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PREFACE

This is a research review on coherent opto-electronics by
Assoc. Prof. M. Ohtsu, Tokyo Institute of Technology-. It
contains copies of technical papers published during August 1989
- July 1990, and is composed of three parts, which correspond to
research fields of M. Ohtsu. They are [I] IMPROVEMENT IN
COHERENCE OF LASERS, [I1] APPLICATION TO ATOMIC CLOCKs; and [IIT1]
APPLICATION TO THE PHOTON SCANNING TUNNELING MICROSCOPE.

The linewidth of a semiconductor laser has been reduced to
narrower than 1 kHz, and is approaching to 1 Hz level. By wusing
this high-quality laser, M. Ohtsu is carrying out several novel
researches on quantum optics. Their results will be published in
the forthcoming volume of the collected papers.

Back numbers of the collected papers are still available on

your request.
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Reprinted from Applied Optics

Evaluations of frequency shift and stability in rubidium
vapor stabilized semiconductor lasers

Hiroyuki Furuta and Motoichi Ohtsu

Laser frequencies were stabilized to the linear and saturated absorption spectral lines(LAS, SAS) in 8Rb
vapors which were filled into two kinds of glass cell: cell A (Rb vapor only) and cell B (Rb vapor and buffer
gases). The frequency shifts induced by the change of laser power density were —5 MHz/(mW/cm?) and —10
MHz/(mW/cm?) for cells A and B, respectively, when LAS was used. A frequency shift of —0.8 MHz/K was
observed for cell B, which underwent a temperature change. However, such a temperature-induced shift was
not observed for cell A. The highest frequency stability was 7.7 X 10711 at a 70-s integration time.

l. Introduction

Frequency stabilization of semiconductor lasers has
been carried out by several authors.!® Using these
frequency stabilized lasers, several applications to op-
tical sensing and optical measurements have been pro-
posed.” In these applications, characteristics of fre-
quency shift (or accuracy) are as important as those of
frequency stability in achieving accurate coherent
light sources. (Definitions of frequency accuracy and
stability are given in Appendix I.)

Furthermore, these frequency-stabilized semicon-
ductor lasers can be employed in the field of microwave
frequency standards. For example, highly stable ru-
bidium (87Rb) atomic clocks of 6.8-GHz microwave
frequency have been used for microwave communica-
tion systems, global positioning systems (GPS),8 and
so on. To improve the performance of these 8’Rb
atomic clocks, a technique of coherent optical pump-
ing by a stabilized semiconductor laser has been pro-
posed.®10 By the precise investigation of a light-in-
duced microwave frequency shift (light shift) in these
clocks, it has been found that a quantitative evaluation
of the frequency accuracy of the laser is necessary.!!
However, such quantitative evaluations on the fre-
quency accuracy and shift of a stabilized semiconduc-
tor laser have not yet been reported.

In recent work on the water-vapor-stabilized semi-
_conductor laser, the laser frequency shift was evaluat-
ed as a function of the temperature of a water—vapor
cell.12 In Ref. 12, the laser frequency shift and stabil-
ity were evaluated by measuring the error signals from

The authors are with Tokyo Institute of Technology, Graduate
School at Nagatsuta, 4259 Nagatsuta, Midori-ku, Yokohoma 227,
Japan.
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the frequency discriminator. However, because error
signals obtained by such a method would include the -
effect of laser intensity fluctuations, accurate evalua-
tions of frequency shift and stability could become
difficult. For accurate evaluations, a heterodyning.
technique should be employed to measure direcﬂy the
frequency fluctuations.

For these reasons, frequency shift and stablhty of
semiconductor lasers were quantitatively evaluated in
the present work by monitoring the beat frequency
between two lasers independently stabilized to the
87Rb D line (56S1/e F = 1 — 5P3/3). The experimental
setup is described in Sec. II. In Sec. III, experimental
results of the frequency shift and stability of stabilized
lasers are presented. In Sec. IV, the results are sum-
marized. :

. Experimental Setup

Figures 1(a) and (b) show two types of experimental
setup for frequency stabilization of semiconductor la-
sers: linear absorption spectroscopy and saturated
absorption spectroscopy, respectively. The semicon-
ductor lasers(LDs) used here were CSP-type AlGaAs
lasers(Hitachi HL7802E) operated at the 780.0-nm
wavelength. Mounted on thermoelectrically cooled
heat sinks, their temperature fluctuations were re-
duced to 1 mK in vacuum chambers. The laser fre-

"quency changes due to changes in ambient tempera-

ture and dc injection current were —30 GHz/K and —3
GHz/mA, respectively. The rubidium(Rb) gas cells
used were made of cylindrical glass tubes, whose diam-
eter and length were 30 and 35 mm, respectively. Two
kinds of Rb gas cell were used; one was filled with
rubidium 87(87Rb) vapor only (gass cell A), and the
other with 8Rb vapor and buffer gases (Ar/N; = 1.65,
total pressure = 43 Torr—gas cell B). Gas cell A was
used to investigate the property of the 8Rb vapor
itself. Since gas cell B has been popularly used for

1-.September 1989 / Vol. 28, No. 17 / APPLIED OPTICS 3737



(a) (b)
Fig. 1. Experimental setup for the frequency stabilization of a

semiconductor laser. To obtain the frequency disciminator, the
injection current was modulated at the modulation frequency fn =
2kHz, and a lock-in amplifier was used to obtain the first derivative
of the spectral lineshape in 8Rb vapor. (a) Setup for linear absorp-
tionspectroscopy. (b) Setup for saturated absorption spectroscopy.
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Fig. 2. Energy levels of the 8Rb atom. The quantum numbers F

and F' represent the total angular momenta for the hyperfine levels

in the ground state 5S1/; and in the excited state 5P/, respectively.

In this paper, the transitions from the hyperfine level of F = 2in 55/,

to the levels of F = 1, 2, and 3 in 5P52 are referred to o, p, and ¢, and

those from the level of F = 1in 5S /2 to the levels of ' = 0,1,and 2in
5Py tor, s, and t, respectively.

87Rb atomic clocks, it was also used to obtain the basic
data for use in optical pumping of the 8’Rb atomic
clock in future. Temperatures of these gas cells were
thermoelectrically controlled.

The energy levels of a 8Rb atom (5S;/>—5P3/2) are
shown by Fig. 2. In this figure, the quantum numbers
F and F represent the total angular momenta for the

-hyperfine levels in the ground state 5S;/2 and in the
excited state 5Py, respectively. In this paper, the
transitions from the hyperfine level of F = 2 in 5S;/; to

thelevelsof =1, 2,and 3in5P;ssarereferredtoo,p

and g, and those from the level of F = 1in 5S;/, to the
levels of F/ = 0,1 and 2in 5P3/; tor, s and ¢, respective-

ly

-the injection current at a frequency of f,, = 2 kHz with
an amplitude of i, = 10-50 pA,_,. The output signal

3738 APPLIED OPTICS / Vol. 28, No. 17 / 1 September 1989
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Fig. 3~ First derivative of the linear absorption spectral line (LAS)
obtained by sweeping the injection current of the laser: (a) gas cell
A; (b) gas cell B. The injection current was modulated at a frequen-
cy of fm = 2 kHz with the amplitude of i,, = 50 uA,—p. (c) The first
derivative of the saturated absorption spectral line (SAS) obtained
forgascell A: atafrequency of f, = 2kHz and i,, = 10 uAp—p. The
spectral profiles #1 and #2 in these figures correspond to the
transitions from the level of F = 1(r, s, and ¢ in Fig. 2) and F = 2(o, p,
and ¢ in Fig. 2), respectively. The symbols s—t, r—t, and r—s
represent the crossover resonances between a hyperfine level(F=1)
in 581/2 and two hyperfine levels in 5P3/s.

from the photodetector PD1 was synchronously de-
modulated by a lock-in amplifier. The output signal
from the lock-in amplifier corresponds to the first
derivative of the Rb spectral lineshape, which was used
as a frequency discriminator for frequency stabiliza-
tion. Figures 3(a) and (b) show such a first derivative
of the linear absorption spectral line (LAS) obtained
by using gas cells A and B, respectively, for which the
experimental setup of Fig. 1(a) was used. Figure 3(c)
shows the first derivative of the saturated absorption
spectral line (SAS) obtained by using gas cell A, of
which the experimental setup is shown by Fig. 1(b).
The spectral profiles # 1 and # 2 in these figures corre-
spond to the transitions from thelevel of F = 1 (r,s, and
tin Fig. 2) and F = 2 (o, p, and q in Fig. 2), respectively.
In Figs. 3(a) and (b), the hyperfine transitions r, s, and
t were not resolved, because of Doppler broadening
and pressure broadening by the buffer gases. In Fig.
3(c), two hyperfine transitions (s and t) and three other
transitions (s—t, r—t, and r—s) were observed.
These represent three transitions of the crossover reso-
nances between a hyperfine level (F = 1) in the ground
state and two hyperfine levels in the excited state.

By using the first derivative of the spectral profile
#1 in Fig. 3 (5S1/2 F = 1—5P;))) as a frequency dis-
criminator, the laser frequency was locked to its zero
crossing point by controlling the injection current. To
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Fig. 4. Experimental setup for the measurements of frequency
shift and stability. Here, ARPS represents the Allan variance real-
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compensate for the effect of laser intensity fluctua-
tions, the intensity fluctuations were monitored by a
photodetector PD2, and its output signal was sent to
the differential input terminal of the lock-in amplifier,
as indicated in Fig. 1.

Characteristics of laser frequency shift were investi-
gated by varying two parameters: 1) the laser power
density (PL) incident on the Rb cell, and 2) tempera-
ture of Rb cell (T'ry). ~

Figure 4 shows the experimental setup used for mea-
surement of the frequency shift and stability of lasers.
The frequencies of the test laser (LD1) and the refer-
ence laser (LD2) were independently stabilized. The
frequency shift Af of LD1 due to the change of Py, or
Try was ascertained by measuring the change of the
beat frequency between the two lasers. The frequency
of LD2 was stabilized to the center frequency of the
LAS in gas cell A. The values of P1, and Tg, for LD2
were set at 1.6 mW/cm? and 303 K, respectively. To
estimate the frequency stability of the laser, the Allan
variance!? of the beat frequency fluctuations was mea-

sured by the Allan variance real-time processing sys- .

tem (ARPS).1* The value of the Allan variance of the
beat frequency fluctuations corresponds to twice that
of the frequency fluctuations of each laser if the fre-
quency stability of the two independent lasers are
assumed to be equal.

The field spectral profile of the beat signal was
broadened and contained several FM sidebands, which
were induced by independent modulation of the injec-
tion currents of the two lasers. These FM sidebands
would induce the error for the measurement of beat
frequency fluctuations. A phase shifter was used to
reduce this error by synchronizing the modulation of
the injection currents of the two lasers.

Il. Experimental Results and Discussions

A. Frequency Shift of Semiconductor Lasers

Figure 5 shows the frequency shift Af of the test laser
LD1 when its frequency was locked to the zero crossing
point of the LAS of gas cell A. In this figure, the
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Fig. 5. Frequency shift Af of a semiconductor laser when the laser
was locked to the LAS line center (F = 1) of gas cell A: (a) as a
function of Py, at Ty, = 303 K; (b) as a function of Ty, at P, = 1.6
mW/cm? The reference (Af = 0) was the beat frequency at Trp =
303K and P, = 1.6 mW/cm? Here O, A, and X represent the results
for the modulation amplitude i,, = 10, 20 and 50 uAp—p, respectively.

reference was the beat frequency when the frequency
of LD1 was locked to P, = 1.6 mW/cm? and Tgy, = 303
K, i.e., at which Af = 0. The values of Af were plotted
as a function of P, at T'r, = 303 K, and as a function of
Try at Py, = 1.6 mW/cm?2, in Figs. 5(a) and (b), respec-
tively. It is clearly seen in Fig. 5(a) that Af decreases
by increasing Py, and this power-induced shift d(Af)/
dP; was estimated to —5 MHz/(mW/cm?). . Figure
5(b) shows that Af was almost independent of Tgp.
Figure 6 shows the frequency shift Af of LD1 when
its frequency was locked to the zero crossing of the LAS
of gas cell B. In this figure, the reference was the beat
frequency when the frequency of LD1 was locked to Py,
= 1.6 mW/cm?2 and Tr, = 333 K. Figures 6(a) and (b)
represent the dependence of Af on Py at Trp = 333 K

1 September 1989 / Vol. 28, No. 17 / APPLIED OPTICS 3739
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Fig. 6. Frequency shift Af of a semiconductor laser when the laser
was locked to the LAS line center (F = 1) of gas cell B: (a) as a
function of Py, at Ty = 333 K; (b) as a function of Tgp at P, = 1.6
mW/cm2 The reference(Af = 0) was the beat frequency at Trp, =
333K and P, = 1.6 mW/cm2, Here A and X represent the results for
the modulation amplitude i,, = 20 and 50 uAp-p, respectively.

and on TRy at P;, = 1.6 mW/cm?, respectively. Asseen
in Fig. 6(a), Af increased at the rate of +10MHz/(mW/
cm?) for P, = 1 mW/cm2 For Py = 1 mW/cm?, the
value of Af decreased at a rate of —10 MHz/(mW/cm?).
Figure 6(b) shows that the value of d(Af)/dTry was
—0.8 MHz/K for 315K = Ty, = 330 K, and +0.6 MHz/
K for 330 K = Tgp = 345 K. The negative value of
d(Af)/dTry for 315 K = Tryp = 330 K can be explained
as follows: the profile of the buffer-gas-broadened
linear absorption spectral lineshape can be expressed
as

1) = Li(») + L), 1)

3740 APPLIED OPTICS / Vol. 28, No. 17 / 1 September 1989

where I;(v) and I»(v) represent the spectral profiles of
the transition from the F = 1 and 2 levels of the ground
state, respectively. Spectral profiles #1 and #2 in
Fig. 3(b) correspond to I1(v) and Is(v), respectively.
Since the spectral profile I;(v) is composed of the Lor-
entzian profiles of the hyperfine transition compo-
nentsr, s, and £, it can be expressed as

S Pi‘Y%

L =1 21 Pk @
where p; and »;(i = 1-3) represent the relative transi-
tion probability and center frequency of the compo-
nents r, s, and ¢, respectively. The values of these
constants, used for the present calculations, are given
in Appendix II. The spectral linewidth y; was as-
sumed to have the same value for these three compo-
nents. The spectral profile Is(v) is composed of the
hyperfine transition components o, p, and g, which is
expressed as

S pnd i
L) =1, ; P 3)
The quantities p;, v; and s are defined in a similar way
for Eq. (2). Since the laser frequency was locked to
one of the frequencies of the spectral peak of I(v), this
peak frequency should be estimated. For this estima-
tion, Eq. (1) was least-square-fitted to the spectral
profile measured at several values of Try, by adjusting
the values of Iy, I, v1, and y2. The values of these
parameters used for this fitting are shown in Fig. 7(a)
as a function of TRy, where it can be seen that the
values of these parameters increased with increasing
Trp. The increase of I; and I resulted from the in-
crease of Rb pressure. Those of v; and 72 resulted
from the increase of collisions between Rb atoms and
buffer gases. These increases caninduce the changein
the characteristics of the overlap between the spectral
profiles I1(v) and I5(»), by which the peak frequency
shifts of the spectral lineshape and locked laser fre-
quency shifts can also be induced. Using the estimat-
ed values of these parameters, the peak frequencies of
the spectral lineshapes #1 and #2 were estimated
from Eqs. (1)-(3). The relationship between Try, and
the estimated peak frequency of the spectral lineshape
#1 is shown by Fig. 7(b). This figure corresponds to
Fig. 6(b). It can be seen that the characteristics of the
frequency shifts in Figs. 6(b) and 7(b) agree with each
other for 315 K = Tgrp, = 330 K. From this agreement,
it can be concluded that the cause of the negative value
of d(Af)/dTrpis the change in the characteristics of the
overlap of the Lorentzian lineshapes of the absorption
spectral profile.
The cause of the positive value of d(Af)/d Ty for 330
K = Ty = 345 K can be assumed to be the increase of
buffer-gas-pressure induced by the increase of Tgp.
However, detailed studies have not yet been made.
Figures 8(a) and (b) show the dependence of the
frequency shift Af of LD1 on Py, at Trp = 303 K and on
Trp at Py, = 2.6 mW/cm?2, respectively, where the LD1
frequency was locked to each zero crossing point of the
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Fig. 3(b), respectively. (b) Estimated results of frequency shift Af as
a function of TRy, using the values of (a) and Eqs. (1)—(3). The
reference (Af = 0) was the estimated frequency at Tgrp = 333 K.

SAS of gas cell A[t, s—t, r—t, s, and r—s in Fig. 3(c)].

