410

Anthony Dandridge was born in Kent, England,
on November 11, 1951. He received the B.Sc.
and Ph.D. degrees in physics from the Sir John
Cass School of Science and Technology, City of
London Polytechnic, England.

His postgraduate and postdoctoral research
work included flow birefringence and light
scattering studies of short chain polymers. In
1979 he was a Lecturer in Physics at the Uni-
versity of Kent, Canterbury, England. Since
1980 he has been associated with Georgetown
University, Washington, DC, John Carroll University, Cleveland, OH,
and the Naval Research Laboratory, Washington, DC. His research
work covers fiber optic sensor systems and the noise and spectral char-
acteristics of semiconductor lasers.

Dr. Dandridge is a Fellow of the Royal Astronomical Society.

Joseph F. Weller was born in Louisville, KY
in 1939. He received the B.S. degree in physics
from - Xavier University, Cincinnati, OH, in
1960, and the M.S. and Ph.D. degrees in physics
from American University, Washington, DC, in
1968 and 1972, respectively.

He joined the Naval Research Laboratory,
Washington, DC, in 1960 where he began work
on radiation damage on semiconductor devices.
Since then he has been active in areas of quan-
tum electronics and ultrasonics. His research

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-30, NO. 4, APRIL 1982

interests have included rare earth spectroscopy in glasses, glass lasers,
nonlinear optics, and optical interactions with surface acoustic waves.
He is presently Head of the Optical Hybrid Devices Section of the Op-
tical Techniques Branch. His current research interests include proper-
ties of laser diodes and optical interactions in microwave and millimeter
wave devices.

Dr. Weller is a member of the American Physical Society.

Ronald O. Miles (8°66~-M’77) was born in Salt
Lake City, UT, on November 25, 1940. He re-
ceived the B.S. degree in electrical engineering
in 1967, and the M.S. and Ph.D. degrees. in
1973 and 1978, respectively, all from the Uni-
versity of Utah, Salt Lake City.

While at the University of Utah he was a
Teaching Assistant and Research Assistant in the
Microwave Device and Physical FElectronies
Laboratory, where his primary interest has been
in CO, laser plasma diagnostics and CO, wave-
In 1974 he was a Consultant on preliminary design of a

guide lasers.
gas dynamic laser for a laser-driven ionization process for applications
in MHD power-generating systems for the Department of Mechanical
Engineering, University of Utah. From 1975 to 1976 he was a Consul-
tant on laser applications in development of new processes for preventive
denistry for the Department of Mechanical Engineering, University of
Utah. His research interests include hollow-core distributed-feedback

waveguide lasers. Since 1978 he has been with the Naval Research
Laboratory, Washington, DC, where his research is on noise in semi-
conductor lasers and laser fiber sensor systems.

Dr. Miles is a member of the American Physical Society, the Optical
Society of America, and Sigma Xi. )

Noise in an AlGaAs Semiconductor Laser Amplifier

TAKAAKI MUKAI anp YOSHIHISA YAMAMOTO, MEMBER, IEEE

Abstract—The noise characteristics in a Fabry-Perot (FP) cavity type
semiconductor laser amplifier, biased at just below its oscillation thresh-
old current, have been studied theoretically and experimentally. Quan-
tum mechanical multimode rate equations containing a Langevin shot
noise source and an input signal term were numerically solved for an
exponential band-tail model with no k-selection rule. Noise power
calculated using this rate equation was compared with a simpler photon
statistic master equation method. The experimental results on noise
power for an AlGaAs laser amplifier are in reasonable agreement with
the two different theoretical predictions. Dominant noise powers in a
semiconductor laser amplifier are beat noise powers between signal and
spontaneous emission, and between spontaneous emission components.
Noise characteristics in a Fabry-Perot cavity type laser amplifier can
be improved both by the reduction of the facet mirror reflectivities and
by use of an asymmetric cavity configuration with low-input and high-
output mirror reflectivities, Two beat noise powers are expressed in
simple analytic form by introducing an equivalent noise bandwidth and
an excess noise coefficient as figures of merit in an optical amplifier,
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I. INTRODUCTION

PPLICATIONS of semiconductor laser amplifiers have

been studied, both to a PCM-IM direct detection optical
transmission system [1], and a coherent optical fiber trans-
mission system [2]. Experimental results with signal gain [3],
[4], link gain [5], frequency bandwidth [4], saturation out-
put power [4], and preamplifier performance for a 100 Mbit/s
PCM-IM signal [6], [7] of a Fabry-Perot (FP) cavity type
AlGaAs laser amplifier have been reported. These works indi-
cate that an FP cavity type semiconductor laser amplifier is
promising as an optical linear repeater in these systems.

