curve of the Fa-
bry-Perot interferometer, Hr can be expressed as

(5)

33 R 1

= 6
HF 4 Al’pp 1+ S/21l'fpp ( )
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where R, and I, represent the load resistor and bias cur-
rent for APDI1, respectively. To derive this equation, it
was approximated that the Fabry-Perot interferometer was
a low-pass filter with the high frequency cutoff frp (see
Appendix A), and that its resonance curve was Loren-
tzian. H, is the transfer function of the amplifier A1. This
is expressed as

- G
"1+ s/2xf, (7)

where G is the gain and has a value of 35 dB. f, is the
high frequency cutoff, which has been limited by the man-
ufacturer of the amplifier to ensure stable operation. This
value was 10 MHz for the value of gain specified. Hp is
the transfer function of the phase compensating circuit,
which was composed of capacitors and resistors. Since
phase lag-lead compensation [26] was employed in the
present experiments, it is expressed as

_ (1 +s/2xf)(1 + 5/2xfp) (8)
T (1 + sn/2xf)(1 + s/2xfn)

where n = 3, fi = 25 MHz, and f;, = 51 MHz. Hj is the
transfer function which represents the delay of signal
propagation in the feedback loop. This is expressed as

(9)

where 7p represents the total delay time (4.6 ns in the
present experiments ), which was composed of contribu-
tions from the lengths of the electrical cable and optical
path (1.1 ns) and that of amplifier A1 (3.5 ns). By re-
placing s by i2xf in (4)-(9), the Bode plots, i.e., depen-
dence of | H| and arg (H ) on the Fourier frequency f, are
obtained. They are given by curves 4 in Figs. 11(a) and
(b) for (I/I, — 1) ™' = 1.0. Curves B in these figures
represent the results measured for laser A by using a net-
work analyzer. Curves C, D, E, and F in Fig. 11(b) are
arg (H.), arg (Hc + Hy * Hp), arg (Hp), and arg (Hf),
respectively. Curves A4 and B agree with each other, from
which the validity of the analytical model can be con-
firmed. A slight disagreement between these curves for f
< 1 kHz is due to the effect of the notch filter, composed
of the junction capacitance of the laser and the inductance -
L in Fig. 1, which was not taken into account in (4).

The ratio between the power spectral density of the FM
noise S,z under feedback, and S,rz under the free-run-
ning condition, is estimated by using the transfer function
H, which is expressed as

H,

Hp

Hp = exp (—s1p)

2

L (10)

1+ H

Curve A of Fig. 12 represents the result calculated by
using (4)-(10). Curve B in this figure represents the ex-
perimental result for laser A at (1/I, — 1) ™' = 1.0 for
comparison, and was measured by using the reflection-
mode of the Fabry-Perot interferometer, the detector
APD2, and a wide-band amplifier A2 in Fig. 1. These two
curves agree with each other, from which high accuracies
of calculation and measurement are confirmed. The value

21
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Fig. 11. (a)(b) Bode plots of the transfer function of the feedback loop for .

linewidth reduction of laser A. (I/I, — 1)7' = 1.0. Curves 4 and B
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and Fin (b) are arg (H,), arg (H¢ - H, - Hp), arg (Hp), and arg (Hf),
respectively. )
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Fig. 12. Ratio between the power spectral densities of the FM noise under
feedback S, and under free-running condition S,zz. Curve A4 is a cal-
culated result. Curve B and open circles are measured results for laser A
at(1/1, - 1) '=1.0.

of the ratio S,zg/S,rg for these curves was about —14 dB
(= 1/27) within the feedback passband. This supports
the fact that the linewidth of the laser A at (I/I, — 1) ™!
= 1.0 was reduced to 1 /27 times that of the free-running
condition by the experiments in Section V.

As shown in Fig. 12, the FM noise is decreased only
within the feedback passband. This indicates that the field
spectrum, especially its tail, is no longer Lorentzian, and
the linewidth cannot be defined in any general sense. In
fact, spectral linewidth is not a relevant parameter for the
S/N ratio of, for example, high bit-rate coherent optical
communication systems. The magnitude of the FM noise
power spectral density at a certain frequency should be a
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more relevant parameter than the linewidth for these sys-
tems. However, since the profile around the peak of the
field spectrum can still be well approximated as a very
narrow Lorentzian, which has been pointed out in Section
I, the linewidth is still a relevant parameter for low-to-
medium bit-rate coherent optical communication systems
and narrow bandwidth sensing systems. Therefore, dis-
cussions in this paper are still focused on the linewidth
for these systems.

- Curve B in Fig. 12 has two resonant peaks, at f = 65
MHz and 2 kHz. These two peaks limited the higher and
lower ends of the feedback passband obtained by the pres-
ent experimental setup. The peak height at f = 65 MHz
was +6 dB. It was caused by Hp in (4), i.e., the time
delay of signal propagation in the feedback loop. This
height was increased by further increases in-the feedback
gain, which induced FM sidebands on the field spectrum.
These FM sidebands were found at +65 MHz away from
the optical carrier component. An example of such a field
spectrum is shown in Fig. 13. Once these FM sidebands
appeared, further increases in the feedback gain enhanced
the FM sidebands, which caused the optical carrier com-
ponent to disappear without inducing further linewidth re-
duction. Therefore, generation of FM sidebands. indicated
the maximum employable. feedback gain and the attain-
able narrowest linewidth. Since it was confirmed that no
FM sidebands. were observed if this peak was lower than
+6 dB, it was deduced that the maximum feedback gain
should be such to maintain the height of this peak below
this value. It was found effective to use the phase com-
pensating circuit of (8) to increase the feedback gain 3 dB
more without inducing FM sidebands. The field spectrum
of Fig. 9(a) was observed under such a feedback condi-
tion.

Since further increases in the feedback gain induced FM
sidebands, a linewidth narrower than 1/27 times that of
the free-running condition was not obtained in the exper-
iment. To enable further reduction of the linewidth by in-
creasing the gain would require a decreased delay time of
the feedback loop, i.e., thereby allowing an increase in
the higher end of the feedback passband. Fig. 14 gives a
relation between the delay time and the height of the peak,
which was calculated by using (4)-(10). Curve B in this
figure shows that the peak height is kept at +6 dB and the
value of S,z5/ S,z has almost a constant value of —28 dB
(= 1/630) in the feedback passband if the delay time is
0.6 ns. Therefore, it can be expected that the feedback
gain can be increased to realize the IM noise-limited
linewidth of laser A, i.e., 1/630 times that of the free-
running condition, without inducing FM sidebands, if the
delay time is decreased to as short as 0.6 ns. Since the
main contribution to the delay time in the present exper-
imental apparatus was from the amplifier A1, this contri-
bution can be reduced to as short as 0.2 ns if it is replaced
by a faster GaAs IC [27], [28]. In this case, the delay time
due to the lengths of electrical cable and optical path may
be as long as 0.4 ns to still maintain 0.6 ns total delay
time. This corresponds to a 12-cm length, which can be
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Fig. 13. Profile of the field spectrum on which FM sidebands appeared at
+65 MHz away from the optical carrier component. Operating param-
eters were the same as those of Fig. 9(a) except that the feedback gain
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Fig. 14. Calculated result of the relation between S,r5/S.rz and the delay
time 7. Curves 4, B, C, and D are for 7, = 1 ns, 0.6, 0.3, and 0 ns,
respectively.

long enough to be realized by using conventional discrete
electrical and optical components. In other words, the de-
lay time of 0.6 ns can be realized without employing any
novel optoelectronic integrated circuits if a faster ampli-
fier, e.g., a GaAs IC, is employed. For this reason, fur-
ther reductions of the linewidth and IM noise-limited
value can still be expected for laser A. If an optoelec-
tronic integrated circuit is realized for this feedback loop
in the future, the bandwidth of the negative feedback will
be ultimately limited by the delay time of the amplifier
Al. Therefore, it can be estimated that the ultimate limit
of the feedback bandwidth should be about 1 Ghz if the
above mentioned GaAs IC is employed for amplifier Al.

For curve B of Fig. 12, the height of the peak at f = 2
kHz was +8 dB. This was induced by the phase delay of
H, in (4), i.e., this was caused by the fact that the phase
delay of the FM response of the laser A was not constant
but was increased for lower modulation frequency f,, as
was shown in Fig. 5(b). The phase delays in other transfer
functions of (4) gave additional contributions to enhance
this peak. A principal factor among these additional con-
tributions was the low frequency cutoff f; of (5), i.e., the
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Fig. 15.  (a) Observed instability of the center frequency of the field spec-
trum of laser A. Operating parameters were the same as those of Fig. 9
except that f; was decreased to 3 kHz. (b) Profile of unstable field spec-
trum observed under the same condition of (a).

height of this peak was increased if the value of low fre-
quency cutoff f; was decreased. This increase in the peak
height induced an instability of the field spectrum. An ex-
ample of this instability is shown by Fig. 15(a) and (b),
where the value of f; was intentionally decreased to 3 kHz.
Fig. 15(a) shows that the center frequency of the field
spectrum oscillated with the frequency f = 2 kHz. Due to
this oscillation, an instability was induced in the field
spectrum, as is shown in Fig. 15(b). However, when the
peak height of curve B in Fig. 12 was as low as +8 dB,
the stable field spectrum of Fig. 9(a) was obtained without
incurring such instability. It was deduced from this fact
that the value of low frequency cutoff f; has to be kept
high enough so that the height of this peak can be main-
tained lower than +8 dB.

For further increases in the feedback gain, the value of
low frequency cutoff f; has to be increased to maintain this
peak height lower than +8 dB. Fig. 16 shows the relation
between the peak height and the value of f; calculated by
using (4)-(10). Curve B in this figure shows that the peak
height is kept at +8 dB and the value of S,rz/S,rr takes
almost a constant value of —28 dB (= 1/630) in the
feedback passband if f; is increased to 16 kHz. Therefore,
it can be expected that the feedback gain can be increased

23
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Fig. 16. Calculated result of the relation between S,r5/S,rz and the low
frequency cutoff f;. Curves 4, B, C and D are for f; = 10, 16, 30, and
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to reahze the value of IM nblse-lumted lmewndth for laser
A if f;is-increased to 16 kHz Theugh ‘this increase in f;
slightly* sacnﬁces the: IOWer end of the feedback passband,
the mstablhty of. the: ﬁeld spectrum can "be- - suppressed.
Since-the peak at f' =2 kHz is due to the-phase delay
charatteristics in’ FM response of laser A itself, it will
disappear and f; can be decreased to zero if a laser with a
constant phase delay in FM response is used in: the future.

From: ‘the- diséussion _given in thls .section, it is con-
firmed that the calculated result of the network analysis
agrees with the experimental results, which makes this
analytical model useful for designing the feedback loop.
The linewidths shown in Figs. 8 and 9(a) were obtained
by using the optimum values of feedback parameters
found using this analytical model. Furthermore, it was
found that the IM noise-limited linewidth, i.e., 1/630
times that of the free-running condition, can be expected
for laser A by decreasing the delay time of 0.6 ns and by
increasing the low frequency cutoff to 16 kHz in the pres-
ent experimental apparatus.

The FM noise was not reduced for f < 2 kHz by the
present feedback loop because the lower end of the feed-
back passband was limited by f; and phase delay in FM
response of the laser. This means that slow frequency drift
was not reduced by this feedback loop. However, since
another feedback loop was provided in the present exper-
imental apparatus to reduce the FM noise for f < 130 Hz,
this frequency drift was actually reduced as shown in Fig.
7, and a stable field spectrum was obtained. The slow fre-
quency drift will be also simultaneously reduced by the
feedback loop for linewidth reduction if a laser with a
constant phase delay in FM response is used in the future.
This is because the lower end of the feedback passband
can be decreased to zero for such a laser, which makes
the experimental setup less elaborate.

VII. A PossIBILITY OF REDUCING THE IM NoOISE-
LIMITED LINEWIDTH

It was confirmed in Section VI that the linewidth can
be reduced to the value limited by the IM noise of laser
A if a sufficient bandwidth of the feedback loop was ob-
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tained by appropriately adjusting the values of 7, and f;.
Under the assumption of sufficient bandwidth, a reduction
of this IM noise-limited linewidth of laser A becomes
possible by improving the sensitivity of the FM noise dis-
criminator. Power fluctuations of the transmitted laser
light through the Fabry-Perot interferometer are induced
by the laser fequency fluctuations d» as well as by the
incident power fluctuations 6P. The power fluctuations 8P,
induced by é» are expressed as

(11)

where P, represents the dc power incident on the Fabry-
Perot interferometer. To derive this equation, the reso-
nance curve of the Fabry-Perot interferometer was ap-
proximated as a Lorentzian with a linewidth of Awgp
(FWHM), and the laser frequency was assumed to be
locked at the steepest point of the slope of the resonance
curve of the interferometer. On the other hand, the power
fluctuation 4P, induced by &P is given by

ap, =3- 6P (12)

The ratio between 8P, and &P, gives the: signal-to-noise
ratio of the FM noise detection, which is expressed as

-2
( :::_0)2 (13)

In this equation, 6P, and 6P, have been replaced by their
power spectral densities S,rr and S;rz, respectively. An
example of the value of S/N for laser A has been given
by the ratio of the values of curves A and B in Fig. 6.
That is, curves A and B in this figure correspond to S;rg
and (3P3/(Avgp)?)S,erin (13), respectively. Since curve
B was approximated as white noise, the field spectrum
under free-running condition can be approximated as a
Lorentzian and its linewidth given by Avgg = 7S,z [10].
[13]. On the other hand, since the reduced power spectral
density S,rp of the FM noise under feedback can be also
approximated as white noise within the feedback pass-
band (see Fig. 12), the field spectrum under feedback can
be also approximated as a Lorentzian except for its tails.
This means that its linewidth is also approximated as Avgg
= wS,rg. Furthermore, as is given in Appendix B, in-
creases in the magnitude of IM noise are negligible under
the feedback condition for linewidth reduction. There-
fore, the IM noise-limited linewidth under feedback can
be given by substituting S/N = 1 into (13), and is ex-
pressed as

S/N = . Sorm

SIFR

= \2¥p) | SIR (14)
As an example of this result, it has been estimated in Sec-
tion IV that the value of AVFB /Aveg is 1/630 for the case
of Fig. 6 at (I/I, — 1)~' = 1.0.

The value Avgg/Avpg in (14) is decreased by decreasing
Avgp, i.e., by using a more sensitive FM noise discrimi-
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Fig. 17. Calculated result of the relation between Avgp and Avpg /Avgg for
laserAat(I/1, — 1) ~! = 1.0. The curve A represents the value limited
by the IM noise of the laser. The curves B and C are the values limited
by the bandwidth of the Fabry-Perot interferometer. These two curves
are for x = 50 and 5, respectively. The meshed area between these two
curves corresponds to the result for 5 < x < 50.

nator. Curve A4 of Fig. 17 shows a relation between Avgp
and Avgg/Avgg calculated by using (14). For this calcu-
lation, the numerical values of Fig. 6 were also em-
ployed, i.e., Avgg/Avpg = 1/630 at Avgp = 400 MHz
for (I/I, — 1) " = 1.0. It can be recognized from this
curve that a very narrow linewidth Avgp is to be expected
by decreasing Avpp.

However, a decrease in Avgp induces a decrease in
bandwidth fgp of the Fabry-Perot interferometer (6) be-
cause Avjgp is proportional to frp. This decrease can limit
the bandwidth of the feedback loop if Avgp is very narrow,
which will violate the assumption for the discussion in
this section, i.e., sufficient bandwidth of the feedback
loop. In the case of insufficient bandwidth B of the feed-
back loop, i.e., if the bandwidth is not large enough as
compared with the value of the linewidth Ay, the value
of Avpg/Avgg of (14) has to be modified, as has already
been given by [13, fig. 3]. Using the result given in this
figure, a modified expression for insufficient feedback
loop bandwidth can be written as

2
A A
veg _ (Avpp) S + [1

3Py S.r 3Py S.r

* exp (—«B/Avg). (15)

The second term in the right-hand side of this equation
represents the effect of insufficient bandwidth, where the
parameter « takes a value between 5 and 50. If the feed-
back bandwidth is limited by the bandwidth of the Fabry-
Perot interferometer, B has to be replaced by frp, Where
frp is approximated as Avpp/3.5 (see Appendix A).
Curves B and C of Fig. 17 represent the values of the

2
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second term of (15) obtained by this replacement. These
are the results for k = 50 and 5, respectively. The meshed
area between these two curves corresponds to the result
for5 < k < 50.

It is concluded from this discussion that the relation be-
tween Avgp and Avpg/Avgg is given by the curve A and
the meshed area of Fig. 17. The minimum of Avgg/Avpg
occurs either at the intersection of curves 4 and B and
gives 6 X 107, or at the intersection of curves 4 and C
and gives 3 x 107", Since Avgg was 9.7 MHz at (I/1,
— 1) = 1.0 (see curve 4 of Fig. 8), the above men-
tioned minima correspond to Avgg = 58 mHz and 2.9 Hz,
respectively. The values of Avgp for giving these minima
are 820 kHz and 6.8 MHz, respectively, which corre-
spond to the length of the Fabry-Perot interferometer of
9.3 m and 1.1 m for a mirror reflectivity of 80 percent. A
fiber ring cavity [1] can be used to reduce.a volume of
such a long Fabry-Perot interferometer. o

VIII. SUMMARY

The center frequency of the field spectrum of a DFB-
type 1.5-um InGaAsP laser was stabilized by electrical
negative feedback, where a Fabry-Perot interferometer
was used as a frequency reference and FM noise discrim-
inator. The resultant residual frequency fluctuation was ¢
= 3.6 x 10~ at an integration time of 10 s. Linewidth
reduction of the field spectrum was simultaneously car-
ried out by using a second feedback loop. Its minimum
value was 360 kHz, which was 1/27 times that of the
free-running condition. It was confirmed that this line-
width was narrower than that determined by the magni-
tude of spontaneous emission fluctuations of the free-run-
ning laser. The profile of the field spectrum under
feedback was stable, and its linewidth was kept constant
in time for more than 40 h. v

Network analysis was carried out, and its results agreed
well with the experimental results. It was found by this
analysis that any feedback gain was limited by the finite
bandwidth of the feedback-loop. The limited bandwidth
was due to the delay time of signal propagation through
the feedback loop, and modulation frequency dependence
of the phase delay in the FM response of the present laser.
It was also found that an IM noise-limited linewidth, i.e.,
1/630 times that of the free-running condition, can be
expected for the present laser by decreasing the delay time
to 0.6 ns, and by increasing the low frequency cutoff to
16 kHz.

Furthermore, it was pointed out that a linewidth of be-
tween 58 mHz and 2.9 Hz, limited by the IM noise of the
present laser and the bandwidth of the Fabry-Perot inter-
ferometer, is to be expected by optimizing the sensitivity
of the Fabry-Perot interferometer.

APPENDIX A
TRANSFER FUNCTION OF A FABRY-PEROT
INTERFEROMETER

A Fabry-Perot interferometer was used as an FM/IM
converter for FM noise detection in the present experi-

25



OHTSU AND TABUCHI: ELECTRICAL FEEDBACK AND ITS NETWORK ANALYSIS 367

ment. To derive its transfer function, the modulated op-
tical frequency v (¢) of the incident light is expressed as
v(1) = vy + vy + c0s (2fut) (A1)
which corresponds to the input signal to this FM/IM con-
verter. In this equation, »y is the nominal optical fre-
quency, vy is the maximum frequency deviation, and f,
is the modulation frequency. The electric field of the in-
cident light under frequency modulation is given by

E(t) = Ey - exp [i{Z‘rrvot +2M . in (21rf,,,t)3]

(A2)

where E; is an amplitude. The light power transmitted
through the Fabry-Perot interferometer is given by su-
perposing multiple reflected lightwaves, which is ex-
pressed as

(-]

1(t) = (1 = R)® Z R

2
(A3)

- exp [i{Zwvotk + M. sin (21rf,,,tk)}]

m
where R is the power reflectivity of the mirrors, and
I = Etz)

th=t—(k—1)-2nL/c (k=1,2,3,:--) (Ad)

where c is the speed of light in vacuum, L is the length of
the interferometer, and n is the refractive index of the me-
dium inside the interferometer.

Equation (A3) corresponds to an output signal from the
FM/IM converter, which can be expressed as

I(t) = Lycos 2nf,t + ). (A5)

Relations between I);, ¢, and f,, were derived by com-
puter simulation. A calculated result is shown by Figs.
18(a) and (b), which correspond to the transfer function
of the Fabry-Perot interferometer. In this figure, a nor-
malized magnitude of response (rather than Iy) is illus-
trated in Fig. 18(a), which is defined by

o= (@)/@)

Here, Avgp is the FWHM of the resonance curve of the
Fabry-Perot interferometer, which is given by

c 1-R
2nL w\/k ’
The parameter ap used in the caption of this figure rep-
resents a detuning of the laser frequency v, from the res-

onance frequency of the Fabry-Perot interferometer vpp,
which is defined by

(A6)

A”FP = (A7)

P Vo — Vrp
P = .
Al’pp

(A8)
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Fig. 18. Calculated result of the FM response characteristics of a Fabry-
Perot interferometer. Curves A and B are for ag, = 0.5 and 0.05, re-
spectively.

The result of Fig. 18(a) agrees well with the previously
presented one [29], from which the accuracy of the pres-
ent simulation can be confirmed. Fig. 18(b) shows the
result for ¢ in (AS), which had not been given in [29].

From Fig. 18, it can be concluded that the Fabry-Perot
interferometer is well approximated as a first-order low-
pass filter whose transfer function is expressed by

_ G
1+ S/21I"fpp

where C; is the value of C at f,, = 0. A high frequency
cutoff fpr can be approximated from Fig. 18 as

fo = Avpp/3.5. (A10)

The results given by (A9) and (A10) were used for the
discussions in the text.

Hpp(s) = (A9)

APPENDIX B
ESTIMATION OF INCREASES IN IM Noise UNDER
FEEDBACK FOR LINEWIDTH REDUCTION

The magnitude of the IM noise may be increased when
the injection current is controlled to reduce the linewidth.
This magnitude is estimated in this appendix. Fluctua-
tions in frequency évgp and power 6Pgg under feedback
condition are expressed as

GVFB = AI - o8I + GVFR
CSPFB = BI - 8l + 6PFR

(Bla)
(B1b)
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where 8/ is the change in injection current required for
feedback, and dvpg and 6Pgg are fluctuations in frequency
and power under free-running condition, respectlvely A,
is the frequency modulation efficiency, which is give
curve A of Fig. 4(a) for laser A. Though the precxse value
along this curve depends on the modulation frequency, A4,
can be approxlmated as 0.6 GHz/mA. B, is the coefficient
for power variation due to injection current vanatlon,
which is expressed as

Py
I - Ith

where P, is a laser power at the dc injection current /.

If the frequency fluctuations are eliminated by control-
ling the injection current (6vgg = 0), the power fluctua-
tion 6Pgp is derived from (Bla) and (B1b), and is ex-
pressed as

B, = (B2)

B,
oPpp = ——
FB AI

* 6VFR + 8PFR~ (BS)
By using (B2) and (B3), the power spectral density Sirp
of the IM noise under feedback is expressed by those of
IM noise S;zz and FM noise S,rz under the free-running
condition. This is

B
2
A% : (I - Ilh)

Py e
+ 2y ——— VS, * Sirrs
Y A1 - 1) FR * OIFR

where v is a degree of correlation between dvrg and 6P .
The value of y has been reported as being 0.9 for AlGaAs
lasers [30]. This value was also employed here for the
present InGaAsP laser, which would not underestimate
the value of S;sz very much because |y| =< 1. If the rate
of increase ¢ in the magnitude of IM noise under the feed-
back is defined by

Sirs = © Syer + Sier

(B4)

Sk — S,
g = B IFR

(B5
Sirr )
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this rate can be derived from (B4) as

£ = —sz)__ . Srr v _PO_ Syrr
A7 - (I - I,,,)2 Sier A = Ip) NSir
(B6)

Fig. 19 shows the value of ¢ estimated by substituting
the value of S,z of Fig. 3 and the simultaneously mea-
sured value of Sz into (B6). Since the value of ¢ in this
figure is lower than 10 percent, it can be concluded that
the increase in the magnitude of IM noise under feedback
can be neglected, i.e., S;rp is approximated as Sz for the
discussion in the text.
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§ 1. Introduction

Pulsed oscillations in semiconductor lasers were announced in 1962 by four
groups (HALL, FENNER, KINGSLEY, SOLTYS and CARLSON [1962], NATHAN,
DUMKE, BURNS, DILL and LASHER [1962], QUIST, REDIKER, KEYES, KRAG,
LAX, MCWHORTER and ZEIGER [ 1962], HOLONYAK and BEVANCQUA [1962]).
Following these pioneering works, continuous wave oscillations at room
temperature were obtained by ALFEROV, ANDREEV, PORTNOI and TRUKAN
[1969] and by HAYAsHI, PaNisH, Foy and SUMsKI [1970], where the idea
of double-hetero structure was employed. Remarkable progress in semiconduc-
tor laser research has been subsequently carried out, and many kinds of lasers
with sophisticated structures, for example, single-mode and integrated lasers,
have been fabricated.

Semiconductor lasers have a number of favorable characteristics, such as
their small size, low electrical power consumption, and fast response, which
have enabled their application in communication and optical disk memory. In
addition to industrial applications, they are potentially very useful as coherent

light sources in the field of optics. Furthermore, the use of these lasers together

with optical fibers, that is, new optical transmission media, makes other applica-
tions possible, such as precise optical measurements and the sensing of several
physical and chemical quantities. B
Semiconductor lasers have certain unique oscillation mechanisms and
characteristics when they are compared with other types of lasers. For example,
temporal coherence is lower; that is, frequency noise intensities are higher than
those of gas lasers or dye lasers because of the presence of a smaller cavity Q,
larger and faster fluctuations in carrier density which makes the adiabatic
approximation invalid, and the existence of other specific noise sources.
Since the investigations of these noise generation mechanisms are connected
with nonlinear oscillation theory, quantum-statistical mechanics, semiconduc-
tor physics, and stochastic process theory, they have attracted the attention of
many researchers. Analyses of these mechanisms and reduction of noise are
essential if these lasers are to be used as coherent light sources. |

This review will examine structures, oscillation mechanisms, characteristics_

of noise and temporal coherence, techniques of noise reduction and improve-
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ment in coherence, and applications of highly coherent lasers in the field of
optics.

§ 2. Structures and Oscillation Mechanisms
2.1. STRUCTURES

Most of the recently available, popular semiconductor lasers are AlGaAs ‘
lasers, which function at the wavelength of 0.7-0.9 pm and are used for optical
disk memories, optical measurements, optical sensors, and other applications.
Progress in the development of shorter-wavelength lasers has recently occurred,
resulting in the successful production of a laser with the shortest wavelength
(626.2 nm) by KoBAYAsHI, HINO and Suzuki [1984], which shows plilsed
oscillation at room temperature. ,

InGaAsP lasers, with a wavelength of 1-2 pm, have been used for optical
communication because optical fibers show null dispersion at 1.3 um, and also
show the lowest available losses of 0.2 dB/km at 1.55 pm. This lowest loss
value has been demonstrated by Miya, TERUMURA HosAkA and MIYASHITA
[1979].

Lead-chalcogenide lasers w1th wavelengths longer than several pm also have
been used for spectroscopy of organic molecules. Although they oscillate only
at low temperatures, oscillation at room temperature (290 K) has been demon-
strated by FREED, BIELINSKI, Lo and PARTIN [1984].

Figure 1 shows the typical structure of an AlGaAs laser. Its active layer of
GaAs is sandwiched between p-AlGaAs and n-AlGaAs cladding layers, which
is called a double-hetero structure. The active layer forms a waveguide that is
1-10 pm wide, 0.1-0.2 pm thick, and 200-500 um long.