In these figures, the reference was the beat frequency -

when the frequency of LD1 was locked to the zero
crossing point of the spectral component s when P, =
2.6 mW/cm? and Tgp, = 303 K. The frequency separa-
tions of spectral components ¢, s—t, r—t, s, and r—s
agreed with the theoretical values shown in Fig. 10 of
Ref. 15. It can be seen from Figs. 8(a) and (b) that the

SAS in gas cell A did not induce any frequency shifts. .

In comparison with the magnitude of the tempera-
ture-induced shift of 3 MHz/K for water vapor,2 those
of the shifts in Figs. 5(b), 6(b), and 8(b) were smaller.
It can be concluded from these measurements that
87Rb vapor is more stable than water vapor when it is
used as the frequency reference of the semiconductor
laser for frequency stabilization.
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Fig. 8. Frequency shift Af of a semiconductor laser when the laser
was locked to the SAS line centers [F=1: ¢, r—t, s—t,s,andr—
sinFig. 3(c)] of gascell A: (a) as a function of Py, at Trp, = 303 K; (b)
as a function of Ty at P, = 2.6 mW/cm2. The reference (Af = 0) was
the beat frequency when the frequency of the test laser was locked to
the component s when Ty, = 303 K and P, = 2.6 mW/cm?2 Solid(®,
¢, A, B, v) and open(O, ¢, A, O, V) represent the results for the
modulation amplitude i, = 10 and 20 pA,-,, respectively.

B. Frequency Stability of Semiconductor Lasers

Figure 9 shows the square root of the Allan variance
o2(r) of the residual beat frequency fluctuations of
semiconductor lasers. Here, ¢2(7) was normalized to
the optical center frequency of alaser. Curve A repre-
sents the result of a free running laser. Curves B, C,
and D represent the results of frequency stabilization
using the first derivatives of the LAS of gas cell A, the
LAS of gas cell B, and the SAS of gas cell A, respective-

ly.
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Fig.9. Square root of the Allan variance o2(7) for the residual beat
frequency fluctuations of semiconductor lasers. The value of ¢%(7)
was normalized to the optical frequency of alaser. A: Result of the
free running lasers. B: Result of frequency stabilization by using
the first derivative of the LAS of gas cell A. C: Result of frequency
stabilization by using the first derivative LAS of gas cell B. D:
Result of frequency stabilization by using the first derivative of SAS
of gas cell A.

In these measurements, the laser frequencies were
locked by setting the time constant of the feedback
loop of 0.1 s, which was mainly determined by the time
constant of a low pass filter in the lock-in amplifier.

The minimum of ¢(7) is seen on curve B, which is 7.7
X 10~ at integration time 7 of 70 s. This value was
~1/100 times that of the free running laser (curve A),
from which the improvement in frequency stability
was confirmed. On curves C and D, improvements of
frequency stability were also seen and the minima on
these curves were 3.0 X 10710 (at 7 = 10 s) and 1.5 X
10710 (at 7 = 30 s), respectively. These frequency
stability values were almost the same as or higher than
those of lasers whose frequency was stabilized to the
third derivative of the SAS of 8’Rb D; line.!6

IV. Summary

Frequency shift and stability of semiconductor la-
sers were evaluated by monitoring the beat frequency
between two lasers whose frequencies were stabilized
independently to 8Rb D, line (5S1oF = 1 — 5P3).
Evaluations were carried out using the linear absorp-

‘tion spectral line (LAS) and the saturated absorption
spectral line (SAS) for two kinds of Rb gas cell: cell
A(®"Rb only) and cell B[’Rb and buffer gases (Ar/N; =
1.65, total pressure = 43 Torr)]. Laser frequency
shifts depending on the laser power (P) and the tem-
perature of the Rb cell (Trp) were investigated.

The frequencies of the lasers locked to the LAS of
cells A and B were shifted by P;. The coefficients of
these shifts were =5 MHz/(mW/cm2) and —10 MHz/
(mW/cm?), respectively. A frequency shift by the
variation of Try, was observed for 315K = Tgrp = 330K,
when the laser frequency was stabilized to the LAS of
gas cell B. Its coefficient was —0.8 MHz/K. This
temperature-induced shift was attributed to the
change of the characteristics of the overlap of the buff-
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er-gas-broadened absorption spectral profile. Howev-
er, this temperature-induced frequency shift was not
observed when the laser frequencies were locked to
both LAS and SAS for gas cell A.

The square root of the Allan variance of the beat
frequency fluctuations was measured to evaluate the
frequency stability. The minimum values were

7.7 X 107! (at 7 = 70 5); LAS, gas cell A
1.5 X 10719 (at 7 = 30 s); SAS, gas cell A
3.0 X 1071° (at 7 = 10 s); LAS, gas cell B.

The authors would like to thank Y. Teramachi of
University of Industrial Technology, S. Kano of IBM
Japan, Ltd., and M. Hashimoto of their institute for
their valuable discussions. They also wish to thank to
K. Chiba and H. Sumiyoshi of Fujitsu, Ltd. for their
support for the experiments.

Appendix |

Definitions of frequency stability and accuracy of
quantum oscillators, i.e., semiconductor lasers, follow
those of Refs. 17 and 18, and are summarized as fol-
lows:

Stability: A sequence of N readings of a particular

oscillator frequency in a particular adjustment,
against a comparison oscillator assumed temporally
constant, will show fluctuations. The standard devi-
atiolr71 of these observations is often called the stabil-
ity. :
Accuracy: Accuracy means fractional uncertainty
in determining an atomic transition frequency of the
free atom and is expressed by 3¢ limits for statistically
determined frequencies.!8

Appendix 1l
The values of p; (i = 1-6), i.e., the relative transition

probabilities of the hyperfine transitions (o—t) in ab-
sorption spectroscopy were calculated from a text-
book!® and obtained as follows:

p; = 1/36 (componentr),

Dy = 5/72 (component s),

p3 = 5/72 (component t),

P4 = 1/120 (component o),

ps = 3/72 (component p),

Pg = 7/60 (component q).

The frequency separations between the spectral
components (0-t) can be calculated by the formula
givenin Ref. 20. For this calculation, the values of the
magnetic dipole constants and the electric quadrupole
constants in hyperfine structures of 8’Rb given also in
Ref. 20 were used. As a result of this calculation, the
center frequencies »;(i = 1-6; i = 2) with respect to
vo(component s) can be expressed as:

v; = vy — 72 MHz,
vy = vy + 157 MHz,
vy = v, — 6834 MHz,
v = vy — 6677 MHz,
vg = vy — 6410 MHz,



References

1.

2.

10.

J. L. Picque and S. Roizen, “Frequency-Controlled CW Tunable
GaAs Laser,” Appl. Phys. Lett., 27, 340-342 (1975).

H. Tsuchida, S. Sanpei, M. Ohtsu, and T. Tako, “Frequency
Stability Measurement of Feedback Stabilized AlGaAs DH La-
ser,” Jpn. J. Appl. Phys., 19, L721-L724 (1980).

. T. Okoshi and K. Kikuchi, “Frequency Stabilization of Semi-

conductor Lasers for Heterodyne-Type Optical Communication
Systems,” Electron. Lett., 16, 179-181 (1980).

. T. Yabuzaki, A. Ibaragi, H. Hori, M. Kitano, and T. Ogawa,

“Frequency-Locking of a GaAlAs Laser to a Doppler-Free Spec-
trum of Cs-D; Line,” Jpn. J. Appl. Phys., 20, L451-L454 (1981).

. H. Tsuchida, M. Ohtsu, T. Tako, N. Kuramochi and N. Oura,

“Frequency Stabilization of AlGaAs Semiconductor Laser
Based on the 8Rb-D; Line,” Jpn. J. Appl. Phys., 21, L561-L563
(1982).

. C.J. Nielsen and G. Jacobsen, “Frequency Stabilization of Sing-

lemode Semiconductor Lasers at 830 nm and 1.3 um,” J. Opt.
Commun., 4, 122-125 (1983).

. M. Ohtsu and T. Tako, “Coherence in Semiconductor Lasers,”

in Progress in Optics XXV, E. Wolf, Ed. (Elsevier Science,
Amsterdam, 1988) pp. 191-278.

. T. Shiomi, “Highly Precise Positioning System Using GPS,” (in

Japanese) J. IEICE Jpn., 70, 521-523 (1987).

. L. L. Lewis and M. Feldman, “Optical Pumping by Lasers in

Atomic Frequency Standards,” in Proceedings, Thirty-Fifth
Annual Symposium on Frequency Control, Fort Monmouth,
NJ (1981) pp. 612-624.

M. Hashimoto and M. Ohtsu, “Experiments on a Semiconductor
Laser Pumped Rubidium Atomic Clock,” IEEE J. Quantum
Electron., QE-23, 446451 (1987).

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

M. Hashimoto, M. Ohtsu, and H. Furuta, “Ultra-Sensitive Fre-
quency Discrimination in a Diode Laser Pumped 8’Rb Atomic
Clock,” in Proceedings, Forty-First Annual Symposium on Fre-
quency Control, Philadelphia, PA (1987), pp. 25-35.

V. Pevtschin and S. Ezekiel, “Investigation of Absolute Stability
of Water-Vapor-Stabilized Semiconductor Laser,” Opt. Lett.,
12, 172-174 (1987).

D. W. Allan, “Statistics of Atomic Frequency Standards,” Proc.
IEEE, 54, 221-230 (1966). ’

I. Siio, M. Ohtsu and T. Tako, “Development of the Allan
Variance Real-Time Processor,” (in Japanese) Trans. IECE
Jpn., J64-C, 204-208 (1981).

M. Ohtsu, M. Hashimoto, and H. Ozawa, “A Highly Stabilized
Semiconductor Laser and Its Application to Optically Pumped
Rb Atomic Clock,” in Proceedings, Thirty-Ninth Annual Sym-
posium on Frequency Control, Philadelphia, PA (1985), pp. 43—
53.

G. P. Barwood, P. Gill and W. R. C. Rowley, “Laser Diode
Frequency Stabilization to Doppler-Free Rubidium Spectra,”
Electron. Lett. 24, 769-770 (1988).

R. E. Beehler, R. C. Mockler, and J. M. Richardson, “Cesium
Beam Atomic Time and Frequency Standards,” Metrologia, 1,
114-131 (1965). B

R.E.Beehler and D. J. Glaze, “The Performance and Capability
of Cesium Beam Standards at the National Bureau of Stan-
dards,” IEEE Trans. Instrum. Meas., IM-15, 48-55 (1966).

A. R. Edmonds, Angular Momentum in Quantum Mechanics
(Princeton U.P., Princeton, 1968).

E. Arimondo, M. Inguscio and P. Violino, “Experimental Deter-
minations of the Hyperfine Structure in the Alkali Atoms,” Rev.
Mod. Phys., 49, 31-75 (1977).

1 September 1989 / Vol. 28, No. 17 / APPLIED OPTICS

3743



2084

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 25, NO. 10, OCTOBER 1989

A Synthesized Method to Improve Coherence in
Semiconductor Lasers by Electrical Feedback

K. KUBOKI aANnpD MOTOICHI OHTSU, MEMBER, IEEE

Abstract—A synthesized method to improve coherence in semicon-
ductor lasers by negative electrical feedback was proposed for stabili-
zation of the center frequency of the field spectrum, linewidth reduc-
tion of the field spectrum, frequency tracking to another highly
coherent laser, and stable and wide-band frequency sweep. An exper-
iment for center frequency stabilization of the master laser showed that
the magnitude of frequency fluctuations was reduced to 50 kHz at the
integration time 7 = 3 s. The linewidth of the master laser was reduced
to 100 kHz, which was 1/50 times that of the free-running laser. It was
confirmed that the value of this linewidth was narrower than that de-
termined by the magnitude of spontaneous emission of the free-run-
ning laser. Under these conditions of frequency control for the master
laser, the frequency of the slave laser was controlled in order that the
phase of the heterodyne signal between the master and the slave lasers
could be locked to that of the stable microwave synthesizer. As a result
of this control, residual frequency fluctuations of the heterodyne signal
were reduced as low as 0.6 Hz at 7 = 1000 s. It was confirmed from
this result that the slave laser frequency tracked accurately to the mas-
ter laser frequency. Furthermore, the frequency of the slave laser could
be continuously swept in a stable manner by sweeping the frequency
of the microwave synthesizer while maintaining the condition of this
frequency tracking. The total range of the continuous frequency sweep
of the slave laser was 64.3 GHz.

I. INTRODUCTION

RFORMANCES of semiconductor lasers have been
improved in recent years so that the semiconductor la-
sers can be used for a variety of applications such as mea-
surements, communications, and so on. However, further
improvements of their coherence are required for passive
ring cavity-type fiber gyroscopes [1], optically pumped
rubidium and cesium atomic clocks [2], coherent optical
communication systems [3], and so on. It can be deduced
from well-developed techniques for microwave oscilla-
tors [4] and gas lasers [S] that at least four objectives
should be simultaneously achieved to improve coherence
of semiconductor lasers. They are 1) stabilization of cen-
ter frequency of the field spectrum, 2) linewidth reduction
of the field spectrum, 3) frequency tracking to another
highly coherent laser, and 4) stable and wide-band fre-
quency sweep. These have been studied separately. For
example, optical feedback has been employed for objec-
tive 1), and injection locking phenomena have been uti-
lized for objectives 3) and 4). However, optical feedback
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work was supported in part by a Grant-in-Aid for Scientific Research from
the Ministry of Education, Science and Culture of Japan.

The authors are with the Graduate School at Nagatsuta, Tokyo Institute
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technique had several problems, including the determin-
istic instabilities which depended on the phase of the re-
flected light, the decrease of the direct frequency modu-
lation index, and so on. The injection locking technique
also had the problem that the locking range depended on
the powers of the two lasers. To overcome these difficul-
ties, the authors have proposed a technique using negative
electrical feedback to control the injection current [6]. The
authors have also proposed a system which can realize the
above-mentioned four objectives simultaneously by the.
electrical feedback technique, and have reported the re-
sults of the preliminary experiments for 1), 3), and 4) [7].
In the present work, further improvements of the perfor-
mance of the system are reported to realize the four ob-
jectives simultaneously.

II. EXPERIMENTAL SETUP

Fig. 1 shows an experimental setup. AlGaAs lasers
(CSP-type, Hitachi, HL8312E) of 0.83 um wavelength
were used as the master and slave lasers. Temperatures of
their heat sinks were controlled by two peltier elements
to reduce their temperature fluctuations as low as 2 mK
for more than 3 h. Temperatures of the heat sinks of the
master and the slave lasers were fixed to 294 and 295 K,
respectively. At those temperatures, the threshold cur-
rents Iy, of these lasers were 55 and 56 mA, respectively.

As the first step, experiments for center frequency sta-
bilization and linewidth reduction of the field spectrum
for the master laser were carried out. A detailed experi-
mental setup for the master laser is shown in Fig. 2.
Blocks (a) and (b) of Fig. 2 represent the feedback loops
for center frequency stabilization and for linewidth reduc-
tion, respectively.

A linear part of a slope of resonance curve of the light
reflected from a Fabry-Perot interferometer was used as
a frequency reference for center frequency stabilization.
The Fabry-Perot interferometer used for frequency ref-
erence was made of a cylindrical rod of fused silica with
dielectric multilayer films coated on both ends, and had a
free spectral range of 3.45 GHz with reflectivities of 90
percent. An additional master laser was prepared, which
was stabilized by using the same Fabry-Perot interfer-
ometer mentioned above, to estimate frequency stability

.of the master laser quantitatively. The Allan variance

ogM('r) [8] of residual frequency fluctuations of the het-
erodyne signal between the two master lasers was mea-
sured, as will be shown later.

0018-9197/89/1000-2084$01.00 © 1989 IEEE
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Fig. 1. Experimental setup. (a) Slow feedback loop of the frequency track-
ing. (b) Fast feedback loop of the frequency tracking. Phase comparator
#1: a wide dynamic range digital phase comparator. Phase comparator
#2: a wide-band analogue phase comparator. DBM: Double balanced
mixer. ARPS: the Allan variance real-time processing system. The di-
vision rate M of the prescaler was fixed within the range of 3 = M =<
2000.
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Fig. 2. Experimental setup for the master laser. (a) Feedback loop for sta-
bilization of center frequency of the field spectrum. (b) Feedback loop
for linewidth reduction of the field spectrum.