The noise characteristics of a semiconductor laser amplifier
are indispensable in estimating the S/N performance of optical
direct amplification transmission systems. Amplitude noise in
semiconductor lasers was originally measured by Armstrong
and Smith, using a Hanbury Brawn-Twiss experiment [8].
Paoli er al. measured the resonance peak of AM noise [9].
Recently, Jackel et al. measured the quantum-noise-limited
intensity fluctuation in a transverse-mode-stabilized CSP laser
{10], and reported that the noise behavior of a CSP laser agrees
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reasonably with that predicted by McCumber’s theory.

Noise characteristics in a semiconductor laser amplifier, how-
ever, seem to be quite different from those in a semiconductor
laser oscillator because the amplifier operates at just below its
oscillation threshold current, where noisy multilongitudinal
amplified spontaneous emission contributes to total noise
power. An additional reason for this difference is that the
noise induced by the external input signal light seems to play
an important role [11].

In this paper, noise power and its spectrum dependences on
dc bias current, amplified signal level, and signal gain are studied
theoretically and experimentally for an FP cavity type AlGaAs
double-heterostructure (DH) laser amplifier. Quantum me-
chanical multimode rate equations containing a Langevin shot
noise source, originally derived by McCumber [12], are ex-
tended here to involve an input signal term. They are based on
a band-tail model, with no k-selection rule, for a GaAs laser
[13]. The results are compared with that by a simpler photon
statistic master equation analysis [14]. They are also compared
with experimental results. Noise characteristics are calculated
to depend on facet mirror reflectivity. Two beat noise powers
are expressed in simple analytic form by introducing an equiv-
alent noise bandwidth and an excess noise coefficient, which
are the figures of merit of an FP cavity type laser amplifier.

II. THEORETICAL FORMULATION

A. Rate Equation Analysis

Multimode rate - equations with McCumber’s fluctuation
operator [12], [15] have been extended to involve an input
signal term, so that

dN,

£=P-RL, =Y G T Ny, m + Fu(D), )
dt - > .
dN, N,
—(—i%mz__:;_m tGm I'Np,m + Ecom I
+Pin,m +Fp,m(t)- \ (2)

Here, N, is the total number of carriers in the active region,
Np,m is the total number of photons in the mth longitudinal
~ mode, P is the pumping rate, RSY;, is the spontaneous emission
probability coupled to both guided and all unguided modes,
and that is conventionally expressed by N,/r,, 7, is the carrier
lifetime, E¢y ,, is the spontaneous emission probability cou-
pled to the mth longitudinal guided mode, G, is the stimulated
emission coefficient of the mth longitudinal guided mode and
is derived as E¢y m ~ Eye,m, Eye,m is the stimulated absorption
probability of the mth longitudinal guided mode, Py, p, is the
number of signal photons injected into the mth longitudinal
guided mode, I" is the factor of mode confinement to the ac-
tive region, 7, is the photon lifetime, and F,(¢) and F), ,,(?)
are, respectively, the fluctuation operators [15] for the number
of carriers and the number of photons in the mth 1ong1tudmal
“mode.

An exponential band-tail model with no k-selection rule [13]
is used here to describe the band structure of AlGaAs semi-
conductor lasers operating at room temperature. In this model,
the parameters R SY;,, Gm, and By p, are expressed analytically
as a function of carrier number N, as follows [16] :

N. B
RL =28 =—2— NN, + N -

T N) &)
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where B is the recombination coefficient, V is the volume of
the active region, ny, is laser internal quantum efficiency, and
Nyi-and Np are the total number of ionized acceptors and
donors, respectively.

The stimulated emission coefficient G, for the gain central
longitudinal mode is

Go = Cy - NoNe +Ni - NB) @
_ B [sin(&Tn/Eo) TP ‘
€= EoVZi¢exp (1) [ kTn/E, J )

where F, is the band-tailing paramet_ér, and ® = 8an® E 333
is the spatial mode number per unit volume and energy.