The profile of the refractive index along the x-axis of this figure has been
adjusted in recently available practical lasers so that only the lowest transverse
mode can oscillate. Lasers with such a profile of the refractive index are called
index-guided or transverse-mode controlled lasers, and the profile design is
called the transverse-mode control technique. Figure 2 shows cross-sections of
typical index-guided lasers, examples of which are buried heterostructure (BH)
lasers (TSUKADA [1974]), transverse junction stripe (TJS) lasers (NAMIZAKI,
KAN, IsHII and ITO [1974]), and channelled substrate planar (CSP) lasers
(Do1, CHINONE, AIKI and ITo [1979]). This review discusses those index-
guided lasers in which only the lowest transverse mode can oscillate.

NAKAMURA, AIKI, CHINONE, ITO and UMEDA [1978] have proved experi-
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Fig. 1. Typical structure of an AlGaAs laser.

mentally that a transverse-mode controlled laser also has a tendency to oscillate
only with a single longitudinal mode. COPELAND [1980] has pointed out that
this tendency is due to the DX centers in the cladding layer, which work as
saturable absorbers to suppress satellite longitudinal modes. However, suf-
ficiently clear explanations about the longitudinal-mode selection mechanism
have not yet been given.

Even though such lasers can oscillate with a single longitudinal mode under
certain conditions of operation (e.g., injection current, ambient temperature,
etc.), the oscillating longitudinal mode would suddenly change if a slow
variation in these conditions should occur. This effect results because the gains
for neighboring longitudinal modes are almost equal, and these modes are
strongly coupled with each other. This mode alternation is called mode-
hopping. Furthermore, multilongitudinal-mode oscillations will occur in these
lasers when they are directly modulated by a large-amplitude AC injection
current. However, for several applications lasers are desired that always show
a single longitudinal oscillation, even under these dynamic conditions. The
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Fig. 2. Cross-sections of typical index-guided lasers: (a) Buried heterostructure (BH-type) laser.

(After TSUKADA [1974].) (b) Channeled substrate planar (CSP-type) laser. (After Dol,

CHINONE, AIKI and ITo [1979].) (c) Transverse junction stripe (TJS-type) laser. (After NAMI-
' zAK1, KAN, IsHII and ITO [1974].)

design of this type of laser is sometimes called longitudinal-mode control
technique.

For these designs, diffraction gratings are sometimes installed along or
adjacent to the waveguide of the active layer. In this case only one longitudinal
mode can oscillate: the mode whose wavelength coincides with the groove
spacing of the diffraction grating. Typical lasers with this single longitudinal-
mode oscillation are distributed feedback (DFB) lasers (KOGELNIK and
SHANK [1971], AIKI, NAKAMURA, UMEDA, YARIV, KATZIR and YEN [1975],
UTAKA, AKIBA, SAKAI and MATSUSHIMA [1981], MATSUOKA, NAGAI,
ITaYA, NoGUcHI, SUZUKI and IKEGAMI [1982]) and distributed Bragg
reflector (DBR) lasers (REINHART, LOGAN and SHANK [1975], TSANG and
WANG [1976], KAWANISHI, SUEMATSU, UTAKA, ITAYA and ARAI [1979],
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UTAKA, KoBAYASHI, KISHINO and SUEMATSU [1980], ABE, KISHINO,
SUEMATSU and ARAI [1981]). Figure 3 shows the structures of these lasers.
Another type of single longitudinal-mode lasers, called the cleaved coupled
cavity laser (TSANG, OLssON and LOGAN [1983]), has been developed; these
are composed of two cleaved cavities. ‘ |

Furthermore, quantum-well structures have been introduced into the lasers
to reduce the threshold current and to improve the temperature dependence of
oscillation characteristics (HOLONYAK, KoLBAs, DuPius and DAPKUS
[1980]).
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Fig. 3. Structures of longitudinal-mode stabilized lasers. (a) Distributed feedback (DFB-type)

laser. (After KOGELNIK and SHANK [1971], AIKI, NAKAMURA, UMEDA, YARIY, KATZIR and

YEN [1975], UTAKA, AKIBA, SAKAI and MATSUSHIMA [1981], and MATSUOKA, NAGAL, ITAYA,

NocGucHI, Suzuki and IKEGAMI [1982].) (b) Distributed Bragg reflector (DBR-type) laser.

(After REINHART, LoGAN and SHANK [1975], TSANG and WANG [1976], KAWANISHI,

SUEMATSU, UTAKA, ITAYA and ARAI [1979], UTAKA, KOBAYASHI, KISHINO and SUEMATSU
[1980], and ABE, KISHINO, SUEMATSU and ARAI [1981].)
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2.2. OSCILLATION MECHANISMS AND THEIR FORMULATION

Current injected into a p—n junction can provide electrons and positive holes
into the conduction and valence bands, respectively, which work as carriers.
Laser oscillations are generated by stimulated emission from these carriers and
optical positive feedback from a waveguide-type cavity.

STATZ, TANG and LAVINE [1964] and SUEMATSU, AKIBA and HONG
[1977] have proposed rate equations for the photon densities S, of the ith
longitudinal mode and carrier density N,. For single longitudinal mode oscilla-
tion in simple form, equations are expressed as

ds, CN, S,

—L = g(N. - Ng)S, + @1
ds T T
N,

oo - gV, - No)S, - = | e2)
dt eVa Ts

Here, g is a constant that is proportional to the stimulated emission rate, and
Ng is the minimum carrier density required to keep a positive gain for
oscillation. C is the spontaneous emission coefficient, representing the portion
of the spontaneous emission energy which works as a trigger for the laser
oscillation of the ith mode. SUEMATSU and FURUYA [1977] have estimated the
value of C as being 10~°-10~4. 7_ is the lifetime of the carriers, which is due
to radiative recombination, and 7, is the total lifetime of the carriers, which is
due to radiative and nonradiative recombination. 1, is the photon lifetime, I is
the injection current, e is the electron charge, and ¥, is the volume of the active
layer.

The use of these rate equations can lead to quantitative descriptions of the
characteristics of laser power and several transient phenomena. By including
spatial profiles of carriers and optical fields into these equations, relations
between the structures of laser waveguides and several oscillation characteri-
stics have been discussed. The results of these discussions have been commonly
applied in designing reliable laser structures.

For more quantitative estimations of oscillation gain the density-matrix
approach with third-order approximation developed for gas lasers by LAMB
[1964] can be used. This approach has been applied to semiconductor lasers
by YAMADA and SUEMATSU [1981], and the resultant rate equations for the
square of the field amplitude E; of the ith mode and the carrier density N, are

d|E;|* _
dt

c . . Chv,N,
C[80 -, - 2B - aQ)EPIES + 20, (23)

neyT,
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/ I
ch =n ﬁ Z i a'(l). |Ei|.2 - & + — (24)
Fo | |

dt i hv, 1, eV,

In eq. (2.3) c is the speed of light, n is the refractive index of the active layer,
&¢") is the linear gain, and oy, is the cavity loss. In eq. (2.4) ¢, is the permittivity
constant of the vacuum, y, is the permeability constant of the vacuum, 4 is
Planck’s constant, and v, is the oscillation frequency of the ith mode.

- These rate equations can be applied in discussing phenomena such as mode
competition, since eq. (2.3) contains the self-saturation coefficient &> as well
as the cross-saturation coefficient &)), which represent the gain saturation.

The temporal variation of N, given by eq. (2.4) is fast because the carrier
lifetime 1, is as short as 3 ns. This means that the adiabatic approximation
cannot be applied for N_, which also means that the coefficients &', &>, and
&) in eq. (2.3) are not constants but depend on N,. The formulation for
describing the dynamics of semiconductor lasers is different from that for
conventional lasers because of the dependence on N..

These rate equations also can be obtained by applying fully quantum-mecha-
nical treatments. HAUG [1969] has derived the equations by combining the
quantum-mechanical theory for gas and solid-state lasers with the theory for
interband transitions of carriers in semiconductors. In this treatment, first
equations for the photon creation and annihilation operators (b* and b), and
for the operator for the dipole moment induced by interband transitions are
derived; then the adiabatic approximation is applied for the dipole moment;
this leads to the quantum-mechanical rate equations for photon density S
(= b*b) and carrier density N,.. They can be expressed as

a5 _ -§+Esp + GS + F(1), (2.5)
de S

dN.

d: =P-R,-GS-E_+F.(). (2.6)

In eq. (2.5), E,, is the rate of spontaneous emission that is proportional to
C of eq. (2.1), G is a coefficient representing the rate of stimulated emission,
and F(t) is the Langevin force for photon density fluctuations. In eq. (2.6) P
is the pumping rate, R, is the total rate of spontaneous emission, and F,(¢) is
the Langevin force for carrier density fluctuations. Detailed explanations on
each quantity of these equations can be found in HAUG’s paper [1969].
Equations (2.5) and (2.6) contain quantum-mechanical fluctuation terms,
which means that they correspond to the quantum-mechanical descriptions of
eqs. (2.1) and (2.2).
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Rate equations (2.5 and 2.6) describe only the power of the laser, which
means that they cannot be used to describe the topics treated by the present
review, that is, the temporal coherence characteristics of the laser. In general,
rate equations cannot be used to discuss topics such as oscillation frequency,
quantum frequency noise, spectral linewidth, synchronization phenomena, and
others. For these discussions, it is necessary to use equations for the phase of
the lightwave, as derived by HAUG and HAKEN [1967]. The equation for the
photon creation operator b* is derived by means of an adiabatic approximation
for the dipole moment, as was the case for egs. (2.5) and (2.6); this leads to
the equation for the amplitude B * (f) of the lightwave as follows:

dB*+

=p(d- B*B)B* + Fe™'¥, | @27

where
B*(1) = b*(Dexp(-iQr). - (238)

In eq. (2.7) Q is the angular frequency of laser oscillation. The d in the first term
of the right-hand side of this equation is a complex linear gain, the second term
represents the gain saturation that corresponds to & of eq. (2.3), and the third
term is the Langevin force representing quantum noise. If the Langevin force
is removed from this equation, it is reduced to the well-known Van der Pol
equation.

The equation for carrier density fluctuations 8N, can be derived from
eq. (2.6), and the equations for amplitude fluctuations 8B and phase fluc-
tuations 8¢ of the lightwave can be derived from eq. (2.7). These equations,
which have been formulated by YAMAMOTO [1983], are expressed as

d(6N,) _ _I:l L% v, erBz:ISN _ 2 XrBOSB + F.(1), (2.9)
dt 1, pu* dN, p?
d(®B) 1 v, dy
== = 2L B SN, + Fg(d), 2.10
& "2 an 5(0) (2.10)
d@¢) _ 1 v, dy SN, + F ). (2.11)
dt 2 pu? dN,

In these equations yx, and j; are the real and imaginary parts of the nonlinear
complex susceptibility, respectively, and B, is the stationary value of the field
38 '
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~ amplitude of the lightwave. F,, Fg, and F, are Langevin forces. For details on
other coefficients in these equations we refer the reader to the original paper.

The characteristics of frequency noise, spectral linewidth and temporal
coherence can be discussed by using these equations.

§ 3. Noise and Temporal Coherence

Intensity and frequency noise in single longitudinal-mode semiconductor
lasers will be examined in this section. Spectral linewidth, which is related to
frequency noise and is one of the measures representing temporal coherence,
will also be discussed.

3.1. INTENSITY NOISE

Intensity noise can be derived from the quantum mechanical rate equations
(2.5 and 2.6). Small-signal analyses of fluctuations in photon number and
carrier density around their stationary values give the magnitudes of these
fluctuations; for example, the power spectral density of the photon number
density can be derived from these equations, expressed as

A2 + B2 f2
(@l - 127 -bif*
Here, A,, B, a,, and b, are constants that depend on the values of the
second-order moments of the Langevin forces in egs. (2.5) and (2.6). It is well
known that the values of these moments may be compared with each coefficient
of egs. (2.5) and (2.6) by using the fluctuation—dissipation theorem, which has
been discussed by SARGENT, ScULLY and LAMB [1974].

The profile of the power spectral density represented in eq. (3.1) exhibits a
resonant peak at the Fourier frequency of about a,. A detailed expression for
the resonant frequency has been obtained by IKEGAMI and SUEMATSU [1967],
in the equation

f. = i M . (3.2)
2n \/ T Tp

This is called the relaxation oscillation frequency, which depends on the
carrier lifetime t,, photon lifetime 7,, and the injection current normalized to
its threshold value, I/I,,. This resonance phenomenon occurs because of the

S(f) = (3.1
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dynamic behavior of the photon in the cavity, which is governed by the
second-order lag system. That is, the carriers injected into the active layer
exhibit a time lag 7, until they emit photons by carrier recombination, and the
emitted photons also exhibit a time lag 7, until they disappear from the cavity.
Such a second-order lag system generally exhibits resonance, which has been
called relaxation oscillation in the case of semiconductor lasers. The frequency
of this oscillation, shown in eq. (3.2), takes a value of several GHz because 1,
and 1, are approximately 3 ns and 1 ps, respectively. Figure 4 shows the power
spectral density of eq. (3.1) and its measured value, as obtained by YAMAMOTO,
SAITO and MUKAI [1983]. Although the noise characteristics of the Fourier
frequency lower than 1 MHz are not shown in this figure, it is empirically
known that noise caused by temperature variation and 1/f noise are usually
observed in this range.

10-10-

lo—ll_

Sau/u(Hz-l)

10—12 -
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10-14 ) | n I
106 107 108 10° 101° 101!
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Fig. 4. The power spectral density of intensity noise in a CSP-type Al(GaAs laser. The Solid curve
and the open circles represent theoretical and experimental results, respectively. (After
YAMAMOTO, SAITO and MuUKAI [1983].)
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3.2. FREQUENCY NOISE

Frequency noise from several sources can be derived from eq.(2.11).
Figure S illustrates the power spectral density of frequency noise (YAMAMOTO,
SAITo and Mukair [1983]). The first fundamental noise source is quantum
fluctuations, that is, fluctuations resulting from spontaneous emission [second
term of eq. (2.11)], which induces white noise. The power spectral density of
frequency noise from this source can be expressed as (OHTSU, FUKADA, TAKO
and TsUCHIDA [1983])

h ¢y 1 1
Sy(f) = m (;i) (a,L +In 1—2) (l.n E) Ry« (3.3)

In this equation the quantity y represents the normalized frequency fluc-
tuations dw(t)/v,, with 3v(¢) the frequency fluctuations and v, the nominal
frequency of the laser, P, is the output power from the cavity, c is the speed
of light, # is the refractive index of the active layer, L is the cavity length, R is
the reflectivity of the cavity end-facet, and «, is the intracavity loss. The quantity

10—2! T T T T T

10— 22

10—23

Sau/u (Hz™1')

1o-u) N

10—2 1 ] ! ] 1
104 10° 108 107 108 10° 1010

f (Hz)

Fig. 5. The power spectral density of frequency noise in a CSP-type AlGaAs laser. (After
YAMAMOTO, SAITO and MUKAI [1983].) Dashed line, noise induced by fluctuations of sponta-
neous emission; dotted curve, noise induced by carrier density fluctuations; dash—dotted curve,
noise induced by current fluctuations; solid curve, total noise; solid dots, experimental resulits.
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ny, is the spontaneous emission factor, which is proportional to the sponta-
neous emission factor C of eq. (2.1) and is expressed as (WELFORD and
MOORADIAN [1982a])

_ 1 (3.4)

N, ,
1- exp(hv0 * i?’ — EF")

where E, and E_ are quasi-Fermi levels of the valence and conduction bands,
respectively, k is Boltzmann’s constant, and T is the temperature.

The second intrinsic noise source is the carrier density fluctuations induced
by fluctuations of spontaneous emission [the first term of eq. (2.11)]. The
power spectral density of the noise induced by this source exhibits a resonant
peak at the relaxation oscillation frequency of eq. (3.2), as is the case for the
mtens1ty noise.

Furthermore, the mJectlon current and temperature vary dependmg on
carrier density fluctuations. All of these factors contribute as intrinsic noise
sources. When lasers are used for optical measurements, it is common to apply
a measure for frequency noise in the time domain instead of the power spectral
density (which is a measure in the frequency domain). The most precise such
measure is the Allan variance proposed by ALLAN [1966] and defined as

) 1 N-1 . = )2
"@(T)'thooN_lkzl O 12 Vi) .

(3.5)

In this definition y, is the averaged value of a fluctuating quantity y(¢) over
a time period 7. The time period 7 is called the integration time, and N is the
number of data. Using the definition given by ALLAN [1966], the values ¥, and
V.1 Mmust be successively measured by a frequency counter, for which the
gate-closed time of the counter must be zero between the succeeding time
periods for measurement. This procedure enables quantitative evaluation not
only of stationary processes but also of nonstationary fluctuation processes
such as random walk and flicker noise.

The Allan variance can also be derived from the power spectral density

S,(f) by

_ sin* (nf'7)
() = ZL S

Examples of this conversion for several fluctuation processes have been
summarized by BARNES, CHI, CUTLER, HEALELY, LEESON, MCGUNIGAL,

df. (3.6)
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MULLEN, SMITH, SYDNOR, VESSOT and WINKLER [1971], and are shown in
Table 1. '

Frequency noise of semiconductor lasers has been evaluated by using the
square root of the Allan variance (OHTSU, FUKADA, TAKO and TSUCHIDA
[1983]); the results are shown in fig. 6. In this figure, the contribution of
external noise sources, such as noise of current sources and fluctuations of
ambient temperature, is also identified along with the intrinsic noise sources
shown in fig. 5. A theoretical estimation of fig. 6 shows that the magnitude of
frequency noise of a free-running laser is o,(7) > 6 x 10~ '2. Experimental
results are given later in this review by fig. 14 in § 4.3.2, where measured values
of frequency noise are g,(1) > 3 x 10~ for a free-running laser.

3.3. SPECTRAL LINEWIDTH

The spectral profile of laser oscillation is given by the power spectral density
of the amplitude of the electric field of the light, that is, the Fourier transform
of the autocorrelation function of the amplitude. The autocorrelation function
is expressed as

Re(1) = CE(t + 1) EX®))
= B3 Cexpli{2mwt + ¢t + 1) — p(O}]D
= E2 (exp[i{2nvyT + 8¢(7)} 1D '
~ E2 exp[i2nvyt — 3{ 8¢* )1, | 3.7)

‘TABLE 1.
Relation between the power spectral density and the Allan variance
(After BARNES, CHI, CUTLER, HEALELY, LEESON, MCGUNIGAL,
MULLEN, SMITH, SYDNOR, VESSOT and WINKLER [1971].)

S,(f) 62(7)

hof? *) W M

Q2rf,T>1) 2 (2n)?

:’217{; >1) © hy (2:,:)2 [$+3In@2nf) - 2] 2
h

hofo : %ho !

h_f! QIn2)h_,7°

h_of~? 12nPh_,1

(*) A low-pass filter with a cutoff frequency Jn was used.
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Fig. 6. Square root of the Allan variance of frequency noise in an AlGaAs laser. (A) Noise

induced by fluctuations of spontaneous emission; (B) noise induced by carrier density fluc-

tuations; (C) noise induced by current fluctuations; (D) noise induced by current source noise;

(E) noise induced by fluctuations of ambient temperature; (F) noise in a free-running laser, sum

of noise contributions from all the sources (A)-(E); (G) ultimate noise limit of a frequency-stabi-

lized laser; (H) noise given by intrinsic noise sources of (A), (B) and (C). (After OHTSU, FUKADA,
TAKoO and TSUCHIDA [1983].)

where the asterisk represents the complex conjugate, E,, is the amplitude of the
electric field, and (8¢?) is the second-order moment of phase fluctuations.
This moment is proportional to the second-order moment of frequency fluc-
tuations, that is, the Allan variance, which is expressed as

(3¢?) = 2nvy)* - 02(7) . (3.8)

Among the intrinsic noise sources the contribution of spontaneous emission
to eq. (3.8) should be considered as the first step, which appears as the second
term of the right-hand side of eq. (2.11). Since eq. (3.3) gives the magnitude of
the frequency noise induced by this source, the use of eq. (3.3) and table 1
shows the Allan variance of frequency noise induced by spontaneous emission.
This is expressed as

oz(r)—~h—(i)2(aL+lni)(lnl)n ! (3.9
7 16m2vgPy \nL) '’ R R)® '



I1, § 3] NOISE AND TEMPORAL COHERENCE 207

Straightforward calculations can easily show that the spectrum of laser oscilla-
tion has'a Lorentzian profile by Fourier transform of R(7) if eqs. (3.8) and
(3.9) are substituted into eq. (3.7). The contribution of spontaneous emission
to the linewidth (full width at half-maximum [FWHMY)) is therefore expressed

as
2 1 1

pv= % (_) (a,L ; m—) (ln _) (3.10)
8nP, \nL R R

This expression, derived by BLAQUIERE [1962], is called the Schaw-

low-Townes formula.

As the second step, the contribution of carrier density fluctuations in the first

term of eq. (2.11) is taken into account. Since the linewidth would be increased

by this contribution, eq. (3.10) must be modified, and the resultant expression

is given by
, .
A (i) (cx,L +In l) (ln 1) np(1+ 02). (3.11)
8nP, \nL R R ) _‘

This formula has been proposed by WELFORD and MOORADIAN [1982a] and
is called the modified Schawlow—Townes formula. In this equation « is called

the linewidth enhancement factor, which represents the contribution of carrier

density fluctuations. HENRY [1982] has pointed out that « is given by the ratio
between the real (6n') and imaginary (6n") parts of the changes in complex
refractive index of the active layer induced by carner density ﬂuctuatlons
(oc = 6n'/0n"). : o

The absolute values of o for AlGaAs lasers have been measured as being
3.8—-6 by WELFORD and MOORADIAN [1982a] and by HENRY [1982]. For
InGaAsP lasers the absolute values have been estimated as bemg 2 2-2.8 by
KikKucHI and OKOsHI [1985]. :

Figure 7 shows an example of measured values of spectral linewidth of an
AlGaAs laser (WELFORD and MOORADIAN [1982b]). As shown by this figure,
the linewidth usually measures between several MHz and several hundreds of
MHz. Actual values of the linewidth often vary, depending on dewce and
operating conditions.

- Equation (3.11) shows that the linewidth should approach zero w1th increas-
ing laser power P,. Howeyver, this is not the case in fig. 7, where the linewidth
takes a non-zero value at Py ! = 0; this has been called a power-independent
linewidth. WELFORD and MOORADIAN [1982b] and ELSASSER, GOBEL and
KuUHL [1983] have reported the values of this linewidth as being between
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F1g 7. An example of measured values of the spectral linewidth of an AlGaAs laser. (After
: WELFORD and MOORADIAN [1982b].) -

0.6-1.9 MHz. The origins of this linewidth have been attributed to the power-
independent carrier density fluctuations (WELFORD and MOORADIAN
[1982b]), to fast thermal fluctuations of electronic state occupancy (VAHALA
and YARIV [1983]), to flicker noise in frequency induced by carrier mobility
fluctuations (OHTSU and KoTAJIMA [1984]), and to other factors.

§ 4. Improvement of Temporal Coherence

Estimations made in § 3.2 show that the magnitude of frequency noise in
semiconductor lasers is as high as 10 ~ 8, and that the spectral linewidths exceed
several MHz. Since these values do not yet satisfy the requirements for applica-
tion in coherent optical measurements, coherent optical communications, and
other procedures, demands on improving temporal coherence have been grow-
ing recently.
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The following five subjects are relevant areas for study to meet the demands
of this expanding field:

(1) Linewidth reduction of the field spectrum;

(2) Stabilization of center frequency of the field spectrum;

(3) Improvements of frequency reproducibility;

(4) Frequency tracking to another, highly coherent laser;

(5) Stable and wideband frequency sweep.

These subjects will be reviewed in this section. Definitions of frequency
stability, reproducibility, and accuracy are given in the Appendix.

~ 4.1. COMPARISONS WITH MICROWAVE OSCILLATORS AND OTHER TYPES
OF LASERS

Prior to reviewing techniques for improving temporal coherence of semicon-
ductor lasers, we will examine and compare other types of high]y coherent
oscillators.

Cesium (Cs) atomic clocks (9.2 GHz) and rubldlum (Rb) atomlc clocks
(6.8 GHz) have been used as primary and secondary standards of time, respec-
tively. A review by KARTASCHOFF [1978] describes the use of resonance
frequencies of electronic transitions in Cs or Rb atoms as frequency references
to control the frequencies of voltage-controlled crystal oscillators. They are
called passive-type frequency standards, and demonstrate a high performance
level; for example, a frequency stability of 10~ '* and frequency accuracy of
10~ 3 have been achieved in Cs atomic clocks.

Furthermore, by employing a frequency synchromzatlon technique, the
frequency of a Cs atomic clock can be accurately tracked by Rb atomic clocks.
The frequency of the Rb atomic clock also can be tracked by conventional,
lower-stability quartz crystal oscillators. Using this technique, a hierarchy from
higher to lower frequency stability has been established for microwave oscilla-
tors. They have been used to provide synchronized clock pulses for microwave
communication networks, remote sensing, astronomy, ranging, and other
applications.

A hydrogen maser (1.4 GHz) is another type of highly coherent microwave
oscillator; it utilizes stimulated emission resulting from the electronic tran-
sitions in hydrogen atoms. This oscillator is called an active-type frequency
standard. It has been used in very long baseline interferometry (VLBI) because
of its high short-term frequency stability, measuring as high as 10~ 13

As mentioned earlier, microwave oscillators have demonstrated high levels
of temporal coherence because of the following reasons:
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(1) The spectroscopic properties of atomic resonance lines have been
thoroughly investigated in order to use them as frequency references.

(2) Electronic circuits for frequency control have been fully prov1ded

(3) Direct frequency measurements are possible.

(4) The lowest mode of microwave cav1t1es has been used for microwave
oscillation. : ‘

(5) In the case of active-type frequency standards such as hydrogen masers,
a pulling effect fixes the oscillation frequency close to the resonance frequency
of the maser medium because the Q-value of the maser medium is larger than
that of the cavity in the microwave frequency region.

In contrast to microwave oscillators, general lasers possess the following
characteristics, which can sometimes cause deterioration of temporal coher-
ence:

(i) Direct frequency measurements are impossible because of their ultrahigh
frequencies of about 1-100 THz, which would decrease accuracy and reprodu-
cibility of frequency measurements.

(ii) Higher-order cavity modes have been used for oscillation; this can
induce multilongitudinal mode oscillations, mode-hopping, and other characte-
ristics. '

(i) A pulling effect fixes the oscillation frequency close to one of the
resonance frequencies of the cavity because the Q-value of the cavity is larger
than that of the laser medium. This induces fluctuations and drifts in oscillation
frequency by means of mechanical vibration or thermal expansion of the cavity.

In general, the temporal coherence of lasers is not necessarily superior to that
of microwave oscillators. Despite these characteristics, lasers do possess the
potential for exhibiting higher temporal coherence in the future because of a
higher Q-value of the cavity and higher frequency than those demonstrated by
microwave oscillators. Furthermore, lasers can be used as versatile light
sources for optical measurements because of their widely distributed wave-
lengths, between the far infrared and ultraviolet regions.

For gas and dye lasers, frequency stabilization techniques have been devel-
oped satisfactorily by using resonance lines of stable atoms or molecules, or
stable Fabry—Perot interferometers as frequency references. BRILLET and
CEREZ [1981] have described the attainment of a frequency stability of 10~ !3
for gas and dye lasers and as high as 10~ '* for a specially designed
helium—-xenon laser at 3.51 um (OHTSU, KATSURAGI and TAko [1981]) and
for dye lasers (HALL, SALAMON and HiLs [1986]). A spectral linewidth in the
subhertz region has been already attained for a dye laser (HALL, SALAMON and
HiLs [1986]).
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If semiconductor lasers are compared with these lasers, they demonstrate the
following specific features: o o

(a) The cavity Q-value is smaller because of the smaller cavity volume.

(b) The carrier density fluctuates rapidly, and the cutoff frequency of its
power spectral density is as high as the relaxation oscillation frequency.

(c) Carriers are optically pumped by injected light.

(d) Variations in the values of mole fraction of compound semiconductor
materials and cavity sizes can reduce the reproducibility of oscillation characte-
ristics, which also reduces the frequency reproducibility.