The Allan variance real-time processing system (ARPS)
[9], whose preliminary setup has been developed by the
authors, was improved to be able to measure for the in-
tegration time of 1 us < 7 < 1000 s. The factor which
fixed the shortest measurable integration time to 1 s is
as follows. The heterodyne-type frequency locked loop
realized in the second step of the present study had a
bandwidth wider than 1 MHz. For comparison between
the Allan variance of the residual frequency fluctuations
of the heterodyne signal under free-running conditions and
that under feedback conditions, the shortest measurable
integration time had to be at least 1 us. A block diagram
of the improved ARPS is shown in Fig. 3. In the im-
proved ARPS, the frequency of the input signal was
counted by TTL counters at every integration time 7.
Then, the counted data were stored in the memory without
any dead time in measurement. When the number of the
data reached a preset sample number N (=100), they were
transferred to a personal computer. After the Allan vari-
ance was calculated from these data by the computer, a
relation between 7 and the square root of the Allan vari-
ance was plotted on a X-Y plotter. The shortest measur-
able integration time was extended by using an external
memory in the improved ARPS. By this improvement; the
measurement time of the Allan variance was reduced to
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Fig. 3. Block diagram of an improved Allan variance real-time processing
system (ARPS).

1/6 times that of the previous system, and the Allan vari-

“ance could be measured for 1 us = 7 < 1000 s.

For spectral linewidth reduction, a linear part of a slope
of resonance curve of the light transmitted from the same
Fabry-Perot interferometer was used as a frequency dis-
criminator. A phase lag-lead compensating circuit in
block (b) in Fig. 2 was employed to compensate for the
phase delay due to the FM response characteristics of the
master laser. Its transfer function Hp( f) is expressed as

L/ L+ Gif/R) - m
U+ Cf/f) m 1 +iflh

Hp(f) =n,

(1)
where j represents the imaginary unit. Parameters n,, n,,
fi, and f, were chosen so that the bandwidth and gain of
the feedback loop of block (b) in Fig. 2 could become
maximum [10]. Since the optimum values of these param-
eters depended on FM response characteristics of the
master laser, these characteristics were measured by using
a microwave network analyzer. Furthermore, the open
loop transfer function of the feedback loop of block (b) in
Fig. 2 was also measured. The field spectral profile was
observed by the delayed self-homodyne technique [11]
using a single mode optical fiber 2 km long. Furthermore,
the power spectral densities of the FM noise of the master
laser under free-running and feedback conditions were
measured by a microwave spectral analyzer and were
compared with each other.

As the second step, frequency tracking of the slave laser
to the master laser, i.e., an experiment of realizing a het-
erodyne-type frequency locked loop, was carried out. For
this purpose, a technique of frequency offset locking was
employed by using a stable microwave synthesizer as a
reference oscillator. Its experimental setup is shown in
Fig. 1. Two kinds of feedback loops were employed to
improve the performance of this system as compared with
that of previous systems [7]. Block(a) of Fig. 1 represents
a slow feedback loop to reduce a long-term frequency drift
of the heterodyne signal and to extend the capture range.
By this feedback loop, long-term frequency stability of
the heterodyne signal was improved by locking the phase
of the heterodyne signal to that of microwave synthesizer
#1 or #3 in Fig. 1. Phase comparator #1 was a digital
phase comparator with a wide dynamic range of +2 7w X
2" rad [7]. Block(b) is a fast feedback loop to improve a
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short-term frequency tracking stability. Phase comparator
#2 was a wide-band and analogue phase comparator (Mo-
torola, MC1496G, maximum operation frequency = 80
MHz). The frequency of microwave synthesizer #2 was
fixed to the product of the frequency of microwave syn-
thesizer #1 and the division rate M of the prescaler. Total
bandwidth of these two feedback loops was 3 MHz. The
Allan variance of aﬁ,,(r) of the residual frequency fluc-
tuations of the heterodyne signal was measured by the
ARPS to evaluate the performance of this system quanti-
tatively.

As the last step, the frequency of synthesizer #1 or #3
in Fig. 1 was swept slowly to sweep the frequency of the
slave laser in a stable manner under the condition of fre-
quency locking. In block (a) of Fig. 1, a double-balanced
mixer and synthesizer #3 were used for frequency down-
conversion to extend the range of stable frequency sweep.
The division rate M of the prescaler was fixed within the
range of 3 = M = 2000.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. Frequency Control of Master Laser

Fig. 4 shows the result of center frequency stabilization
of the field spectrum of the master laser. This result is
expressed by the square root of the Allan variance a§M( T)
of the residual frequency fluctuations é» normalized to the
optical frequency » (y = &v/v). Curves A and B repre-
sent the values under free-running and feedback condi-
tions, respectively. Since the bandwidth of the feedback
loop for center frequency stabilization (block (a), Fig. 2)
was 20 kHz, the value of curve B was lower than that of
curve A for the range of 7 = 50 ps. The minimum of
curve B was o, (7) = 1.4 X 107'% at 7 = 3 s, which
corresponds to fluctuations of 50 kHz. Higher frequency
stability can be expected by using absorption spectral lines
in stable atoms or molecules, e.g., Rb, Cs, H,O, NH;,
and so on [12], [13].

Figs. 5 and 6 show the transfer function H; ( f) of the
FM response characteristics of the master laser and the
open loop transfer function H( f) of the linewidth reduc-
tion loop (block (b), Fig. 2), respectively, measured by a
microwave network analyzer. It is clearly seen from Fig.
5 that the arg [H,(f)] was almost constant up to 100
MHz. This characteristic made it easy to design a wide-
band frequency control loop. Curve 4 in Fig. 6 shows an
open loop transfer function when the phase compensating
circuit was not used. The bandwidth of the curve A was
3.9 MHz. By using an optimized phase compensating cir-
cuit, the loop transfer function was measured, which was
represented by curve B in this figure. The optimized val-
ues of ny, ny, f;, and f; in (1) were 0.8, 0.5, 8.8 MHz,
and 16 MHz, respectively. As the result of this optimi-
zation, the bandwidth of the feedback loop for linewidth
reduction (block(b), Fig. 2) was expanded to 24 MHz.

Fig. 7 shows the result of spectral linewidth reduction
of the master laser. Since this figure represents spectral
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Fig. 4. Square root of the Allan variance 02, (7) of the residual frequency
fluctuations of the master laser. 7 is integration time of measurement.

Curves A and B represent the values under free-running and feedback
conditions, respectively.
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Fig. 5. Transfer function H.(f) of FM response characteristics of the
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circuit was not used. Curve B shows the result by using an optimized
phase compensating circuit.
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Fig. 7. Spectral profiles of the master laser observed by a delayed self-
homodyne technique. (a) Curve A4 represents a result under free-running
condition. The linewidth Avgg was 5 MHz. Curve B represents a result
under feedback condition. (b) Magnified profile of the curve B in (a).
The linewidth Avgz was 100 kHz.
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profiles obtained by a delayed self-homodyne technique,
the linewidth of these profiles correspond to the twice
those (FWHM) of the field spectral profiles of laser os-
cillations. DC injection current  of the master laser nor-
malized to its threshold value I, was 2.0. Curves 4 and
B in Fig. 7(a) show the spectral profiles under free-run-
ning condition and under feedback condition, respec-
tively. The value of the linewidth (FWHM) Awpgg of the
free-running laser given by curve A was 5 MHz. The curve
in Fig. 7(b) shows the magnified profile of curve B in Fig.
7(a). The value of the linewidth (FWHM) Avg measured
from Fig. 7(b) was 100 kHz, which was 1/50 times that
of Avgg. Fig. 8 shows a relation between (I/I, — 1)~!
and the linewidth of the field spectrum of the master laser.
Curves A and B show the linewidths under free-running
Avgg and feedback Awpg conditions, respectively. Com-
parison between these two curves shows that the larger
linewidth reduction (Apgg /Avgg) was obtained at a higher
dc bias level. The reasons were as follows. 1) The gain
of the feedback loop was increased by the increase of the
detecting power at Si-APD in the block (b) of Fig. 2.
2) With increasing the dc bias level, the linewidth under
free-running condition becomes narrower, which made the
required bandwidth of the feedback loop narrower and
made the design of the higher gain feedback loop easier.

The theoretical limit of bandwidth reduction by nega-
tive electrical feedback is discussed in the following. The
frequency fluctuation é» (#) under feedback condition can
be expressed by the following quantum mechanical Lan-
gevin equation of motion [10].

dv(t) = k{Ty(t) + T.(1)}
- So h(r) - {ﬁv(t —-7)+ (¢t - 'r)} dr

(2)

where « represents a loss of a laser cavity. T'; and T, rep-
resent the quantum noise. sources due to spontaneous
emission and carrier density fluctuations, respectively. A
relation between the magnitudes of these noise sources is
expressed as I', = a? - T, where « is the linewidth en-
hancement factor [14]. The impulse response of the feed-
back loop is given by A (7). év (¢t — 7) is the FM noise
detected by the frequency discriminator of the feedback
loop, and T', is the magnitude of noise originated from
electrical circuits in the feedback loop. The Fourier trans-
form of (2) gives

FU) = TG <1+ o) L)

H(f)
1+ H(f) (3)

where F, IL;, H, and II, represent the Fourier transforms
of é», T, h, and T',, respectively. H( f) corresponds to
the open loop transfer function shown in Fig. 6. By in-
creasing the gain of the feedback loop (| H| — =), the

- IL(f)
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Fig. 8. Relation between (//I,, — 1)”' and the linewidth of the master
laser. Curves 4 and B represent values under free-running and feedback
conditions, respectively. The meshed area represents the estimated value
of the linewidth determined by the magnitude of the spontaneous emis-
sion [14].

value of the first term of the right-hand side of (3) ap-
proaches zero, while that of the second term approaches
|II,|. This means that the contributions from the two
quantum FM noise sources can be suppressed by negative
feedback, and that the FM noise can be reduced to a value
limited by the noise originated from the feedback loop. In
other words, if a high-gain and low-noise feedback loop
is employed, the magnitude of the FM noise can be re-
duced to a value which is lower than that determined by
spontaneous emission fluctuations of the free-running
laser. Based on the facts that curve 4 of Fig. 8 corre-
sponds to the magnitude of k(1 + «?)II, of (3) [i.e.,
k(s + T.) in (2)] and that the value of the linewidth
enhancement factor o of CSP-type semiconductor lasers
has been estimated as 1.3 = « = 5.4 [14], the contri-
bution of the spontaneous emission « - II,, i.e., the
Schawlow-Townes’ limit of the linewidth can be esti-
mated as is given by the meshed area of Fig. 8. It was
found from this figure that the value of curve B at (I/I,,
-1)t=1, i.e., 100 kHz, was smaller than the value
represented by the meshed area. From this fact, it was
confirmed that the frequency fluctuations of the master
laser were reduced to a value lower than those determined
by spontaneous emission fluctuations. This fact agreed
with the theoretical discussion given above.

The power spectral density of the frequency fluctuation
of the master laser was measured to estimate a relation
between the Fourier frequency f and the FM noise reduc-
tion ratio. Fig. 9 shows a ratio between the power spectral
density of the FM noise S,z5( f) under feedback condi-
tion and S,er (f) of the free-running laser. Curve 4 in
Fig. 9 represents the experimental result. Curve B in Fig.
9, which represents a calculated result obtained by using
the measured frequency transfer function of the feedback
loop H( f), agrees well with curve A. It can be seen from
this figure that a reduction ratio as high as —27 dB was
obtained at f = 100 kHz.

Curve A has a resonant peak near the cut-off frequency
of the feedback loop ( f, = 24 MHz). The FM sideband
of curve B in Fig. 7(a) is caused by this reasonant peak.
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Fig. 9. Power spectral densities S,gg( f) of the FM noise of the master
laser under feedback conditions, which was normalized to that of the
free-running laser S,gg ( f). Curve 4 represents experimental result, and
curve B represents calculated result by using the measured transfer func-
tion H( f).

This resonant peak was due to the slight excess gain of
the feedback loop which enhanced the positive feedback
around f,. Therefore, if this laser is used for the optical
measurement system whose bandwidth is wider than 24
MHz, this resonant peak could deteriorate the perfor-
mance of the system. However, since most of the systems
given by [1] and [2] have a bandwidth narrower than 24
MHz, this laser can be effectively used for these systems.
On the other hand, since the frequency fluctuations were
not reduced at f > 24 MHz, it could be rather difficult to
use this laser directly in medium-to-high bit rate coherent
optical communication systems. However, one may find
several possibilities for using it for low bit rate systems,
i.e., with a bit rate lower than 24 MB /s.

B. Frequency Control of the Heterodyne Signal and the
Slave Laser

The linewidth of the heterodyne signal between the
master and the slave lasers was about 25 MHz when the
linewidth of the master laser was not reduced. However,
this linewidth was reduced to about 15 MHz by reducing
the linewidth of the master laser to as narrow as 500 kHz.
If the bandwidth of the heterodyne-type frequency locked
loop was sufficiently wide and its gain was high enough,
the linewidth of the heterodyne signal could be reduced
to zero. However, since the bandwidth of the present loop
was about 3 MHz, the linewidth was still as wide as 15
MHz. However, as the spectral peak height of the hetero-
dyne signal was increased by reducing the linewidth of
the master laser, the detection sensitivity of the hetero-
dyne signal was also increased. By this increase, the re-
sidual frequency fluctuations of the heterodyne signal were
reduced to 1/10 times that obtained by using the free-
running master laser.

Flg 10 shows the square root of the Allan variance
o,,,,(‘r) of the heterodyne frequency fluctuations, which
was normalized to the optical frequency. Curvés 4 and B
represent the values under free-running and feedback con-
ditions, respectively. In this experiment, the heterodyne
frequency v and the division rate M of the prescaler were
set to 30 MHz and 3, respectively.

The value of o,y was 1.0 X 107!% at 7 = 100 s, which
corresponded to fluctuations of 4.3 Hz. This was 1/6
times that of the previous experiment [7]. The minimum
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Fig. 10. Square root of the Allan variance aﬁ,,( 7) of the residual fre-
quency fluctuations of the heterodyne signal. Curves 4 and B represent
the values under free-running and feedback conditions, respectively.

of o,y was 1.7 X 107" at 7 = 1000 s, i.e., the residual
frequency fluctuation was as low as 0.6 Hz. Such low
fluctuations at a longer integration time could be obtained
since the long-term frequency drift was reduced by com-
paring and controlling the phase difference between the
heterodyne signal and the reference signal. Furthermore,
the value of g, under feedback conditions was 1 /10 times
that of the free-running laser at an integration time 7 as
short as 1 us. This improvement of the short-term stability
was the result of widening the bandwidth of the feedback
loop to as wide as 3 MHz. By comparing curve B of Fig.

10 and curve B of Fig. 4, it can be clearly seen that oy,,,( T)
<< oyM(r), which means that the residual frequency
fluctuations of the slave laser were almost equal to those
of the master laser, i.e., the slave laser frequency tracked
accurately to that of the master laser.

The heterodyne frequency vy can be easily swept by
sweeping the frequency of the reference microwave syn-
thesizer. Fig. 11 shows the range of a continuous sweep
of the heterodyne frequency »y. The heterodyne fre-
quency vy was varied by a stepwise sweep of the fre-
quency of microwave synthesizer #1 or #3 with 1 MHz
interval at every 10 s. This figure shows that the locking
range of this loop, i.e., the frequency range in which this
frequency tracking condition can be maintained, was 2.01
GHz, i.e., a stable sweep was carried out for 0.02 GHz
< vy = 2.03 GHz, while the previous result was 0.08
GHz = vy < 1.3 GHz [7]. The reason for this improve-
ment was that the range of the heterodyne frequency for
0.5 GHz = vy = 2.03 GHz was converted to the lower
frequency by using a wide-band DBM. The upper limit of
the locking range was limited by the response speed of
the Si-APD used for the heterodyne signal detection. This
upper limit can be increased by using a faster Si-APD and
an amplifier of a wider bandwidth. Fig. 12 shows a rela-
tion between the square root of the Allan variance a,H and
the heterodyne frequency vy. It can be confirmed from

‘this figure that the frequency stability of the heterodyne

signal could be maintained high enough irrespective of
the heterodyne frequency »y. Fig. 13 shows an experi-
mental result of the frequency tracking error, i.e., a dif-
ference between the reference frequency and the locked
heterodyne frequency ». The standard deviation of these



KUBOKI AND OHTSU: METHOD TO IMPROVE COHERENCE BY ELECTRICAL FEEDBACK

Fig. 11. Range of continuous sweep of the heterodyne frequency »,. The
heterodyne frequency vy, was varied by a stepwise sweep of the fre-
quency of microwave synthesizer #1 or #3 with 1 MHz interval at every
10 s.