The stimulated emission coefficient G, for other longltudl-
nal modes is approximated by _

o[22

AE
where AEm is the energy separation corresponding to the
longitudinal mode spacing. ,

The spontaneous emission probability Ec,, m 1s given by
Gm

- exp (-Eo/kT)’ | ' ™

McCumber [12] has indicated that intrinsic quantum fluctu-
ation -can be incorporated into the rate equations by intro-
ducing the fluctuation operators Fy(f) and Fp n(t), whose
correlation functions and noise spectra correspond to those
derived by photon statistic master equation analysis [14].
The intrinsic fluctuation stems from the shot noise-like fluctu-
ations in the particle flow rates.in the laser because the carrier
and photon population operators are variables with integral
values.

Carrier and photon number fluctuation operators F, () and
Fp m(?) as Langevin noise sources are assumed to have shot
noise character in the following manner [12], [15], [17]:

Gy =

©)

Ecu,m

(F(£)) = (Fp,m (1)) = 0 (8)
<Fe(t) ’ Fe(s))
=8(¢- s)-{P+RSTp + 2 [Eco,mDT Np.m
+ (Ecv,m - Gm)FNp,m]} s (9)
<Fp’m(t) “Fp m(s)
=6(t-s)" l:j—v‘&'”'l""Ecv,mF ( +Np,m)
Tp ’
+(Ecv,m ~ Gm) U Ny m + Pin m] (10)
Fe(t) - F, ,m(s)) = <Fp,m(,t) - Fo(s))
=-8(t-s)" '[Ecv,mr‘(l +Np,m)
+(Ecv,m - Gm)FNp,m]~ (11)

The average value of the fluctuation vanishes by (8), which
implies that stationary characteristics, such as signal gain, can
be analyzed using (1) and (2) without fluctuation operators.
The delta function 8 (¢ - 5) describes the shot noise character.
The correlation of the carrier number fluctuation in (9) is
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induced by the pumping, the spontaneous emission coupled to
both guided and radiation modes, the stimulated emission, and
the stimulated absorption. The correlation of the photon
number fluctuation in (10) is induced by the photon escape
from the cavity, the spontaneous emission, the stimulated
emission, the stimulated absorption, and the signal photon in-
put to the mth longitudinal mode. The cross-correlation fluc-
tuation between carrier and photon number in (11) is induced
by the spontaneous emission, the stimulated emission, and the
stimulated absorption.

The numbers of carriers and photons are expressed by fluc-
tuations around the mean values, in the form

N =N, + AN,
Np,m =‘7V_Pym +Aprm' (12)

Expanding the transition rates to the first order in AN,, we
obtain

— ORT
R‘§'TI"=Rz;7+aNsp ANE:
_ oF,
E =Fym t = AN,
cuv,m aNe €
o aEm
Gy =G, + —=>- ) (13)
aNe €

Using (12) and (13) in (1) and (2), and neglecting the prod-
ucts of small quantities, we obtain the following linearized
equations for the fluctuations:

d ORZ 3G

—AN(D =~ =32 . f

ar ANe® ( N, oW, ) AN

- Z Gl ANp,m (1) + Fe(t), (14)
m

d — 3G, OFE, m>
—AN, = M enmy
77 Ao, m(?) F<N,,, . o AN(7)

+ (EmI‘— —1—> “ANp (1) + Fp m(2). (15)
Tp

Equation (14) indicates that the tifne variation of the carrier
number fluctuation isinfluenced by both the carrier fluctuation
through the total spontaneous and stimulated emissions, the
photon fluctuation through the total stimulated emission, and
the intrinsic quantum carrier fluctuation source. The contri-
bution of the carrier fluctuation stems from the perturbation
in both the spontaneous emission probability and the stimu-
lated emission coefficient. Equation (15) indicates that the
time variation of the photon number fluctuation of the mth
longitudinal mode is influenced by both the carrier fluctuation
through the spontaneous and stimulated emissions to the mth
longitudinal mode, the photon fluctuation of the mth longitu-
dinal mode through both the stimulated emission and the
photon escape from the cavity, and the intrinsic quantum
photon fluctuation source.