These features can enhance the oscillation instabilities and deterioration in
temporal coherence due to spontaneous emission or external signals injected
into the cavity.

Despite these drawbacks, semiconductor lasers are still useful for practical
applications in several optical systems because of their small volume and low
power consumption. For these practical uses efforts have recently been made
to improve their temporal coherence.

4.2. THEORETICAL BACKGROUND OF NEGATIVE FEEDBACK FOR
IMPROVING TEMPORAL COHERENCE

Control of the laser frequency can be achieved by controlling the resonance
frequency of the laser cavity. In the case of semiconductor lasers this can be
done by varying the refractive index or the length of the cavity through changes
in the injection current or ambient temperature. The resultant frequency shift
- dv can be expressed as

dv= - vO[A-l- ON.(I) + (o + By) 8T, (I) + (o + BT)-8T2] . 4D
n A 1

The first term on the right-hand side of eq. (4.1) represents the effect of variation
in the refractive index resulting from carrier density variation S N_(/) by means
of the injection current 7, with 4 a proportionality constant. The second term
represents the effects of variations in the refractive index and the cavity length
resulting from temperature variation 87,(/) by means of the injection current.
The coefficients a, and f, are proportionality constants for these variations,
respectively. The third term represents the same effects caused by variations
in ambient temperature §7,. Numerical values of the proportional constants in
this equation are summarized in table 2.

For frequency control, injection current control is more effective than con-
trolling the ambient temperature because temperature response is slower.

49



212 COHERENCE IN' SEMICONDUCTOR LASERS [II,§ 4

TABLE 2
Typical values of the constants in eq. (4.1) for AlGaAs and InGaAsP
lasers.
AlGaAs InGaAsP

A -40x10"2"m3 -70x10"% m3
n 35 35

oy 5x10"6K~! 54x10-K™!
Br 1x10-4K"! 10x10-4K"!

Figures 8 and 9 show response characteristics of frequency modulation by
means of the injection current. Figure 8 shows experimental results of frequency
deviation |0v/0/| measured by KOBAYASHI, YAMAMOTO, ITO and KIMURA
[1982]. In this figure it can be seen that the primary contribution comes from
the thermal effect of the second term of eq. (4.1) for the modulation of frequency
ranges lower than several MHz, whereas the carrier effect dominates in the
higher frequency ranges. In addition, the carrier effect attains the relaxation
oscillation frequency of eq. (3.2), which limits the response bandwidth of
frequency control by the injection current. |

Figure 9 shows the experimental results of phase delay arg(0v/0/) measured
by JACOBSEN, OLESEN and BIRKEDAHL [1982]. This phase delay is also
governed by thermal and carrier effects, as it was for |0v/0]|. This figure shows

loll

I g% \ (Hz/mA)

108 -

107 1 ] 1 1 1 1 ]
102 103 104 10° 108 107 108 10° 1010

[, (Hz)

Fig. 8. Characteristics of frequency deviation of TJS-, CSP-, and BH-type AlGaAs lasers
obtained by modulating the injection current. Curves and symbols represent theoretical and
experimental results, respectively. (After KOBAYASHI, YAMAMOTO, ITO and KIMURA [1982].)
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Fig. 9. Characteristics of the phase delay of frequency modulation of a CSP-type AlGaAs laser
by injection current. Curve and dots represent theoretical and experimental results, respectlvely
(After JACOBSEN, OLESEN and BIRKEDAHL [1982].)

that the phase delay increases with increasing modulation frequency, which
means that phase-lead compensation, that is, an analog differentiator, is
required in a servocontrol loop for negative feedback.

Insufficient stabilization of the ambient temperature can induce frequency
drift, which takes a larger value of the Allan variance in the range of longer

integration time 1. Therefore, the use of an amplifier with higher gain at a lower

Fourier frequency range, that is, an analog integrator, effectively reduces the
drift.

In addition to these electronic components, a frequency reference is required
to fix the frequency at a constant value. Absorption spectra in atoms or
molecules and a Fabry—Perot interferometer can be employed for this reference.
A block diagram of electrical feedback is shown in fig. 10.

In the following calculations minimum attainable frequency fluctuations are
estimated in cases where frequency deviations from this reference can be
accurately measured and where sufficient bandwidth of negative feedback is
ensured. This estimation was carried out by YAMAMOTO, NILSSON and SAITO
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Fig. 10. Block diagram of electrical feedback. PID controller: Propoftional amplifier, analog
Integrator, and Differentiator for feedback.

[1985], who added a term representing a negative feedback effect to the
equation for phase fluctuations of eq. (2.11). This is expressed as

d(8¢)_ 1 Vs Xm SN +F¢(t)

_ J’ oohj(t’) [d(8¢gt— T')) + F(t _ T’):I dr , (42)

where A, is the impulse response of the feedback loop, and It - 7') is the
magnitude of the noise generated in the feedback loop. Fourier transform of
this equation gives

1 & +®. 1 H
iw 1+H iw 1+ H

where, ®, H, and E are the Fourier transforms of 8¢, h,, and T', respectively.
® and @ represent the Fourier transforms of the first and second terms of
the right-hand side of eq. (4.2), respectively. i is the imaginary unit and  the
Fourier angular frequency. The first term vanishes for infinite gain (H — o0);
that is, the quantum noise contributions of carrier density fluctuations and
spontaneous emission, which are the intrinsic noise sources for free-running
lasers, can be suppressed by infinitely increasing the feedback gain. Since the

=, 4.3)
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‘second term approaches a finite value E with increasing H, it can be estimated
that phase fluctuations can be reduced to a value limited by the noise of the
feedback loop in the case of infinite feedback gain. This means, for example,

that the spectral linewidth can be reduced to a value narrower than that given

by the Schawlow—Townes formula (3 10) if a low-noise, high-gain feedback
loop is used. -

A fundamental noise component of this feedback loop can be shot noise from
the photodetector. For example, fig. 11 shows the minimum attainable line-
width of an InGaAsP laser of 1.5 pm wavelength, as derived by OHTSU and
KoTaiiMmaA [1985a], which is limited by the shot noise. For this estimation it
was assumed that a Fabry—Perot interferometer of 1 cm long was used as a
frequency discriminator for fluctuation measurements. This figure shows that
a linewidth as narrow as 1 kHz-100 Hz may be expected, depending on the
finesse of the interferometer. The highest frequency stability as limited by the

104
A
103 L
g 102+
[2a]
<
A
A |
101 -
10° | 1 | ]
0.8 0.9 1.0
RFP

Fig. 11. Minimum attainable linewidth of an InGaAsP laser by means of electrical feedback. Ry,

reflectance of the mirrors of a 1-cm-long Fabry—-Perot interferometer used as frequency discrimi-

nator; (A) result limited by noise from a germanium-avalanche photodiode; (B) result limited by
noise from a germanium-PIN photodiode. (After OHTSU and KoTAJIMA [1985a].)
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detector shot noise can also be estimated. For example, its value for an AlGaAs
laser has been estimated by OHTSU, FUKADA, TAKO and TSUCHIDA [1983]
as

0, (1) =17 x 1077~ 12, 4.4)

assuming that an absorption line in 3°Rb vapor was used as a frequency
reference. This result is portrayed by curve G in fig. 6. This stability is as high
as that of a hydrogen maser, which implies that a semiconductor laser
possesses the potential of becoming a high-coherence oscillator.

4.3. EXPERIMENTAL APPROACH FOR FREQUENCY NOISE REDUCTION

The experimental results of the five subjects described earlier are reviewed
in this section.

4.3.1. Linewidth reduction of the field spectrum

It is effective to increase the cavity Q for linewidth reduction because the
linewidth is inversely proportional to the cavity Q, as shown by eq. (3.11). With
this idea in mind an external mirror was installed close to the laser, facing its
cavity facet, thus forming a three-mirror cavity whose cavity Q is larger than
that of the solitary laser. WYATT and DEVLIN [1983] narrowed the linewidth
to 10 kHz by this configuration. FAVRE, LE GUEN and SIMON [ 1982] connected
afiber to the laser facet and used the other facet of the fiber as an external mirror
to form a longer cavity, obtaining a linewidth as narrow as 30 kHz. In another
technique this external waveguide mirror was integrated by FuiiTA, OHYA,
MATSUDA, ISHINO, SATO and SERIZAWA [1985].

This technique is called optical feedback, since the output laser beam from
the solitary laser is injected into the laser again after being reflected from the
external mirror surface. Although this technique has become popular because
of its simple configuration, it presents the following problems:

(1) Itsacrifices an advantageous property of the semiconductor laser cavity,
namely, smallness.

(2) The linewidth can vary temporally as a result of phase fluctuations of the
reflected light induced by mechanical vibration of the external mirror or thermal
extension of the optical fiber. Even if these fluctuations are absent, a chaotic
instability of laser oscillation can be induced, which depends on the absolute
value of this phase. This phenomenon will be described in § 5.1.



I1, § 4] IMPROVEMENT OF TEMPORAL COHERENCE 217

(3) The index of direct frequency modulation by the injection current is
decreased.

A electrical feedback technique has been proposed recently by OHTSU and
KoTAiiMA [1985a,b] to overcome these difficulties; here the frequency noise
is reduced within the Fourier frequency range of f < Avgg, where Avgy is the
linewidth of the free-running laser. In principle the linewidth can be reduced
to the value given by fig. 10 if the feedback loop.has a bandwidth as wide as
Aveg, and if frequency fluctuations are measured accurately and compensated
by direct frequency control. In this technique the cavity size does not have to
be increased, oscillation instabilities cannot be induced because the feedback
is essentially negative, and the frequency modulation index does not decrease
when the modulation frequency is higher than the cutoff frequency of the
feedback. Furthermore, in the future the optical and electronic components in
this feedback loop can be integrated with the laser diode in order to realize a
miniature coherent light source. Thus the technique offers several advantages
when compared with conventional techniques of optical feedback.

Figure 12 shows experimental results for the 1.5 ym InGaAsP laser (DFB
type) that were obtained by OHTSU and KOTAJIMA [1985a]. A Fabry—Perot
interferometer 1 cm long was used as a frequency discriminator. Another
detection scheme for frequency fluctuations is heterodyning with another,
highly coherent laser; this method was employed by SaiTo, NiLSSON and
YAMAMOTO [1985]. As can be seen in fig. 12 the linewidth was reduced to
330 kHz, which is &= times that of the free-running laser. By improving the
experimental setup, OHTSU [1985a] recently obtained a reduced linewidth of
200 kHz, which is 55 times that of the free-running laser. With values of 5 and
5, the linewidth was narrowed to a value less than the value from the
Schawlow-Townes formula, since 1 + a2 of eq. (3.11) is less than 8.9, which
is estimated by using the already reported value of the linewidth enhancement
factor, that is, 2.2-2.8 for InGaAsP lasers (KiKucHI and OKOsHI [1985]).
These results validate the discussion in § 4.2, which was based on eq. (4.3).

TaBUcHI, OucHI and OHTSU [1986] estimated the narrowest linewidth
obtainable by employing the present experimental setup. The result of the
signal-to-noise ratio of the frequency fluctuation measurements used for this
estimation showed that the linewidth can be narrowed to as little as 10 kHz by
reducing the phase delay of the present feedback loop. This means that the
experimental results may achieve the minimum attainable linewidth of fig. 11.
It was estimated that a sufficiently low phase delay can be achieved if the
electrical length of the feedback loop is as short as 10 cm. This length can be
realized by slight modifications in the experimental setup presently used,
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Fig. 12. Experimental results of linewidth reduction of an InGaAsP laser by electrical feedback.
The upper and lower figures show field spectra for free-running and feedback conditions,
respectively. (After OHTSU and KoTAJIMA [1985a].)

without the necessity for strict integration of the feedback loop, which also
makes this feedback scheme practical and attractive.

Further linewidth reductions can be expected if a more sensitive frequency
discriminator is used, since it will improve the signal-to-noise ratio of frequency
fluctuation measurements and reduce the detector-noise-limited value. A long
Fabry—Perot interferometer fabricated by using a low-loss optical fiber
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(STOKES, CHODOROW and SHAW [1982]) is a promising candidate for such
a discriminator. Figure 13 shows an estimated result of the relation between the
detector-noise-limited value of the reduced linewidth Avgg, the resonance
linewidth Avgp of the Fabry—Perot interferometer with interferometer mirrors
of 909 reflectivity, and the interferometer length L., (TABUCHI, OUCHI and
OHTSU [1986]). It can be seen that the detector-noise-limited value decreases
with increasing interferometer length, which is represented by curve A in fig. 13.

Lpp (m)
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10'3 1 T
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107
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Fig. 13. Estimated result of the relation between the detector-noise-limited value of the reduced
linewidth Avgg of an InGaAsP laser and the resonance linewidth Avgp of the Fabry—Perot
interferometer. 4vgg, linewidth of the free-running laser; Lgp, length of the Fabry-Perot
interferometer with 90 %, mirror reflectivity. Curve (A) represents the effect of linewidth reduction
with decreasing Avgp, which is due to increases in sensitivity of frequency discrimination. The
meshed area between curves B and C represents the effect of linewidth rebroadening with
decreasing Avgp, which is induced by the decrease of the bandwidth of the feedback loop. (After
TABUCHI, OUCHI and OHTSU [1986].)
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However, further increases in the length would induce rebroadening of the
linewidth, since the bandwidth of the interferometer is decreased, which also
limits the bandwidth of the feedback loop. This effect is represented by a
meshed area between curves B and Cin fig. 13. It can be seen in this figure that
the minimum of the detector-noise-limited linewidth can be expected at an
interferometer length of 1-10 m, which is a reasonable value for fabricating the
fiber interferometer by using presently available fiberoptic technology. The
minimum linewidth is about 1 x 10~ 7 times that of the free-running laser; that
is, it is possible to obtain a linewidth as narrow as 1 Hz. Furthermore, induced
increases in intensity noise are estimated as being less than 59, that of the
free-running laser in the case of electrical feedback for frequency noise reduc-
tion (TABUcHI, OucHI and OHTSU [1986]). From these estimations it is
realistic to expect high coherence in semiconductor lasers in the future by using
the electrical feedback technique.

4.3.2. Stabilization of the center frequency of the field spectrum

Since changes in ambient temperature cause drifts in the center frequency
of the field spectrum, reduction of the low Fourier components of the
frequency noise is required to improve the frequency stability. For this reason
it is effective to control the injection current by using an analog differentiator
and integrator, as was described in § 4.2. A proportional amplifier is sometimes
used in parallel with these amplifiers, i.e., PID control is used. Since the gain
of the actual integrator is finite, the Fourier frequency range in which the
servocontrol is effective is higher than 0.1 mHz. Thus, it is difficult to reduce
drift at integration times longer than about 1 x 10* s by means of the practical
feedback loop, which limits the frequency reproducibility. This phenomenon
will be discussed in § 4.3.3.

A Fabry-Perot interferometer can be used as the simplest frequency refer-
ence for frequency stabilization. However, the resonance frequency of the
interferometer can drift as a result of the ambient temperature fluctuations.
Stabilization of such a resonance frequency itself has been carried out by using
a 633 nm helium-neon laser with a higher frequency stability to compensate
for this drift (TsucHIDA, OHTSU and TAkoO [1981]). For stabilization at
integration times less than 10 ms, a simple Fabry—Perot interferometer, such
as one made by a rigid quartz block, can be used because the effects of ambient
temperature fluctuations are less at these short integration times. Curve C, of
fig. 14 represents the result obtained from using such a simple interferometer.

For higher frequency stability more stable frequency references are required
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Fig. 14. Expei'imental results of stability measurements of the center frequency of the:field

spectrum of AlGaAs lasers. A,, B,, C,, D,, free-running lasers. Curves A,, B, and C, represent
results stabilized by using absorption lines in H,O vapor, 85Rb-D2 vapor, and a resonance line-

ofa ngld Fabry-Perot interferometer, respectively. Curves E and F are copies of ¢ curves F and
H in ﬁg 6. (After OHTSU, FUKADA, TAKO and TsUCHIDA [1983].) - ’

that are almost independent of ,ambient circumstances. The center frequency

of a spectral line of a stable atom or molecule can be used as such a reference.
For example, absorption lines of combination tones or higher harmonics of the

vibration—rotation transitions in organic molecules (water, ammonia, etc .) can
be used for near-infrared semiconductor lasers with wavelengths of 0.7-1.6 pm
(OHTsU, KOTANI and TAGAWA [1983] and FUKUOKA, OHTSU and TAkO
[1984]). Since a great number of these lines are found in the near-infrared
region, the frequency of each semiconductor laser can be tuned at least to one
of them, which makes these lines popular and stable frequency references.
However, the sensitivity of the frequency discrimination of these references 18
rather low because of their low absorption coefficients.

In contrast, the resonance lines of the electronic transitions in alkali vapors
(e.g., cesium, rubidium, etc.) can be used as highly sensitive frequency refer-
ences because they exhibit large absorption coefficients in the wavelength
region of 0.8 pm (YABUZAKI, IBARAGI, HORI, KiTANO and OGAWA [1981]
and TSUCHIDA, OHTSU, TAKO, KURAMOCHI and OURA [1982]). In this case
further increases in the sensitivities can be expected because a narrower
spectral line can be obtained by using the technique of saturated absorption
spectroscopy. Characteristics of this spectral profile will be described in § 6.2.
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Curves A, and B, of fig. 14 represent the results obtained by using absorption
lines in H,O and ®°Rb as the frequency references, respectively. It is seen that
curve B, almost approaches the curve F; that is, a stability as high as the one
limited by the spontaneous emission was realized. The value of curve B, is
0, = 1.4 x 10~ ' at an integration time 7 of 100 s. Further improvements of the
stability and approach to the curve G of fig. 6 can be expected by improving
the servocontrol system.

Absorption spectral lines in water and ammonia have been employed as
frequency references for 1.5 pm InGaAsP lasers, for which a frequency stability
as high as that of curve A, in fig. 14 has been obtained (OHTSU, KOTANI and
TAGAWA [1983]). ’

4.3.3. Improvement of frequency reproducibility

The frequencies of free-running semiconductor lasers are widely distributed
because of their higher frequency and the lower accuracy in device fabrication
in comparison with microwave oscillators. Furthermore, it is difficult to reduce
frequency drift at integration times longer than about 1 x 10* s because of the
finite gain of the analog integrator for servocontrol, as was described in § 4.3.2.
These facts limit the frequency reproducibility of semiconductor lasers.
Although frequency reproducibility as high as 1 x 10~ 7 has been obtained from
frequency stabilization by using absorption lines in water and ammonia as
frequency references (OHTSU, KOTANI and TAGAWA [1983] and FUKUOKA,
OHTSU and TAKO [ 1984]), this has not been high enough for applications such
as coherent optical measurements. Despite this fact, few approaches have been
carried out to improve the frequency reproducibility.

As the first step in improving the frequency reproducibility, it is essential to
investigate the characteristics of the frequency reproducibility of free-running
lasers. Figure 15 shows the result of continuous measurements for this purpose
of frequency drift in free-running AlGaAs lasers (OHTSU, HASHIMOTO and
OzAawaA [1985]). One of the spectral lines in rubidium (F = 1 component in
87Rb-D,) was used as a frequency reference for frequency measurements. The
effects of fluctuations in ambient temperature and injection current were
neglected because these were kept as low as 1 x 10-3K and 0.6 nA/\/m,
respectively. It can be seen from this figure that the laser exhibits a blue shift
of 26 MHz/h for 600 h just after the start of measurements, and a blue shift of
8.6 MHz/h can still be observed after six months. Furthermore, variations in
mode-hopping properties can also be observed. FAVRE and LE GUEN [1983a]
have attributed these long-term variations in spectral properties to slow
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Fig. 15. The results of continuous measurements of frequency drift in free-running AlGaAs
lasers. The lower curve was obtained six months later than the upper curve. (After OHTSU,
HASHIMOTO and OzAwA [1985].)

temporal decreases of thermal resistance resulting from oxidation of the indium
bonding layer or from thermal effects induced by nonradiative carrier recombi-
nation near the facets.

Decrease and stabilization of thermal resistance and screening of laser
devices are required at the device fabrication stage in order to reduce these
uncontrollable variations. OKAzAKI1, OHTSU and TAKO [1984] demonstrated
that detection and compensation of such long-term variations of spectral
properties by using a microcomputer are also effective ways of improving the
frequency reproducibility. These techniques have already been employed for
microwave oscillators.

4.3.4. Frequency tracking to another, highly coherent laser

If the coherence in a laser is improved by using the techniques described in
§§ 4.3.1-4.3.3, it can be used as a master laser in coherent optical measurement
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systems. In these systems it is useful if the high coherence of the master laser
can be transferred to other lasers, or, in other words, if the frequencies of slave
lasers can be accurately tracked to the master laser frequency. By using these
procedures a series of highly coherent lasers can be constructed, which allows
the realization of a hierarchy similar to that for microwave oscillators descnbed
in §4.1.

A popular technique for frequency tracking utilizes the phenomenon of
injection locking. As shown in fig. 16, the frequency of a slave laser can be
locked to the master laser frequency when light from the master laser is injected
into the slave laser cavity. This phenomenon has been observed not only in
lasers but also in general nonlinear self-sustained oscillators, and it is called
injection locking (VAN DER PoL [1927]).

The locking range, that is the frequency range in which the slave laser
frequency is locked to the master laser frequency, has been derived by LANG
[1982] and is expressed as -

- L SEPIT+ P < y - 0, < = /PlP,, (4.5)

where P, P., w_, and w, are the laser powers and angular frequencies of the
master and slave lasers, respectively, 1, is the photon lifetime of the slave laser,
and « is the line enhancement factor given in § 3.3. This factor appears in
eq. (4.5) to represent the effect of the simultaneously induced modulations in
frequency and amplitude of the slave laser, which is due to the carrier density
modulation by the injected light of the master laser. Since the locking range is
inversely proportional to 1, that is, the cavity Q, injection locking easily occurs
in semiconductor lasers because of their lower cavity Q.

As shown in fig. 17, the slave laser frequency precisely tracks that of the
master laser under injection locking. Furthermore, the phase and power of the
slave laser can also be varied by sweeping the master laser frequency. These
effects have been applied in several studies in which the injection-locked slave
laser is used as an optical amplifier for coherent optical communications
(KoBAYAsHI and KIMURA [1982]). The measured gain—bandwidth value of

Master Laser p—---» Isolator }---»| Slave Laser p---+»

Fig. 16. Block diagram for observing injection locking.
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Fig. 17.(a,b) Relations between (a) the angular frequencies of the master laser, w,, and the slave

laser, w,, and (b) the angular frequency of the master laser and the power of the slave laser P,.

(c) Phase difference between the master and slave laser ¥. The locking range is represented by
2 Aw; , which corresponds to eq. (4.5).
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these AlGaAs laser amplifiers is 35 GHz (KoBAYASHI and KIMURA
[1981]).

Although injection locking is physically interesting as a phenomenon, it
presents several problems if it is used as a practical technique for accurate
transfer of high coherence, since this locking range depends on the powers of
both lasers, thus requiring high master laser power and low power fluctuations
of both lasers. Because of these requirements, the practical experimental
apparatus would be complicated.

A frequency offset locking technique has been proposed to overcome these
difficulties (KuBok1 and OHTSU [1987]). This technique had already been
applied to gas lasers (HALL and BORDE [1973], OHTsU, KATSURAGI and
TAko [1981]). Figure 18 shows a schematic explanation of frequency offset
locking, in which the slave laser frequency is controlled so that the beat
frequency between the two lasers is locked to the frequency of a local microwave
oscillator. In the actual experimental setup the phase instead of the frequency
of the beat signal was locked to that of the microwave signal in order to improve
the accuracy of frequency tracking and to obtain a wider bandwidth for the
feedback loop (KuBoKI and OHTSU [1987]). For this phase-locking technique
a digital phase comparator was developed. The bandwidth of the feedback loop
was 1.5 MHz. From this explanation it can be deduced that this technique is
similar to the phase-locked loop used for conventional electronic circuits. A
different feature of the present feedback loop is the design of the dynamic range
of the phase comparator, which is 2x x 2!! rad. This enables the detection of
much larger phase fluctuations in the lightwave than is possible with the
conventional phase-locked loop. Figure 19 shows a result obtained for AlIGaAs
lasers (KUBOKI and OHTSU [1987]), in which the frequency stability of the
locked beat signal is given by curve B and is expressed as

0,,(1) =13 x10712. ¢~ 1 lpus<t<100s. (4.6)

The frequency stability of the slave laser is governed by those of the master laser
and the beat signal. However, since the frequencies of the master laser and the
beat signal are stabilized by using mutually independent feedback loops, their
residual frequency fluctuations are mutually uncorrelated. This means that the
Allan variance of the frequency fluctuations in the slave laser 02, is obtained
simply by summing those of the master laser and the beat signal, that is,

0;4(1) = 05 (1) + 05 (7); (4.7)

0> m(7) is the Allan variance of the residual frequency fluctuations in the master
laser given by curves A,, B,, and C, in fig. 14. Comparison between these
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Fig. 18. Block diagram of frequency offset locking. P.C. stands for phase comparator. (After
KuBoKI and OHTSsU [1987].)

curves and curve B of fig. 19 shows that o2 (1) > 62,(7), which means that
0> (1) & 02 ,(7); that s, the frequency stability of the slave laser is almost equal
to that of the master laser. It can be concluded from these results that the high
coherence of the master laser could be transferred to the slave laser by frequency
offset locking. The locking range of the beat frequency was 1.92 GHz, which
will be described in more detail in § 4.3.5. Since the capture range of the beat
frequency is 1.92 GHz wide, the free-running beat frequency can be captured
and fixed at the microwave frequency if the beat frequency stays within this
range.
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Fig. 19. Square roots of the Allan variances of (A) frequency noise in the master laser and (B)
the beat signal between the master and slave lasers. (After KUBOKI and OHTSU [1987].)

This technique is simpler and more stable than the injection-locking tech-
nique because no nonlinear optical phenomena are used. Stability and accuracy
for frequency tracking are important to reduce the fluctuations of IF frequency
in heterodyne optical measurements and heterodyne/coherent optical commu-
nications. In the latter case, especially, preliminary frequency tracking experi-
ments have been carried out for FSK heterodyne communications (FAVRE and
LE GUEN [1983b], EMURA, SHIKADA, FuiitA, Mito, HONMOU and
MINEMURA [1984]). Similar experiments have also been carried out for
homodyne communications (WENKE and SAITo [1985]).

4.3.5. Stable and wideband frequency sweep

External cavity configurations have been employed for a wideband frequency
sweep by installing an external diffraction grating, which was described in
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§ 4.2.1. In this configuration a longitudinal oscillation mode was selected by
rotating a diffraction grating (FLEMING and MOORADIAN [1981]), and the
wavelength of a 1.5 pm InGaAsP laser was swept over 0.5 nm (frequency range
of 67 GHz) (CAMERON, MATTHEWS, HODGKINSON and DEVLIN [1985]).
This is a popular and convenient technique that has been frequently employed
for infrared gas lasers and visible dye lasers. However, it is difficult to make
a continuous frequency sweep by this technique because of the hopping
between the longitudinal modes of the three-mirror cavity formed by the
external grating and the laser facets. Furthermore, it presents several problems,
such as chaotic instabilities dependent on the phase of the lightwave reflected
from the grating, stochastic instabilities induced by random fluctuations of this
phase, increases in cavity volume, and decreases in direct frequency modulation
index.

KuBoki and OHTSU [1987] have proposed recently that frequency offset
locking can be used as an effective technique to overcome these difficulties.
Thus, if the microwave frequency is slowly swept under frequency offset
locking, the slave laser frequency can be swept while maintaining a frequency

stability as high as that of the master laser. Experiments confirmed that the .

locking range of the beat frequency (i.e., the frequency range in which the beat
frequency was swept) was as wide as 1.92 GHz for 0.8 um AlGaAs lasers
(KuBoki, KaTo and OHTSU [1986]), and the frequency stability of the beat
signal within this locking range was as high as that shown in fig. 19 (KUBOKI
and OHTSU [1987]). These results mean that the slave laser frequency was
swept in a very stable manner within a frequency range of 3.84 GHz with
respect to the master laser frequency. The value of this locking range was
limited by the response bandwidth of the detector used for observing the beat
signal.