T

:.IIG" | p—o0—o—o—0
b _’_._l_._-—l_
_vv_v_v_v_v_

v—yv—Y—vy—v|
F;x— X—X—x—X

ld‘SI s " " L N
003 050 100 150 2.00
Vi (GH)

Fig. 12. The relation between the heterodyne frequency vy and the square
root of the Allan variance o2 (7). The integration times 7 of the fluc-
tuation measurements were 1 us (O), 10 pus (®), 100 us (A), 1 ms
(A),10ms (O), 100 ms (W), 15(V), 10s (V¥), and 100 s ( X ). The
division rate M of the prescaler was 3 at »; = 0.03 GHz and was 10 at
the other values of v,.
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Fig. 13. Experimental results of the tracking error. Tracking error was de-
fined by a difference between the frequency of the microwave synthesizer
and the locked heterodyne frequency vy,

data was 2.7 MHz. It can be confirmed from the results
of Figs. 11, 12, and 13 that the present system realized a
high frequency stability, and accurate and wide-band fre-
quency sweep of the heterodyne signal.

Fig. 14 shows a relation between the division rate M of
the prescaler and the capture range of the heterodyne-type
frequency locked loop. Here, the capture range was de-
fined as the frequency difference between the initial het-
erodyne frequency and the reference signal (i.e., equiva-
lents to the product of M and the frequency of the
microwave synthesizer); within these, two signals can be
locked when the loop is closed. The capture range was
increased by increasing the division rate M, and the max-
imum of the capture range was 1.8 GHz at M = 2000.
The capture range was saturated at M > 2000, which was
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Fig. 14. The relation between the division rate M of the prescaler and the
capture range of the frequency tracking loop.

3.45GHz
e

Intensity

UUUUUUUUL

88 90 92 94 96 98 100 102
E (mA)
requency

Fig. 15. Transmission spectral lineshapes of the Fabry-Perot interferom-
eter which were used as the frequency reference for the master laser. The
black circles are the points to which the master laser frequency was
locked.

due to the limited bandwidth of the Si-APD for the het-
erodyne signal detection. At M < 3, the feedback loop
did not work because the heterodyne frequency divided
by the prescaler exceeded the maximum operation fre-
quency of the digital phase comparator. Thus, the pre-
scaler was used within in the range of 3 < M =< 2000. It
was confirmed by the experiments that the residual fre-
quency fluctuations of the heterodyne signal was in-
creased with increasing M, while the capture range was

Jincreased by increasing M. When curve B of Fig. 10 was

obtained, this increase of the frequency fluctuations of the
heterodyne signal was prevented by using a program-
mable divider which was connected at the next stage of
the prescaler. That is, after the heterodyne frequency was
captured by using a large value of M, the value of M was
decreased by the programmable divider, and finally, the
value of M was decreased to 3 to obtain curve B of Fig.
10.

There can be several ways for further increases of the
range of the frequency sweep of the slave laser. One of
them can be a discrete tuning of the master laser fre-
quency by locking it to successive frequencies of a fre-
quency reference grid which are nearly-equally spaced.
By tracking the frequency of the slave laser to each locked
frequency of the master laser, a wide-band sweep of the
slave laser can be realized. As shown by black circles in
Fig. 15, the master laser frequency was locked to 16 suc-
cessive resonance frequencies of the Fabry-Perot inter-
ferometer. By this method, the total range of continuous
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frequency sweep of the slave laser was extended to 64.3
GHz. ( The value of the previous experimental results was
37 GHz [7].) This range was limited by the mode-hop-
ping phenomenon of the master laser. If the improved sin-
gle-longitudinal-mode laser [15] will be used, it can be
expected that the range would be increased to as wide as
1 THz.

IV. SUMMARY

A synthesized method by negative electrical feedback
was proposed to improve the coherence in semiconductor
lasers. Based on this method, experiments were carried
out for stabilization of center frequency of the field spec-
trum, linewidth reduction of the field spectrum, frequency
tracking to another highly coherent laser, and stable and
wide-band frequency sweep. The results are summarized
as follows.

1) Stabilization of center frequency of the field spec-
trum: the minimum of the square root of the Allan vari-
ance oﬁM of residual frequency fluctuations was g, (7) =
1.4 X 10~ at 7 = 3 s, which corresponded to frequency
fluctuations of 50 kHz. By the improvement of the Allan
variance real-time processing system (ARPS), frequency
stability could be measured for 1 us < 7 =< 1000 s with
a shorter time for measurement.

2) Linewidth reduction of the field spectrum: the line-
width of the master laser (FWHM) was reduced to 100
kHz, which was 1/50 times that of the free-running laser.
It was confirmed that this linewidth was narrower than
that determined by spontaneous emission fluctuations.

3) Frequency tracking: the square root of the Allan
variance 03,, of residual frequency fluctuations of the het-
erodyne signal between the master and the slave lasers
was 1.7 X 10~%% at 7 = 1000 s. This corresponds to the
residual frequency fluctuations of 0.6 Hz. It was also con-
firmed that the slave laser frequency tracked accurately to
that of the master laser.

4) Wide-band frequency sweep: locking range of the
heterodyne frequency was 2.01 GHz, i.e., the heterodyne
frequency was swept for 0.02 GHz = vy = 2.03 GHz.
The range of the continuous frequency sweep of the slave
laser was extended to 64.3 GHz by making a discrete tun-
ing of the master laser by successive locking to one of the
frequency reference grids. The standard deviation of the
tracking error was 2.7 MHz. The maximum of the capture
range was 1.8 GHz at M = 2000.
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The frequencies of AlGaAs laser diodes were stabilized to the F=4—F’=5 component of the Cs-D, line with the
Zeeman modulation method, in which the laser frequency remains unmodulated. Allan variance measurements were
made on the beat note between two laser diodes thus stabilized and a frequency stability of 2.4 x 10™'° was obtained at an
averaging time of 1s. By changing the dc magnetic field applied to the Cs cell, the frequency of the laser diodes could be
tuned almost linearly in the range of —180 MHz to 180 MHz. i

KEYWORDS: Cs-D,line, Zeeman spectra, unmodulated frequency stabilization of a laser diode, Zeeman modula-

tion, frequency sweep of a laser diode

Introduction

§1.

Unmodulated frequency stabilization of a laser diode
(LD) is necessary in many kinds of optical experiments.
In experiments of laser cooling of atoms, for example,
the frequency of a laser must be stabilized without fre-
quency modulation and, at the same time, must be tuned
over the range of more than a couple of hundred
megahertz. Several methods may be used for this purpose
including a method using an acousto-optic modulator
(AOM)," and an offset locking method.? However, these
methods are somewhat complicated because some addi-
tional components are necessary: in the former method,
an AOM and an rf driver and in the latter, another laser
called a master laser.

Compared with these methods, the Zeeman modula-
tion method is very simple in setup. In addition, this
method has the advantage that the frequency of the
atomic spectral line to which the laser is locked can be
tuned only by changing the magnetic field strength. This
simple method has already been applied to laser
diodes.>® However, the frequency stability was not yet
precisely evaluated in the previous report.

In the present study, we examined the frequency stabil-
ity and the tunability of laser diodes which were stabiliz-
ed to the F=4—F’=35 component of the Cs-D, line by
the Zeeman modulation method. Allan variance measure-
ments were made on the beat note between two such
stabilized lasers. Stabilities comparable with those ob-
tained by the electrical feedback methods (~ 1079 and
a tunability as wide as the Doppler width of the thermal
Cs (~300 MHz) were obtained.

§2. Energy Levels of Cs

The magnetic field dependence of the energy levels rele-
vant to the Cs-D, line is obtained by diagonalizing the
hyperfine Hamiltonian®”

[6-J)*+3(-J)—2I*J?]
2I2I-1)2J2J—-1)

H# =hAI-J+hB +gius(I-B)

+gius(JB). )

The symbols are the same as those in ref. 8 except that
the magnetic field strength H is replaced by the magnetic
flux density B. The energy levels calculated from this
Hamiltonian are shown in Fig. 1. In the figure, F and F’
denote the quantum numbers of the total angular momen-
ta in the ground state and the excited state, respectively.
The transition « (or # when the magnetic field is reversed)
in Fig. 1 is suitable for the present experiment, because
its frequency changes linearly with the magnetic field.

1
O NGEd N=O=NBLA

1
"

-2

Energy Level

-20

0 0.5

Magnetic flux density

Fig. 1. Energy level diagram of '¥Cs in the ?S, ground state and the
?p,,, excited state as a function of the applied magnetic field.
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If we irradiate the atom with right circularly polarized
light, either ¢~ or ¢™ transition occurs according to
whether the applied magnetic field is parallel or
antiparallel to the wave vector of the light beam. Further-
more, when the Zeeman splitting is smaller than the spec-
tral linewidth of the LD, the saturated absorption line
intensity of the F=4-F'=35 transition is expected to be
insensitive to the magnetic field strength because most of
the atoms in the F=4 state are optically pumped to the
mr= —4 or mr= +4 Zeeman sublevel, and the contribu-
tion to the saturated absorption line comes mainly from
the F=4, mr=—4—-F'=5, mg.=—5 or the F=4,
mp=+4-F'=5, mp-=+5 component. On the other
hand, ’intensities of the F=4—F’=3 and the
F=4-F'’'=4 components are expected to be weakened
because of Zeeman splitting.

§3. Experimental Apparatus

The experimental setup is shown in Fig. 2. The light
beam from a LD is linearly polarized. Passing through a
A/ 4 plate, this light is changed to circular polarization to
cause only the 6™ or ¢* transition and introduced into a
Cs cell installed at the center of a solenoid coil. The laser
power at the entrance of the solenoid coil is typically 1.8
mW. A small fraction (below 1 percent) of this light is
reflected by a mirror (M). A polarization beam splitter
(PBS) is used to avoid the optical feedback to the LD and
the reflected beam is monitored by a PIN photodiode to
observe saturated absorption. Fine frequency tuning of
the LD is performed by controlling the injection current.

The solenoid coil, 9 cm in length and 4 cm in diameter,
consists of 72X 7 turns of 1 mm copper wire, and the
magnetic field of 53.5%107* T/A can be generated. In
Zeeman modulation, the ac current is superimposed on
the dc current of the solenoid coil and a lock-in amplifier
is used to obtain the first derivative signal. The output
signal from the lock-in amplifier is fedback to the current
source of the laser diode. through the PI controller to
stabilize the laser frequency.

§4. Results

Figure 3(a) shows the saturated absorption spectra ob-
served at various values of the dc current of the solenoid
coil. The current was changed from —2.08 A to 2.08 A
corresponding to the magnetic field from —110x 107 T

to APD A/4 Cs cell
$ PBS AlT]T
LD A4 5 D= Lim
| | =] "u
] BS $ solenoid M
Current PIN
source PD
‘[ T Oscillator
Lock-in
P amp ___I

Fig. 2. Experimental setup. LD: laser diode, APD: avalanche
photodiode, BS: beam splitter, PBS: polarization beam splitter, A/4:
A/4 wave plate, ATT: attenuator, M: mirror, PIN PD: pin
photodiode, PI: proportional amplifier and integrator.
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to 110x 10~*T. The positive sign in the current means
that the magnetic field direction in the solenoid coil is
parallel to the wave vector of the saturating light beam.
We can see that the center frequency of the F=4—>F'=5
saturated absorption peak, denoted by c in Fig. 3, shifts
almost linearly with the strength of the applied magnetic
field as we expected. To show the magnetic field
dependence in detail, we plotted this shift in Fig. 4. The
solid line shows the theoretical shift of the frequency of
the F=4, mr=—4—-F’'=35, mg'=—35 transition under
the positive field and the F=4, mp=+4—F'=S5,
mg-= +5 transition in the negative field calculated by eq.
(1). The frequency shift under the negative magnetic field
agrees very well with the calculated value of the transi-
tion frequency because the line is close to the center of
the Doppler broadened spectrum (see Fig. 3). Under the
positive magnetic field, on the other hand, the frequency
shift deviates slightly from the calculated value because

-2. 084 1,\ -2.08A
. ;
-1. 044 1/\ 1. 04A
. ;
a ;
'l') 0A 0A
M ¢ :
Y :
de :
f 1. 044 wmouu
2. 084A Wou
— -
500MHz 500MH2z

(b)

Fig. 3. (a) Magnetic field dependence of the saturated absorption spec-
trum of the Cs-D, line. Symbols a, b and ¢ denote the principal
resonances, F=4—F'=3, F=4—F'=4 and F=4—-F'=S5, respec-
tively. Symbols d, e and f denote the crossover resonances. (b)
Magnetic field dependence of the Zeeman modulated spectra. The
center of the c-component is connected by a dotted line.

Af(MHz)
100 F
1 1 1 i B(T)
=100 -50 0 50 oo _,
X10
-100Ff
)

Fig. 4. Observed frequency shift of the F=4—F’=5 saturated ab-
sorption peak as a function of the applied magnetic field. Solid line
shows the theoretical shift of the center frequency of the F=4,
mep=—4—-F'=—4-F'=5, mp.=—5 or F=4, mg=+4-F'=4,
mg.= +5 transition according to whether magnetic field B is positive
or negative.
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the line is on the side slope of the Doppler profile and
also because it is not isolated from the adjacent Zeeman
components.

To obtain the first derivative signal, the modulation
current at a frequency of 2 kHz with a peak-to-peak
amplitude of 50 mA is superimposed on the dc current of
the solenoid coil, which corresponds to the magnetic field
amplitude of 2.5x107*T. The output of the lock-in
amplifier is shown in Fig. 3(b). The time constant of the
low-pass filter of the lock-in amplifier was 3 ms.

Finally, we made two sets of apparatus as shown in
Fig. 2 to stabilize two laser diodes to the F=4—F'=5
line independently and measured the frequency stability
of the beat note between the two lasers. The dc currents
to each solenoid coil were 0.64 A and —0.64 A, respec-
tively. The beat frequency was divided by 64 by a
prescaler, and the square root of the Allan variance,
o,(t), was measured as a function of the averaging time,
7, by a computing counter. As shown in Fig. 5, g,(7) is
proportional to 7~'/2 for t<1s, and therefore the fre-

o,(7)
1o-TF
[ ]
-8 | )
10 ° o 0 %0 o
-® 00p 0°
- KIS
1078 | o
® “~ . . .
o}\'\. °
1010k Sl
1 1 1 1 1
1073 1072 o1 1 10
T (s)
Fig. 5. Frequency stability of a Zeeman stabilized laser diode

measured by the heterodyne method. O: free running. ®: stabilized.
The broken line represents the slope of the 7"/ dependence.
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quency fluctuation is almost attributable to the white
noise in this range. The minimum of o,(t) is 2.4 x 107'°
at t=1s and the o,(r) is less than 1x107% almost
throughout the entire range of t.

§5. Summary

The experimental results can be summarized as
follows.

(1) The frequency of the F=4—F’ =35 saturated ab-
sorption peak changes almost linearly with the magnetic
field even when the Doppler broadened profile exists and
this agrees well with the calculation.

(2) The frequency of the stabilized laser diode can be
swept in the range of —180 MHz to 180 MHz by chang-
ing the magnetic field.

(3) A frequency stability of 2.4 x 107! is obtained at
t=ls. :
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FM Noise Reduction and Subkilohertz Linewidth of
an AlGaAs Laser by Negative Electrical Feedback

MOTOICHI OHTSU, MEMBER, IEEE, MORIHIRO MURATA, ano MOTONOBU KOUROGI

Abstract—Negative electrical feedback was applied to a CSP-type
AlGaAs laser, by which its FM noise was reduced at the Fourier fre-
quency range of f < 40 MHz. The magnitude of the FM noise was far
lower than the quantum noise level of the free-running laser at 100 Hz
= f = 4.4 MHz. Especially, it was aslow as 1 X 10”7 ~ 1 x 10~ that
of the free-running laser at 100 Hz < f < 1 kHz. The full width at half
maximum of the field spectrum was reduced to 560 Hz. The major
factors necessary for realizing the very low FM noise level were 1) the
presently used laser had almost constant FM response characteristics
for a wide Fourier frequency range, 2) a high-finesse Fabry-Perot in-
terferometer was employed for highly-sensitive FM noise detection and
to get higher feedback gain, 3) the reflection mode of the Fabry—Perot
interferometer was employed to increase the bandwidth and efficiency
of the FM noise detection, and 4) a computer simulation was utilized
for optimum design of the feedback loop.