The Fourier transforms of (14) and (15) are

jo  ANe(w) = Ay - ANe(w)

+ > Ay m ANp m(w) + Fe(w)  (16)
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jw - AN, m(‘*’) Aam ANe(w)
+Agm - ANp () + Fpm(w)  (17)
where
aRT G, _
A, =- =2_ . TN
YN, % N, pms
Ay == Gy,
_ G, OE, m)
Ay =T — v,
3,m < p,m aNe aNe >
A4 m =G r—— (18)

Tp

In (16) and (17) ANAw), ANp, m(w), Fe(w), and Fp ;m(w)
can be defined as

~+ oo

AN,(t) = AN, (w) 7% de,

Vo
~ + 00
ANy (1) = ANy, m(w) €% dw,

&/ —co
o 4 co

Fo(w) !« dw,

Fo(1)=

Fp,m(t)=~) Fp m(w) e/ dw. (19)

The Fourier component AN, ,,,(w) of the photon number
fluctuation in the mth longitudinal mode is obtained from
(16) and (17) as

(w) As
AN Fp,m ,
L TR P FE
Az,me,m(w)
Fo(w)+ m 19~ Aam
. 20
- (20)
where
a=ap tjor
Az mAs,mAa,m
= — + —_— 4 + .
DT, | z: 2+A

(21

Equation (20) indicates that the Fourier component of the
photon number fluctuation in the mth longitudinal mode is
caused by the intrinsic quantum fluctuation sources F,(w)
and F, 5, (w) through the following processes listed just below.

The first process is the direct contribution of the intrinsic
photon fluctuation source F, ,, in the mth longitudinal mode,
as expressed by the first term on the right-hand side of (20).
The photon fluctuation source Fp, p,, is multiplied by 1/(jeo+
1/7p = G, ), which indicates the existence of a resonance-free
spectrum with low-pass filter characteristics. The amplification
factor in the low-frequency region is determined by the recip-
rocal value of the difference between the theoretical threshold
gain and the actual gain.

The second process is that expressed by the second term on
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the right-hand side of (20), in which the intrinsic carrier fluc-
tuation source F, contributes to the photon fluctuation in the
mth longitudinal mode through the spontaneous and stimulated
emissions. “The term F, is multiplied by 1/a, which represents
the effect of interaction between photons and carriers, and
indicates the resonance peak spectrum above the threshold
current.

The third process is expressed by the third term on the right-
hand side of (20), in which the total intrinsic photon fluctua-
tion sources 2y, Fp » contribute to the carrier fluctuation
through the stimulated emission. Furthermore, the induced
carrier fluctuation contributes to the photon fluctuation in
the mth longitudinal mode through the spontaneous and stimu-
lated emissions.

The self-correlation spectrum for the photon number fluc-
tuation in the mth longitudinal mode is given by [18]

(ANp () - ANp (W)

1 A% .
= w2 +A¢2; .{OC’OL* . (Fe2(w)>
m

+ 1+ %,m Z A%,m
a-a® o w? A,
2A2 ,mAs m( O‘RA4 m ~ war) 2 /
a-a®(w? +43 ) Fp,m(@)
'"Ag,m 21‘12,mA4,m 20CRA3,m
+[a,a*'Z w2 + A2 + T
m am -

AF(w) - F,,,m(w»} (22)

where o * denotes the complex conjugate of o in (21).
The cross-correlation spectrum for the photon number fluc-
tuation between the kth and /th longitudinal modes given by

AN, 1(w) * ANp ()}

_ 1 .{As,kAs,l
(w=Aax) (jw-As) | @ a®

. [(Fg(w»— >

2A4,mA2,m

w? +A‘2; . “(Fe(w) - Fp,m(w)>

2
2,m

S LAY
! % w? + A2 <F”’"’(w))]

Az Az i
——=— (F2 ()
‘X*(‘]W‘A4,k) (e2)

A3z xAa A
— R (FE () - (Fo(w
a(jw = Aa, ;) i) ()

(23)

The self-correlation spectrum (22) denotes the photon num-
ber fluctuation in the mth longitudinal mode itself. On the
other hand, the cross-correlation spectrum (23) denotes the
photon number fluctuation originating in the interaction be-
tween the kth and /th longitudinal modes. The sign of the
cross-correlation spectrum is plus or minus, depending on both

Asx
Fp (o) + T AFp(w) - Fp, ,(w)>}.
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the dc bias current and the number of photons in the related
longitudinal modes. The noise power obtained by the summa-
tion of the self-correlation spectrum alone, over the total of
the longitudinal modes, attains a value greater than that calcu-
lated by about 15 dB, including both self- and cross-correlation
spectra. This indicates that the total noise power is reduced
by the interaction between different longitudinal modes. This
phenomenon has been observed in a multimode oscillating
AlGaAs laser [19], [20].