There are two promising ways of further extending the range of stable
frequency sweep of the slave laser that are schematically explained by fig. 20.

(1) The technique in fig. 20a demonstrates a discrete tuning of the master
laser frequency by successively locking to one of the frequency reference grids
v, ; (i =1,..., N), which are nearly equidistantly distributed along the frequen-
cy axis. For each locked frequency of the master laser, frequency offset locking
is applied to the slave laser. This control scheme enables an extension of the
range of stable and accurate sweep of the slave laser frequency. Absorption
lines of combination tones or higher harmonics of vibration-rotation tran-
sitions in organic molecules are potential candidates for this frequency reference
grid because a great number of lines are distributed within intervals of several
gigahertz or several tens of gigahertz in the near infrared wavelength region, and
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Fig. 20. Schematic explanations of two ways of extending the locking range in frequeucy offset

locking. (a) Discrete tuning of the master laser frequency by successively locking to each of the

frequency reference grids v, ;, which are nearly equidistantly distributed along the frequency axis;

vg is the locking range of the beat frequency between the master and slave lasers. (b) use of a

number of slave lasers; M.O.: microwave oscillator; M.L.: master laser; S.L.i: the ith slave laser
(i = 1-N); F.O.L.: servocontroller for frequency offset locking.
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some of their absolute frequencies have already been calibrated with
1x107°-7 x 10~# accuracy (OHTSU, KOTANI and TAGAWA [1983] and
FUKUOKA, OHTSU and TAKO [1984]). Equidistantly distributed resonance
frequencies of a Fabry—Perot interferometer can be used as a simpler frequency
reference grid, and experiments with it showed that it was possible to lock the
master laser frequency to its successive fifteen resonance frequencies. For each
locked frequency of the master laser, frequency offset locking was applied to
the slave laser, thus extending the range of stable frequency sweep of the slave
laser to 57.6 GHz (KuBOKI1, KATO and OHTSU [1986]).

The number of lines of the frequency reference grid to which the master laser
frequency can be locked was limited by mode-hopping in the master laser. It
would be effective to use a laser without mode-hopping to extend this range.
A recently developed 1.5 ym InGaAsP distributed feedback (DFB) laser is
desirable for this purpose because its wavelength can be continuously varied
within a range of 15 nm without mode-hopping by varying the ambient
temperature under free-running conditions, which corresponds to a frequency
range 2 THz wide (TOHMORI [ 1986]). A stable and wideband frequency sweep
for more than 1 THz can be expected if this kind of laser is employed for
frequency offset locking.

(2) The second technique, schematically explained in fig. 20b, is to prepare
a number of slave lasers and to apply frequency offset locking between the
adjacent lasers by using a common microwave oscillator. Since the frequency
of the Nth slave laser can be fixed to v,, + Ny (with v, the master laser
frequency, and v, the frequency of the local microwave oscillator), the range of
stable frequency sweep for this laser becomes N times wider than that of the
first slave laser. Such a frequency offset locked laser array is also interesting
from the standpoint of ultrashort light pulse generation, because the lightwave
superposed by all the laser beams from the array is mode-locked. This is
because the frequency difference between each pair of slave lasers is fixed at
v, and all the slave lasers commonly possess the high coherence of the master
laser.

The possibility of a stable and wideband frequency sweep has been demons-
trated here. This technique is made possible because the gain spectra of semi-
conductor lasers have broad linewidth, and fast modulation and control of the
frequency are enabled by controlling the injection current. From these findings
can be concluded that semiconductor lasers provide promise for realizing such
a stable and wideband frequency sweep.

The techniques for carrying out the five approaches to realize high coherence
were separately described in the preceding five subsections. These techniques
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can be synthesized as shown by fig. 21 in order to carry out the five approaches
simultaneously, since all the techniques commonly employ electrical feedback.
Thus, electrical feedback is a promising technique for realizing high temporal
coherence in semiconductor lasers.

4.4 DESIGN OF NOVEL SEMICONDUCTOR LASERS TO IMPROVE
COHERENCE

The previous section described the effectiveness of controlling the injection
current in such a way that it improves the coherence. However, the structures
of the semiconductor lasers available so far have not necessarily been appro-
priately designed for this purpose because they are designed primarily for
optical communication or readout of optical memories, by modulating their
power by means of an injection current. An appropriate laser structure needs
to be designed to improve coherence by negative electrical feedback. Recent
designs of such a novel structure are presented in this section.

Figure 22 shows a distributed Bragg reflector (DBR) InGaAsP laser at
1.55 um with a segmented electrode (TOHMORI, SUEMATSU, TSUSHIMA and
ARAI [1983]). One part of the cavity was used as the active region for laser
oscillation, and the other part was used for a phase modulator for wavelength
tuning. The mole fraction of the guided layer of the modulator was adjusted so
that its band-gap energy was larger than that of the guided layer of the active
region, which made the loss of the modulator negligibly low. Phase modulation
was carried out by modulating the current injected into this region through
variation of the refractive index by the plasma effect. Theoretical estimation
showed that the wavelength can be tuned at a rate of —0.1 nm/mA without
varying the value of the threshold current for laser oscillation, which experi-

ments confirmed.

DBR Region Lasing Region Tuning Region

ittt 5 __—‘

£

T

Fig. 22. Structure of a DBR-type InGaAsP laser with a segmented electrode. (After TOHMORI,
SUEMATSU, TsUSHIMA and ARAI [1983].)
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Use of this type of laser is advisable because frequency fluctuations can be
reduced by controlling the injection current of the modulator while power
fluctuations are kept at a sufficiently low level by controlling the injection
current of the active region.

A 1.3 pm DFB InGaAsP laser with segmented electrode has recently been
fabricated by YAMAGUCHI, KITAMURA, MURATA, MITO and KOBAYASHI
[1985]. In contrast to fig. 22, the same materials were used for the active region
and the phase modulator, which means that wavelength tuning was carried out
by using both the plasma effect and anomalous dispersion of the refractive
index. By using this laser, flat response characteristics of direct frequency
modulation up to 300 MHz were realized by compensating for the thermal
effect by controlling the injection current of the phase modulator (YAMAZAKI,
EMURA, SHIKADA, YAMAGUCHI and M1to [1985]). It was confirmed by this
control that distortions in demodulated waveforms were reduced in FSK
coherent/heterodyne optical communication. ~

A 1.5 pm hybrid DFB/DBR InGaAsP laser with segmented electrode has
also been fabricated (WESTBROOK, NELSON, FIDDYMENT and COLLINS
[1984]). The same materials were used also for both of the regions. Wideband
wavelength tuning of 5 nm was obtained by sweeping the injection current of
the phase modulator. |

Simultaneous and independent control of frequency and power can be
accomplished by using these segmented electrode in the laser cavity, which
leads to an improved frequency control with higher accuracy and wider band-
width. It is also helpful to integrate opto-electronic components of the feedback
loop together with the laser device for this purpose; this technique of an
opto-electronic integrated circuit (OEIC) has important uses in the future.

§ S. Deterioration of Coherence Caused by Specific Noise in
Semiconductor Lasers

Several specific kinds of noise can often be generated in semiconductor
lasers because of their low cavity Q and the wideband response characteristics
of carrier density variations. Since these kinds of noise interfere with attempts
to improve coherence, their origins should be investigated and a technique for
suppressing them found. Reflected lightwave noise and mode-hopping noise
are typically troublesome, and their characteristics are reviewed here.
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5.1. OSCILLATION INSTABILITIES INDUCED BY REFLECTED LIGHTWAVE
AND CHAOS

It was observed that laser oscillation became highly unstable when the
emitted light was injected into the laser cavity after it was reflected from a
mirror surface, fiber edge, optical disk surface, or other reflective items (see
fig. 23). Changes in oscillation characteristics have been observed, such as
changes in the threshold current, wavelength shift (LANG and KOBAYASHI
[1980]), and linewidth broadening (MILES, DANDRIDGE, TVETEN, TAYLOR
and GIALLORENZI [1980]), increases in intensity noise (BROOM, MOHN,
RiIscH and SALATHE [1970]), and changes in relaxation oscillation characteris-
tics (KoBAYASHI [1976]). These instabilities are frequently induced, since
reflected waves can be easily injected into the cavity because of its low facet
reflectivities.

HIROTA and SUEMATSU [1982] have discussed this phenomenon by utiliz-
ing a model of injection locking at the initial theoretical stage of their study.
According to their theory, the intracavity laser light can be injection locked by
the reflected wave under specific conditions. The possibility of injection locking
depends in a complicated manner on operating parameters, for example,
magnitudes of frequency fluctuations, intensity fluctuations, random mechani-
cal vibrations of the reflecting surface, and random fluctuations in refractive
index of the optical path. Thus, this was interpreted to mean that the instabilities

were induced by random fluctuations in the values of the operating parameters

by means of injection locking.

Following this study it was found that this instability can be induced even
in the absence of such random fluctuations, so that it is not a stochastic but
a deterministic instability. In other words, instability can be induced by the
injection of a reflected wave into a nonlinear self-sustained oscillator, with the
phase delay given by the round-trip time to the external mirror, even if no
operating parameters have random fluctuations. This fact supports the sug-
gestion of optical chaos made by IKEDA [1979]. Chaotic behavior of semicon-

Mirror
Emitted
Light
Laser p——————- > ———————
Reflected
Light

Fig. 23. Schematic explanation of the injection of reflected waves from an external reflector.
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ductor lasers has been experimentally confirmed by injection of the reflected
wave (KAWAGUCHI and OTSUKA [1984]).

Computer simulations have also been made by employing a three-mirror
model. However, the accuracy of this model can be reduced if the round-trip
time is taken too long in comparison with the rise time of laser oscillations. The
longest time limit for the round trip for this model is about 0.1 ns, which
corresponds to a separation between the laser facet and the external mirror of
about 1.5 cm. If the separation is larger than 1.5 cm, a more accurate model
should be employed, for which a Van der Pol’s equation is used by adding a
term representing the electric field of the reflected wave with a phase delay
(TERAMACHI and OHTSU [1984], OHTSU [1985b]). In the case of single-mode
oscillation the electric field of the lightwave is expressed as

E(t) = E(t) exp(iwyt) . . | (5.1)

The Van der Pol equation for E,(¢) can be derived from E;(f)? of eq. (2.3),
and is given by .

d’Ei(r) _ K2

d?  2n

d Y
& (0 - ) - )
.at

_Q2(N)E. + -xdiii(t -7, (5.2)
t

where Q(N,) is the resonance angular frequency of the cavity mode, « is the
coupling coefficient of the reflected wave into the laser cavity, and T is the
round-trip time between the laser facet and the external mirror (i.e., the delay
time). The angular frequency Q2 depends on the carrier density N_, and is
expressed as |

QZ(Nc) = Q(2) {1 - 27A (Nc - thh)} ’ (5°3)

where A is the coefficient shown in eq. (4.1), representing the proportionality
between the change in refractive index and that of the carrier density. Q_ and
N, are the resonance angular frequency of the cavity mode and the carrier
density at the threshold. Computer simulations can be carried out to analyze
temporal variations of E|(z) by using egs. (2.4), (5.2) and (5.3).

Equation (5.2) is a nonlinear difference-differential equation that depends
on the carrier density variations of eq. (2.4). This equation shows that the
electric field exhibits an irregular behavior because it suffers the effect of
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feedback with a delay time T. Figure 24 shows variations of the laser output
power P, simulated by using eqgs. (2.4), (5.2), and (5.3). It can be seen that the

magnitude of fluctuations increases with increasing x, that is, increasing

injected power.
Occurrence of instability can be noticed in this figure when the injection rate
is as low as 0.003%,, which means that an accurate optical isolator should be
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Fig. 24. Calculated results of power fluctuations induced by the injection of reflected waves.
(After OHTSsU [1985b].) Injection rates are (a) 0%, (b) 0.003% and (c) 5%.
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used. However, industrial application of optical isolators made of ferromagnetic
Faraday rotators is inadvisable because of their high cost. To overcome this
difficulty, several attempts have been made to use special lasers that are
insensitive to the effects of a reflected wave, such as a laser with low temporal
coherence. Although it is not the main purpose of this review to describe
low-coherence lasers, we introduce them briefly for reference here.

Reproducible low temporal coherence has been realized by utilizing a
multilongitudinal oscillation of refractive index-guided lasers, which would
oscillate with a single mode under stationary conditions driven by a dc current.
Although the magnitude of the intensity noise of multimode lasers is larger than
that of single-mode lasers because of mode-hopping noise, multimode lasers are
insensitive to the effects of the reflected wave because of the low temporal
coherence in the superposed lightwaves, which can suppress the increase of
intensity noise under injection of reflected light.

Multimode oscillation can be realized, for example, by superposing a radio-
frequency injection current of several 100 MHz to the dc current (ARIMOTO,
O1imA, CHINONE and O1sHI [1984]) or by inducing a sustained oscillation by
increasing the difference in refractive index between the active and cladding
layers (HAYASHI, MATSUI, TANETANI, YAMAMOTO, YANO and HIJIKATA
[1984]). Lasers prepared by these techniques oscillate with about ten longitudi-
nal modes, which reduces the temporal coherence in the superposed lightwave.
Therefore they are insensitive to the effects of a reflected wave, and intensity
noise is not increased even if a reflected wave is injected. This is shown by
fig. 25, which represents experimentally obtained relations between the magni-
tudes of relative intensity noise (RIN) and the power ratio of the reflected wave
and the emitted wave, P, /P, (CHINONE, OJIMA and NAKAMURA [1983]).

The artificially prepared low-coherence lasers just described can be replaced
in the future by improved single-mode lasers that are free from the effect of
reflected waves. Development of such a high-performance single-mode laser
and more practical optical isolators is essential if the temporal coherence of the
semiconductor lasers is ultimately to be improved.

5.2. MODE-HOPPING NOISE

Refractive index-guided semiconductor lasers usually show single longitudi-
nal mode oscillation, as was described in § 2.1. However, because there is no
longitudinal mode control, the longitudinal oscillation can “hop” from one
mode to another if the ambient temperature or injection current is varied. This
switching phenomenon, which is shown in fig. 26 (ARIMOTO, OJIMA and
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Fig. 25. Relations between the relative intensity noise (RIN) and the power ratio of the reflected

and the emitted wave P,/P,. (A) Single-mode, index-guided laser. (B) Multimode laser obtained

by superposing a radiofrequency injection current on the single-mode, index-guided laser. (C)
Multimode, gain-guided laser. (After CHINONE, OJIMA and NAKAMURA [1983].)

TATSUNO [1982])), is called mode hopping, and it interferes with improvements
in coherence because of discontinuous jumps of oscillation frequency. Further-
more, fig. 26 shows that the total laser power fluctuates randomly, a characte-
ristic which is called mode-hopping noise.

Mode hopping can be suppressed if longitudinal mode-controlled lasers (e.g.,
DFB lasers or DBR lasers) are used. However, it is difficult to implement
longitudinal mode control for visible AlGaAs lasers because of oxidation of the
crystal surface and inaccuracies in the fabrication of diffraction gratings
resulting from the short pitch of the grooves. This makes mode hopping a
specific noise source for these lasers. The mode hopping of these visible lasers

I
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Fig. 26. Dependence of the wavelength of a CSP-type AlGaAs laser on the ambient temperature,

exhibiting mode hopping (lower part of figure). Increases in the magnitude of the relative intensity

noise induced by this hopping are simultaneously shown in the upper part of this figure. (After
ARIMOTO, OJIMA and TATSUNO [1982].)

should be suppressed to maintain the magnitude of the intensity noise at a level
sufficiently low to apply them to optical measurements.

To provide a theoretical background for improving coherence, mechanisms
of mode hopping and its suppression are reviewed here by describing the work
done by OHTSU, OTSUKA and TERAMACHI [ 1985] and OHTSU, TERAMACH]I,
OT1sukA and OsaAKkI [1986]. Hopping between two longitudinal modes is
discussed for the sake of simplicity. The time-averaged powers of these modes
can be measured by using a grating monochromator followed by photodetectors
and dc amplifiers, as is shown in fig. 27a. However, their instantaneous powers
do not have constant values but have rectangular waveforms, as shown in
fig. 27b, in which mode-hopping can be seen clearly. Since the heights of the
two rectangular waveforms in fig. 27b are not usually equal, the total power also
can vary, which can be interpreted as mode-hopping noise.

Figure 28a shows the power spectral densities of the intensity fluctuations
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Fig. 27. (a) An example of the mode spectrum of the CSP-type AlGaAs laser measured by a
grating monochromator and dc amplifiers. (b) Temporal intensity variations of the modes shown
in (a) and of their sum. (After OHTSU, TERAMACHI, OTSUKA and OsAKI [1986].)

in fig. 27b. These curves are typical Lorentzian, with a cutoff frequency f,
which means that the mode hopping follows the stochastics of a Poisson
process, that is, mode hopping occurs completely randomly in time. Since the
average duration of the rectangular waveforms of fig. 27b corresponds to 1/xnf,
f. represents the average frequency of mode hopping. Figure 29 shows the
experimentally obtained relation between f. and the injection current [
normalized to its threshold value I;,. It is found from this figure that f,
decreases exponentially with increasing I/I,y,, which means that operation at
higher bias is effective in reducing mode hopping.

It can be deduced that this Poisson process is caused by randomly fluctuat-
ing driving forces. Since the fluctuations of spontaneous emission can be
considered as the principal driving force, computer simulations are carried out
by adding Langevin terms representing the spontaneous emission to eq. (2.3),
where eq. (2.4) was also used for simulations. The simulated results also
showed a rectangular waveform and Lorentzian power spectral densities (see
fig. 28b) that were similar to those in figs. 27b and 28a. This agreement between
the experimental and theoretical results confirmed that the mode hopping is
induced by fluctuations of spontaneous emission.

Further calculations are carried out in the case where the light intensities of
the two modes of fig. 27a equal each other, that is, the heights of the rectangular
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Fig. 28. (a) Power spectral density of intensity fluctuations of one of the modes of fig. 27. (b)

Result of computer simulation of power spectral density by using a two-mode semiclassical

Langevin equation of motion. £ is the 3 dB cutoff frequency. (After OHTSU, TERAMACHI, OTSUKA
and OsAKI [1986].)
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Fig. 29. Relation between the injection current normalized to its threshold value I/I,;, and the
cutoff frequency f_. The solid line is a least-squares fit to the experimental values. (After OHTSU,
TERAMACHI, OTSUKA and OsAKI [1986].)

waveforms of fig. 27b are equal. In this case the stimulated emission rate of the
first term of the right-hand side of eq. (2.4) is constant in time, even though
mode hopping occurs, because the total power is kept constant, and this also
maintains the carrier density at a constant value. This means that the gain
coefficients of eq. (2.3), &P, &, and &{),, are kept constant and that the
equation we have to solve in order to describe mode hopping is eq. (2.3) only.
Equation (2.4) does not have to be taken into account. From this estimation
it can be concluded that the formulations used for gas or dye lasers can also
be applied for semiconductor lasers as long as the intensities of the two modes
are equal.

Mode hopping phenomena in ring dye lasers (H1OE and SINGH [1981]) and
the analogy between mode hopping and first-order phase transitions (LETT,
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CHRISTIAN, SINGH and MANDEL [ 1981]) have been discussed in the literature;
this will now be applied to eq. (2.3). .

Langevin equations of motion can be derived for the two-mode oscillation
by adding Langevin forces of spontaneous emission to eq. (2.3). Furthermore,
a Fokker—Planck equation for the probability p (E2, E2, t) is derived from these
equations. The average frequency of mode hopping f. is derived from the
time-dependent solution of the Fokker—Planck equation given by

| Q/1+§—1 [ a? (\/1+/,‘—1)2:|
fo= fl-i-é) exp 17 _ A(5.4)

where {, is a constant used to normalize the Langevin equations of motion with
respect to time. The quantities a and ¢ are the pump parameter and a coupling
constant between the two modes, which are defined as

a=(ER/Ek;, &=09)/a® Gj=12i#j), (55

where (E;)? is the squared amphtude of the stationary electric field of the ith
mode and E%; is the mean square value of the fluctuations of spontaneous
emission that drive the ith mode. Substitution of numerical values for AlGaAs
lasers given by YAMADA and SUEMATSU [1981] into eq. (5.5) gives & = i),
This means that the interaction between the longitudinal modes in semiconduc-
tor lasers corresponds to “strong coupling” if the classification based on
Lamb’s theory (LAMB [1964]) is applied. Therefore the two modes do not
oscillate simultaneously but exhibit mode hopping as shown by fig. 27b.
Figure 30 shows the relation between f, and a. Since a is proportional to I/I,,,
fig. 30 agrees well with fig. 29. The value of f_ decreases exponentially with
increasing a, since the laser oscillation is less sensitive to the effects of fluc-
tuations of spontaneous emission when the laser is operated at a higher bias.
It can be confirmed again from this figure that operation at higher bias is
effective in suppressing mode hopping.

The time-independent solution of the Fokker—Planck equation gives the
following stationary-state probability density for the normalized laser power I,
and I, of the two modes:

P, 1) =B~ 'exp[ - U(l}, I,)], (5.6)

where B is the normalization constant and U is the potential. The calculated
result for the potential U is given by fig. 31, which has two minima separated
by a saddle point. Both of these minima correspond to highly probable states
for which one mode intensity is zero and the other is nonzero. Fluctuations of
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Fig. 30. Relation between f and a given by eq. (5.4). (After OHTSU, TERAMACHI, OTSUKA and
OsAKI [1986].)

spontaneous emission drive the representative point in phase space from one
minimum to the other at random times. The intensity of each mode therefore
tends to jump randomly between zero and nonzero values, which corresponds
to mode-hopping. :
The difference of U between the minimum and the saddle point can be

expressed as
2 2

v (5.7

20+ ¢ 4 .

As AU increases with increasing a, the frequency of mode hopping decreases
with increasing a. '

Furthermore, since eq. (5.7) shows that AU increases with increasing £, one
more effective way to reduce the mode hopping is to increase the coupling
constant ¢. CHINONE, KURODA, OHTOSHI, TAKAHASHI and KAJIMURA
[1985] have doped tellurium (Te) atoms into the cladding layer of the laser. It
has been pointed out by MERZ, VAN DER ZIEL and LOGAN [1979] that these
impurity atoms form DX centers and work as saturable absorbers. Since
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Fig. 31. The form of the potential U(],, I,), where a = 12.09. M, and M, represent the minima,
and S is the saddle point of the potential. AU represents the depth of the minima measured from
the saddle point. (After OHTSU, TERAMACHI, OTSUKA and OsAKI [1986].)

saturable absorbers in the cladding layer increase the coupling constant ¢,
mode hopping can be reduced. As shown in fig. 32, it has been estimated by
OHTsU, TERAMACHI and MIYAZAKI [1987] that the average mode hopping
frequency f. is drastically decreased above a certain value of the Te density N,
which also depends on the laser power confinement ratio £ in the active
region. This drastic decrease agrees well with the experimental results of
CHINONE, KURODA, OHTOSHI, TAKAHASHI and KAJIMURA [1985].

Formulations based on the quantum theory of lasers are required to increase
the accuracy of discussion of mode hopping by using eq. (2.9)-(2.11).
MARCUSE [1985] discusses intensity fluctuations of the main longitudinal
mode under coupling between the weakly oscillating submodes by using the
quantum theory. A similar procedure can be used to analyze mode hopping more
accurately for finding new experimental methods to suppress mode hopping
and the associated intensity noise.
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Fig. 32. Relation between f; and tellurium density Ny doped into the cladding layer of an AlGaAs
laser. a, pump parameter; £, laser power confinement ratio in the active region of the laser
cavity. (After OHTSU, TERAMACHI and MIYAZAKI [1987].)

§ 6. Applications of Highly Coherent Semiconductor Lasers

Semiconductor lasers have been widely used for several optical measure-
ments because of their small size and low power consumption. This section
reviews the new areas of application that can be found if the coherence of these

lasers is improved.
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6.1. OPTICAL MEASUREMENTS AND OPTICAL FIBER SENSORS

There are several practiéé.l applications of optical measurements in which
highly coherent light sources are required. One example is the Doppler velo-
cimeter, which utilizes the Doppler effect for remote measurement of the
velocity of moving particles or of vibrating surfaces (DURNST, MELLING and
WHITELAW [1976]). In this apparatus, optical fibers have been used for light
transmission and signal detection (TANAKA and BENEDEK [1975] and UEHA,
SHIBATA and TsulrtucHI [1977]), in order to reduce the effect of air turbulence
on the laser transmission and to improve the stability of the system. Reduction
of system volume and power consumption can be expected if conventional gas
lasers are replaced with semiconductor lasers. In this case, techniques given in
§ 4.3 are required because the long coherence length (i.e., narrow linewidth of
the semiconductor lasers) is indispenséble to improve the resolution of hetero-
dyned signal frequency measurements. Apparatus using a highly coherent
semiconductor laser and an optical fiber are now being developed, and further
improvements can be expected in the future.

Fiber gyroscdpes are another example that has been investigated. Although
mechanical gyroscopes have been employed as a conventional rotation sensor
in inertial navigation systems so far, several attempts are being carried out to
construct this sensor by optical technology. The Sagnac effect has been utilized
for this purpose (SAGNAC [1913], PosT [1967]). This is a relativistic effect in
which the optical path length is varied in proportion to rotational speed. A
gyroscope employing a ring gas laser has been proposed by ROSENTHAL [ 1962]
and has had practical applications. This device can be called an active
gyroscope because an active medium for laser oscillation itself is used as the
optical path for the detection of rotation. However, this type of optical
gyroscope has presented several problems, such as drift of the output signal
caused by flow of laser gases and difficulties in detecting very low rotational
speeds because of frequency-locking between the two oppositely propagating
running waves in the laser cavity (ARNowITZ and COLLINS [1970]).

To overcome these problems, a new gyroscope has been developed recently
by using an optical fiber as a transmission line. The progress of this develop-
ment has been summarized by EZEKIEL and ARDITTY [1982].

The fiber gyroscope that has received most study so far has an inteferometer
(e.g., Mach-Zehnder type) composed of an optical fiber. This device can be
called a passive nonresonant gyroscope. Low temporal coherence semiconduc-
tor lasers or superluminescent diodes have been employed as a light source for
this gyroscope to reduce the chaotic instabilities induced by a reflected wave
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from the edges of fibers and to reduce the Rayleigh backscattering in the fiber.

 However, a higher sensitivity gyroscope can be expected if a high temporal
coherence laser, which is independent of the externally induced noise sources,
can be developed. An example of this gyroscope is the passive-ring resonator-
type fiber gyroscope, which has been proposed by SANDERS, PRENTISS and:
EZzEKIEL [1981]. In this type a ring Fabry—Perot interferometer is used as an
optical transmission line. The advantage of this gyroscope compared with the
nonresonant type is that a higher sensitivity can be obtained with a shorter fiber,
which makes it possible to have a small-sized, practical apparatus for a rotation
sensor. Experithental work has been carried out using a gas laser as a coherent
light source, and an uncertainty of rotation detection as low as 0.5 deg/h has
been obtained by MAYER, EZEKIEL, STOWE and TEKIPPE [1983].