I. INTRODUCTION

MPROVEMENT of temporal coherence in lasers is a

fundamental and important topic of study in the field of
quantum electronics, and has been carried out succes-
sively from the advent of lasers [1]. Development of
highly-coherent semiconductor lasers has been inten-
sively carried out [2], [3] because they have been required
for several important applications. These applications are
coherent optical measurements such as resonator-type fi-
ber gyroscopes. [4], high-resolution laser spectroscopy,
such as optical pumpings of rubidium [5] and cesium [6],
cooling of atoms [7], and coherent optical communication
systems. A simple method of optical feedback has been
proposed to reduce the linewidth of the field spectrum of
the semiconductor laser, and the linewidth as narrow as 2
kHz has been realized [8]. As an alternative method, the
authors have proposed a method of negative electrical
feedback [9], [10] and a linewidth of 360 kHz has been
realized for an InGaAsP laser of 1.5 um wavelength [10].
Advantages of this method are as follows. 1) The system
has high stability and reproducibility because the feed-
back is negative. 2) The feedback loop can be designed
accurately through computer simulation, as is the case
when designing conventional analog feedback electronic
circuits. 3) The magnitude of the FM noise can be re-
duced to a value lower than the quantum noise limit of
the free-running laser, and, as was pointed out in [10], a
linewidth as narrow as 58 mHz ~ 2.9 Hz is possible.
4) Since a very low magnitude of the FM noisé can be
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realized at the low Fourier frequency range, e.g., f < 100
MHz, this method is useful for highly-sensitive and nar-
row-bandwidth coherent optical measurements, and high-
resolution laser spectroscopy.

In the present paper, a very low magnitude of the FM
noise and a subkilohertz linewidth of the field spectrum
were obtained by improving the performance of the neg-
ative electrical feedback loop. A CSP-type AlGaAs laser
of 0.83 um wavelength was used because it is considered
a more appropriate laser device for negative electrical
feedback. The reflection mode of a high-finesse Fabry-
Perot interferometer was used for highly-sensitive and
wide-band FM noise detection. Furthermore, optimum
design of the feedback loop was carried out by using a
computer simulation.

II. EXPERIMENTAL SETUP AND CHARACTERISTICS OF
THE LASER

An AlGaAs laser of 0.83 um wavelength (CSP-type,
Hitachi HL8314E) was used at room temperature
(20.0°C). Its threshold current I;, was 56.5 mA at this
temperature. The output optical intensity was 28 mW at
the dc bias current / of 104 mA, i.e., at I /I, = 1.84. The
temperature of the heat sink was controlled by a Peltier
electric cooler and a thermistor bridge, by which the tem-
perature fluctuations were suppressed within 0.2 mK. Fig.
1 shows the experimental setup. All of the components in
this setup were mounted on an optical bench to reduce the
effect of mechanical vibration. Furthermore, they were
installed in a carefully designed shield box, made of lead
plates and glass wools, to reduce the effect of acoustic
vibration. Ambient temperature of the components was
stabilized within +0.5 K as a result of using this box. The
slopes of resonance curves of two kinds of Fabry-Perot
interferometers were used for the FM noise detection of
the laser. By using the carefully designed shield box and
the optical bench, the effects of ambient temperature fluc-
tuations and acoustical and mechanical vibrations were
sufficiently reduced so as to foster the use of the Fabry-
Perot interferometers as stable frequency references
throughout the present paper. One Fabry-Perot interfer-
ometer (FP1) was made of a cylindrical rod of fused sil-
ica, which was 3 cm long corresponding to the free spec-
tral range of 3.45 GHz. Dielectric multilayers were coated
on both ends of the rod, which gave a finesse of 25, i.e.,
the full width at half maximum (FWHM) of the resonance
curve was 138 MHz. The second was a confocal Fabry-
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Fig. 1. Experimental setup. FP1 and FP2: Fabry-Perot interferometers
with the finesse of 25 and 3500, respectively. I1 and 12: Optical isolator
modules in which two Faraday isolators of 30 dB optical isolation were
installed. WP1-WP4: Quarter-wave plates. PBS1 and PBS2: Polarizing
beam splitters. BS1 and BS2: Beam splitters. APD1-APD4: Avalanche
photodiodes. PIN1 and PIN2: p-i-n photodiodes. P1: Pl-controller com-
posed of a proportional amplifier and an integrator used to control the
injection current of the laser. P: P-controller composed of a proportional
amplifier used to control the injection current of the laser. I: I-controller
composed of an integrator used to control the piezoelectric transducer
(PZT) of FP2. All of the components were mounted on an optical bench,
and were installed in a carefully designed shield box made of lead plates
and glass wools. The feedback loop using the FP1 and APD1 was called
the feedback loop 1), and that using the FP2 and APD2 was called the

feedback loop 2) in the present paper.

Perot interferometer (FP2), for which a 5 cm long super-
Invar cylinder was used as a spacer for the two concave
mirrors. A cylindrical 2.5 mm long piezoelectric trans-
ducer (PZT) was fixed on one end of the spacer for fine
adjustment of the interferometer length. Two concave
mirrors were fixed on the spacer and the PZT by epoxy
resin.

Fig. 2 shows the measured profile of the resonance
curve of FP2. This figure represents a relation between
the optical frequency and the light intensity reflected from
FP2. For this measurement, a negative electrical feedback
loop by using FP1 was applied to the free-running laser,
by which its linewidth was reduced to 30 kHz in order to
use it as a narrow-linewidth light source. It can be seen
from this figure that the FWHM of the resonance curve
was 850 kHz, which corresponded to a finesse of 3500.
Highly-sensitive FM noise detection can be expected by
using the very steep slope of the resonance curve of the
high-finesse Fabry-Perot interferometer. Efficiency of the
transmitted light from FP2, i.e., the intensity ratio be-
tween input and output lights of FP2, was 4 percent. On
the other hand, that of the reflected light from FP2, i.e.,
the depth of the dip of the curve in Fig. 2 normalized to
the input light intensity, was as high as 30 percent. The
reason for the higher efficiency of the reflected light is that
the reflected light contained a high-intensity light directly
reflected from the input mirror of FP2. High efficiency of
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Fig. 2. The measured profile of the resonance curve of FP2. This curve
represents a relation between the optical frequency and the light intensity
reflected from FP2. For this measurement, the laser linewidth was pre-
liminarily reduced to 30 kHz. The FWHM of this curve Argp was 850
kHz. .

the reflected light was advantageous for sensitive FM
noise detection. Two optical isolator modules (I1 and 12)
were used to suppress the laser oscillation instability,
which could be induced by injection of the reflected light
from FP1 and FP2. Each module contained two Faraday
isolators of 30 dB optical isolation.

. Slow feedback loops were applied to the laser to reduce
the drift of the laser frequency. That is, the injection cur-
rent of the laser was controlled by a PI controller (a pro-
portional amplifier and an integrator) and a P controller
(a proportional amplifier). For this control, the transmit-
ted lights from FP1 and FP2 were detected by p-i-n-pho-
todiodes PIN1 and PIN2, respectively. The value of the
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high-frequency cutoff of the PI controller and P controller
were fixed to 200 Hz. Furthermore, in order to reduce the
drift of the resonance frequency of the high-finesse FP2
induced by the ambient temperature fluctuations, the ap-
plied voltage for the PZT of FP2 was simultaneously con-
trolled by an I controller (an integrator).

Faster feedback loops were simultaneously used for
wide-band FM noise reduction. For this purpose, inten-
sity fluctuations of the reflected light from FP1 and FP2,
induced by the FM noise of the laser, were detected by
avalanche photodiodes APD1 and APD2, respectively.
The polarization of the light was controlled by four
quarter-wave plates (WP1 ~ WP4) and two polarizing
beam splitters (PBS1 and PBS2) to increase the light in-
tensities incident to APD1 and APD2. Wide-band pream-
plifiers, passive phase compensating circuits, and bias-T
circuits (the circuits composed of C, R, and L, as shown
in Fig. 1) were connected in series to APD1 and APD2,
and the injection current of the laser was controlled by the
output signals from the bias-T circuits.

About 10 percent of the light intensities reflected from
FP1 and FP2 were extracted from the feedback loops by
beamsplitters BS1 and BS2 to measure the magnitude of
the FM noise by using two avalanche photodiodes (APD3
and APD4) and a microwave spectrum analyzer (Anritsu,
MS560J). This spectrum analyzer allowed the measure-
ment of the power spectral density of the FM noise within
the Fourier frequency range of 100 Hz = f = 100 MHz.
The values of the power spectral density measured by
APD3 and APD4 were mutually compared and calibrated
for precisely evaluating the FM noise. The transmitted
light from PBS2 was used to measure the field spectral
profile of the laser by a delayed self-homodyne technique
by using a 2 km long single-mode fiber. Resolution of this
measurement was 100 kHz [11].

Curve A4 of Fig. 3(a) shows the measured power spec-
tral density S,(f) of the FM noise of the. free-running
laser. Curve B in this figure represents the sensitivity limit
of this FM noise detection imposed by the laser IM noise,
whose details will be discussed in Section III-B. A part
of curve 4 at 100 kHz = f = 100 MHz is composed of
a white noise, which is due to the quantum noise induced
by spontaneous emission and carrier density fluctuations.
The flicker noise (1/f noise) can be seen at f < 100 kHz
[12]. The profile of the field spectrum I(») of the free-
running laser was simultaneously measured by the de-
layed self-homodyne technique. The result is shown by
the solid curve in Fig. 3(b), from which it can be found
that its FWHM (Avgg ) was 4.5 MHz. On the other hand,
this spectral profile can also be derived from the power
spectral density of curve 4 in Fig. 3(a) by using the fol-
lowing formula [13]:

I(v)=4'RC[S:exp{i'Zw(vo—v)'1—2

() - o(r)} - dr] (1)
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Fig. 3. (a) Curve 4: power spectral density of the FM noise of the free-
running laser measured by using FP1 and APD3. Curve B: the sensitivity
limit of the FM noise detection by using FP1. This limit was estimated
by the measured magnitude of the IM noise of the laser. (b) Solid curve:
the profile of the field spectrum of the free-running laser measured by
the delayed self-homodyne technique. Broken curve: the profile of the
field spectrum of the free-running laser calculated by using curve A4 in
Fig. 3(a), (1), and (2). The FWHM’s of these two curves were Avgg =
4.5 MHz. :
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where Re represents taking the real part of the complex
number in the bracket, , is the nominal frequency of the
laser, and o2 () is the variance given by :
o .2
037:25&' Md
(=2}, ()=
Since the Fourier frequency range measurabie by the mi-
crowave spectrum analyzer was 100 Hz = f = 100 MHz,
the upper and lower limits for the numerical integrals of
(1) and (2) were not exactly o and 0, respectively. They
were 10 ms and 10 ns for (1), and 100 MHz and 100 Hz
for (2), respectively. The broken curve in Fig. 3(b) rep-
resents the calculated result by using curve A4 in Fig. 3(a),
(1), and (2). This curve agreed well with the solid curve.
From this agreement, it can be confirmed that numerical
integral based on (1) and (2) can be used for accurately
estimating the narrow spectral profile which will be ob-
tained by the experiments in Section IV.

The solid curves in Fig. 4 show the characteristics of
direct frequency modulation of the laser, which was mea-
sured by a microwave network analyzer based on the
method given in [10]. These characteristics can be inter-
preted as the complex transfer function H; (f) of the
laser. This figure shows the measured values of | H, (f) |
and arg [ H; (f)]. It is seen that these two quantities take
almost constant values for a wide range of f. On the other
hand, these characteristics of an InGaAsP laser of 1.5 pum_
wavelength were considerably different from those of Fig..
4 because, as shown in [10], | H.(f)| of the InGaAsP
laser strongly depended on fin a very complicated manner

(2)
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Fig. 4. Measured characteristics of direct frequency modulation of the laser
at1/1,, = 1.84, which correspond to the complex transfer function H,( f)
of the laser. Two curves represent the values of |H,(f)| and arg

[H. ()]

and the value of arg [ H; ( f)] changed as much as 180°.
The fact that |H,(f)| and arg [H,(f)] of the present
laser took almost constant values was advantageous for
designing a wide-band negative electrical feedback loop
for FM noise reduction. One of the reasons for reducing
the FM noise to a far lower level than that of the previous
work [10] was due to this advantageous property of the
present laser.

III. CoMPUTER SIMULATION OF THE FM NoISE
REDUCTION

A. Transfer Function of a Fabry-Perot Interferometer

A Fabry-Perot interferometer served as one of the
servo-control elements in the feedback loops in Fig. 1. Its
transfer function Hgp( f) corresponds to a relation be-
tween the modulated optical frequency incident into the
interferometer and the modulated optical intensity emitted
from the interferometer. This relation can be calculated
by the method given in [10, Appendix A]. In the present
paper, the transfer functions were calculated for the cases
of using the reflected and transmitted light from the Fa-
bry-Perot interferometer. Curves 4 and B in Fig. 5(a) and
(b) represent the calculated transfer functions of the re-
flection mode and the transmission mode of the Fabry-
Perot interferometer, respectively. In Fig. 5(a), the value
of | Hep( f)] is given by normalizing to the value at f =
0. This figure shows that the FWHM (Awgp) of the reso-
nance curve of the Fabry-Perot interferometer gives a
high-frequency cutoff of the transfer function. Further-
more, it is seen that the value of the slope of curves 4 and
B are different with respect to each other at f = Avgp.
They are —20 and —40 dB /decade, respectively. Due to
this difference in the slopes between these modes, the
transfer function of the reflection mode has a wider band-
width than that of the transmission mode. The difference
between the two modes has been briefly and qualitatively
discussed in [14]. On the basis of our analysis, this dif-
ference can be summarized as follows. Comparing with
the transmission mode, the reflection mode has an addi-
tional effect of temporally differentiating the optical fre-
quency of the incident light, and this effect clearly ap-
pears at f = Avgp. That is, the reflected light contains the
high-intensity directly reflected light from the input mir-
ror of the Fabry-Perot interferometer and also the trans-
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Fig. 5. Calculated transfer function of a Fabry-Perot interferometer
Hep ( f) represented as a function of f/Avgp, where Apgp is the FWHM
of the resonance curve of the Fabry-Perot interferometer. (a) and (b)
represent the values of |Hpp( f)| and arg [Hyp( f)]. respectively.
Curves A and B represent the results for the reflection and transmission
modes, respectively.

mitted light after the resonance inside the Fabry-Perot in-
terferometer. Since the incident optical frequency varies
nonadiabatically in the range of f = Awgp, the former bears
the present optical frequency, while the latter bears the
past averaged optical frequency due to the resonance in-
side the interferometer. Therefore, the measurement of
the reflection mode corresponds to measuring the differ-
ence between these present and past optical frequencies,
and this difference can be approximated as the temporal
differentiation of the optical frequency. On the other hand,
the transmission mode does not have the differentiating
effect because it does not contain the directly reflected
light from the input mirror which serves as a reference for
differentiation. Therefore, by this differentiating effect,
the slope of the reflection mode is +20 dB /decade larger
than that of the transmission mode at f = Awgp. Further-
more, Fig. 5(b) shows that the change in the value of arg
[Hep ( f)] of the transmission mode is as large as —180°,
while that of the reflection mode is only —90°. This dif-
ference is also due to the differentiating effect.

To experimentally confirm this difference, the free-run-
ning laser was used as a white FM noise generator. That
is, the power spectral density of the FM noise of the free-
running laser was measured within the range of 1 MHz
< f = 1 GHz by using FP1 in Fig. 1 and a high-fre-
quency microwave spectrum analyzer. The high-fre-
quency cutoff (= Apgp = 140 MHz) of the transfer func-

.tion of FP1 fell within this Fourier frequency range.

Measured results are shown by curves 4 and B of Fig. 6
for the reflection and the transmission modes, respec-
tively. Although the FM noise of the laser is a white noise
within this Fourier frequency range, curves A and B have
slopes of —20 and —40 dB/decade, respectively, at f =
Avgp. The difference between these slopes can be attrib-
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Fig. 6. Power spectral density of the free-running laser, which was mea-
sured by using the reflection (curve A) and transmission (curve B) modes
of FP1 within the range of 1 MHz = f = 1 GHz.

uted to the characteristics given by Fig. 5(a), from which
the characteristics of the Fabry-Perot interferometer of
Fig. 5(a) was confirmed experimentally. Since the trans-
fer function of the reflection mode has a wider bandwidth
and a smaller phase change than that of the transmission
mode, it can be concluded that using the reflection mode
could be advantageous for wide-band FM noise detection
and for designing a wide-band negative electrical feed-
back loop.

B. Sensitivity of FM Noise Detection

The discussion on the limit of FM noise reduction by
negative electrical feedback has been given-in [10], which
can be summarized as follows. The effect of negative
electrical feedback can be expressed by the following
quantum-mechanical Langevin equation of motion:

by (1) = Ty(1) + To(t) - SO h(r) - {ov(t = 1)

+T,(t— 1)} - dr, (3)
where 6 (7) is the frequency fluctuation at time ¢. Lan-
gevin forces I'; and T'. represent the two quantum FM
noise sources for the free-running laser due to sponta-
neous emission and carrier density fluctuations, respec-
tively. The ratio of the magnitudes between these two
quantum noise sources I'./T'; is given by o, where « is
a linewidth broadening factor [15]. The convolution in-
tegral on the right-hand side of this equation represents
the effect of negative electrical feedback, where év (¢ —
7) is the detected FM noise, I, (# — 7) is the noise mag-
nitude generated from the feedback loop, and i (7) is the
impulse responsé of the feedback loop. The Fourier trans-
form of (3) gives

_ @ + o?)