The mean-squared fluctuation density of the intrinsic quan-
tum noise source is given by the Fourier transformation of
correlation functions (9)-(11) as

(FYw))=P+R3, + Z oo, m T

+ (.E—'cv,m - Em

N —
Fp (o)) = =224 By ¥ (1 + Np,1m)
p

+(E—,cv m "~ am)r‘jvp m +Pz'n,m, (25)
(Fe(w) Fp m(w)>" cv, mI'(1 +Np m)
- (Eu,m - m)PNp,m-

The total photon number fluctuation spectrum (AN3(w)),
due to multilongitudinal amplified spontaneous emission, is
given by [18]

(ANj(w))=Re {Z D AAN, (w) - AN;,,(w»}. (X))
k 1

)T Np,m], (24)

(26)

The normalized noise power spectrum (i2(w)), detected by a
photodetector with unity load resistance and unity bandwidth,
is expressed by

o2
(ip(w)) = (ANHw)) X =5 (28)
p2 .
Here, e is the electron charge, and 7, =[(Co/L) - In (1/A/R,)] ™
is the photon lifetime determined by the output mirror reflec-
tivity. The actual noise power P,{w) measured in an experi-
ment is given by

Pp(w) = (ig(w)) - Ry Bon. (29

Here, np is the photodetector quantum efficiency including
the coupling loss between a laser diode and a photodetector,
B, is the detection bandwidth, and Ry, is load resistance.

B. Photon Statistic Master Equation

Shimoda, Takahashi, and Townes (abbreviated as STT) have
analyzed the noise characteristics of a traveling wave-type
maser amplifier by means of a photon statistics master equa-

tion [14]. The rth order momentum of a photon number
{n") is expressed by
dim 1
dr = (Ecv,m ~Eyeom - _> (n) +Ecv,m, 30)
Tp
d{n®) 1
=2 (Ecv m = Bye,m '_') (n?)
dt ’ ’ Tp
1
+ <3Ecv,m +Eye,m +'T_) <’7>"'Ecv,ma 31
P
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Fig. 1. Framework of the theoretical formulations.

i (7')[“" + 1)) Egy m + 1™ ™) Eyg,
j=o \J ’
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™

This formulation has been extended to FP cavity type laser
amplifiers, taking account of the input signal term and the FP
resonant profile for multilongitudinal spontaneous emission
photons [1]. The single-pass gain G is assumed to be constant
over a single longitudinal mode.

Low-frequency noise power in the output of an FP cavity
type amplifier is expressed by

(i2y = 62{ (1-Ry)(1 - R,)Gs
" (1- VR1R, Gy)?

+ S A+R G (1~ Ry) (G- ymy (Co
1-R,R,G? 2L
142 ¢

<n0>

my
(1+R;Gy) (1-R)(1- Ry G(Gs-1) vy
(1 - \/RleGs)4
+ Z(l + R1GS)2(1 "RQ)Z(GS '1)2’)’2(1 +R1R2Gs2)mt
my (1 ‘RleGsz)3

_<@>+[(1‘R1)(1'R2)Gs :
2L (1 - VR R,Gy)*

- ((n%) - (n0>2 - (l’l()))} .

+2 <n0>

(33)

Here, (ng) is the mean photon number per second incident on
the amplifier, R, and R, are, respectively, input and output
mirror reflectivities, m; is the number of transverse modes, Cy
is the light velocity in the amplifier medium, L is the amplifier
length, and 7 is the ratio of the spontaneous emission proba-
bility to the net gain coefficient ¥ = Ecy m/(Eco,m = Eve,m)-

The five terms on the right-hand side of (33) represent ampli-
fied shot noise, spontaneous emission shot noise, beat noise
between signal and spontaneous emission, beat noise between
spontaneous emission components, and signal excess noise.
The last term disappears when the input signal is completely
coherent.