Further reductions in volume of the system can be expected if the gas laser
is replaced with a semiconductor laser. Although experimental results from:
using semiconductor lasers have not been fully documented because their
coherence has not yet been high enough for this system, one example has been
developed by OHTSU and OTSUKA [1983] and OHTSU and ARAKI [1987];
which is schematically explained by fig. 33. A ring Fabry—Perot interferometer,
composed of a fiber and two fiber couplers, uses the fiber couplers as input and
output mirrors of the interferometer. The light beam from the laser is divided
into two parts, which propagate through the fiber in mutually opposite
directions. Since a difference will be induced between the resonance frequencies
of the ring Fabry—Perot interferometer for the clockwise and counterclockwise
beams (v,,, and v,.,,) by the Sagnac effect when the interferometer rotates, its
rotational speed 2 can be detected by measuring the frequency differences

This is expressed as |

Vew — Veew:

o 1 /4A
vcw - vccw =—- - Q ’ ' (6.1)
AN & - ‘
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Fig. 33. Block diagram of a passive ring cavity type fiber gyroscope with an InGaAsP laser. C,,
C,, fiber directional couplers; I, optical isolator. (After OHTSU and OTSUKA [1983] and OHTSU
and ARAKI [1987].) 87
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where A is the wavelength of the light and 4 is the area surrounded by the fiber
loop. For this measurement the laser frequency is controlled so that it is locked
to the resonant frequency v,..,. The laser frequency is modulated for this
locking scheme in fig. 33. At the same time this modulation is utilized to detect
the intensity variation of the transmitted light from the clockwise beam, from
which the rotational speed 2 can be measured by using eq. (6.1). The sensitivity
limit of the detection of rotation, which is governed by the detector shot noise,

is estimated as
_ 3
_J2x0014c [hv 1 1 (1-oR) (r+ Av) 62

&= nt /Py J4R 1-R r

where A and c are the wavelength and the speed of the light in vacuum, » is
the refractive index of the fiber, N is the number of turns of the fiber loop, #
is Planck’s constant, 7 is the quantum efficiency of the detectors, 7 is the
integration time of the measurement, P, is the laser power incident to the ring
Fabry—Perot interferometer, R is the reflectance of the fiber coupler, «, is the
round-trip loss of the fiber loop in which losses due to the reflectance R of the
fiber couplers are not counted, I is the full width at a half maximum of the
resonant spectrum of the interferometer, and Av is the linewidth of the laser
oscillation.

The value of Q has a minimum at a specific value of the reflectance R_. The
relation between R, and «, is given by fig. 34a for several values of Av. The
minimum of € under this condition is shown in fig. 34b for «, = 0.1 dB and
several values of Av. It is seen from this figure that the sensitivity is sufficiently
high to measure the rotational and revolutional speed of the earth. However,
it is essential to use a narrow-linewidth semiconductor laser in order to obtain
such high sensitivity. As shown in fig. 34b, it is estimated that a linewidth of
100 kHz is sufficiently narrow, and this can be obtained by using the technique
described in § 4.3.

The experimental setup of fig. 33 has already been developed by using a
1.5 pm InGaAsP laser and a single-mode fiber. Preliminary experiments have
demonstrated an uncertainty of rotation detection as low as 1.5 deg/h at an
integration time of 100 s (OHTSU and ARAKI [1987]). This uncertainty can be
further decreased by improving the optical and electronic components of the
system. Contributions from the Kerr effect (BERGH, CULSHAW, CUTLER,
LEFEVRE and SHAW [1982]) and RAYLEIGH backscattering (CUTLER, NEW-
TON and SHAW [1980]) in the fiber should also be taken into account to achieve
further improvements in performance for this type of gyroscope.
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If such a high sensitivity can be realized by using this compact gyroscope,
it can be applied not only to inertial navigation systems but also to the fields
of astronomy, geophysics, space science, and others. For example, applications
to earthquake detection and prediction will be possible by measuring the
anomalous Chandler wobble of the earth excited by earthquakes (KANAMORI
[1977]) or slight fluctuations of the rotational speed of the earth (OKAZAKI and
SAKAI [1981]). ‘ N

The accuracy of these measurements has been improved by using very long
baseline interferometry (VLBI), for example; however, more practical and
compact apparatus can be obtained if sensitive fiber gyroscopes are utilized.
Furthermore, since these gyroscopes can be borne by satellites, it is possible
to investigate the structure of the inner shells of other planets.

6.2. COHERENT OPTICAL COMMUNICATION

Intensity modulation and direct detection of semiconductor laser light have
been employed in the conventional optical communication systems developed
so far because the systems can be made simpler, less expensive, and more
reliable. However, properties of temporal coherence in semiconductor lasers
have not yet been utilized in these systems. Compared with these conventional
systems, receiver sensitivities can be increased if the amplitude, frequency, or
phase of the lightwave is coherently modulated and is demodulated by employ-
ing heterodyne or homodyne techniques.

This communication system has been called coherent optical communica-
tion, which is schematically explained in fig. 35. Although theoretical (GORDON

Local Laser

Fiber
Laser Q \k— -+{ Detector
Modulator Demodulator
Input Output

Fig. 35. Schematic explanation of the principle of coherent optical communication.
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[1962]) and experimental (GOODWIN [1967]) studies were carried out in-the
1960s, practical systems were not developed at that time because of several
problems with the coherence and lifetime of practical lasers. However, on the
basis of recent progress in the performance of semiconductor lasers, more
practical systems of coherent optical communication have been proposed
recently (YaAMaMoTo [1980], OkosHI and KIKUCHI [1981]) by employing
semiconductor lasers and optical fibers. Intensive studies for developing
practical coherent optical communication systems have been carried out in
many countries by using these techniques. -

‘Significant improvement in receiver sensitivity can be obtained in this. system
at a wavelength of 1.5-1.6 um, in which optical fibers exhibit the lowest loss
(0.2 dB/km), since heterodyne or homodyne detectlon and several modulation
schemes can be employed. :

To demonstrate this improvement, heterodyne detectlon is descnbed here
Equations (6.3)—(6.5) are taken from a review article by: OKOsHI [1982]. As
a result of heterodyning between the modulated light transmitted through the
optical fiber and the high-power local oscillator laser, the output current from
the photodetector is given by

i=2/P.oPs (”e) | O (63)
hv |

where P, , is the laser power of the local oscillator, Ps is the signal power, 7
is the quantum efficiency of the photodetector, e is the electron charge, h is
Planck’s constant, and v is the optical frequency. If P o > Pg, the standard
deviations o, and o of the noise power in the mark and space states are equal,
and they are expressed as

Ong = Os = \[2.«3(';’%) P af + P TE 4 JR, (6.4)

where Af is the receiver bandwidth, T is the temperature, k is Boltzmann’s
constant, F is the noise figure of the front-end amplifier, and R is the load
resistance of the photodetector. The first and second terms represent shot noise
and thermal noise, respectively. The signal-to-noise ratio of the detection is
derived from egs. (6.3) and (6.4) and is approximated as follows if Py o — 0
and the magnitude of the shot noise is sufficiently larger than that of the thermal
noise

R M"Ps 6.5)
[(om + 65)2F  hvAf

S/N =
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This means that the signal-to-noise ratio approaches the quantum-noise
limited value. As will be demonstrated later, experimental results obtained so
far have already reached values less than 1 dB from this limit.

In contrast, the signal-to-noise ratio obtained by direct detection of a con-
ventional optical communication system is still more than 10 dB lower than the
quantum-noise limited value because of the excess noise factor and dark
current of the avalanche photodiodes. These estimations confirm that a
considerably higher sensitivity can be obtained by means of heterodyne
detection.

Furthermore, the quantum-noise limited value of eq. (6.5) depends on the
kind of modulation scheme because it is inversely proportional to the receiver
bandwidth Af. The dependence of the value of eq. (6.5) on modulation scheme
has been derived OKOSHI, EMURA, KikUucHI and KERSTEN [1981]; it is
shown in fig. 36. The results from homodyne detection are also given in fig. 36.
This figure shows that improvements in detection sensitivity can be expected
by an appropriate choice of detection scheme and that the highest sensitivity
can be expected from the use of phase shift keying (PSK) modulation and
homodyne detection.

OkosHI, EMURA, KIKUCHI and KERSTEN [1981] have derived the relation-
ship between the detected light power level and the bit rate of the signal
transmission required to maintain the bit error rate (BER) at a level as low as
10~ °. The result for a wavelength of 1.5 pm is shown in fig. 37, indicating that
heterodyne detection can improve the detection sensitivity by as much as
10-30 dB when compared with direct detection.

ASK Heterodyne o~ ASK Heterodyne 3dB »| ASK Homodyne
Envelope Coherent
l 3dB l 3dB
FSK Heterodyne ~ FSK Heterodyne
Envelope Coherent
l 3dB 3dB
y
PSK Heterodyne ~ PSK Heterodyne | 3dB
Differential Coherent Coherent PSK Homodyne

Fig. 36. Dependence of the signal-to-noise ratio on each modulation-demodulation scheme.
(After OKosHI, EMURA, KIKUCHI and KERSTEN [1981].)
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Fig. 37. Relations between the detected light power level I and the bit rate of signal transmission
BR to maintain the bit error rate (BER) as low as 10~°. Curves A, ~ A, Direct detection with
the dark current of the detector 100 nA, 1nA, 10 pA, and 0, respectively; Curve B, non-

synchronous heterodyne detection; Curve C, synchronous heterodyne detection. (After OKOSHI,
EMURA, KIKUCHI and KERSTEN [1981].)

Furthermore, the coherent optical communication system presents the
following advantages:

(1) Extension of the transmitted fiber length and faster signal transmission
speed (bit rate) can be expected as a result of improvements in the detection
sensitivity.

(2) There is a possibility of frequency multiplexing.

(3) Stimulated Brillouin scattering and self-phase modulation effect in the
optical fiber can be reduced because of the random phase modulation in the
PSK system. This will increase the upper limit of the allowable input laser
power to the single-mode fiber, which will induce further improvements in
detection sensitivity.

(4) An external phase modulator can be employed in the PSK system, thus
making the modulation speed faster than that of the conventional direct
modulation, that is, the one limited by the relaxation oscillation of the laser.
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(5) The effect of dispersion in the optical fiber can be neglected because a
single-wavelength lightwave is transmitted, which can eliminate the require-
ments on the bandwidth of the optical fiber.

However, high temporal coherence in semiconductor lasers is necessary to
obtain these ingenious systems. This can be achieved by means of the following
requirements:

(i) Frequency fluctuations should be reduced to a value lower than 1 x 105,
because the IF frequency of the heterodyne detection is fixed at 0.2-2.0 GHz,
that is, 1 x 10~°-1 x 10~ times that of the optical carrier frequency.

(ii) The linewidth should be narrower than 1 X 10~ 4~1 x 10~ 3 times the bit
rate of the signal transmission, which is required to maintain the BER at a
sufficiently low level by reducing the phase fluctuations of the IF signal.
KAzovsky [1985] summarized the values of the laser linewidth required for
each modulation and detection scheme; they are given in table 3. As an
approximate value, a linewidth several tens of kilohertz wide is required.

(iii)) A wideband ASK, FSK, and PSK should be carried out.

Some of these requirements have already been fulfilled using the techniques
described in § 4.3. Practical coherent optical communication systems can be
expected if higher coherence of the semiconductor lasers can be achieved in the
future.

TABLE 3
Maximum permissible linewidth of the laser, 4v,,, for use in coherent optical communication
systems. (After Kazovsky [1985].)

Modulation Receiver type A4v.,/BR (%)?

format

ASK Coherent postdetection 4.54
Envelope postdetection 9.0

FSK Predetection 12.4 (f;/BR)? if f4/BR<0.85,
Frequency discriminator 9.0 if fy/BR> 085
Postdetection 7.69 (f4/BR)? if f4/BR <1.54,
Frequency discriminator 9.0 + 6.0 (fy/BR) if fy/BR>1.54
Postdetection 10.75 (f,/BR)? if fy/BR <0.84,
Dual filter 9.0 if fy/BR> 0.84

DPSK Autocorrelation 245

2 BR stands for the bit rate (bits/s).

Jq is the frequency deviation of FSK systems (= half the frequency separation between the
“mark” and “space” frequencies).
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Several intensive studies have been done to develop these systems in labora-
tories throughout the world. Gas lasers have sometimes been employed in this
research because the coherence in semiconductor lasers is not always high
enough. Current trends in this research have been reviewed by MATSUMOTO
and SHIMADA [1986] and are summarized in fig. 38.

300
FSK(1)
o
o FSK(2)
o
FSK(3)
200 o
- DPSK(4) DPSK(4)
E — O , (o)
~ PSK(5)
FSK(6) o
o}
100 |-
[ ASK(7) PSK(8)
O O
0 ] L 1 | Lol 1
0.1 1 3
BR (Gb./s)

Fig. 38. Summary of recent works on coherent optical transmission. L,, fiber length; BR, bit rate.
(Point 1) IWASHITA, IMAI, MATsUMOTO and MoTosuGl [1986]; (2) YAMAZAKI, EMURA,
SHIKADA, YAMAGUCHI, MITOo and MINEMURA [1985], DFB lasers; (3) WYATT, SMITH,
HODGKINSON, HARMON and DEVLIN [1984], DCPBH lasers; (4) LINKE, KASPER, OLSSON,
ALFERNESS, BUHL and McCorMIK [1985], BH lasers; (5) WYATT, HODGKINSON and SMITH
[1983], He-Ne lasers; (6) EMURA, SHIKADA, Fuiita, Mito, HONMOU and MINEMURA [1984],
DFB lasers; (7) SHIKADA, EMURA, FuiiTA, KITAMURA, ARAL, KONDO and MINEMURA [1984],
DFB lasers; (8) MALYON [1984], He—Ne lasers. (After MATSUMOTO and SHIMADA [1986].)
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As shown in fig. 36, higher sensitivity can be expected by using the PSK
scheme compared with other modulation schemes; however, phase control of
the lightwave has not yet been developed effectively. Although the frequency
offset locking technique described in § 4.3.4 is promising for this purpose, more
studies are still required. If the PSK scheme is developed effectively, further
increases in detection sensitivity can be expected by means of the homodyne
detection scheme.

6.3. ATOMIC AND MOLECULAR SPECTROSCOPY

Characteristics and recent progress in infrared lead-chalcogenide lasers have
been reviewed by PRIER [1979]. These lasers have been employed for the
spectroscopy of fundamental tones of vibration—rotation transitions in gaseous
organic molecules (HINKLEY [1970]). Developments in molecular spectrosco-
py have been reviewed by ENG, BUTLER and LINDEN [1980]. Furthermore,
highly sensitive detection of pollutant gases in the atmosphere has been carried
out as an application of this spectroscopy. For example, REID, EL-SHERBINY,
GARSIDE and BALLIK [1980] have detected nitric oxide molecules of 100 ppt
(10~ ') concentration in the atmosphere by using a multipath cell. However,
further study is required to improve the characteristics of these lasers because
of their low operation temperature, low direct modulation speed, and other
factors.

In contrast to these lasers, the performances of 0.8 pm AlGaAs lasers and
1.3-1.6 ym InGaAsP lasers, discussed at length in this review, are more
advanced in development, and spectroscopy of vibration—rotation transition
lines of organic molecules can also be carried out by these lasers.

Spectroscopy studies in the near infrared wavelength region have not yet
been completed because of the lack of highly coherent light sources, the low
intensities of absorption lines of higher harmonics or combination tones of
vibration—rotation transitions, and difficulties in the assignment of many of
these absorption lines. However, this spectroscopy has shown considerable
progress recently with the help of improvements in the coherence of these
semiconductor lasers.

The number of gaseous organic molecules that can be studied by the use of
these lasers is large, for example, H,0, NH;, CO,, C,HD, CH,, C,H,, HCN,
D,, C,H,, and others. An example of the experimental results for this spectro-
scopy is shown in table 4, which lists the wavelengths of absorption lines of
H,O measured by a 0.8 um AlGaAs laser (FUKUOKA, OHTSU and TAKO

o [1984]). In this table the center wavelengths of vibration—rotation transition
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TABLE 4
Vacuum wavelength of H,O absorption line in (2, 1, 1) vibration band®. (After FUKUOKA, OHTSU
and TAKko [1984].)

Assignments A (pm) 2, (pm) g,_, (pm) n Gp_ 1/,

(JI - Jk)

2,-2, 822876.0 822875.517 0.087 15 L1x10°7
4, -4, 822975.3 822974.79 0.14: 10 1.7x10-7
30— 3, 823390.7 823393.47 0.10 7 1.2x10°7
1,-2, 826344.5 826346.408 0.057 12 69 x10-8
3_5-3, 827870.8 827870.814 0.046 6 55x10-8
20-3_, 828202.7 828202.70 0.10 3 1.2x10°7
2 Symbols:

JisJi:  Rotational quantum numbers of upper and lower levels of the transition, respectively.
A: Wavelength values reported by Baumann and Mecke [1933].
7, Average wavelength of present measurements.

0,_,: Standard deviation.
n: Number of data points.

spectral lines of (v,, v,, v3) = (2, 1, 1) vibration band were measured with an
inaccuracy of 2 x 10~ 7. These results show that accuracy has improved to
more than ten times that shown in conventional results, for which grating
monochromators were employed in the studies on atmospheric absorption lines
of the solar spectrum (BAUMANN and MECKE [1933]).

It was advantageous to try measuring the absorption lines of table 4, since
they show larger absorption coefficients when compared with other higher
harmonics or combination tones in H,O. As pointed out by DARLING and
DENNISON [ 1940], these large absorption coefficients result from the resonant
interactions of the (2, 1, 1) level with the (0, 1, 3) level. Although the absorption
coeflicients of other higher harmonics or combination tones are lower, sensitive
measurements of these unidentified absorption lines can be carried out by using
highly coherent and high-power semiconductor lasers.

In the wavelength region of 1.5 um, spectroscopy for NH, (vibration
transition of 2v, or 2v;), H,O (vibration transition of 2v, + v;), and other
gaseous organic molecules have been already carried out, and their wavelengths
have been measured with an inaccuracy of 1 x 10~ ¢ (OHTSU, KOTANI and
TAGAWA [1983]).

As an application of this spectroscopy, a detection system for the density of
these gaseous organic molecules has been developed that uses 1.5 um InGaAsP
lasers and low-loss optical fibers, and a sensitivity of NH; detection as high
as 3 ppm-m has been obtained (OHTSU, KOTANI and TAGAWA [1983]).
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TAKEUCHI, BABA, SAKURAI and UENO [1986] have developed a random
modulation continuous-wave (RM~-CW) lidar by using a 0.8 pm AlGaAs laser,
which is more practical than conventional lidar systems because of its smaller
size and the lower consumption of the light source. They have succeeded in
carrying out accurate remote sensing of clouds, smoke, snowfall, and spatial
aerosol profiles at nighttime.

The 0.8 um AlGaAs lasers are also tunable to absorption lines in electronic
transitions of alkali vapors such as cesium and rubidium. For example,
absorption spectroscopy of cesium and rubidium has been carried out by
YaBUzAKI, IBARAKI, HORI, KiTANO and OGAWA [1981] and by OHTSU,
HasHIMOTO and OzAwA [1985], respectively. In this technique, measure-
ments can be performed by using a low-pressure vapor because of the large
absorption coefficients, which means that Doppler-free saturated absorption
lines can also be measured. Figure 39 shows saturated absorption lineshapes

(a)

|
_ L —  —
O‘E—JJ l _p-ccll r—:—'Hl—sit (b)
s

r—t

)

0 0.5 6.5 7
v (GHz)

Fig. 39. Derivative of saturated absorption lineshapes in ®’Rb-D,; v is the frequency of the laser.

(a) Experimental results. (b) Assigned spectral lines. The height of each bar is proportional to

the spectral intensity. Relevant energy levels are illustrated in fig. 45. For the transition from the

F = 1level of the ground state, two saturated absorption lines (s and t) and three cross-resonance

lines (r-s, r—t, and s—t) are observed. For the transition from the F = 2 level, three saturated

absorption lines (o, p and q) and three cross-resonance lines (0—p, q—0, and p—q) are observed.
(After OHTSU, HASHIMOTO and OzAwa [1985].)
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in 8Rb-D, (OuTSU, HAsHIMOTO and OzAawA [1985]), in which eleven
narrow spectral lines, including cross-resonance lines, appear. They have
linewidths as narrow as 40 MHz, proving that the linewidth of the semi-
conductor laser was narrower than these values and its frequency stability was
sufficiently high.

These spectral lines can be used as frequency references for frequency
stabilization of the semiconductor lasers discussed in 4.3.2. Furthermore, the
results from cesium and rubidium can be applied to atomic clocks, which are
described in the next subsection.

As a new application of semiconductor lasers to alkali vapor spectroscopy,
they can be used to produce Rydberg states of alkali vapor by stepwise
excitation, which is shown in fig. 40 for cesium and rubidium. Information
‘about highly excited states can be obtained through the use of this spectroscopy
(RINNENBERG [1986]).

In another application coherent semiconductor lasers can be used for laser
cooling of alkali atoms. WATTS and WIEMAN [1986] have succeeded in this
experiment for a cesium atomic beam, for which a frequency chirp technique
was employed with a semiconductor laser so that the decelerated atoms
remained in the resonance condition. Since frequency chirp in semiconductor
lasers can easily be obtained by modulating their injection current, this
technique uses an experimental setup that is simpler than the conventional
setup for laser cooling. The atoms were cooled to a temperature of 1 K (limited
by the laser linewidth) and had a density of 10%/cm? (limited by the laser power).
Further reduction in temperature and.increase in density can be obtained by
using narrower linewidths and higher power lasers. This laser cooling technique
can be used as a highly stable frequency standard (WINELAND, BERGQUIST,
DRULLINGER, HEMMATI, ITANO and WALLS [1981]), for measurements of
parity nonconservation (WIEMAN [1986]), and in other advanced experiments
on fundamental atomic physics.

6.4. OPTICAL PUMPING IN CESIUM AND RUBIDIUM ATOMIC CLOCKS

An important application of laser spectroscopy of alkali vapors described in
the previous subsection, is the optical pumping in cesium and rubidium atomic
clocks. Principles of these atomic clocks were briefly described in § 4.1. They
utilize the transition frequency between hyperfine structures in the ground state
of cesium or rubidium (9.2 GHz and 6.8 GHz, respectively) in order to stabilize
the frequency of voltage-controlled crystal oscillators for supplying stable
microwave frequency signals. The cesium atomic clock has been used as a
primary standard of time. Since the rubidium clock is small in size, it
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has been used as a practical stable microwave clock in a wide field of
applications such as communication, remote sensing, astronomy and ranging.

Recent recognition that the performance of these clocks can be improved if
they are driven by highly coherent semiconductor lasers has stimulated their
study in many countries.

6.4.1. Cesium atomic clocks

An atomic beam of cesium has been conventionally employed to observe the
microwave spectral profile of the transition between hyperfine structures of the
cesium ground level. This principle has been thoroughly reviewed by RAMSEY
[1956]. The atoms first pass through the state-selection magnet where atoms
of two hyperfine levels (6S,,,, F = 4, 3, mg = 0) are selected by magnetic field
deflection, and then are passed through two spatially separated microwave
cavity resonators. These microwave perturbations induce transitions between
the hyperfine levels, and a narrow-linewidth Ramsey spectral profile can be
observed, which is used as the frequency reference for this atomic clock.

However, the efficiency of this state selection is rather low because only one
eighth of the total number of atoms are selected. Furthermore, it has been
difficult to compensate for the effect of the phase difference between the
microwaves in the two cavities, the second-order Doppler effect caused by a
slight deflection of cesium beam trajectory due to magnetic field deflection, and
other problems. For these reasons it has been estimated that the frequency
accuracy of cesium atomic clocks is lower than 1 x 10~ !3, and experimental
results have approached this theoretical value (LEwis, WALLS and GLAZE
[1981]). Although this value demonstrates a high frequency accuracy, further
progress is necessary to improve the performance this of primary standard of
time.

It has been pointed out optical pumping is effective for state selection and
transition detection in improving performance (KASTLER [1950]), and a
proposal has been made to use 852 nm AlGaAs lasers (PICQUE [1977]). In
addition, experimental studies have been started by ARDITI [1982].

Figure 41 shows an experimental setup proposed by LEwis, HOWE, STEIN,
MANNEY, MOHLER, BERGQUIST, WINELAND and WALLS [1980] and discuss-
ed by BRILLET [1981]. Two semiconductor laser beams are irradiated to the
cesium atomic beam in order to pump these atoms optically, that is, to induce
the transition of F =3 - F' =4 and F = 4> F' = 4 as shown in fig. 42. The
transition between F = 4, mg = 0 > F' = 4, mg. = 0 is forbidden if the two laser
beams are linearly polarized and the direction of polarization is parallel to that
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Fig. 42. Energy levels of cesium atoms.

of the C-magnetic field of fig. 41. By utilizing this phenomenon, all the atoms
come into the F = 4, mg = 0 level by cyclic transition between the ground and
excited states due to optical pumping and relaxation. Therefore, all the atoms
participate in Ramsey transition, which increases the Ramsey spectral intensity
to 8 times larger than that of the conventional state selection by using a
magnetic field deflection.

A third semiconductor laser is employed for detecting the Ramsey spectral
shape. That is, the atoms of the F = 3, mg = 0 level are irradiated by the third
laser and are excited to the F’ = 2 level. The Ramsey spectral shape can be
detected by observing the resultant fluorescence from the F' = 2 level. Figure 43
shows an example of Ramsey spectral shape measured by this technique
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Fig. 43. An example of Ramsey spectral shape in cesium obtained by optical pumping. I; is the
fluorescence intensity, v, the microwave frequency. (After DERBYSHIRE, DRULLINGER, FELD-
MAN, GLAZE, HILLIARD, HOWE, LEWIS, SHIRLEY, PASCARU and STANCIULESCU [1985].)

(DERBYSHIRE, DRULLINGER, FELDMAN, GLAZE, HILLIARD, HOWE, LEWIS,
SHIRLEY, PASCARU and STANCIULESCU [1985]).

As just described, state selection and detection by lasers have the following
advantages when compared with conventional techniques:

(1) Detection sensitivity is increased because all the atoms are used.

(2) Cesium atomic beam apparatus (fig. 41) can be designed in a bilateral
symmetrical shape, which enables beam direction to be reversed easily. By
means of this beam reversal the effect of phase difference between the two
microwave cavities can be compensated.

(3) The beam reversal can increase the lifetime of the beam source, resulting
in an apparatus that is economical to operate.

These properties improve the frequency accuracy of stabilized microwaves
of the optically pumped cesium atomic clock in comparison with conventional
cesium atomic clocks. The effect of light shift by the pumping light which
BRILLET [1981] discussed makes it possible to obtain a frequency accuracy as
high as 10~ !4,

Many countries have begun to develop this promising apparatus for which
highly coherent semiconductor lasers are essential. Since a high reliability is
required for a practical primary standard of time, high frequency stability and
reproducibility are requirements for improving temporal coherence (see § 4).
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6.4.2.. Rubidium atomic clocks

Optical pumping has been employed for rubidium atomic clocks from the
initial stage of their development. Incoherent light from a radio-frequency-excit-
ed 3’Rb lamp and microwaves are irradiated to the ’Rb vapor in order to
obtain an optical-microwave double resonance signal, and the center frequen-
cy of its spectral line is used as a frequency reference to stabilize the microwave
frequency of 6.8 GHz. The progress of these developments has been reviewed
by VANIER, KUNSKI, BRISSON and PAULIN [1981].

- However, in this technique of microwave frequency stabilization, it has been
difficult to evaluate quantitatively the light shift of the microwave frequency and
to compensate for this shift because of the broad linewidth of the incoherent
pumping light, which has reduced the microwave frequency accuracy to less
than 1 x 10~ !, It has also been difficult to improve the short-term stability of
the microwave to a level higher than 1 X 10~ '2 because of the low light intensity
from the lamp. Furthermore, the lamp of a satellite-borne rubidium atomic
clock is sometimes impaired by bombardment from cosmic rays.

These problems can be overcome if the lamp is replaced with a semiconduc-
tor laser. Preliminary experiments that employed a semiconductor laser have
been carried out by LEwis and FELDMAN [1981]. Figure 44 shows the

y} Current.
______________ Laser |=
: Source

—Microwave Cavity
Frequency |_ V.C.X.0. Output
Synthesizer Signal
A
1
L ®_
Detector
i
A

| Servo
® ~1 Controller
P. S.D.