- H(f)
1+ H(f)

F(f) [+ H(J)

CIL(f) - - L, (f)

(4)

where F, II,, o’I1,, I1,, and H represent the Fourier trans-
form of v, Iy, T'., T',, and h, respectively. In this equa-
tion, the value of the first term of the RHS approaches
zero for infinite gain of the feedback loop (|H(f)| —

o), while that of the second term approaches |II, |. This
means that the contributions from the two quantum noise
sources can be suppressed by a high feedback gain and
that the magnitude of the FM noise can be ultimately re- -
duced 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, the magnitude of the FM noise
can be reduced to a value which is lower than the quantum
FM noise level of the free-running laser.

It was found by preliminary measurements that the
principal noise source generated from the feedback loop
in Fig. 1 was the intensity fluctuation (IM noise) of the
laser itself. For example, in the case of using FP1, the
FM noise of the laser was converted to the intensity fluc-
tuation of the light reflected from FP1, and was detected
by APD1. This result of FM noise detection was given by
curve 4 of Fig. 3(a). However, the intensity of the light
incident into APDI1 also fluctuated due to the intrinsic IM
noise of the laser. The magnitude of this fluctuation was
far larger than those of other noises generated from elec-
tronic circuits in the feedback loop and that of the reso-
nance frequency fluctuation of FP1. Therefore, it was
confirmed that this fluctuation corresponded to |IL,( f) |
of (4), which limited the sensitivity of FM noise detection
as well as FM noise reduction. The magnitude of IM noise
introduced into this FM noise detection system was mea-
sured by using APD3 and by placing a flat mirror in front
of FP1. The measured result of FM noise detection limit
imposed by this IM noise is given by curve B of Fig. 3(a).
The ratio between the values of curves 4 and B in this
figure is about 1 x 10%, from which it can be expected
that the FM noise is reduced to 1 X 107* times that of
the free-running laser by the feedback loop using the re-
flection mode of FP1 [feedback loop 1)]. On the other
hand, as will be explained in Section IV, after the FM
noise of the free-running laser was preliminarily reduced
by feedback loop 1), the magnitude of residual FM noise
was measured by APD3. The result is given by curve B
in Fig. 10. The limit of this residual FM noise reduction
is given by curve D in this figure. As was the case for
curve B in Fig. 3(a), this limit was also estimated from
the magnitude of IM noise of the laser, which was mea-
sured by APD4 under the condition of the frequency con-
trol by the feedback loop 1). For this IM noise measure-
ment, a flat mirror was also placed in front of FP2. The
measured value of the power spectral density of the IM
noise was stored in a personal computer. This value was
then divided by the transfer function of FP2 [i.e., curve

A of Fig. 5(a)] by using this computer. Curve D repre-

sents the result of this division. The ratio between the val-
ues of curves B and D is also about 1 X 10*, which means
that FM noise reduction of about 1 x 1078 that of the
free-running laser can be expected if the residual FM noise
of curve B is reduced by also employing the feedback loop
using the reflection mode of FP2 [feedback loop 2)]. In
the discussion given above, it was assumed that the mag-
nitude of the IM noise did not change even if the negative
electrical feedback was applied to the laser for FM noise
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reduction. Validity of this assumption will be given at the
end of Section IV.

C. Network Analysis of the Feedback Loop and
Computer Simulation of FM Noise Reduction

The normalized residual FM noise can be defined as a
ratio between the power spectral densities of the free-run-
ning laser [ S,gr ( f)] and of the laser under negative elec-
trical feedback [ S,gg ( f)1. This is given by [10]

SvFB(f) = 1 ’
Ser(f) 1+ H(f)

where H( f) represents the open loop transfer function of
the feedback loop appeared in (4). To minimize the nor-
malized residual FM noise, optimum design of the feed-
back loop is necessary so as to maximize the value of
| H(f)|. Network analysis was employed as a powerful
tool for this optimum design, whose details are described
in the following.

The loop transfer function H( f) of feedback loop 1)
or 2) is given by

H=Hr-H - Hep - Hy* Hp - Hp

(5)

(6)

where Hy, H;, Hgp, H,, Hp, and Hj, are transfer functions
of the bias-T circuit, FM response of the laser, the Fabry-
Perot interferometer, the APD with a preamplifier, the
phase compensating circuit, and the delay of signal prop-
agation in the feedback loop, respectively. The transfer
function of the circuit composed of the C and R in the
bias-T circuit of Fig. 1 is expressed as

1

) = T (7
For feedback loops 1) and 2), the values of fin this equa-
tion were fixed to 200 Hz. This value of f gave a —3 dB
low-frequency cutoff of the feedback loop. The measured
values of Fig. 4 were used as the transfer function of the
FM response of the laser H, ( f). The calculated values
of Fig. 5(a) and (b) were used as the transfer functions of
the Fabry-Perot interferometers Hgp ( f ). Since the band-
widths of APD1, APD2, and the preamplifier were suffi-
ciently wider than those of the other transfer functions in
(6), the value of H,(f) was assumed to be constant at
100 Hz = f = 100 MHz. The transfer function of the
phase compensating circuit connected to the preamplifier
is expressed as

Hp(f) = 1+ ifffi m+if/fy

Cvg/mf, 1+ i/f )

The first and the second parts of the RHS of this equation
represent the effect of phase-lag compensation and phase-
lead compensation, respectively. The values of the pa-
rameters f, n;, f,, n, in this equation were adjusted for
the optimum design to maximize the | H( f)|. The trans-
fer function representing the delay of signal propagation
in the feedback loop is expressed as

Hp(f) = exp (—i2ftp)

(9)

40

where ?,, represents the total delay time, which included
all contributions from the lengths of the electrical cables
and optical paths and those of the APD and preamplifier.
Measured values of 7, for feedback loops 1) and 2) were
8.4 and 10 ns, respectively.

The loop transfer function of the feedback loop could
be calculated by substituting the value of the transfer
function of each servo element into (6). This loop transfer
function could also be directly measured by inserting a
microwave network analyzer between the phase compen-
sating circuit and the bias-T circuit in Fig. 1. Since these
two results agreed well with each other, it was concluded
that the network analysis was accurate enough. [The va-
lidity of this conclusion was proven by comparing curves
A (calculated result) and B (measured result) in Fig. 9 of
Section IV. Good agreement can be actually seen between
these two curves for the optimized feedback loop 1)].

Fig. 7 shows the results of computer simulation for es-
timating the magnitude of the normalized residual FM
noise by using the network analysis based on (5) ~ (9).
Since the purpose of this computer simulation was to in-
vestigate dependence of normalized residual FM noise on
the characteristics of the reflection mode and the trans-
mission mode of the Fabry-Perot interferometer, it was
assumed for simplicity that only one feedback loop was
applied to the laser by using one Fabry-Perot interfer-
ometer. Therefore, the magnitude of the normalized re-
sidual FM noise given by this figure is different from that
of the experimental result (Fig. 10) obtained by using two
feedback loops. However, the results of the following dis-
cussion could offer useful information for designing ac-
tual feedback loops. Fig. 7(a) and (b) show calculated re-
sults obtained by using the reflection and transmission
modes of a Fabry-Perot interferometer, respectively.
Curves A4, B, C, and D in this figure are the results ob-
tained by assuming the FMHM of the resonance curve of
the Fabry-Perot interferometer as Avgp = 100, 10, 1, and
0.1 MHz, respectively. To obtain the four curves in Fig.
7(a), the values of the parameters in (8) were optimally
adjusted for maximizing the value of |H( f)|. Their op-
timized values fell within the ranges of SO MHz < f, =
90 MHz, 0.1 = n; = 0.5, f, = o, and n, = 1. For the
four curves in Fig. 7(b), the optimized values were within
the ranges of 100 kHz = f; = 40MHz,0.2 = n, = 0.5,
300 kHz = f, = 50 MHz, and 0.3 = n, = 0.6. It is
seen by comparing four curves in Fig. 7(a) that the mag-
nitude of the normalized residual FM noise decreased by
decreasing the value of Avgp. This is because a smaller
value of Avgp gave a steeper slope of the resonance curve
of the Fabry-Perot interferometer, which resulted in
higher sensitivity of FM noise detection and higher gain
of the feedback loop. On the contrary to the case of Fig.
7(a), comparison between the four curves in Fig. 7(b)
shows that the normalized residual FM noise increased
with decreasing Avgp. This was attributed to the narrower
bandwidth of the transfer function of the transmission
mode of the Fabry-Perot interferometer. That is, because
the bandwidth of the Hgp( f) of the transmission mode



OHTSU et al.: FM NOISE REDUCTION BY NEGATIVE ELECTRICAL FEEDBACK 237

102
100
10-2
1074
1078
-8 L
10_‘0 . cal . .

102 103 104 105 10 107 108

f (H2)
(a)

Syra(1)/Syee(f)

102
10
10°
10°
102
103
107

Sural1V/S ()

102 10 10* 105 10® 107 108
f (+iz)
()

Fig. 7. Results of computer simulation for estimating the magnitude of the
normalized residual FM noise. (a) and (b) represent the results for the
reflection and the transmission modes, respectively. Curves 4, B, C, and
D are the results obtained by assuming the FWHM of the resonance curve
of the Fabry-Perot interferometer as Avgp = 100, 10, 1, and 0.1 MHz,
respectively.

was narrower and the change of arg [ Hgp ( f )] was larger,
the feedback loop became, then, ur stable at the Fourier
frequency of taking arg [H( f)] = — 180° if the feedback
loop gain was increased excessively. Resonant peaks can
actually be seen on the four curves in Fig. 7(b), which
represent this instability. To maintain the heights of these
peaks low enough to stabilize the feedback loop, the al-
lowable maximum of the feedback loop gain was limited,
which limited the magnitude of the FM noise reduction.
Since the bandwidth of the reflection mode was wider and
the change in arg [ Hgp ( f)] was smaller, the effect of the
limited bandwidth was not clearly visible in Fig. 7(a).
Therefore, it can be concluded that the use of reflection
mode realizes a wider bandwidth for FM noise reduction.
This wider bandwidth increased the allowable maximum
of the feedback loop gain, by which the lower magnitude
of the normalized residual FM noise was realized by using
tthe reflection mode.

The profile of the field spectrum I(») of the laser under
negative electrical feedback can be calculated by using
the curves in Fig. 7, curve 4 in Fig. 3(a), and (1) and (2).
Fig. 8 shows a relation between the FWHM ( Avgp) of the
resonance curve of the Fabry—Perot interferometer and the
FWHM (Avwgg) of the field spectrum of the laser under
feedback obtained by this calculation. Curves 4 and B in
this figure represent the results for the reflection and the
transmission modes of the Fabry-Perot interferometer,
respectively. The values of Avgg on both curves decreased
with decreasing Awgp if Avgp = 230 MHz. These de-
creases were attributed to the increases in the sensitivity
of FM noise detection and in the feedback loop gain,
which resulted because the slope of the resonance curve
of the Fabry-Perot interferometer became steeper by de-

10° | A

105 10 107 10® 10° 107°
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Fig. 8. Results of computer simulations for a relation between the FWHM
(Avgp) of the Fabry-Perot interferometer and the FWHM (Avgg) of the
field spectrum of the laser under feedback. Curves 4 and B represent the
results for the reflection and transmission modes, respectively.

creasing the Avgp. However, at Avgp < 230 MHz, curve
B shows that the Avgp increased by decreasing the Avgp.
This was because the allowable maximum of the feedback
loop gain was limited by the narrower bandwidth of the
transfer function of the transmission mode of the Fabry-
Perot interferometer, as was explained for Fig: 7(b). By
this limited gain, the profile of curve B has a V-shape.
This V-shaped profile has been presented in [10, Fig. 17]
as a result of simpler calculations. On the other hand,
curve A shows that Avgg decreased monotonously by de-
creasing Avgg because the reflection mode of the Fabry-
Perot interferometer has a larger gain and a wider band-
width. From the result given by curve A, a subkilohertz
linewidth of the laser can be expected by using the reflec-
tion mode of a high-finesse Fabry-Perot interferometer
such as FP2 (i.e., Avgp < 1 MHz).

IV. ExPERIMENTS ON FM NoISE REDUCTION

By following the discussions of the Section III, exper-
iments on FM noise reduction were carried out by using
negative electrical feedback. The reflection mode of the
Fabry-Perot interferometer was employed to realize a
higher loop gain than that of the previous experiment [10].
As will be pointed out later, using the reflection mode of
FP2 gave an essential contribution to the FM noise re-
duction in the present work. Prior to using feedback loop
2), auxiliary feedback loop 1) was applied to the free-
running laser to reduce preliminarily the FM noise. This
feedback loop had a wider bandwidth than that of feed-
back loop 2) because of a larger value of the Avgp of FP1.
To maximize the gain of the feedback loop 1), the values
of the parameters in (8) were optimally adjusted. They
were f; = 2.5 MHz, n; = 0.14, f, = o, and n, = 1.
The —3 dB high-frequency cutoff of the feedback loop 1)
depended on the value of f,. Curves 4 and B in Fig. 9(a)
and (b) show the calculated and measured values of the
loop transfer function using the optimized phase compen-
sating circuit, respectively. These two curves agree with
each other, from which high accuracy of the network
analysis based on (6)-(9) can be confirmed. Curves C in
Fig. 9(a) and (b) represent the measured values without
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results, respectively, for which the optimally designed phase compen-
sating circuit was used. Curve C: measured result without any phase
compensating circuits.
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using the phase compensating circuit. It is seen by com-
paring curves B and C that the loop gain could be in-
creased 10 dB and approached as high as 40 dB by using
this phase compensating circuit while the loop bandwidth
was slightly decreased. It can be seen from (5) that this
value of the gain was almost as high as that required to
reduce the FM noise of the free-running laser [curve 4 of
Fig. 3(a)] to the value limited by the IM noise [the curve
B of Fig. 3(a)], from which the usefulness of the phase
compensating circuit can be confirmed. Curve B in Fig.
9 shows that the high-frequency cutoff at which the loop
gain decreased to 0 dB was 40 MHz. It means that the FM
noise can be reduced within the Fourier frequency range
as wide as 40 MHz in spite of the fact that the —3 dB
high-frequency cutoff of the feedback loop was about 200
kHz. This frequency range, 40 MHz, depended on the
value of the delay time 7, of the signal propagation in
feedback loop 1).

Another phase compensating circuit was also used for
feedback loop 2). Since the precise measurement of its
loop transfer function was rather difficult because of a very
narrow FWHM of the resonance curve of FP2, fully
quantitative measurements of the loop transfer function
were not carried out. Design of the phase compensating
circuit for this loop was made empirically, by which the
optimized values of the parameter in (8) were f, = 20
kHz, n; = 0.14, f, = o, and n, = 1. The 3 dB high-
frequency cutoff of feedback loop 2) depended on the
value of f,. However, as was the case of feedback loop
1), the loop gain decreased to O dB at the Fourier fre-
quency larger than this value of f;.

Fig. 10 shows the experimental results of FM noise re-
duction. Curve A represents the power spectral density of
the FM noise of the free-running laser, which is identical
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Fig. 10. Measured power spectral density of the FM noise of the laser.
Curve A: FM noise of the free-running laser, which is identical to curve
A in Fig. 3(a). Curve B: residual FM noise of the laser under auxiliary
feedback by using the feedback loop 1). Curve C: residual FM noise of
the laser under feedback by using both the feedback loops 1) and 2).
Curve D: the limit of the residual FM noise detection by FP2 under the
auxiliary feedback by the feedback loop 1). This limit was estimated by
the measured magnitude of the IM noise of the laser. Curve E: magnitude
of the white noise component in the curve A4, which is due to the spon-
taneous emission and carrier density fluctuations. Curve F: minimum of
the magnitude of the quantum FM noise due to spontaneous emission,
which was estimated by using curve E and a = 9.0.

to curve A of Fig. 3(a). Curve B represents the residual
FM noise of the laser under the condition of an auxiliafy
frequency control by using feedback loop 1). This FM
noise was measured by using FP1 and APD3. Curve C is
the result obtained by applying feedback loop 2) to the
preliminarily controlled laser. This FM noise was mea-
sured by using FP2 and APD4. Curve D represents the
limit of the residual FM noise detection by FP2 under the
condition of auxiliary feedback loop 1). As was described
in Section III-B, this limit was estimated from the mea-
sured magnitude of the IM noise of the laser because the
main contribution to this limit was found to be the intrin-
sic IM noise of the laser. The power spectral density of
this IM noise was carefully measured by APD4 in Fig. 1.
After this value of the power spectral density was stored
into a personal computer, it was divided by the transfer
function of FP2, i.e., the curve 4 of Fig. 5(a), by using
this computer. Curve D represents the result of this divi-
sion. The reason for the increase in the value of curve D
at f = 1 MHz was the result of this division. That is, this
increase was due to the limited bandwidth of the transfer
function of FP2 used for the residual FM noise detection.
Curve D gave the limit of FM noise reduction for the case
of using both feedback loops 1) and 2).