Photon statistic master equation analysis (33) gives noise
power as an analytic function of single-pass gain. Single-pass

gain Gy should be calculated with the gain saturation effect,
and is obtained by rate equation analysis. As shown in Fig. 1,
the single-pass gain is expressed as

1
Gy =exp [(a G- aL> L]

where G,,, [s7!] is the stimulated emission coefficient given
by (6), and a is the loss coefficient.

(34)

III. COMPARISON OF EXPERIMENTAL AND
THEORETICAL RESULTS

A. Experimental Procedure

A diagram of the experimental setup for the measurement of
noise power and signal gain is shown in Fig. 2. The laser ampli-
fier is a double-heterostructure AlGaAs laser of the transverse
junction stripe type [21]. The emission wavelength is 840 nm
and the cavity length is 200 um. The oscillator was separated
from the amplifier by an optical isolator with a 1 dB insertion
loss and 32 dB isolation loss [22]. The oscillator and ampli-
fier were mounted on copper heat sinks, which were tempera-
ture-controlled to within +0.02°C.

Optical frequency matching and detuning between the input
signal and amplifier FP longitudinal mode were achieved by
varying the amplifier temperature and shifting the FP longitu-
dinal mode frequency with respect to a stabilized oscillator
frequency. Optical frequency tuning was observed by a tele-
vision camera located at the exit slit of a monochromator.

Noise power was measured by a single detector technique
[8]. The frequency response of the Si-APD and of following
electronic amplifier circuits used for noise measurements, was
calibrated by the white spectrum shot noise induced by irra-
diating an AlGaAs LED light.

Noise power P, (w) measured by the spectrum analyzer is
expressed by

P (w) = {nh(iPveat (€ +2emp {ipno? (€¥*"*}R.B, Ge(w)
(35)

Here, {(g) is the avalanche multiplication factor-of the Si-APD,
(ipno? is the detector photocurrent when the total output
power from the laser amplifier is detected with an APD having
unity quantum efficiency and {g) = 1, np is the product of the
quantum efficiency of the Si-APD and the coupling efficiency

+ Pihermal(w) + Paark current(w).
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MASTER TY_MONITOR

ATT, CHOP

Fig. 2. Experimental setup for measuring noise power and signal gain
with an AlGaAs laser amplifier. Amplifier is a TJS laser with 840 nm
emission wavelength and 200 um cavity length.

of the laser light output into the detector surface, B, is the
resolution frequency bandwidth of a spectrum analyzer, R;, is
the load resistance, G.(w) is the overall frequency response of
the APD and electronic amplifier circuit, and Pyepmar(w) and
Pyark current(w) are the thermal noise power for measurement
equipment and the APD dark current shot noise, respectively.

The first and the second terms on the right-hand side of (35)
are the excess beat noise power and the conventional shot
noise power, respectively. The shot noise power increases with
APD gain by (g)***, where excess noise exponent x is 0.5 for
the Si-APD [23]. On the other hand, the excess beat noise
power increases with APD gain by {(g)?, as shown in Fig. 3.

The relative noise power {i2) of the laser amplifier output,
which is defined in the previous section as the noise power
generated in a unit of load resistance per unit of bandwidth in
A’ [Hz, is expressed by

(i = iMbeat + 2€Sippo)- (36)
Excess beat noise power {i2peq; is calculated from (35) as
(2 = P () = Prnermal(®) = Paark current(w)
et R BoGe(w)nh g
2elipno g
e it S (37
D

Relative noise power {i2) is obtained from (36) and (37). The
measured APD photocurrent (ig;,) in the avalanche multiplica-
tion condition is expressed by :

(3%)

Noise power measurement was carried out under conditions
where the avalanche multiplication factor {g) is 10 and the
resolution bandwidth By is 3 MHz. The coupling efficiency of
the laser light output into the detector surface was -9.0 dB
measured with, and -4.5 dB measured without optical signal
injection. The quantum efficiency of the Si-APD was 0.7 at
840 nm.