Fig. 44. Experimental setup of a semiconductor laser-pumped rubidium atomic clock. VCXO,
voltage-controlled crystal oscillator; PSD, phase-sensitive detector.
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experimental setup, and fig. 45 represents the relevant energy levels of rubidium
for double resonance. A 780 nm AlGaAs laser is used for optical pumping from
the ground state 5S,;, to the excited state 5P;, of the ®’Rb-D, line.
Optical-microwave double resonance is induced if a microwave frequency of
6.8 GHz is simultaneously applied. Figure 46 shows the derivative of the
double-resonance spectral shape measured by HASHIMOTO and OHTSU
[1987]. The signal-to-noise ratio of the double-resonance signal detection was
larger than 60 dB, and further improvements of the short-term frequency
stability can be expected by using this double-resonance signal as a frequency
reference. , A
Furthermore, the narrow-linewidth lightwave from the semiconductor laser
allows quantitative evaluation of the light shift, that is, the shift of the center
frequency of the double-resonance spectral shape induced by variations of
frequency and power of the semiconductor laser. Figure 47 shows the magni-

FI
5Py e 3
] *g:\ %
b 0

S

(]

Y mg
~ [] 2
T F=2 ! 1

/ 0
/ | -1
/ | \-—2
. ’/ i 6.83 GH
-\ . VA

58S 1 \\ . :
\ |
\ |
\ 1
1
]
]

\ F=1 1
0
—1

|
|
i Under C- Field
]
|

Fig. 45. Energy levels of rubidium atoms.
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Fig. 46. An example of the derivative of the double-resonance spectral shape obtained by using

an AlGaAs laser as a pumping source. Vpsp is the output voltage from the phase-sensitive

detector (PSD) of fig. 44, w, the microwave frequency. (After HAsHIMOTO and OHTSU
[1987].)
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Fig. 47. Magnitude of the light shift of the microwave frequency 4w, as a function of laser
frequency detuning 4v; ; laser power densities: (curve A) 43 yW/cm?, (B) 79.2, (C) 288, (D) 562.

(After HasHiMoTO and OHTSU [1987].)
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tude of the light shift measured by HAsHIMoTO and OHTSU [1987]. Each curve
in this figure exhibits a typical dispersive shape, which is consistent with the
theoretical prediction given by VANIER, KUNSKI, BRISSON and PAULIN
[1981]. These results can be used as basic data to compensate for the effect
of light shift induced by variations of frequency and power of the semiconductor
laser and present the possibility of using the rubidium atomic clock not only
as a practical secondary standard of time but also as a primary standard of
time.

Since recently available semiconductor lasers have a lifetime as long as
1 x 107 hours (100 years) (IMAI, HORI, TAKUSAGAWA and WAKITA [1981])
and are little impaired by bombardment from cosmic rays, higher reliability can
be expected than when a conventional 3’Rb lamp is used. Therefore, compact
and highly reliable rubidium atomic clocks are possible that can be used as a
highly stable microwave oscillator for communication, a global positioning
system (GPS), precise measurements, and for other applications.

It should be pointed out that such a reliable rubidium atomic clock can be
obtained by utilizing high frequency stability and reproducibility in semicon-
ductor lasers, as was the case for cesium atomic clocks.

At the end of this subsection a new detection scheme for a double-resonance
signals is demonstrated, which is obtained by means of the high temporal
coherence of the pumping light source. Figure 48a shows an example of the
derivative of a double-resonance spectral shape measured by the new detection
scheme of HAsHIMOTO and OHTSU [1987]. A spectral shape with a very

1 | T 1 I T T T

VPSD ( a. u-)
Vpsp (a- u.)

-1 0 1
vy (kHz) vy (kHz)

(a) (b)

Fig. 48. Derivative of double-resonance spectral shape measured by a new detection scheme of
utilizing frequency-modulated sidebands of the laser: (a) experimental result; (b) calculated

108 result. (After HASHIMOTO and OHTSU [1987].)
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narrow linewidth is observed at the center of the spectral shape. It was
measured by appropriate adjustment of the phase angle of the phase-sensitive
detector used to amplify the output signal from the photodetector of fig. 44. The
sensitivity of microwave frequency discrimination will increase if the large slope
of the center of this narrow spectral shape is used as a frequency discriminator,
which will significantly improve the short-term stability of the microwave
frequency.

This narrow-linewidth spectral shape was obtamed by utilizing the high
temporal coherence of the pumping light source. The principle of this detection
is somewhat similar to that of the frequency-modulated laser spectroscopy
proposed by BJORKLUND [1980], and can be explained as follows: the
microwave frequency is modulated with a low modulation frequency in order
to enable phase-sensitive detection. This frequency modulation induces a
modulation of the complex susceptibility of three-level 3Rb atoms to the
electric field of the light. Through this induced modulation, the phase and
amplitude of the electric field of the light will be simultaneously modulated
when it is transmitted through the 37Rb vapor. As a result, upper and lower
sidebands are generated in the field spectrum of the laser. These sidebands, as
well as the optical carrier component, have high temporal coherence and work
as a multifrequency light source for optical pumping of 3’Rb atoms. The
double-resonance spectral shape is observed under these optical pumping
conditions by sweeping the microwave frequency and by employing phase-sen-
sitive detection. The output signal from the phase-sensitive detector therefore
comprises the amplitudes of the heterodyned signal between the adjacent
sidebands and optical carrier component, which is expressed as

Vosp = Vo (LB cos 0+ 1Csin 0), (6.6)

where V, is a constant proportional to the laser power incident on the *’Rb
vapor and 0 is the phase angle for phase-sensitive detection, that is, the phase
difference between the microwave frequency modulation and the modulated
output signal from the photodetector. As shown in fig. 49, the in-phase
component B in this equation is proportional to the first derivative of the
imaginary part of the complex susceptibility, that is, the amplitude attenuation
of the electric field of the light due to the absorption by *’Rb. The quadrature
component C is proportional to the second derivative of its real part, namely,
that of the phase shift of the electric field of light. Appropriate adjustment of
the phase angle 6 will give the lineshape that corresponds to fig. 48a. Since the
signs of the slope of the curves B and C in fig. 49 are opposite each other, their
sum in eq. (6.6) will exhibit a large slope and narrow linewidth.

109
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C(a.u.)

Fig. 49. Calculated result of the lineshape of components (a) B and (b) C in eq. (6.6). (After
HAasHiMOTO and OHTSU [1987].) '

The curves in fig. 49 are the result of a detailed calculation based on the
density matrix formulation of the three-level atoms (HASHIMOTO and OHTSU
[1987]). Figure 48b shows the result of the calculation obtained by using the
results of fig. 49 and eq. (6.6). The two curves in fig. 48a and b agree with each
other, thus proving the validity of the present discussion. As noted earlier, this
detection scheme utilized the modulation transfer from the microwave to the
lightwave by means of nonlinear complex susceptibility of the three-level atoms.
This transfer has not been observed in conventional ’Rb atomic clocks
because coherent light has not been used so far. In conventional 8’Rb atomic
clocks the lineshape is proportional only to the derivative of laser power
absorption, irrespective of the phase angle of the phase-sensitive detection, as
shown in fig. 46.

In fig. 48a the minimum linewidth of the center part of the spectral shape was
20 Hz, which is 55 times that of the curve in fig. 46. Reasonably high stability
can be expected if such a narrow linewidth, or in other words, large slope, is
used as a frequency discriminator.

Inert gases have been employed as buffer gases to reduce the linewidth in
conventional 8’Rb atomic clocks. Recent developments that employ buffer
gases have been reviewed by VANIER, KUNSKI, BRISSON and PAULIN [1981],
and the minimum linewidth obtained by this narrowing scheme is several
hundred hertz. No significant progress has been made for 30 years in attempts
to reduce this linewidth. However, a fairly narrow linewidth, as shown in
fig. 48a was obtained recently by using a semiconductor laser. This is the first
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successful example of the application of a highly coherent semiconductor laser,
and it will have a considerable impact on the design of highly stable microwave
oscillators.

§ 7. Summary

Theoretical backgrounds and experimental results on temporal coherence in
semiconductor lasers have been described in this chapter. Techniques to
improve coherence and applications to the field of optics have also been
reviewed. It should be pointed out that the presently available semiconductor
lasers still have a primitive structure for obtaining high temporal coherence.
Improvements in coherence will require the fabrication of more sophisticated
lasers, which are to be connected with external electronic and optical com-
ponents. Furthermore, reproducibility and reliability of semiconductor lasers
also need improvement at the stage of laser fabrication. ’

Close cooperation between device fabrication and system design is essential
in order to obtain extremely high temporal coherence. In addition, develop-
ments of external optical components, such as high-performance optical
isolators, optical fibers, fiber couplers, and opto-electronic integrated circuits
(OEIC), are required to support efforts to improve coherence. Ultrahigh
coherence in semiconductor lasers will be achieved under these conditions, thus
giving new applications and impact to optics.

Appendix

The definitions in the present review of frequency stability, reproducibility,
and accuracy of quantum oscillators follow those given by BEEHLER, MOCKLER
and RICHARDSON [1965] and BEEHLER and GLASE [1966]:

Stability: A sequence of N readings of a particular oscillator frequency in a
particular adjustment, against a reference oscillator assumed temporally con-
stant, will show fluctuations. The standard deviation of these observations is
called the stability.

Reproducibility: A sequence of comparisons for independent adjustments of
a particular oscillator frequency, against a reference oscillator frequency
available and temporally constant, will yield a standard deviation. The stan-
dard deviation of such observations is called the reproducibility. In this sense,
reproducibility indicates the degree of resettability of the frequency.

Accuracy: Accuracy means the fractional uncertainty in determining an
atomic transition frequency of the free atom and is expressed by 3¢ limits for
statistically determined frequencies.

m
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"PERFORMANCE AND ITS EVALUATION OF OPTICAL TRACKING GENERATOR/
OPTICAL FREQUENCY SYNTHESIZER BY SEMICONDUCTOR LASERS®

K. Kuboki, C. H. Shin, T. Kato and M. Ohtsu
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4259, Nagatsuta, Midori-ku, Yokohama
Kanagawa 227, Japan

" Abstract

Optical tracking generator/ Optical frequency
synthesizer by semiconductor lasers was developed.
Residual frequency fluctuations of the heterodyne
signal were 3.7(Hz) at T = 100s. Frequency of the
heterodyne signal could be swept for 0.02 GHz ¢ Vg ¢
2.03 GHz, and overall frequency tunable range of the
slave laser was 64.3 GHz.

Introduction

Heterodyne type optical frequency locked loop and
wideband optical frequency tunable system are
indispensable for coherent optical communications,
coherent optical measurements, and so on. For this
purpose, frequency control of semiconductor lasers by
negative electrical feedback was proposed to realize
optical tracking generator/ optical frequency
synthesizer [1], and the results of the preliminary
experiment had been reported [2]. 1In the present
study, further improvements of the performance of this
system are reported.

Experimental Setup

Fig.1 shows an experimental setup. Two 0.8y m AlGaAs
lasers were employed as the master and the slave laser,
respectively. The center frequency of the master laser
was stabilized, and its spectral linewidth was also
reduced by using a Fabry-Perot resonator as a frequency
reference. The injection current of the slave laser
was controlled in order that the frequency of the
heterodyne signal between the two lasers could be
locked to the stable radio frequency synthesizer. In
other words, high coherence of the master laser was
transferred to the slave laser by this control. Two
feedback loops were employed as shown in Fig.1. One
was a narrowband feedback loop to reduce a long-term
frequency drift of the heterodyne signal. In this
loop, the scaling factor of the prescaler for the
heterodyne frequency was decreased to 50 to realize
further reduction of the drift than that by the
previous system [2]. The other was a wideband feedback
loop to improve a short-term frequency stability, which
has not been used in the previous system [2].
Frequencies of the heterodyne signal and slave laser
could be swept in a stable manner by sweeping the
synthesizer frequency under the condition of frequency
locking. To realize a wider range of stable frequency
sweep, a double balanced mixer and a synthesizer #3 was
added in the loop (see Fig.1) for frequendy down-
conversion. The Allan variance O B(T) of residual
frequency fluctuations of the hetegbdyne signal was
used to evaluate this system quantitatively. The
Allan variance real-time processing system (ARPS),
which has been developed-.by the authors [3], was
improved in, order that the shortest measurable
integration time could be extended to 1 u s. To
measure the Allan variance, the frequency of the signal
is counted by TTL counters in the improved ARPS. Then
the counted data are stored in RAM's at every
integration time T with no deadtime of measurement.
When the number of the data is reached to a preset
sample number N (= 100), these are transferred to the
computer. The Allan variance is calculated with these
data by the computer, and then the results are plotted
on the X-Y plotter. By this improvement, the
measurement time of the Allan variance was reduced to
1/6 and the Allan variance could be measured more
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precisely than that by the previous system for 14 s £
T £ 100 s.

Experimental Results

Residual frequency fluctuations of the gaster laser
were reduced to 0 ,y = 6.4 X 10'1101 =0.8 for usg
7 <100 ms, and 3.5 x 10710 for 100 ms { T £100s.
The spectral linewidth of the master laser was reduced
to 100kHz. Fig.2 shows the square root of the Allan
variance ©O,p( T) of the heterodyne signal. - The value
of curve B 3’5 Fig.2 is approximated as ¢ B1(‘r ) =8.1x
1071207 =12 (16 < T < 20 ms), 1.0 x 16131 =1 (20
ms ¢ T £ 100 s). I? particular, the high stability of
0 yB = 1.0 x 10~ 14 was obtained at 7= 100 s, i.e.,
frequency fluctuations were only 3.7 Hz. (Previous
result was 11 Hz [2].) Since frequencies of the master
laser and the heterodyne signal were controlled by
using different and independent feedback loops, their
residual fluctuations can be considered as being
mutually uncorrelated. Therefore, the Allan variance
for frequency fluctuations o£ the slave laser g < S(
T) can be expressed as © st 1) =0 2 mC T ¥ +
g B( T ) It san be estimated from the exﬁgrimental
resilts that o yB( T ) << 92y ( 1), from which the
relation of 0% SFT )xg? MU T ) was derived, i.e.,
the residual fréauency fluctiations of the slave laser
were reduced as low as those of the master laser. It
can be confirmed from these results that accurate
frequency tracking tc the master laser was realized, in
other words, high coherence of the master laser was
transferred to the slave laser. Fig.3 shows a result
of stepwise sweep of the heterodyne frequency v g by
sweeping of the synthesizer frequency at the 5 MHz
interval. A stable sweep could be carried out in the
range of 0.02 GHz { Vv B £ 2.03 GHz. (Previous result
was 0.08 GHz ¢ Vg ¢ 1.3 GHz [2].) Fig.4 shows the
transmission spectral lineshape of the Fabry-Perot
resonator which were used as the frequency reference
for the frequency locking of the master laser. As the
master laser frequency could be locked to the slopes of
its successive sixteen resonance spectral lines, the
frequency sweep of the slave laser was extended to 64.3
GHz. (Previous result was 37 GHz [2].)

Summary

Optical tracking generator/ Optical frequency
synthesizer by semiconductor lasers was developed. The
square root of the Allan variance © B(T ) of residual
frequency fluctuations of t?e heteggdyne signal was

o yB(T )5 8.1 x 10712, 1=1/2 (1 us ¢ "T< 20 ms) and
1.0°x 107'<.T 7' (20 ms ¢ T 100 s). In particular,
frequency fluctuations were reduced to only 3.7 Hz at

T=100 s. Frequency sweep of the heterodyne signal
was carried out for 0.02 GHz Vg € 2.03 GHz, and the
frequency tunable range of the slave laser was extended
to 64.3 GHz. From these results, it was confirmed that
the performance of the present system was considerably
improved as compared with that of the previous system
[2] by several improvements on the loop and the
measuring system.
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INTERFEROMETRIC METHOD FOR
PREVENTING MODE-HOPPING IN TUNABLE
EXTERNAL-CAVITY SEMICONDUCTOR
LASERS

Indexing terms: Semiconductor lasers, Mode-hopping

A problem in frequency-tuning of external-cavity lasers is
mode-hopping between neighbouring external-cavity modes.
We demonstrate a new interferometric method for monitor-
ing mode-hoping and an automatic control circuit for a
1-3pum grating external-cavity laser that maintains single-
mode operation when the lasing frequency is tuned.

The grating external-cavity laser'-> has been used as a
narrow-linewidth tunable local oscillator in several experi-
mental coherent optical-fibre communication systems. A
problem in frequency-tuning of this laser, however, is mode-
hopping between neighbouring external-cavity modes. Mode-
hopping also occurs in the monolithic integrated tunable
distributed Bragg reflector (DBR) laser.> We demonstrate in
this letter an interferometric method for monitoring mode-
hopping in a grating external-cavity laser and an automatic
control circuit that maintains single-mode operation in the
laser while the lasing frequency is tuned. The same method
can be used to control a monolithic integrated external-cavity
DBR laser.

The linewidth of an external-cavity laser decreases with the
length of the external cavity. For an air external-cavity length
of a few centimetres, which is required to reduce the linewidth
to about 100kHz, the longitudinal mode spacings are several
gigahertz. These closely spaced modes cannot be resolved by a
grating monochromator. Although a Fabry-Perot interfero-
meter has sufficient resolution, the instrument is bulky and the
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alignment may drift with time. We found, however, that the
heterodyned signal between two closely spaced cavity modes
can be detected using a wideband photodiode and can be used
for mode-hopping monitoring,

grating laser diode directional coupler
A
PZT ’zo>é
fibre
delay
line
laser
output
PZT
driver Lo
envelope-
detecting ” > spectrum
circuit analyser
DBM Y
@35l

Fig. 1 Experimental apparatus

LO is a microwave local oscillator, DBM is a double balanced
mixer and APD is an avalanche photodiode

The experimental set-up is shown in Fig. 1. A fibre Mach-
Zehnder interferometer and an avalanche photodiode were
used for heterodyning the optical fields of the two hopping
modes. A tunable external-cavity laser was constructed by
optically coupling a 1-3 um semiconductor laser chip to a dif-
fraction grating mounted on a piezoelectric transducer (PZT),
as shown in Fig. 1. The semiconductor laser facet on the
grating side was antireflection-coated and was coupled to the
grating by an objective lens of 0-85 numerical aperture. The
grating can be rotated for wideband frequency-tuning and the
PZT voltage can be adjusted for fine tuning. However, a large
change 1in the PZT voltage or grating angle introduces
hopping to successive longitudinal modes. The length of the
external-cavity laser used in the experiment was 7-5cm, which
gave a longitudinal mode spacing of about 2GHz. Fig. 1 also
shows the other components used in the automatic control
circuits, which will be discussed later.

During mode-hopping between two neighbouring external-
cavity modes, the electric field of the total laser light can be
expressed as

E(t) = o,(0E () + a5(t)E;(t) 0]

where E, and E, are the electric fields of the two hopping
modes, and «,, «, are random variables with a,(f) + a,(t) = 1.
The photocurrent of the avalanche photodiode (APD) located
after the Mach-Zehnder interferometer gives a heterodyned
signal between the two modes, which is expressed as

ioc ay(tay(t — T)E (OE(t — 1)
+ oyt = 1)y (t)E (t — T)E(L) 2

where 7, is the delay time due to the fibre delay line of the
interferometer.

Since the 2 GHz separation between the two neighbouring
external-cavity modes is smaller than the inverse of the intra-
band relaxation time, the two modes are strongly coupled and
are expected to exhibit complete power switching during
mode-hopping,* i.e. «,(t) and a,(t) take a value of either 0 or 1.
Since a,(t) + a,(t) = 1, we have a,(t)a,(t) = 0. From eqn. 2 the
photocurrent i is not equal to zero only when a delay line is
used, so that 7, > 1/f,, where f; is the average mode-hopping
frequency. Because of finite mode-hopping transit times,
however, mode-hopping can still be detected without a delay
line, but the signal level is smaller than that detected with a
delay line.

When the grating angle or the PZT voltage was controlled
to generate mode-hopping in the laser, the spectrum analyser
displays in Fig. 2 show the heterodyned mode-hopping signals
A, detected with a 2-8km fibre delay line, and B, detected
without the delay line. The peak height of B is about 28dB

1112

lower than A. The 2-8km fibre in this experiment provides
effectively an infinitely long delay line, which removes the
a,a, = 0 anticorrelation relationship. On the other hand, the
signal level B is related to the mode-hopping transit times and
the average mode-hopping frequency in the external-cavity
laser. The averaged mode-hopping frequency f, was estimated
to be in the range 0-5 MHz to 2-:5 MHz for the external-cavity
laser with 7-5cm length. Therefore a delay line of several
hundred metres will be long enough to satisfy the 7, > 1/f,
r?latilonship to achieve a stable, high-sensitivity mode-hopping
signal. )

4
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Fig. 2 Spectrum analyser displays of mode-hopping signal near 2GHz

A is signal obtained with a 2-8km fibre delay line and B without
using delay line

Mode-hopping prevention in the grating external-cavity
laser was demonstrated using the circuit shown in Fig. 1. The
separation between successive external-cavity modes is about
2GHz. The mode-hopping monitoring signal, at the 2GHz
beat frequency between the two neighbouring modes, was het-
erodyned with a microwave local oscillator (LO) using a
double balanced mixer to down-shift the signal frequency.
After envelope detection, the signal was negatively fed back to
a PZT control circuit, which adjusts the cavity length auto-
matically to maintain single-mode operation. In the experi-
ment, the grating angle was fixed and the PZT voltage was
swept, which generated mode-hopping events. When the
control loop was open, the two-mode spectrum during mode-
hopping is shown clearly in the scanning Fabry—Perot inter-
ferometer output recorded in Fig. 3a. The spectrum analyser
display in Fig. 3b shows the corresponding mode-hopping
signal at about 2 GHz frequency: the peak on the right-hand
side of the microwave LO peak. On the contrary, when the
control loop was closed and the PZT voltage was swept, the
laser always remained single-mode as shown in Fig. 3¢, and

- 150MHz+
¢ d
Fig. 3 Scanning Fabry-Perot (150 MHz free spectral range) spectrum

(@) and monitoring signal from Mach-Zehnder interfer (b)
showing two-mode-hopping when control loop was open
¢, d show single-mode operation when feedback loop was closed.
LO peak is from microwave local oscillator, and peak next to LO
peak in (b) indicates mode-hopping
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the mode-hopping signal peak disappeared in Fig. 3d. Wide-
range frequency-tuning by grating rotation is still accom-
plished by mode-hopping, but the automatic feedback loop
controls the PZT voltage to fine-tune the frequency of the
selected external-cavity mode and maintains single-mode
operation.

In summary, we have demonstrated a new mode-hopping
detection method for a grating external-cavity laser and an
automatic mode-hopping prevention circuit. This method can
be used for a laser with a long cavity length for which the
heterodyned signal between adjacent cavity modes can be
detected with a photodiode. It can be applied, for example, to
a monolithic integrated tunable laser in the future if the inte-
grated passive cavity length of the laser is longer than about
0-5cm. i ' ‘

M. OHTSU* 24th August 1987
K.-Y. LIOU

E. C. BURROWS

C. A. BURRUS

G. EISENSTEIN

AT&T Bell Laboratories
Crawford Hill Laboratory
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* On leave from Tokyo Institute of Technology
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‘Mode Stability of a Two-Wavelength F abry—Perot/
Distributed-Feedback Laser o

MOTOICHI OHTSU anD KANG- YIH LIOU

Abstract—A theory based on a Fokker-Planck equation has been de-
veloped to analyze the observed two-mode operation of a Fabry-Perot/
distributed-feedback (FP/DFB) laser. Simultaneous oscillation of the
DFB mode and the FP mode near the gain peak with negligible mode
power fluctuation can be achieved if the DFB mode is detuned suffi-
ciently from the gain peak. We present calculated results for the design
of stable two-wavelength lasers.

I. INTRODUCTION

Y PROPERLY detuning the Bragg wavelength of a
distributed-feedback (DFB) semiconductor laser away
from the peak wavelength of the gain spectrum, simulta-
neous oscillation of the DFB mode near the Bragg wave-
length and the Fabry-Perot (FP) mode near the gain peak
can be achieved. Such a two-wavelength laser can be used
for measurement of fiber dispersion or for interferometric
sensing. The dispersion of fiber can be determined di-
rectly from the spreading of a light pulse consisting of two
wavelengths propagating in the fiber. For precise distance
measurements, a two-wavelength method has been used
for correcting the error caused by the fluctuation of the
index of refraction [1]-[3). In the case of temperature
measurements, a two-wavelength technique has been de-
veloped to increase the sensing range for an interferomet-
ric fiber temperature sensor [4]. A stable two-wavelength
semiconductor laser designed using the FP/DFB scheme
can be an attractive light source for these applications.
We present in this paper calculations of the longitudinal
mode stability for the design of a stable two-wavelength
semiconductor laser and the observed stable two-wave-
length operation of FP/DFB laser. The emission wave-
length of the FP/DFB laser in the experiment was 1.3 ym.
The theory, however, is general for all wavelengths.
Using a stochastic approach, the stability of the two lasing
modes is calculated as a function of a coupling parameter
or the wavelength separation between the two modes. The
results show that FP/DFB lasers can be designed to os-
cillate with two stable wavelengths.
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II. EXPERIMENTAL OBSERVATIONS

In general, DFB lasers are designed to oscillate near the
Bragg wavelength, which is usually set well within 100

of the gain peak to achieve stable single-mode opera-
tion. In our experiment, we used DFB lasers with the
Bragg wavelength detuned from the gain peak to demon-
strate the feasibility of stable two-wavelength operation.
The DFB lasers were of the double-channel planar-bur-
ied-heterostructure (DC-PBH) type and had second-order
gratings [5]. The emitting wavelengths were near 1.3 ym.
Fig. 1 shows the longitudinal mode spectrum of a DFB
laser with the DFB mode detuned to about 110 A shorter
than the gain peak. The laser was operated CW (contin-
uous wave) at 25°C. The two-wavelength spectrum with
nearly equal DFB and FP mode intensities shown in the
figure is due to similar threshold conditions for the DFB
and FP modes. Here the decrease in gain for the DFB
mode detuned from the gain peak is compensated for by
the smaller loss for the DFB mode than for the FP mode
due to the distributed reflection near the Bragg wave-
length.

Fig. 1 is a time averaged spectrum recorded using a
grating spectrometer. Temporal mode power stability was
examined when only one mode was passed by the spec-
trometer and was detected with a high-speed InGaAs
p-i-n photodiode. The result indicated stable two-wave-
length operation with a 110-A separation for the laser
shown in Fig. 1. The detected light power for each of the
two modes stayed constant in time and the total output
power of the two modes was also stable. In another case,
when the wavelength spacing between two lasing modes
with equal average intensities was about 10 A, instanta-
neous power switching between the two modes was ob-
served. The detected total output power, however, still
remained constant in time.

The observed two-mode competition behavior for the
FP/DFB laser is qualitatively similar to that previously
reported for AlGaAs FP lasers emitting near 0.8-um
wavelength [6]. The dependence of the two-mode stabil-
ity on the wavelength separation is due to the fact that the
coupling between the two modes decreases with increas-
ing wavelength separation. The laser operates with two
stable modes without mode switching when the coupling
between them becomes negligible.

Mode switching phenomena in semiconductor lasers

0733-8724/88/0100-0047$01.00 © 1988 IEEE
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INTENSITY (ARB. UNIT)

Fig. 1. Longitudvinal mode spectrum of a Bragg wavelength detuned DFB
laser showing simultaneous oscillation of the DFB mode and the FP
mode. The laser was CW operated at 25°C with 3-mW /facet output
power.

due to optical feedback effects or temperature fluctuations
have been reported previously [7]-[9]. Optical isolators
were used in our experiment to suppress the optical feed-
back effect and the temperature of the laser was stabilized
to observe mode switching and mode power fluctuations
caused mainly by the spontaneous emission noise.

The experimental results indicate that stable two-wave-
length operation with similar light powers can be achieved
for a FP/DFB laser if 1) the FP mode and the DFB mode
have similar threshold gains and 2) the wavelength sepa-
ration between them is sufficiently large. Condition 1) can
be satisfied by controlling the amount of detuning of the
Bragg wavelength from the gain peak and the coupling
coefficient of the grating, such that the decrease in mode

gain for the detuned DFB mode equals the decrease in the'

effective end loss due to the distributed reflection. Con-
dition 2), however, is more complicated, and we will see
later that the temporal stability is also related to the CW
pumping level of the laser. In the following theoretical
discussions, we will then analyze the two-mode stability
under the condition that the two lasing modes have nearly
equal time-averaged light powers.