It can be seen by comparing curves 4 and B that the
auxiliary feedback loop 1) reduced the FM noise within
the range of f = 40 MHz. This range agreed with the
range of curve B in Fig. 9, where the gain of feedback
loop 1) was larger than 0 dB. It can be also seen by com-
paring curves B and C that further reductions of the FM
noise were realized by feedback loop 2) within the range
of f = 5 MHz, which means that the gain of feedback
loop 2) was larger than 0 dB within this range. The broken
line E represents the magnitude of the white noise com-
ponent in curve 4, which corresponded to the value of | (1
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+ o?) - IL; | of (4) due to the spontaneous emission and
carrier density fluctuations. Since the maximum of the
linewidth broadening factor o of the laser used for the
present experiments has been estimated as 9.0 (the open
circle in Fig. 4A of [15]), the minimum of the |IL| in (4)
can be estimated from this value of « and the broken line
E. The result is given by the broken line F. The value of
curve C was lower than that of line F in the range of 100
Hz = f = 4.4 MHz, which means that the magnitude of
the FM noise in this range was reduced to a value lower
than the quantum FM noise level of the free-running laser.
This experimental result supports the validity of the result
of theoretical discussion of Section III-B. Especially at
100 Hz = f = 1 kHz, it is seen by comparing curves A
and C that the magnitude of the FM noise was reduced to
aslow as 1 X 1077 ~1 X 107 that of the free-running
laser.

At f < 100 Hz, slow-frequency fluctuations were also
reduced by the PI and P controls by using the transmission
modes of FP1 and FP2. The square root of the Allan var-
iance 0,24(1) of these fluctuations was measured because it
has been known that the Allan variance is a more accurate

- measure for evaluating a slow-frequency fluctuation [16]
than the power spectral density. The Allan variance real-
time processing system was used for this measurement
[17]. The measured value was 1 x 1072 < o,(7) =< 1
x 107" at the integration time of i0 ms < 7 < 100 s.
The value of the power spectral density was derived from
the o,(7) by using a conversion formula [18], and the
result was 1 X 10° f~' = §,(f) =1 x 10" f~"at 10
mHz = f < 100 Hz, which was about 1 x 107° that of
the free-running laser. Since these slow fluctuations were

sufficiently reduced, feedback loops 1) and 2) were kept

very stable and the very-low FM noise level given by
curve C was also maintained for more than 3 h. Further-
more, it was also confirmed that these slow fluctuations
were low enough so that the estimated result of the very
narrow field spectrum given below (Fig. 11) was inde-
pendent of them.

A very narrow linewidth of the field spectrum of the
laser can be expected with such a low magnitude of the
FM noise. When the field spectral profile under feedback
was measured by the delayed self-homodyne system in
Fig. 1, periodical side lobes were clearly seen on this pro-
file [19]. It was because the linewidth of the field spec-
trum was far narrower than the resolution of this system
(= 100 kHz), which means that the FWHM of the field
spectrum under feedback cannot be accurately evaluated
by the presently used delayed self-homodyne system.
Therefore, instead of using this system, the FWHM was
estimated by calculating-the field spectral profile I(») by
using curves B and C of Fig. 10, and (1) and (2). The
value of FWHM estimated from the curve B was 30 kHz.
Curve 4 in Fig. 11(a) represents the field spectral profile
estimated from curve C in Fig. 10. The unit of the vertical
axis in this figure is in dB. Curve B represents the profile
of the free-running laser, which is identical to the broken
curve in Fig. 3(b). It can be seen by comparing curves A4
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Fig. 11. (a) Profile of the field spectrum of the laser. v, is the nominal
optical frequency of the laser. Curve A: the result under feedback using
feedback loops 1) and 2), which was estimated by using curve C in Fig.
10. Curve B: the result of the free-running laser, which is identical to
the broken curve in Fig. 3(b). (b) Magnified profile of the central part .
of curve 4 in (a). The FWHM (Avgg) is measured to be 560 Hz from
this profile. :

and B in this figure that the effect of feedback loop ap-
pears in the range of |» — »y| = 40 MHz, which corre-
sponds to the Fourier frequency range in which the gain
of the feedback loop 1) was larger than 0 dB. Several low-
level side lobes on curve A were caused by the roughness
of curve C in Fig. 10. Since the linewidth of curve 4 is
too narrow to measure, its central part was magnified and
was shown by Fig. 11(b). A linear scale was employed
for the vertical axis of this figure. The FWHM value of
this spectral profile was estimated from this figure as Avgg
= 560 Hz. This value of FWHM could give, to the au-
thors’ knowledges, one of the narrowest linewidths which
have been documented so far.

Curve Cin Fig. 11 has a resonant peak at f = 150 Hz,
which was caused by a low-level residual acoustic vibra-
tion and a higher harmonic of the ac electric power source
for electronic circuits. It was found that the FWHM of the
field spectrum of Fig. 11(b) was slightly increased by this
peak. Narrower linewidth can be expected by more care-
ful acoustic shield and rejection of the higher harmonic of
the ac electric power source, and finally, the magnitude
of the FM noise can be reduced to the value given by
curve D of Fig. 11 by further improvements of the per-
formances of the feedback loops.

The —3 dB high-frequency cutoff of the feedback loop
2) was 20 kHz, which was determined by the value of f;
of (8). This feedback loop became unstable when this
value was increased to far larger than 20 kHz. It was found
that this instability was induced because the gain of feed-
back loop 1) was decreased to 0 dB at a Fourier frequency
as low as 40 MHz, as was shown by curve B in Fig. 9.
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From this limited bandwidth of feedback loop 1), the —3
dB high-frequency cutoff of feedback loop 2) was also
limited to 20 kHz to maintain this loop stably enough.
Since this value of —3 dB high-frequency cutoff was
smaller than the value of FWHM Avgp (= 850 kHz) of
FP2, one may think that feedback loop 2) did not fully
utilize such advantageous characteristics of the reflection
mode as presented by Figs. 5 and 7. However, as was
shown by curve C in Fig. 11, this feedback loop had a
gain larger than 0 dB for a Fourier frequency up to 5 MHz,
which was larger than the value of the high-frequency cut-
off (= Awgp) of the transfer function of FP2. Therefore,
when the transmission mode of FP2 was used in a prelim-
inary experiment instead of using the reflection mode, the
excessively increased gain of feedback loop 2) induced an
instability and a resonant peak appeared, as was shown
by Fig. 7(b). From the comparison between this prelimi-
nary experimental result and curve C of Fig. 11, it was
confirmed that the advantageous characteristics of the re-
flection mode of FP2 gave an essential contribution to re-
duce the magnitude of the FM noise to as low as 1 X 10~
~ 1 X 107" that of the free-running laser.

For FM noise detection under the condition of feed-
back, the error signals of the feedback loops, i.e., inten-
sity fluctuations of the reflected lights from FP1 and FP2
induced by the FM noise were extracted from the feed-
back loops by using BS1 and BS2 of Fig. 1, and they were
detected by APD 3 and APD 4. Therefore, if the magni-

. tude of the IM noise of the laser was drastically increased
by the feedback for the FM noise reduction, the inaccu-
racy of the FM noise detection could be increased, and
the estimated limit of the FM noise reduction may become
invalid. To check this possibility, a simultaneous mea-
surement of the magnitude of the IM noise was carried
out under a condition of frequency control by using the
other APD placed between PBS2 and the delayed self-
homodyne system in Fig. 1. As a result of this measure-
ment, it was found that the increase in the IM noise under
feedback using both the feedback loops 1) and 2) was
within 60 percent that of the free-running laser. Thus, it
was confirmed that the increase in the magnitude of the
IM noise did not give any significant effects on the FM
noise detection. Such a negligible increase in the magni-
tude of the IM noise has been discussed theoretically in
Appendix B of [10]. The validity of this discussion was
confirmed by the present paper.

V. SuMMARY

FM noise in an AlGaAs laser was reduced by negative
electrical feedback at the Fourier frequency range of f <
40 MHz. It was confirmed that the magnitude of the FM
noise was reduced to the value lower than the quantum
noise level of the free-running laser at the Fourier fre-
quency range of 100 Hz = f = 4.4 MHz. Especiall;', the
magnitude of the FM noise was as low as 1 X 1077 ~
X 1076 that of the free-running laser at 100 Hz < f < 1
kHz. The FWHM of the field spectrum was reduced to
560 Hz.
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Major factors necessary for realizing such a low-level
FM noise and a subkilohertz linewidth can be summarized
as follows. 1) The laser had almost constant FM response
characteristics for a wide Fourier frequency range. 2) High
sensitivity of the FM noise detection and high gain of the
feedback loop were obtained by using a high-finesse Fa-
bry-Perot interferometer. 3) Use of the reflection mode
of the high-finesse Fabry-Perot interferometer (FP2) im-
proved the bandwidth and the sensitivity of the FM noise
detection. 4) Results of optimum design of the feedback
loops by a careful computer simulation were utilized for
actual assembly of the electronic circuits of the feedback
loops.

Further FM noise reduction and narrower linewidth of
the field spectrum can be expected by decreasing the delay
time of the feedback loop and by rejecting residual acous-
tic vibrations and electronic noises.
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FM Characteristics and Compact Modules for
Coherent Semiconductor Lasers Coupled to
an External Cavity

CHUL-HO SHIN, MITSUHIRO TESHIMA, MOTOICHI OHTSU, MEMBER, 1EE, TOHRU IMAI, JUNICHI YOSHIDA, AND
KENICHI NISHIDE

Abstract—FM responses of a semiconductor laser optically coupled
off-axis to a confocal Fabry-Perot cavity were measured. It was found
that this cavity acted as a frequency discriminator and as a phase
comparator for slow and fast frequency fluctuations, respectively. The
crossover between them was determined by a half linewidth of the cavity.
Based on these investigations, we made two kinds of coherent semicon-
ductor laser modules. External FP cavities were made by using an optical
fiber and a hemispherical micro-lens, respectively. Linewidths of these
lasers were less than 25 kHz.

INTRODUCTION

PTICALLY stabilized semiconductor lasers (SL) using

an external confocal Fabry-Perot cavity (CFP) have high
spectral purity with relatively long-term frequency stability [1]
and frequency modulation (FM) capability [2]. They are thus
considered as good candidates for optical local oscillators and/
or light sources in coherent communication systems and
optical measurements. Frequency noise characteristics of
semiconductor lasers coupled to a resonant external cavity
have been theoretically analyzed [3]-[5] and experimentally
evaluated [3]; [6], [7]. However, precise evaluations of FM
response have not yet been carried out. We report here
measured and calculated results of the frequency response of
the direct FM characteristics of a semiconductor laser coupled
to a CFP cavity (CFP-SL). This is very important for
investigating FM noise suppression characteristics by this
optical feedback, and for the design of coherent optical
systems, €.g., an optical phase-locked loop by using this laser
as the local oscillator. Based on these investigations, we
developed two kinds of coherent semiconductor laser modules
as the compact-sized version of the CFP-SL for practical
applications. Their external cavities were made by using an
optical fiber and a hemispherical micro-lens, respectively.

OPERATING PRINCIPLE AND FM RESPONSES

Fig. 1(a) shows a semiconductor laser system coupled off-
axis with a CFP cavity, which was used to evaluate the FM
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Fig. 1. (a) Semiconductor laser coupled to a confocal Fabry-Perot cavity
(CFP-SL). PZT-® and PZT-C ‘are used for optimizing the phase of the
feedback light and the fine control of the laser oscillating frequency under
optical feedback, respectively. Both PZT’s can also be used to maintain
long-term locking stability together with simple electrical circuits for an
external control loop. (b) An example of the beat spectra, where curve A
was obtained with a CFP-SL and a free-running laser and curve B with two
CFP-SL’s.

response characteristics. All the lasers described in this letter
are commercial AlGaAs semiconductor lasers (Hitachi
HL8312E). The emitted light from the laser is spectrally
purified by the resonance of the external cavity. And then, a
part of the cleaned light field built within the cavity returns to
the laser through the cavity input mirror at resonance. The
oscillating frequency of the laser is thus locked to the
resonance of this CFP cavity, i.e., optical self-locking takes
place. Thereby, the spectral linewidth becomes very narrow,
and the center frequency of the laser field spectrum is also
stabilized substantially. The free spectral range (FSR) and the
finesse of the CFP cavity were 1.5 GHz and 75, respectively.
This means that the linewidth of the CFP cavity Ay, was 20
MHz. The frequency-locking range of the CFP-SL was in the
range of 500-800 MHz with a moderate feedback level. The
system could, therefore, endure fluctuations of the injection
current and the temperature variation of the laser mount,
which was suppressed within 1 mK with the temperature
control circuit consisting of Peltier coolers and thermistor
sensors. Stable locking was maintained up to about 1 h without
any other additional stabilizing circuits. This period could be
lengthened by using a simple electrical feedback loop to
control the feedback phase by the PZT-® in Fig. 1(a) [7]. The

‘field spectral linewidth of the CFP-SL was about 10 kHz at the

bias level of 1.4 times the threshold current value. The
linewidth was measured by heterodyning between two CFP-
SL’s. The linewidth at free-running condition was about 25
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Fig. 2. The FM transfer function Hg(f,) of the CFP-SL, which represents
the frequency response. These values have been normalized to that under
free-running condition Her(f,). (a) Measured results. (b) Calculated
results, where the calculating parameters used were the same values as that
of (a). Curves A and C are the frequency responses of the FM efficiency,
and curves B and D are those of the phase.

MHz. An example of the heterodyned beat spectra is shown in
Fig. 1(b).

Fig. 2(a) shows the transfer function Hgg(f,,) of a CFP-SL
as a function of the modulation frequency f,, of the injection
current, which represents the frequency response of FM
efficiency. It was measured by an RF network analyzer and the
values shown in this figure have been normalized to the
transfer function of the free-running condition Hggr(fy)-
Another FP cavity was used as a frequency discriminator for
these measurements. Fig. 2(b) is the calculated results of a
frequency response corresponding to Fig. 2(a). Details of the
calculation will be published elsewhere. The curves in this
figure show that the FM response has high-pass characteris-
tics. The 3 dB cutoff frequency is determined by A»./2. For f,,
< Av./2, FM efficiency and its phase were flat. The phase
changed 90° at f,, = Av./2. On the other hand, for f,, > Av./
2, FM efficiency is increased with the rate of 20 dB/dec. And
then, arg [ Hp/Hpg] is returned to zero at the limit of f,, = .

It was also confirmed that the CFP-SL can be modulated
with high efficiency up to or even more than that under free-
running condition when the f,, is an integer multiple of the
FSR of the CFP cavity as has been demonstrated previously
[21, [7]. This results from the positive optical feedback effects
at the modulation frequencies of the integer multiple of the
FSR as marked by dots in Fig. 2(b).

From these figures, suppression of frequency noise of the
CFP-SL can be explained as the following by using an idea
similar to that of Drever ef al. [8] and Salomon ef al. [9]: For
Fourier frequency f < Aw./2, feedback light from the input
mirror of the cavity can be considered as the time delayed
version of the instantaneous laser phase itself because the
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Fig. 3. Fiber optic cavity (FOC) (a) and a hemispherical micro-lens cavity
(HMC) (b), which were used as the external cavity of compact modules. (c)
Picture of the miniature-packaged HMC-SL module.

cavity responds to such slow variations. Feedback light from

the cavity can thus be considered as the frequency reference,

which is mixed destructively with the instantaneous laser field
fluctuation in the laser medium. However, for f > Ay./2, the

output of the cavity can be considered as the time-averaged

version of past phase of the laser because the cavity does not

respond instantaneously to faster variations than ‘the cavity

storage time, so the cavity provides a phase reference. The

phase change of 90° stems from the crossover betWeen the

frequency of the phase comparison.

The heterodyne signal between the two CFP-SL’s with S/N
ratio of 52.5 dB as seen by Fig. 1(b) was also observed with
2.2 GHz span. However, any side mode could not be
observed. From this measurement, it was confirmed that the
side mode suppression ratio of this external cavity semicon-
ductor laser was at least 52.5 dB, which proves a reliable
single-mode oscillation. The longitudinal side mode suppres-
sion ratio of the laser itself was, at least, not affected by this
optical feedback. The suppression ratio was too high to
measure by a conventional monochromator.