III. THEORY

In the theory, a stochastic approach is used to calculate
the stability for the two-mode condition. We start with the
two-mode rate equations for the square of the optical elec-
tric field E; and for the carrier density n‘®’ which are writ-
ten in the density matrix formalism [IO]A

dE~,2 " 1 ~ (1) 3) &2 ~(3) 52 2
ﬁdt = n\/e—; [ai - Oy — a, E -y Ej ]Ei
oMo
(i,j=1,2i #j) (1)

dn® € < 2 g2, 2
bR LU (R 10) ¢ R (1) >
dt " Ko hw, i ! hw2 2 2
n(®
p— + —_—
Ts e (2)
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where the subscripts i = 1 and 2 represent the DFB mode
and the FP mode, respectively; n is the refractive mdex,
€ and pug are the dielectric constant and the permeability
in vacuum, Aw is the photon energy, V is the volume of
the laser cavity, I is the injection current, and e is the
electronic charge. The quantity a,,; in (1) is the loss of
the laser cavity. For the FP mode, ay,; is the sum of the
internal loss and the mirror loss at the facets. For the DFB
mode, a,; includes an additional loss factor owing to the
distributed grating reflection, which is dependent on the
grating coupling coefficient [11]. The" quantitics
aV, @, and & are, respectively, a linear gain, the

self-saturation coefﬁcwnt and the cross-saturation coef-

ficient, which are all dependent on the carrier density n(®’

given by (2).

To a first-order approximation, the gain saturation due
to interband relaxation of the carriers with time constant
7, is expressed by a decrease in &; in (1) via (2). Equation
(2), however, does not include the intraband relaxation,
with relaxation time 7, [10]. To consider gain saturation
due to intraband relaxation, we include in (1) the third-
order terms with the coefficients &> and &§’. It is im-
portant to note that the gain saturation expressed by &
via (2) and that expressed by &> and & are of different
origins.

From our experimental measurements, discussed in the
previous section for the case of two lasing modes with
equal time-averaged powers, the total output power re-
mains nearly constant in time even though the power of
each mode can fluctuate. This is because the total power
is partitioned into the two modes which fluctuate in an
anticorrelated fashion due to mode competition. Under
this condition, the carrier density in (2) can be approxi-
mated as being constant in time. The validity of this ap-
proximation, even in the case of mode hopping among
two longitudinal modes, has been verified by computer
simulations and experiments for AlGaAs lasers [6], [12].
The ratio of carrier fluctuation to the threshold carrier.
density 6n‘® /n{?’ estimated by computer simulation, is
of the order of 10"‘—10'3 [12]. The result of computer
modeling of mode hopping in AlGaAs lasers using.the
constant-carrier-density approximation agrees well with
experimental observations [6].

For a constant n‘®, the coefficients &!", &, and
&f,” in (1) can also be approximated as time independent
constants. To calculate the magnitudes of the power fluc-
tuations for the two modes, we now need only to solve
(1), from which we can derive the Langevin equations for
the normalized electric field E;

dEi_ _ 2_
ar (a; |Ei|

(i,j=1,2;i#j) (3)
where 7 is a normalized time, and ¢;(7) is a Langevin
noise term which is assumed to be a delta-correlated
Gaussian random process with a zero mean. The quantity
a; is a pump parameter which is proportional to the steady-

ElEjlz)Ei + qi(7)
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state mode power (&' — oy, ) /@&, It can be approxi-
mated by the expressmn ~

= C\(I/1y) - Cz (4)

Although the constants Ciand C, can vary from device to
device, C; = 45 and C, = 40 have been measured for
both 0.8 and 1.55-um lasers at / > 1.01 I, [6]. Power
fluctuations of the DFB and FP modes arise from the cou-
pling between them, which is descnbed by the couplmg
constant £ in (3), glven by

(5)

where ¢ and \ are the light velocity and wavelength in
vacuum and A\ is the wavelength difference between the
DFB and FP modes.

If we express the amplitude of the normalized complex
field E, as E, = x,, + iy, with n = 1, 2 for the two modes,
the state of the laser can be represented by the vector X
= (x;, X3, ¥1, y2). The components of X obey a set of
coupled Langevin equations of motion. given by (3). De-
fining p (¥, 7) as the probability of finding the fields being
characterized by X at time 7, one can then replace the
coupled nonlinear equations of (3) with the linear multi-
dimensional Fokker-Planck equation

£ =‘af-,.3>l/&,<3’ =4/[1 + Qrcr,AN/NY]

0 ¢ 9 0 9 ,»
811.’()" 7 = i§l [ ax,A"' P By,-Ai P
>  9? ]
+ =+ 6
<3x? 3y?>p (6)
where

AP =g — (x] +y]) = £(xF +y]D)]m

(Lbi=12i#j, ‘n=xy). (7)

The time-dependent solution of (6) can be expressed as

p(x, 1) = p(%) - V(%) (8)
where V(X) is the eigenfunction of the Fokker-Planck

operator belonging to the eigenvalue y. The function
p,(X) is the steady-state solution, given by

p(¥) = B~ exp [-U(X)]
where B is a normalization constant and

U(Z) = J(I} + I3 + 281 D5) — $(aihy + ah)  (10)

e

(9)

with I, = x? + y3, L, = x3 + y3.

To analyze the stability of the two-mode operation, we
can use p,( X) to calculate the normalized variance of the
intensity fluctuation

ey _ by — (LY
<& (5
where (I7) is the nth moment of the mode intensity,
given by o

(ry = SS

0

ot =

(11)

I p(3)dldb. (1)
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Fig. 2. Calculated variance ¢° of normalized intensity fluctuations versus
the coupling constant £ between the DFB and the FP modes for different
pumping levels a.

Fig. 2 shows the calculated variance of the intensity
fluctuation at different pump parameters for the DFB mode
as a function of the coupling constant §{ between the DFB
and FP modes. Since £ is related to AN - 7, given by (5),
Fig. 2 is also plotted as a function of AN - 7;,. Fig. 2 is
calculated with a, = a, = a for the case that the DFB and
FP modes have nearly the same intensity. A common crit-
ical point at £ = 1 is found for all values of a. Discrete
mode hops between the DFB mode and the FP mode due
to a strong coupling occur for ¢ > 1. In the weak cou-
pling regime, where £ < 1, DFB and FP modes oscillate
simultaneously. We note that o2 decreases drastically with
decreasing £ and that stable two-wavelength operation
with negligible mode power fluctuations can be achieved
for a sufficiently large pumping level.

When Fig. 2 is used for designing a stable two-wave-
length FP/DFB laser, one should note that the pump pa-
rameter a for the DFB mode is dependent on the coupling
coefficient « of the DFB grating. The wavelength differ-
ence A\ is determined by the detuning of the Bragg wave-
length from the gain peak. The DFB to FP mode coupling
£, however, is dependent on both AN and the intraband
relaxation time 7;,. Since £ is dependent on the intraband
relaxation time 7, this phenomenon provndes a way to de-
termine Tin accurately. One can measure o as a function
of AN/N* for a laser at different values of a. The mtra-
band relaxation time 7, is then determined by plotting o
as a function of AN/\? for different a values and then
finding the critical point similar to that in Fig. 2 where
the curves intersect.

The temporal intensity fluctuation 81, = I, — (I; ) can
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be derived from the time dependent solution of the Fok-
ker-Planck equation. If (|8Z; | /< I; )) < e is required for
the temporal mode stability when the laser is used for cer-
tain applications, the escape probability P, that
(|8I; | /<I; ») exceeds € can be calculated. First we cal-
culate the occupation probability, defined as

P(7) = SSp(i’, 7)dl, dl, (13)
)

with the integration carried over the space D where
(|8L; | /<L) < ¢, with i = 1 and 2. From (8) we find
that P(7) obeys the simple rate equation [13]

) = —s(p(r) - P, (14)
where
P, = \\ p.(%) dl, db,. (15)
([

Equation (14) can be rearranged and expressed in the fol-
lowing form

dpP(t) 1 1

——~ = ——P(7r) + — (1 — P(7)).

7 = T PO (1= P(). (16)

The state of the laser ¥ = (x,, X, y,, y») is either inside
region D in phase space or outside of D; T;, and T, in
(16) represent the periods of time that the laser spends
inside or outside of D, respectively. The escape proba-
bility is then given by

Tou

P, = T + T (17)

Comparing (14) and (16) one finds
Tt (18)

1
T~ VP (19)
and therefore

P,=1-P,. (20)

Fig. 3 shows calculated P, for different £ and a values.
The calculations were done with €, = ¢; = € and again q,
= a, = a was used for the case that the DFB and FP
modes have nearly the same intensity. For P, and e values
specified for a system in which a two-wavelength laser is
used as the light source, Fig. 3 gives the coupling con-
stant £ (or AN) and pump parameter a that should be de-
signed into the laser to achieve satisfactory system per-
formance. One can also plot P, as a function of £ and a
for a specified e. The escape probability P, is equivalent
to the bit error rate in the case of an optical fiber com-
munication system, in which e is often specified to be 0.5.
As an example of using these calculations for designing a
stable two-wavelength laser, we plot P, as a function of
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¢ at several pump levels a in Fig. 4 for the case of ¢ =
0.5. From (4), a = 40 corresponds to I = 1.8 I,. If P,
< 1 x 107% is required, the laser should be designed to
operate with £ < 0.59. This corresponds to AN > 34 A
for N = 1.3 um, assuming 7;, = 0.3 ps.

IV. CoNcLUSIONS

In conclusion, we have developed a theory based on a
Fokker-Planck equation to analyze the observed mode
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behavior of a two-wavelength FP/DFB laser. With simi-
lar threshold currents for the detuned DFB mode and the
FP mode near the gain peak, simultaneous operation of
the DFB and FP modes, separated by 110 A, was ob-
served. In the theory, we have studied the mode power
fluctuations as a function of a coupling coefficient ¢ be-

tween the two lasing modes and the pumping levels of the

laser. '

It is shown in the theory that stable two-wavelength op-
eration requires a sufficiently small £, which is dependent
on the wavelength spacing between the two lasing modes
and on the intraband relaxation time 7,,. A method of es-
timating 7;, directly from measurements of the mode
power fluctuations caused by coupling between the two
modes is proposed. Stability of two wavelength operation
was also shown in the theory to improve with increasing
pump level. The results of the parametric calculations
provide the mode stability criteria for the design of stable
two-wavelength lasers.
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Mode Stability Analysis of Nearly Single-
 Longitudinal-Mode Semiconductor Lasers

MOTOICHI OHTSU, YASUAKI TERAMACHI, aND TETSUYA MIYAZAKI

Abstract—Power fluctuations in a main mode of a nearly single-lon-
gitudinal-mode AlGaAs laser, caused by spontaneous emission fluctua-
tions and coupling with a stationary nonoscillating side mode, are in-
vestigated. Average CW mode powers were measured to analyze the
static characteristics of oscillation. For the dynamic characteristics,
the escape probability was measured to evaluate the magnigl_ldé and the
frequency of fluctuations. These experimental results were analyzed
theoretically by a stochastic model which had already been developed
by the authors to analyze the mode hopping phenomenon. Theoretical
results agreed with experimental results. This theoretical model was
also applied to the description of experimental results of rate of power
dropout events reported by Linke ef al. And then, it was confirmed
that the theoretical results also agreed with their experimental results.
By these agreements, it was proposed that this theoretical model can
be used for the systematic description of the mode stability of semicon-
ductor lasers, i.e., not only the experimental results obtained in the
present work but also power dropout events in a nearly single-longi-
tudinal-mode laser and mode hopping of two-mode lasers.

I. INTRODUCTION

TABLE single-longitudinal-mode oscillation of semi-

conductor lasers has been required for applications to
the coherent optical communication and optical measure-
ments. To realize the single-longitudinal-mode oscilla-
tion, the dependence of the cavity loss on wavelengths has
been utilized in distributed feedback lasers [1]. For Fa-
bry-Perot cavity-type lasers, single-longitudinal mode
oscillation has been realized by utilizing a spatial hole-
burning effect due to the saturable absorber in the clad-
ding layer [2]-[4] or by a spectral hole-burning effect [5].
Static measurements of average CW mode spectra have
shown that these lasers oscillate with the single-longitu-
dinal-mode. Even under such a static single-mode con-
dition, Linke et al. [6] and Abbas and Lee [7] have found
that the power of the main mode fluctuated due to cou-
pling with a very low power side mode, which means that
‘these lasers did not show the complete single-longitudi-
nal-mode oscillation in their dynamic behaviors. From
this, they have been called nearly single-longitudinal-
mode lasers. A relation between bit error rates and mode

Manuscript received October 12, 1987; revised January 8, 1988.

M. Ohtsu and T. Miyazaki are with the Graduate School at Nagatsuta,
Tokyo Institute of Technology, Midoriku, Yokohama, Kanagawa 227, Ja-
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power fluctuations in these lasers has been also discussed
for application to optical communication [6]. Further-
more, several theoretical studies on mode power fluctua-
tions have been reported [8]. However, direct compari-
sons have not yet been made between the experimental
and the theoretical results. Even though theoretical anal-
ysis based on a quantum mechanical Langevin equation
has been made [9], this theoretical approach lost the the-
oretical self-consistency because a gain saturation term
was introduced heuristically. Furthermore, this theoreti-
cal analysis has not yet been fully applied to the evalua-
tion of experimental results.

In the present work, precise measurements on power
fluctuations in nearly single-longitudinal-mode lasers were
made. These experimental results were theoretically ana-
lyzed by means of a stochastic model which has been de-
veloped by the authors to investigate the mode-hopping
phenomenon in two longitudinal-mode lasers [10]. Fur-
thermore, experimental results of power dropout events
obtained by Linke er al. [6] were analyzed by using this
theoretical model. From the comparisons between these
experimental and theoretical results, it was demonstrated
that this theoretical model was useful to describe system-
atically the mode stability of the semiconductor lasers in-
cluding a phenomenon of mode hopping of the two-lon-
gitudinal-mode lasers and power dropout events in nearly
single-longitudinal-mode lasers.

II. PRECISE MEASUREMENTS OF MODE STABILITY

The experimental setup is shown in Fig. 1. An AlGaAs
laser (channeled-substrate-planar type) of 0.78 um wave-
length was employed for the experiments. The laser was
installed in a small vacuum chamber, and the temperature
of the heat sink made of a copper block for the laser was
controlled by means of a Peltier element for which a ther-
mister bridge was used as a temperature sensor. As a re-
sult of this control, temperature fluctuations of the heat
sink were suppressed to 2 X 10™* K. The laser was driven
by a low-noise dc current source with the current noise
(root-mean-square value) of 0.6 nA/ VHz at the Fourier
frequency of 1 kHz. Two kinds of measurements were
carried out for the longitudinal-mode spectra. One was a
static measurement by using a conventional grating
monochromator, a photodiode, and a dc amplifier. The

0018-9197/88/0500-0716$01.00 © 1988 IEEE
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Fig. 1. Experimental setup.

results represented the longitudinal-mode-spectra aver-
aged over a certain time interval, i.e., average CW mode
spectra. The other was a dynamic measurement of power
fluctuations in -each longitudinal mode. In this measure-
ment, power fluctuations of each mode were detected by
using avalanche photodiodes (APD) and wideband ampli-
fiers after each mode was separated spatially by using a
diffraction grating. The output signal from the amplifiers
were recorded by a two-channel digital memory. The
bandwidth of the detection system was S0 MHz. Then,
recorded signals were processed by using a microcom-
puter.

Open circles in Fig. 2(a) represent a temperature de-
pendence of the threshold current I,. Hatched areas given
by the heat sink temperature T and the injection current /
showed the regions of individual single-longitudinal-mode
oscillation of the laser used. Here, we defined the single-
longitudinal-mode oscillation as the oscillating state of
which the amplitude of the mode power fluctuations
caused by competition with the other mode was less than
1 percent of the average CW mode power, i.e., the value
of the parameter e defined in the last part of this section
was less than 0.01. In this figure, for example, modes
M14 and M15 were adjacent to each other, and their
wavelength separation was 2.3 A. On the other hand, four
nonoscillating modes existed between the modes M4 and
M9. Wavelength separation between these two modes was
12 A.

Between the hatched areas for the modes M9 and M14,
e.g., at point A in Fig. 2(a), both modes oscillated with
almost equal average CW mode powers. However, these
mode powers exhibited a switching phenomenon with each
other, i.e., mode hopping. This phenomenon has been in-
vestigated by [10]. Fig. 2(b) shows an average CW mode
spectral profile observed by fixing the temperature T and
current I at point B in Fig. 2(a), which was inside the
hatched area for the mode 14 and was close to its bound-
ary. It is seen from this figure that the mode M14 showed
nearly single-longitudinal-mode oscillation, however, a
mode M9 can be seen as the next most significant mode
which can be considered to be a side mode. Static and
dynamic characteristics of mode power will be discussed
in the following when the main mode is perturbed by only
one side mode.

Fig. 3(a) shows the experimental results of average CW
mode powers of each mode, which were obtained by vary-
ing the current 7 in the vicinity of point B in Fig. 2(a)
while the temperature T was fixed. Similar results have
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Fig. 2.  (a) Regions of the heat sink temperature T and the injection current
I where single-longitudinal-mode oscillation was observed (hatched
areas). M1-M18 represent a series of longitudinal modes. Open circles
represent the ‘threshold current /,,. Measurements were carried outat
points A, B, and C. (b) Average CW mode spectra observed at position
B in (a).
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Fig. 3. (a), (b) Relation between the injection current / and average CW
mode powers measured at around positions B and C in Fig. 2(a), re-
spectively, while the heat sink temperature T was fixed. Main modes in
(a) and (b) are modes M14 and M9, respectively. Among several side
modes, only the most significant side mode (M4) is shown in (b).

been reported by Nakamura et al. [11]. This figure shows
that the power of the main mode (M14) increased with
the increase of /, while that of the most significant side
mode (M9) decreased monotonously after a slight in-
crease. In this figure, average CW mode powers of other
side modes are also shown. Dependences of powers of
these side modes on the current / are similar to that of the
most significant side mode M9. Since powers of these side
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modes were less than 50 percent that of the mode M9,
these modes will be neglected in the theoretical analysis
of Section III. Since this was a good approximation in the
range of I/ Ith < 1.5, all the measurements were carried
out within this range of the bias level near the threshold.

Fig. 3(b) shows the experimental results of average CW
mode powers obtained by varying the current / around the
position C in Fig. 2(a) while temperature T was fixed. In
Fig. 3(b), powers of only the most significant side mode
(M4) are shown together with the main mode (M9) be-
cause powers of other side modes were significantly lower
than that of the mode M4. A feature of this figure is that
the power of the main mode M9 was, on the contrary,
lower than that of the side mode M4 at I/I;, < 1.04, i.e.,
close to threshold. This phenomenon can be described by
the present theoretical model as discussed in Section III.

Fig. 4 shows a result of dynamic measurements of
power fluctuations in each mode, which were carried out
at position B in Fig. 2(a). It is seen from Fig. 4 that the
power of the main mode (M14) was almost constant with
time, however, its waveform had several sharp dips. On
the other hand, the power of the side mode (M9) was
nearly zero, however, its waveform shows several pips.
The total power was almost constant all the time and had
neither dips or pips. Since these dips and pips were syn-
chronized with each other, it can be considered that they
originated from the interaction between the two modes.
Similar dips have been observed also by Linke et al. [6]
and Abbas and Lee [7], and have been called power drop-
out events. Open circles in Fig. 5 represent a relation be-
tween the current / and the measured values of probability
of occurrences P, of the dips of the main mode. This
probability P,, corresponding to the escape probability
defined in Section III, was measured here based on the
following formula:

= 21/T, (1)

where ¢; is a time period in which a ratio between the mag-
nitude of power fluctuations |87/),| and the average CW
mode power {Iy) exceeded a certain value ¢ (i.e.,
|81y /<{Iu> = €). The value of € was fixed at 0.05. T,
represents total time of a measurement. For this measure-
ment, a sampling time period ¢, for data acquisition by the
digital memory was fixed at between 10 and 500 ns. Since
the characteristic time of the waveform of power fluctua-
tions were dependent on the bias level, the value of ¢, was
appropriately adjusted within this range in order for the
resolution of the waveform recording to be maintained
high enough. The number of successive data points N,
was 2048, and the number of the measurements (N ) car-
ried out repeatedly was 10. Therefore, T,, was between
0.2 and 10 ms. If stationarity of the system was assumed,
the total sample number corresponded to N, - N. In this
case, the resolutlon of measurements of P, was 1 /N,;N =
4.8 x 1075,

Fig. 5 shows also that the value of P, decreased with
increasing current /. This means that the laser is less sen-
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Open circles represent experimental results measured by following (1)
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curve represents a theoretical results calculated by using (23) in Section
1L

sitive to the agitation by spontaneous emission fluctua-
tions and shows a more stable oscillation at a higher bias
level.

ITII. THEORETICAL ANALYSIS

In this section, experimental results given by Figs. 3
and 5 are analyzed on the basis of a stochastic approach,
where only one side mode is taken into account for sim-
plicity. Van der Pol equations derived from density ma-
trix formulation [S] and the equation of motion of carrier
density are used as the key equations. If the amplitude of
the electric field of the lightwave of the ith mode and the
carrier density are expressed as E; and 7(*, respectively,
these equations are given by

dE; _

= (1) _ ~ (3) 52 ~(3) /52
dt [ 0‘.( )Ei - f(,))E ]En

2n, Veo
=1,2;i # j)

(irJ (2)
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and *10% (v/m?)
w2 11—
drn® € [ 2 2 i lEII Y (a)
: = —p |02 ~p2 ~ (1) p2 \
= -n ay’Ey+ — a3 E —
dt "Npo \ha, 1 TN p, 2 2> °
_ «10% (V/m?)
(0) . _L (3) - 1
Ts Vie IEz' o R N ®)
where &{" and ay, are the linear gain and the cavity loss,
respectively, which are expressed as : «10% (v/m?)
~ (1 1 — 2 ~ 12 =~
& = gWgM [FO — n — p(); = No)'], |E1|’|Ez|20 ©
(i=1,2) (4) s
and =(0) ,=(0) 2
6n-/n, 1 : ()
D, (1) (50
2 = £ (7 — ng)). (5) "
In these equations, \; is the oscillation wavelength of the : 1 (ps)'
ith mode, A is a center wavelength of the gain spectrum, .
and 7’ is the threshold carrier density. In (2), &{*) and _Time

5(3}) are the self-saturation coefficient and the cross-sat-

uration coefficient, respectively.'

It should be noted that two kinds of gain saturation
mechanisms are expressed by (2) and (3). The gain satu-
ration, due to the interband relaxation of carriers with time
constant 7, is expressed by a decrease in &' in (2) via
(3). Equation (2), however, does not include the intra-
band relaxation, with relaxation time 7;,. To consider the
gain saturation due to the intra-band relaxation, we in-
clude (2), the third-order terms with the coefficients &’
and &(()). Since these gain saturation terms are directly
derived from density matrix formulation without the in-
troduction of heuristic values [5], the present theory keeps
its self-consistency theoretically. On the contrary, the use
of heuristic gain saturation terms could not be avoided in
the quantum mechanical Langevin equation [9]. It is im-
portant to note that the origin of the gain saturation ex-
pressed by &!" via (3) is different from that of &{*’ and
@;{ ). Definitions and numerical values of other quantities
in (2)—(5) have been given in [10]. The following approx-
imation is valid because it was confirmed by several pre-
liminary calculations that the fluctuations of &{* and

&) with a change of 7'® are much less than that of

:E;: —(C())l; W [10]: a(3)(ﬁ(0)) ~ ~(3)(h-(0)), -f?j))(’l(o)) =
&igp(Am")-

An analog computer simulation was carried out by using
(2)-(5). Two uncorrelated Gaussian white noises, gener-
ated from two noise generators, were applied to the ana-
log computer as the spontaneous emission terms which
should be added to (2) [10]. Fig. 6(a)- (d) shows the out-
put waveforms of mode powers (|E 1|? and | E,|?), total
power (| E;|*> + | E;|*), and carrier density fluctuations
(6%‘0) / n(o)), respectively. It is seen from Fig. 6(a), (b),
and (c) that the main and side mode powers show dips
and pips even though the total power is maintained almost
constant with time. This is consistent with the experimen-
tal results shown in Fig. 4, from which it is confirmed
that this theoretical model is accurate enough to describe
the oscillation characteristics of semiconductor lasers.

Fig. 6. Results of the analog computer simulation of temporal fluctuations
of mode powers and carrier density. (a) Main mode power (| E, |?). (b)
Side mode power (| E; |2). (c) Total power (| E, |* + | E;|?). (d) Carrier
density fluctuations normalized to the threshold value (6n‘°’ /).

Fig. 6(d) shows that the magmtude of carrier density fluc-
tuations 87‘? is less than 1073 that of (", and that the
waveforms of 87(? are not correlated with those of Fig.
6(a) and (b). These phenomena are due to the fact that the
total stimulated emission rate, proportional to the total
power (| E, |> + | E;|?) on the right-hand side of (3), was
kept constant all the time even though the dips or pips
appeared in each mode. This is concluded from the fact
that the total power was kept constant with time.

Since it was found by the analog computer simulation
that the carrier density 7 7© was almost constant with time,
(3) is excluded in the following discussions. The equation
we have to solve is (2), in which the values of gain coef-
ficients &{", &, and & (7)) are constant with time. There-
fore, the stochastic model, which had been developed by
the authors to analyze the mode-hopping phenomenon
[10], can be also used here. That is, the analysis is carried
out by using the Langevin equation for the normalized
electric field of laser which is derived from (2) and is ex-
pressed as

dE;
o (a; — IEi|2 - f|Ej|2) E + qi(7)

(i,j=1,2i+j) (6)
where E; is the normalized amplitude of the electric field
of the ith mode, 7 is the normalized time, a; is the pump
parameter, and ¢ is the coupling constant between two
modes. The quantities g; (7) (i = 1, 2) are Langevin noise
terms which represent the fluctuations of spontaneous
emission. They are supposed to be delta-correlated
Gaussian random processes with the zero mean and

(gF(7) - q(7')) =4-8;-6(r— 1),

(i,j=1,2) (7)
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where * means the complex conjugate, §; is the Kro-
necker delta, and (7 — 7') is the delta function. The
quantities a; and £ are derived from the coefficients in (2),
and are expressed as

a; = (& — aw)/ai’ ¢k
£ = alf)/al®

(,j=1,2i#]) (8)

where ¢ (=E;/E;) is a normalized constant used for the
derivation of (6) from (2). Equation (8) shows that g; is
proportional to the linear gain or, in other words, the bias
level, and that the coupling constant £ can be approxi-
mated to 4 /3 as long as the wavelength separation \; —

A\, between two modes is less than about 20 A [10], which
was the condition in the experiments of Section II.

Either modes in (6) can be the main mode or side mode
by appropriately adjusting the values of parameters. For
example, stability analysis of (6) [12] shows that only
mode 1 shows a stable stationary oscillation if

a/a, > & (=4/3). (9)

Mode 2 oscillates only momentarily with no stationary
oscillation in this case. That is, the average CW mode
powers (| E, |* and | E; |*) of modes 1 and 2 are a, and 0,
respectively. This means that modes 1 and 2 correspond
to the main and the side modes in Section II, respectively.
On the other hand, mode 2 becomes the main mode if
a,/a, < 1/&. Furthermore, two mode powers tend to
jump randomly between the two stable stationary states
(|E\|% |E;|*) = (a;, 0) and (0, a,) driven by fluctua-
tions of spontaneous emission if 1/¢ < a,/a, < £. This
phenomenon corresponds to the mode hopping which has
been investigated in [10].

If we express the normalized complex field amplitude
E; in terms of real and imaginary parts

o (k=1,2) (10)

the vector X [ =(x,, X2, ¥, y2) ] represents the state of the
laser, and its components obey a set of coupled Langevin
equations given by (6). This multidimensional nonlinear
Langevin equation can be transformed to the linear Fok-
ker-Planck equation describing the probability density
p(X, 7), which is expressed as

-Ek=xk+i

gt =3[~ an - o AP
(arap)e)
where
A = [a; — (xf +y}) = £(F +yD)]
GLji=L2i+j,9=x10y). (12)
The solution of (11) is given by [13]
p(E.7) =p(¥, @) e V(¥)  (13)
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where V(X)) is the eigenfunction of the Fokker-Planck
operator correspondmg to the engenvalue 7. The steady-
state solution is expressed as p ( X, o ), which is given by

p(X, ®) = B! exp [%(alll + ay 1)

(B + I + 284D)] (14)

where I; is the normalized mode power given by x? +
y (= |Ei|2) and B is the normalization constant. The
average CW mode power, corresponding to the experi-
mental results of Fig. 3, is given by

-

(L) = Hp(;, ) + I, - dI, db,.

0

(15)

To derive the probability P, given by (1), the method
proposed by Bonifacio et al. [13] is employed. First, we
calculate the occupation probability P(7), defined as

P(r) = H p(Z, 7) dl, dI, (16)
D
where the rcgion D is bounded by
a(l —e)=s1I =a/(l +¢€
D:{l( )= h = a(l +¢) (17)
0§12§m

The quantity e can be called the threshold setting to cal-
culate P(7), as was given in Section II. From (13), we
find that P(7) obeys the simple rate equation

%(TT) = —y(P(7) — P(x)) (18)
where
P(o) = SS p(X, ) - dl, dI,. (19)
D

Equation (18) can be rearranged and be expressed in the
following form:

() _ 1 1

ar —’ﬁP(T) +

(1 =P(1)). (20)
TOI.I(
The state of the laser X is either inside the region D of
phase space or outside of D, and then T, and T, in (20)
represent the periods of time that the state of the laser is
inside and outside of D, respectively. The escape proba-

bility given by (1) is then defined as

P, = Tou/(Tin + Tou). (21)
Comparing (18) and (20), one finds
T, =1 1-P
/7( ()) , (22)
Tow = 1/vP()
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and thereby
P,=1— P(x). (23)

The probability calculated by (19) and (23) can be used
to analyze the experimental results shown in Fig. 5.

The value of pump parameter a; should be evaluated
exactly to compare the calculated results of (I;) and P,
from (15) and (23) with experimental results. Since the
result of the analog computer simulation showed that the
carrier density fluctuations can be neglected, the value of
carrier density 7(” can be approximated to its stationary
value 7). The value of 7#{? is derived from (2) and (3),
which is expressed as

A /A —1=0- (I1/I, — 1). (24)

By using numerical values of the parameters for AlGaAs
lasers (see [10, eq. (11)]), the proportional constant 6 is
given by

=17 x 1072 (25)

The oscillation wavelength of the ith mode \; and the cen-
ter wavelength of the gain spectrum A, depend on the cur-
rent I, which are expressed as

xi=xio+x-(1—lo)} (26)
No =Moo+ x0 (I — 1)
where I, represents the current to satisfy a;, = a,. The

oscillation wavelength of the ith mode A;( and the center
wavelength of the gain spectrum Ag at this current satisfy
the relation Ajp — Agg = Ago — Ayo. Proportional con-
stants x and x, in (26) represent the shift of \; and A\ due
to the changes of the refractive index and the bandgap
energy of the active layer, respectively, by a temperature
change induced by a current change. Pump parameters a,
and a,, are then expressed by using (4), (5), (8), and (24)-
(26) as
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Fig. 7. Theoretical results of relations between the injection current / and
average CW mode powers. (I, ) and (L, ) represent the average CW
mode powers of main and side mode powers, respectively. (a) and (b)
represent the results calculated by using numerical values corresponding
to the experimental conditions of Fig. 3(a) and (b).

22.5 = a;¢p = 40. Calculated results were insensitive to
the values of 7’ and h’. However, as can be clearly
shown in Fig. 7, they were varied by changing the values
of wavelength differences Ajg — Ngg, Ao — A2g, and the
bias level 1/1,. The profiles of the curves in these figures
agree well with those experimental results of Fig. 3(a) and
(b). A specific cross-over between the main and the side
mode powers observed in Fig. 3(b) is also well repro-
duced in Fig. 7(b), which could not be done by the con-
ventional theoretical model [15]. The reasons for this re-
producibility are that the values of the parameters can
determine which mode works as a main mode in the
present model and that the present model is based on the
stochastic approach.

Fig. 8 shows calculated results of P, from (23) and (27).

(I/Iy = 1) = (B /AL - 0)((Mo = Nao) = (x0 — x)(I — Io))2

a, = ap

(I/1y = 1) = (h'/AQ -

(Io/In = 1) = (R /AR - 0)(No — )\00)2
0)((Noo = A20) + (x0 — x)(I — Io))2

: (27)

a, = ayp

where a, is the value of a, at I = I,. Since dN\y/dT =
4( A /K) for AlGaAs lasers [14] and dT/dI is estimated
as 0.22 (K/mA) from the slope of a border line of the
hatched area in Fig. 2(a), the value of x is approx1mated
as 0.88 (A /mA). The value of x, on the other hand, is
estimated as 0.06 (A /mA) by preliminary measurements
of the wavelength shift of the laser used.

Fig. 7(a) and (b) shows calculated results of { I;) from
(15) and (27) using numerical values corresponding to the
experimental conditions of Fig. 3(a) and (b), respec-
tively. The value of a;y was used as the fitting parameter
for these calculations. Typical numerical values used here
were: i{Y) = 2.6 X 10* (m™*), i’ = 3 x 10 (m™),
Mo — Moo = Noo — Ao = 6 (A), 1.08 = Ip/Iy = 1.35,

o/ — 1) = (' /AL - 8)(Noo — Mao)’

It is seen that P, decreases with the increase of the bias
level, such as the case of the experimental results. The
calculated result of P, for e = 0.05 is given by the solid
curve in Fig. 5, which agrees with the experimental re-
sults of open circles. It can be concluded from this agree-
ment that arbitrary small values of P, can be estimated by
the present theoretical model even though the value of P,
is lower than 2.8 X 10™*, which could not be measured
by the experiment.

The present theoretical approach to derive P, can be
also applied to evaluate the experimental results, reported
by Linke et al. [6] and by Abbas and Lee [7]. Linke et
al. have measured a rate of power fluctuations of the main
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Fig. 8. Theoretical results of a relation between the injection current / and
escape probability P,. Numerical values used for calculation are the same
as those of Fig. 7(a). Values of the threshold setting e for the curves 4,
B, C, D, E are 0.03, 0.05, 0.07, 0.10, and 0.15, respectively.

mode of a nearly single-longitudinal-mode laser (a 1.3
um wavelength short cavity BH laser) as a function of
threshold setting e of (17). These fluctuations have been
called a rate of power dropout events with a duration time
ty of about 1 ns [6, Fig. 2]. In these measurements, the
laser was fixed at higher bias level than that of the present
work. Fig. 2 of [6] shows that values of the rate of drop-
out events R were between 10 (s™') and 1 X 10° (s"),
which corresponds to 1 X 107® < P, = 1 x 107, These
values of P, are smaller than those of the experimental
results of Fig. 5. The dips appearing in Fig. 4 can be
considered the same phenomena as the power dropout
events observed by Linke et al., but dips in Fig. 4 were
able to be observed with much smaller bandwidth of the
measurement than that by Linke et al. because of a kind
of critical slowing down by carrying out the measurement
at bias levels close to the threshold. If the power dropout
events measured by Linke et al. are the same phenomena
as the dips of the present measurements, these power
dropout events should be able to be described by the pres-
ent theoretical model. To confirm it, the value of P, was
calculated from (23) by using a ratio of pump parameters
a,/a, as a parameter, where numerical values for an
InGaAsP laser given in [16] were employed. Fig. 9 shows
the calculated result. The abscissa in this figure represents
€ as in [6, Fig. 2]. The values of P, and R are given on
the ordinate, where duration time ¢, of 1 ns is assumed to
derive R from P,. Values of the parameter a,/a, in this
figure are selected to be the same as those of main-to-side
mode power ratio employed in Fig. 2 of [6]. Comparison
between the profiles of the curves in Fig. 9 shows that the
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Fig. 9. Theoretical results of a relation between the threshold setting ¢ and
the escape probability P, for a 1.3 um InGaAsP laser. Values. of rate of
power dropout events R are also given on the ordinate for comparison to
the experimental results reported by Linke ez al. [6]. For curves 4, B,
C, and D, values of the ratio of pump parameters a, /a, were fixed to be
12, 27, 40, and 53, respectively. These values are equal to those of the
main-to-side mode power ratio used by Linke et al. in their measure-
ments (see [6, Fig. 2]). :

magnitude of the slope of the curve increases with the
increase of a, /a,. This feature is consistent with that of
the results shown in Fig. 2 of [6] which have been ob-
tained with no relation to the present work. Slight differ-
ences between them are due to inaccuracies of measure-
ments of e in the experiments and of numerical values of
parameters used for calculations. From this agreement be-
tween the experimental and theoretical results, it was con-
cluded that the power dropout events measured by Linke
et al. are the same phenomena as was given in Fig. 4.
Furthermore, it can be confirmed that the present theoret-
ical model can be used to describe systematically the mode
stability of semiconductor lasers, i.e., the characteristics
of the mode hopping phenomenon [10],-average CW mode
power, escape probability, and rate of power dropout
events.

IV. CoNcLUSION

Precise measurements on average CW mode powers and
escape probability of a nearly single-longitudinal-mode
AlGaAs laser were carried out. These results were ana-
lyzed by the stochastic model which has been developed
to describe a phenomenon of mode hopping between the
two modes. The results of analysis agreed well with the
experimental results. Furthermore, rate of power dropout
events calculated by this theoretical model agreed with
those of experimental results reported by Linke er al.
From these agreements, we propose here that this theo-
retical model can be used for systematic description of the
characteristics of mode stability of semiconductor lasers.
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TUH3 Simple interferometric method for preventing mode hopping in tun-
able external-cavity semiconductor lasers

K.-Y.LIOU, M. OHTSU, E. C. BURROWS, C. A. BURRUS, G. élSENSTEIN. AT&T
Bell Laboratories, Crawford Hill Laboratory, Hoimdel, NJ 07733.

A problem in frequency tuning of narrow-linewidth external-cavity lasers is
mode hopping between neighboring external-cavity modes. Mode hopping
occurs in both the grating-tuned external-cavity laser'2 and the monolithic
integrated tunable distributed Bragg reflector (DBR) laser.*> We demonstrate
an interferometric method for mode-hopping detection and an automatic
control circuit that maintains single-mode operation while the frequency of a
grating external-cavity laser is tuned. The same method can be used to
control a monolithic integrated external-cavity DBR laser.

For an air external-cavity length of a few centimeters, which is required to
reduce the linewidth to ~ 100 kHz, the longitudinal mode spacings are several
gigahertz. These closely spaced modes cannot be detected effectively using
brevlously known methods. We found, however, that the heterodyned beat
signal between the closely spaced cavity modes can be detected using a
wideband photodiode and can be used for mode-hopping monitoring.

The experimental setup is shown in Fig. 1. An external-cavity laser was
constructed by coupling a 1.3-um semiconductor laser with an antireflection
coated facet to a diffraction grating mounted on a PZT element. - The grating
was rotated for wideband frequency tuning, and the PZT voltage was adjusted
for fine tuning. However, a large change in the PZT volitage or grating angle
introduces hopping to successive modes.

During mode hopping, the two randomly switched mode powers are anticor-
related in time. A long fiber delay line (2.8 km) was used in a fiber Mach-

GRATING LASER DICDE DIRE‘CTJONAL COUPLER

PZT

PZT

ORIVER
ENVELOPE
DETECTING SPECTRUM
ANALYZER
CIRCUIT 08M
TUH3 Fig. 1. Experimental apparatus. LO, mi-

crowave local oscillator; DBM, double-balanced
mixer; APD, avalanche photodiode.

4

Je-150 MHz —
(a)

- 150 MHz |

(c)

Zehnder interferometer, shown in Fig. 1, to remove the anticorrelation for
optimizing the heterodyned signal between the two hopping modes. Without
the delay line, however, mode hopping can still be detected, but the signal
level is smaller. The spectrum analyzer displays in Fig. 2 show the mode-

hopping signals A and B detected with and without the delay line, respectively. ‘

Mode-hopping prevention was demonstrated using the circuit shown in Fig.
1. The mode spacing for a 7.5-cm external-cavity length used was ~2 GHz.
The mode-hopping signal at the 2-GHz beat frequency between the two modes
was heterodyned with a microwave local oscillator (LO) to downshift the
frequency. After envelope detection, the signal was negatively fed back to a
PZT control circuit, which adjusted the cavity length automatically to maintain
single-mode operation. When the PZT voltage was swept with the control
loop open, mode hopping occurred, which is shown by the two-mode spectrum
in the scanning Fabry-Perot Interferometer output in Fig. 3(a). Fig. 3(b) shows
the detected mode-hopping signal: the peak near the microwave LO peak.
When the control loop was closed, the laser always remained single mode as
shown in Fig. 3(c), and the mode-hopping peak disappeared in Fig. 3(d).

The average frequency of mode hopping in the external-cavity laser was
analyzed theoretically and estimated by fitting the mode-hopping signals to be
in the 0.5-2.5-MHz range. Calculated results show that a ~300-m delay line
is sufficient for monitoring mode hopping with high sensitivity and stability
using the present method. (12 min)

1. R. Wyatt and W. J. Devlin, Electron. Lett. 19, 110 (1983).

2. N. A, Olsson and J. P. van der Ziel, IEEE/OSA J. Lightwave Technol. LT-5,
510 (1987).

3. S. Murata, L. Mito, and K. Kobayashi, Electron. Lett. 23, 403 (1987).
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TUCS Power partition fluctuations in two-mode-
degenerate distributed-feedback Injection lasers

K.-Y. LIOU, M. OHTSU, C. A. BURRUS, ATA&T Beli
Laboratories, Crawford Hill Laboratory, Holmdel,
NJ 07733; U. KOREN, T. L. KOCH, AT&T Bell Lab-
oratories, Holmdel, NJ 07733.

Power partition fluctuations in distributed-feed-
back (DFB) lasers, when two degenerate DFB
modes! are the only significant longitudinal modes,
have not been reported previously, although such
information is important for designing reliable fi-
ber-optic systems employing DFB lasers. We
present measurements and theoretical analysis of
the partition noise in a DFB laser operating cw with
the two degenerate modes.

The experiment used a novel two-electrode DFB
laser? in which the two-mode degeneracy can be
electrically controlled. The laser, emitting near
1.3 um, Is of the semi-insulating planar-buried-
heterostructure type with a first-order grating.
The contact metallization on the p side is split into
two sections along the laser cavity. Figure 1(a)
shows the two-current control of the two degener-
ate modes, A1 and A—,, separated by a 20-A stop
band. The power ratio, P4 4/P-4, of the two modes
was varied from 1:1 to 2500:1 for the measure-
ments, while all the other side modes were sup-
pressed by more than a 4000:1 ratio.

Partition fluctuations were analyzed using a
method similar to that used by Linke et al® The
two modes were separated by a diffraction grating
and then detected with a PIN photodiode. Figure
1(b) shows the partition (dropout) events for the
case of P4+/P-y = 14. The main-mode dropout is
correlated to a side-mode power increase, similar
to that observed for nearly single-mode Fabry-
Perot lasers.® One difference, however, is the
observation that the dropout depths in the DFB
laser were <30% of the main-mode power even
for P4+/P-y = 1, except when the laser was sub-
jected to external optical feedback. The mea-
sured dropout rates vs depth for various P4 4/P-4
ratios are plotted in Fig. 2(a).

In addition to transient dropouts, the two mode
powers were observed to oscillate at ~1.3-GHz
frequency, while the total power remained con-
stant. This anticorrelated two-mode relaxation
oscillation may be caused by an oscillation of the
local optical intensity in the DFB laser, which is
different from the well-known relaxation oscillation
due to photon-carrier interaction. The measured
oscillation amplitudes in Fig. 3 show that the oscil-
lation disappears when Py.,/P_-4 > 500.

A theory we developed earlier to analyze a
Fabry-Perot/DFB dual-wavelength laser® is modi-
fied here for the case of a two-mode-degenerate
DFB laser. The theory is based on a Fokker-
Planck equation derived from the rate equations for
two-mode oscillation. The solution of the Fokker-
Planck equation gives the probability distribution of
the oscillation state of the laser, from which the
transient dropout frequency is calculated. The
calculated results in Fig. 2(b) are in good agree-
ment with the experimental curves in Fig. 2(a),
except for some differences in the slopes, which
may be affected by the two-mode relaxation oscil-
lation. Our results indicate that both the transient
dropouts and the two-mode relaxation oscillation
become insignificant when the power ratio of the
two DFB modes is higher than 500:1. (12 min)

1. H. Kogelnik and C. V. Shank, J. Appl. Phys. 43,
2327 (1972).

2. K.-Y. Liou, C. A. Burrus, U. Koren, and T. L.
Koch, Appl. Phys. Lett. 51, 634 (1987).

3. R. A. Linke, B. L. Kasper, C. A. Burrus, I. P.
Kaminow, J.-S. Ko, and T. P. Lee, IEEE/OSA J.
Lightwave Technol. LT-3, 706 (1985).
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TUQ5 Long-term measurement of earth strains
and vibrations by a 50-m laser interferometer

K. IGA, T. SAKAGUCHI, M. KUROIWA, T. TAKO, M.
OHTSU, E. HATAKOSHI, Tokyo Institute of Tech-
nology, 4259 Nagatsuta, Midori-ku, Yokohama
227, Japan.

Minute vibrations and strains of the earth are
being measured by a long-distance laser interfer-
ometer.! Since Feb. 1983, it has been installed in
an underground optical tunnel (Fig. 1). The period-
icity and correlation are analyzed by measuring the
change of temperature and precipitation.

This system consists of a 50-m modified Michel-
son interferometer, which is prepared in a vacuum
path as shown in Fig. 2. The employed light
source Is a frequency-stabilized 633-nm He-Ne
laser (HP model 5500C). The cat's eye diaphragm
acts as a reflective mirror, and the isolator is used
to remove the effect of reflection from the interfer-
ometer.

Relative fluctuations of the distance between

two points are measured, and interference fringe
counts are recorded in a microcomputer to then be
processed. A differential interference fringe
counter was used for this. The displacement of
interference fringes is converted to electrical sig-
nals with a corresponding accuracy of ~AL/L = 1
X 10710.2 A prediction error filter is adopted to
detect the vibration of the ground while discounting
voiding any anomalous artificial vibration.® Data
are counted every second and recorded every 10
min. When abnormal vibrations occur, for exam-
ple, AL exceeds 1 um. Those measurements in
particular are recorded every second. This mea-
surement has been done in an environment with an
amblent temperature of T = 20°C (AT/day =~
0.04°C) and a relative humidity of 40%. The
interferometer is enclosed in a vacuum pipe to
remove any fluctuation due to the refractive index
of alr. The absolute barometric pressure inside
this pipe is ~1072 Torr. The interferometer and
vacuum pipe are mounted on an optical bench,
which Is uncoupled from the floor.

We cbserved a vibration that lasted for a period
of one day for a peak-to-peak amplitude of several
micrometers (AL/L =~ 3 X 10™7). Figure 3 shows
a record of slow changes of earth strain for 4 yr
(Feb. 1983-1987). It is found that the strain has a
periodicity of 1 yr, and this tends to increase
(stretch) year by year. We measured precipitation
to analyze the correlation and temperature to the
variation, and it has a noticeable correlation.

The irregular ripples in the measured strain
mainly came from the changes of temperature and
precipitations. For example, a large dip near Aug.
1983 shows a shrinkage due to heavy rains of 250
mm. Most important, we detected a gradual
change of strain, which is much larger than the
system error, even if we adjust for the global effect
of temperature and precipitation.

In summary: It is expected that this system can
be eftectively used to observe the long-term varia-
tion of earth strain including some abnormal vibra-
tion, such as earthquakes. Therefore, by install-
ing this kind of system at multiple points to mea-
sure long-term vibration and abnormal strain, the
prediction of earthquakes becomes possible.

. (12 min)

1. K. Asakawa and T. Tako, Oyo Butsuri 49, 1185
(1980). .

2. K. Asakawa, T. Tako, and S. Hirata, Oyo Butsuri
48, 519 (1979).

3. T.Tako and K. Asakawa, Kogaku 7, 120 (1978).

NOTES

153



CLEO '88/TUESDAY AFTERNOON/137

TUQ5 Fig. 1. A 50-m Michelson interferometer
in an underground optical tunnel in the Nagatsuta
campus of Tokyo Institute of Technology.
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IMPROVEMENT OF FREQUENCY ACCURACY
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M. Hashimoto and M. Ohtsu
Department of Information Processing
Graduate School at Nagatsuta, Tokyo Institute of technology

4259 Nagatsuta, Midori-ku, Yokohama, Kanagawa 221,

<ABSTRACT>
Light shift of rubidium atomic clock was
accurately measured. By controlling the laser
frequency detuning based on the results of the
measurements, the microwave frequency inaccuracy of a
rubidium atomic clock was reduced to £3.2x107'".

I. Introduction

Highly precision rubidium (87Rb) atomic clocks
have been required for various applications, e.g., the
signal sources for GPS satellites. For the improvement
of their performances, the ®/Rb atomic clock punped by
a semiconductor laser have been investigated[1](2].

In this paper, we proposed a new technigue to
improve frequency accuracy in the Rb atomic clock
pumped by a semiconductor laser.

I1. Measurements of Light Shift
Figure 1 shows a block diagram of a 87Rb atomic
clock pumped by a semiconductor laser. The optical-
microwave double resonance affects the %lectric field
of laser light transmitted through the 87Rp vapor. The
amplitude transmissivity ( T ) can be defined as T = e~
=1¢  where § and ¢ are the amplitude attenuation
and phase shift, respectively. The phase of the
transmitted laser light is modulated by means of
modulation of microwave signal at angular frequency
w.. Therefore, dlé% to the nonlinear susceptibility of
the three-level Rb atoms, the several harmonic
components (nw p; n=1,2,3,es..) would be induced in the
light power In(t) ) detected by
photodetector{3][(41[5]. Ip(t) can be written as

Ip(t) = Io E, (Cooostnwyt) + Sysinnwyt)], (1)

where C_ and S are the in-phase and the quadrature
components, respectively. Such a component can be
measured by using phase sensitive detection technique.
The measured spectral profile of these components are
shown in Fig.2. As the profiles of fundamental
components (C, , S1) and 3rd harmonic components (C,,
S,) cross the abscissa at the transition frequency,
tgey can be used as frequency discriminators. The
microwave frequency should be stabilized at the zero-
cross point of these frequency discriminators.
However, the dynamic stark effect by the electric

field of pumping light would induce the light
shift,i.e., the shift in microwave transition
frequency[6]. Since this frequency is used as =a
frequency reference for “/Rb atomic clocks, the light
shift would limit their frequency accuracy as well as
frequency stability. Precise measurements of the light
g}}ift have been rather difficult in the conventional

Rb atomic clocks because of the complicated spectral
profile of the °/Rb lamp. However, it can be measured
more precisely by using a highly coherent
semiconductor lasers.

Figure 3 shows the relations between the microwave
frequency shift Avypg of the center of the spectrum
and the laser frequency detuning Avy from the center
frequency of the 55472, F=1 -> 5P3/5 transition. In
particular, it is first observed that the microwave
frequency shift is also increased with increasing the
laser power density at the laser frequency detuning
Av. =0 as being shown in Fig.4. This phenomenon can be
explained as the shift of energy level of the
581/21 F=2 when the laser frequency was tuned to the
resonance frequency of the 581/2, F=1 -> 5P3/2
transition.

Japan

II1. Self-Tuning System for Improving Frequency Accuracy
For the improvement of the microwave frequency
accuracy, the laser frequency should be controlled
based on the results of measurements of the light shift
described in II. To this end, we proposed a novel
technique to evaluate the microwave frequency shift by
using a deformation of spectral shape. As shown by
Fig.5, the spectral lineshape of Sy, used as a
frequency discriminator, was deformed and lost its
symmetry by detuning the laser frequency. We defined an
asymmetrical factor AS as the area difference between
S, and S_ in Fig.6(a). As shown in Fig.6(b), the value
of this factor AS was directly calculated by a

computer. From the results of Figs.3 and 6, _,difference
between the exact trans:&%ion frequency in °‘Rb and the
microwave frequency of °‘Rb atomic clock, i.e., Avy

can be estimated by given value of AS. It is should be
noted that this technique does not require a separate
reference frequency source, therefore, this system can
be referred as self-tuning system.

Drift of the controlled atomic clock frequency was
compensated by the self-tuning system (see Fig.1) at
every 10 minutes. Working time of self-tuning system
was about 2 minutes.1 1'1‘he microwave frequency inaccuracy
as low as *3.2x10”'' was obtained as shown in fi§].7.
This value is 1/10 times that of conventional “'Rb
atomic clocks[7].

IV. Summary

Light shift of rubidium atomic clock was
accurately measured. The light shift induced by the
laser power density was first observed even when the
laser frequency detuning was exactly tuned to the
transition frequency for zero power level of the laser.
Self-tuning system, which did not require a separate
reference frequency source, was constructed to
compensate for the effect of 1light shift. The
microwave frequency inaccuracy obtained t%y using this
novel technique was as low as % .2x10-" , which |is
1/10 times that of conventional °/Rb atomic clocks.
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semiconductor laser.

P.S.D. : Phase sensitive detector.
Anp : Post-detector Amplifier.

Wy ¢ Angular frequency of a low frequency for microwave
frequency modulation.

D/A : Digital to analogue converter.
A/D : Analogue to digital converter.

. T v T T T T T T T T

I — 0 1 - =) 0 1
M- Vhrs(kHz) WM =Vurs (kHz)
—S, \Q /\
!
'(//
s N ]
VM- VHFs (kHz) WM = WhFs (kHz)

microwave frequency
at w_ /27 =1 kHz.
vy :ql'he microwave frequency.

VHFs * The microwave transition frequency.

T T T T
.

Fig.h

Fig.s

The spectral profiles of modulation coaponents on the
¥ M. The modulation frequency was fixed

A\{_HFS (
(@)

550 10|00
PL  (pW/cm?)

Light shift Avgpg induced by laser power density. The
laser frequency was tuned to the 581/2,,F=1 =-> 5p3/2
transition. :
Py, : The ll’laser power density.

0
0

L ] ] L | ¥

VM -VHrs (kHz)

Spectral profile of Sy, which vas used as a
frequency discriminator for microwave frequency control. The
laser frequency detuning was fixed at -750 MHz( A ), O MHz (

B),

(a)

and 750 MBz( C ).

AS=S«-S-

1

—~ 100} AVL (GHz)
N Fig.6 (a) The definition of the asymmetrical factor AS.
I N S, : The integration of the spectral profile with
N positive amplitude.
S_ : The integration of the spectral profile with
(.LQ OL negative amplitude.
T (b) Relation between the asymmetrical factor AS
S ( defined by Fig.6 (a) ) and the laser frequency detuning
a i AvB. Thi laser powver densitz was fixed at
:gzo ;;,l/l/cs(((:A,.O)), 380 uW/cm<“(B, v ), and
uW/cn<(C,®).
<100+ : Avp : The laser frequency detuning.
H AS : The asymmetrical factor.
E
C 1 2 1 1 1 =
T
- 01 o S T ‘
X
AVL (GHz) X 1y
Light shift Avypg induced by laser frequency. The W ° ®
laser power density was fixed at 1520 uW/cm<(4,0), I
380 uW/cn?(B,V ), and 152 uW/cm?(C,® ). > ob------ o _____ e___
Avy : The laser frequency detuning. N
AvEFs * The microwave resonance frequency shift. (2] L
[T
I ° o
[ J
Fig.7 Normalized variatg,?n of difference between the exact % L
g;;ansition frequency in °/Rb and the microwave frequency of -5 10 0
Rb atomic clock. 0 50

Av EFS/ VgFs * The microwave frequency inaccuracy.

.83

Time (min)