CoMpacT MODULES

Two new type semiconductor laser modules coupled to
different types of optical cavities were developed as shown in
Fig. 3(a) and (b) and their good performances were also
confirmed. Fig. 3(a) shows a fiber optics cavity (FOC) made
of single-mode optical fiber. The FOC was aluminum coated
at both ends, and its FSR and finesse were 100 MHz and 20,
respectively. The laser light was coupled with the FOC by a
96:4 fiber coupler, of which the coupling-end to the laser and
the opposite end were cut with the tilted angles of 4° and 8°,
respectively, for preventing the direct reflection from fiber
ends. The laser field spectral linewidth was 20 kHz at the
maximum feedback level under stable locking condition.

Fig. 3(b) shows a hemispherical micro-lens cavity (HMC).
The HMC was made of BK7 glass and its diameter and the
reflectivity were 10 mm and 90%, respectively. Because the
FSR of the cavity (10 GHZ) was higher than the relaxation
oscillation frequency of the solitary laser, reduction of AM
and FM excess noises at that frequency can be expected as
pointed out in [4]. The miniature-packaged MHC-SL module
is shown in Fig. 3(c). The size of the module is 50 X 50 x 30
mm. The linewidth of the laser under free-running condition
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used in this module was 21 MHz with a bias level of 1.9 times
the threshold current. The minimum linewidth and the locking
range at that time were 25 kHz and 1 GHz, respectively.
However, under operating conditions with a moderate feed-
back level, the linewidth was maintained at/around 70 kHz.
Under the operating condition, FM efficiency of this laser
module was 180 MHz/mA at 1 Hz < f,, =< 100 kHz, of which
the free-running condition was 3.2 GHz/mA. The available
output power of this module under this condition was about 6
mW because of the loss by a beam splitter used in this module.
The' FM efficiency was high and the linewidth was narrow
enough for practical applications such as a passive ring-
resonator-type optical fiber gyroscope [10]. Performances of
the gyroscope by using this HMC-SL module will be published
elsewhere.
SuMMARY

FM characteristics of a CFP-SL were measured and
calculated. For the frequency noise reduction by optical
feedback, the resonant type external cavity provided a
frequency reference of f,, < Av./2, and a phase reference for
Jm > Av./2. The linewidth of the CFP laser was less than 10
kHz. Based on these results, we developed two kinds of the
miniature-packaged version of the CFP-SL by using an HMC
cavity and an FOC cavity, respectively. Minimum attainable
linewidths of these lasers were less than 25 kHz. It is expected
that these highly coherent semiconductor laser modules will be
useful as reliable light sources of the coherent lightwave
systems.
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Heterodyne Optical Phase-Locked Loop
by Confocal Fabry-Perot Cavity
Coupled AlGaAs Lasers

CHUL-HO SHIN anpo MOTOICHI OHTSU, MEMBER, lEEE.

Abstract—Two external confocal Fabry-Perot cavity coupled 0.83 pm
AlGaAs lasers have been phase-locked to one another by a heterodyne
optical phase-locked loop. The phase error under phase locking condi-
tions was measured using the square root of the Allan variance. The result
confirmed that the heterodyne signal was a full replica of the spectrum of
the reference RF signal within the loop bandwidth. The estimated phase
error variance o} was 0.02 rad?, i.e., o, = 8.1°.

1. INTRODUCTION

HE heterodyne [1]-[4] and homodyne [5]-[9] optical

phase-locked loops (OPLL’s) are required for achieving
various coherent optical systems in the fields of precise optical
measurements and coherent optical communication systems.
The heterodyne OPLL is known as the frequency offset
locking [3], [4], translation loop [10], indirect loop [11], and
so on. The heterodyne OPLL has advantages as follows: 1) a
well-developed microwave phase comparator can be used for
detecting the phase difference between two lasers at the
reference frequency vg, which determines the heterodyne
frequency. 2) The loop can be ac-coupled. It means that a
bandpass filter can be used preceding the phase comparator,
thus rejecting dc drift at the photodetector and then improving
signal-to-noise ratio. 3) The oscillating frequency of the slave
laser can be precisely swept by sweeping the vg. So the
heterodyne OPLL will be a key technique for the optical
frequency sweep generator in the near future. It can also be
expected that the coherently combined beam of two lasers
heterodyne-phase-locked together with can be used in optical
measurements such as using a two-frequency laser [12]. So
far, the heterodyne OPLL’s have been demonstrated experi-
mentally by several authors by using gas lasers [1], external
cavity semiconductor lasers [2], [3], and Nd: YAG lasers [4].
We report here experimental results on the heterodyne OPLL
using semiconductor lasers, of which frequencies were stabi-
lized by optical feedback from a confocal Fabry-Perot (CFP)
cavity. Previous heterodyne OPLL experiments by external
cavity semiconductor lasers did not report the loop parameters
and phase errors at all. In this paper, they are indicated and
discussed in details. To confirm the phase locking of the
heterodyne OPLL, the Allan variance of residual frequency
fluctuations of the phase-locked heterodyne signal was mea-
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Fig. 1. General experimental arrangement of the heterodyne optical phase-
locked loop. Abbreviations used here are as follows: LD—semiconductor
laser diode; CS—current source; CFP—confocal Fabry-Perot “cavity
(Finesse: 75, Free spectral range 1.5 GHz); APD—avalanche photo diode,

A—amplifier with 40 dB gain, PFC—phase/frequency comparator,
ARPS—Allan variance real-time processing system; and ATT—RF attenua-
tor. ‘

sured when the heterodyne signal was locked to the RF
reference signal. This type of quantitative measurement was
demonstrated for the first time in case of the heterodyne
OPLL. ‘The results showed excellent frequency and phase
tracking capability between two semiconductor lasers by the
heterodyne OPLL. .

II. EXPERIMENTS

Fig. 1 is the experimental arrangement of the heterodyne
OPLL. Commercial 0.83 um AlGaAs semiconductor lasers
(Hitachi HL8314) were used as the master and the slave lasers
in the experiment. We employed a frequency stabilizing
scheme using optical feedback for these lasers similar to one
used by Dahmani et al. [13]. Each of the lasers was coupled
off-axis with a CFP cavity (finesse: 75, free spectral range:
1.5 GHz) so that optical feedback of directly reflected light at
the cavity input mirror can be avoided. The laser oscillation
frequency can be fine tuned by the PZT attached for adjusting
the length of the CFP cavity. The PZT and the injection
current frequency tuning coefficients were 79 MHz/V and 31
MHz/mA, respectively. The characteristics of frequency noise
reduction and direct frequency modulation of the lasers have
been measured and reported in [14], [15]. The linewidth of the
unlocked heterodyne signal between two lasers was measured
as less than 30 kHz at the total sweep time of 50 ms and about
2 MHz including long term frequency drifts at the total sweep
time of 100 s by an RF spectrum analyzer. The heterodyne

1041-1135/90/0400-0297$01.00 © 1990 IEEE
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Fig. 2. Field spectral shape of the heterodyne signal under phase locking
condition. The total sweep time and the resolution bandwidth were 15 s and
1 kHz, respectively. By is the calculated 3 dB bandwidth of the loop. The
center frequency of the heterodyne signal was 25 MHz.

frequency drift was less than 100 kHz/s. Optical feedback
stabilization of the lasers was maintained for longer than one
hour without any additional long-term stabilizing scheme
under consideration, which is a servo-loop to control the
optical feedback phase and the injection current so that the
laser is operating within the optical feedback locking range of
about several 100 MHz at moderate feedback level. This
limited the phase locking period of the OPLL.

The heterodyne signal was detected with two commercial Si
avalanche photodiodes (APD). These APD’s act only as
optical frequency down converters, but the shot noise gener-
ated by detecting process become one of phase error sources.
The first detector was used for OPLL and the second detector
for measurements. The power of ~3.7 uW of each laser was
used for the OPLL. The heterodyne signal was phase-
frequency compared with the reference microwave signal from
a stable RF local oscillator by a digital phase/frequency
comparator (PFC). The digital PFC was consisted of a high-
speed voltage comparator (PLESSEY SP9687) for converting
the analog heterodyne signal to the emitter coupled-logic
(ECL) level, and an ECL PFC IC chip (Motorola MC12040).
The active phase comparison range of the digital PFC is + 2
with the linearity over the entire range, and the PFC provides
sweep-frequency acquisition capabilities if the loop is un-
locked [10]. The phase/frequency error signal was passed
through a first order active loop filter, of which the transfer
function F(s) = (1 + 7,5)/(11s) with 7, = R,C, 7, = R,C
and s is the Laplace variable. The control signal at the output
of the loop filter was divided by two, and fedback to the slave
laser via a PZT driver for slow components of the control
signal and injection current for fast components of the control
signal. RF attenuators were used for adjusting the balance
between the gains of these two control routes.

Time constants of the loop filter 7, and 7, were 3.30 and
1.00 ps, respectively. By following the conventional PLL
theory [10], [11], the natural angular frequency w, and the
damping factor { of this second-order OPLL were calculated
as 1.65 x 10 rad/s and 0.82, respectively. In this calculation,
we used the measured parameter values as follows: the gain of
the PFC Kp = 0.16 V/rad, the gain of the slave laser Ky, =
4.96 x 108 rad/s/V and the attenuation coefficient between
the PFC and the slave laser was 0.11. The noise bandwidth B,
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()

Fig. 3. The heterodyne signals (lower traces) observed in the time domain
by an RF oscilloscope under unlocking (a) and phase-locking (b) condi-
tions. In (a) and (b), upper traces are the triggering signals from the
reference signal to which the heterodyne signal has been locked.

and the 3 dB loop bandwidth of this OPLL By were thus
calculated as 925 and 580 kHz, respectively. Bz was
calculated by the expression of By = w, {2¢2 + 1 + [2¢2
+ 1)2 + 112} V2/(27) [Hz] [10], [11]. '

III. RESULTS AND DIscussioN

Fig. 2 shows a spectral shape of the phase-locked hetero-
dyne signal measured by an RF spectrum analyzer. From this
figure, the frequency/phase noise within the 3 dB loop
bandwidth Bss was drastically controlled and effectively
suppressed up to about 1 MHz from the center frequency of
the spectral shape. We have observed this spectral shape with
a span of 1 kHz and a 30 Hz resolution bandwidth, and
confirmed that its linewidth was maintained within the
resolution bandwidth. Furthermore, comparing the spectral
shape of the heterodyne signal under phase locking condition
with that of the reference RF signal, we found that both
spectral shapes have the same linewidth and S/N ratio. This
means that the optical phase locking between the heterodyne
signal and the reference signal has successfully been carried
out by this OPLL. In particular, the same S/N ratio means that
the performance of this OPLL was reached to the limit
determined by the spectral quality of the reference RF signal.
To confirm the phase locking between heterodyne signal and
reference signal and to observe residual phase fluctuations of
the heterodyne signal under phase locking condition, its
waveform was observed with an oscilloscope triggered by the
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Fig. 4. Measured results of Allan variances of residual frequency fluctua-
tions of the heterodyne signal. ¢,(7) and 7 are the square root of Allan
variance and the integration time, respectively. The values of o,(7) was
normalized to the norminal optical frequency », of the lasers used in this
experiment. Closed circles, open circles, and a broken curve are the
measured results for under free running conditions, under phase locking
conditions and for the reference signal, respectively. A solid curve is a
least-squares approximation of the results for the phase-locked. heterodyne
signal, which is expressed as ¢,(7)-= 6.3 x 10-"7-7-1,

reference signal. This method was first used by Hall ez al. [1].
Comparing (a) and (b) of Fig. 3, it can be confirmed that the
heterodyne signal is successfully phase-locked to the reference
signal. The rms residual phase fluctuations was estimated to be
less than 0.1 rad by measuring the timing jitter of the
waveform of the phase-locked heterodyne signal. The result is
2.1 times smaller than that of [1]. The reason of this smaller
value can be that our OPLL had larger bandwidth and thus
higher control gain could be secured within the bandwidth.

To quantitatively measure the phase locking quality between
two lasers in the time domain, we have measured the square
root of Allan variances g, (7) of residual frequency fluctuations
of the heterodyne signal by a new Allan variance real-time
processing system (ARPS) using the heterodyne and period
measurement method, which was developed for this work.
The principle of operation of the ARPS is as follows: the
heterodyne frequency is down-converted to 1 kHz, which
generates a short-period pulse signal per a cycle. The pulse
signal acts as the latch enable signal and the micro-computer
interrupt signal. A 32 bits nonstop counter is continuously
counting the 5 MHz signal from a stable crystal oscillator, and
the counted value is latched by the latch enable signal. Thus,
there is no deadtime. When the interrupt signal comes, the
microcomputer acquires the latched value and stores it in the
memory. The integration time and the number of samples are
set by the keyboard input, and the calculation of the Allan
variances are carried out by the software. If neglecting the
instabilities of the 5 MHz signal and the system noise of the
ARPS, this new ARPS can measure a very stable signal with
1/5000 times frequency fluctuations of the measurement limit
of an old version ARPS (employing a direct frequency
counting method), which was determined by +1 count
uncertainty [16].

The measured results are shown by Fig. 4. The square root
of Allan variance of residual frequency fluctuations of the
heterodyne signal ¢,(7) can be approximated by 6.3 X
10-'7-7-1 (the solid line in Fig. 4), which is normalized by the
nominal optical frequency of the laser vy-7 is the integration
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time. In particular, the experimental result of g,(7)was 1.1 x
10-'8 at 7 = 70 s. The stability of the heterodyne signal is
almost same level as that of the reference signal as shown in )
Fig. 4. The results show the phase tracking capability between
two lasers by this OPLL. From this measurements, the phase
error variance ai were estimated as 0.02 rad? (o, = 8.1°),
where the conversion formula 03 = (2w7v0)%0,*(7) was used.
The phase error by the heterodyne frequency drift of about 100
kHz/s was calculated to 1.4 X 10-5°. The noise spectral
density of the system noise including the shot noise, the
intensity noises of the lasers and the amplifier noise was 270
nV/Hz'2, which induces the phase error of 0.14°. If the beat
linewidth of 30 kHz is purely attributed to the Lorentzian
component of phase noises of two lasers, it results in the phase
error of 10.8°. Comparing it with the measured result, the
value of the beat linewidth was overestimated. The result
suggests that the actual beat linewidth should be narrower than
17 kHz, and that a spetral linewidth measurement is not
accurate to estimate the phase error. So the Allan variance
measurement is a suitable method for this purpose. The phase
error of the OPLL was mainly determined by the laser phase
noise and the stability of the reference RF signal. Further
improvement of the OPLL can be made by the increase of the
loop bandwidth and using a more stable reference signal. The
resulting phase error variance of the OPLL is sufﬁcientlil low
for applications in coherent optical communication systems,
e.g., the heterodyne PSK scheme, with a low bit error ratio
(BER), because it requires o, less than 11° for the BER of
10-° [17], [18). :

IV. ConcLusioN

We have demonstrated a second order heterodyne OPLL
using semiconductor lasers coupled to an external confocal
Fabry-Perot cavity. The phase error of the OPLL was
estimated by measuring the Allan variance of residual fre-
quency fluctuations of the heterodyne signal. The result
confirmed that the heterodyne signal was a full replica of the
reference RF signal within the loop bandwidth. The phase
error g, was estimated as 8.1°. The phase control capability of
the heterodyne OPLL using confocal FP cavity coupled
AlGaAs lasers is sufficiently high for applications such as
coherent optical communication systems, remote sensing, and
high-resolution spectroscopy.
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Fig.4(a) Setup for reducing the frequency fluctuations of
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from a confocal Fabry-Perot (FP)
interferometer®(20%9 1, : semiconductor laser,
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(b) Setup obtained by replacing a confocal FP inter-
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* ferometer by a hemispherical lens on which a hlgh
reflection films are coated.
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Fig. 11 Block diagram of a stable and wideband tunable laser system proposed by the authors™. Meshed area on the frequency
axis of the right hand side of this figure represent continuously tunable ranges.

"+ ATC : frequency tuning mechanism by controlling the incident angle of the light into the nonlinear optical crystals,

BC : control mechanism of the birefringence in the nonlinear optical crystals, BS : translatable beam splitter, DFG :
-difference frequency generator by nonlinear optical crystals, FT : frequency tracking system between the two lasers by
negative electrical feedback, M : translatable mirror, PFC : parametric frequency converter by nonlinear optical-
crystals, SFG : sum frequency generator by nonlinear optical crystals SHG : second harmonic generator by nonlinear
optical crystals.
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