Signal gain measurement was carried out by chopping the
input beam at 200 Hz, and by using phase sensitive detection
with a lock-in amplifier to eliminate the effect of spontaneous
emission. By measuring the ratio v of the output signal power
at a resonant condition to that at a nonresonant condition, the
single-pass gain G, and the overall signal gain Ggp, can be
obtained as [4]

1 Vo -1

Gy =—

VR.R, Vo +1°

GE = np ipno) (8.

(39)
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Fig. 3. Excess beat noise power detected by Si-APD versus avalanche
multiplication factor. Laser is biased at J/Ji = 0.97, where beat
noise power predominates over shot noise power. The light beam,
chopped at a frequency of 225 Hz, is focused onto photosensitive
area of Si-APD. Induced excess beat noise power is amplified by 30
MHz RF amplifier with 1 MHz bandwidth and is detected by calibrated
lock-in amplifier [24].

G _{ (]‘\/RleGs)2 + 4\/R1R2
Tl -R)(A-R)G, (1-R)(1-Ry)

. sin? [217(110; Vo)L] } _1.

Here, » is the incident signal optical frequency and v, is the
cavity resonant mode frequency. The modal facet mirror
reflectivity R and the mode confinement factor I' of this sam-
ple are, respectively, calculated to be 38 percent and 0.52,
using a slab waveguide model [25].

The threshold was determined by intersection of the inter-
polation of the spontaneous emission and the stimulated emis-
sion power in the light output versus current characteristics.
The threshold current of the amplifier was determined at the
resonant condition temperature by taking account of the mea-
sured temperature dependence of the threshold current.

(40)

B. Total Noise Power in an AlGaAs Laser Amplifier

Experimental results on relative noise power (i2), under sig-
nal injection, versus amplified signal level are shown in Fig.
4. The amplifier is biased at J/Jy, = 0.97, where signal gain is
measured to be 20 dB. The total noise power consists of ampli-
fied signal shot noise, spontaneous emission shot noise, beat
noise between signal and spontaneous emission, and beat noise
between spontaneous emission components. This is shown in
Fig. 4.

Beat noise power between signal and spontaneous emission
is obtained by subtracting the beat noise power between
spontaneous emission components, which is measured without
signal injection, from the total noise power which is measured
at various injection signal levels. The shot noise powers are
obtained by employing the same procedure as was mentioned
above, in which the second term on the right-hand side of (36)
is calculated using the measured detector photocurrent.

Beat noise powers predominate over the shot noise powers.
The dominant noise in the laser amplifier is the beat noise
between spontaneous emission components below the - 40 dBm
input signal level. On the other hand, beat noise between signal
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signal gain is measured to be 20 dB. Jiy is the oscillation threshold
current for the amplifier. A4: Total noise, B: Beat noise between
spontaneous emission components, C: Beat noise between signal and
spontaneous emission, D: Total shot noise, £: Spontaneous emission
shot noise, F': Signal shot noise.

and spontaneous emission is dominant above the - 40 dBm in-
put signal level.

Measured total noise power and theoretical values calculated
by both rate equation analysis and photon statistic master
equation analysis are shown in Fig. 5. They are given as func-
tions of amplified signal output power. The experimental
results are in reasonable agreement with both theoretical
predictions.

The total noise power, calculated by the photon statistic
master equation, can be broken down into two beat noise
components. The beat noise power between spontaneous
emission components begins to decrease at an amplified signal
level higher than - 10 dBm, due to the gain saturation effect.
The beat noise power between signal and spontaneous emission
increases with the amplified signal level. Its saturation at a
high amplified signal level is not so strong as that in the beat
noise power between spontaneous emission components.

C. Beat Noise Between Signal and Spontaneous Emission

Beat noise power between signal and spontaneous emission
is shown in Fig. 6 as a function of the amplified signal level.
Theoretical values derived by rate equation analysis are ob-
tained by subtracting the beat noise power between sponta-
neous emission components, under no signal injection, from
the total noise power at various injected signal levels. In the
rate equation analysis the parameters are assumed to be: full
bandwidth 2AFE for a positive net gain (G,, > 0) at 140 A,
loss coefficient oy, at 15 cm™, recorabination coefficient B at
1 X 107% ¢m?s, and the band-tailing parameter Ey at 20 meV.

The amplifier is biased at J/Jy, = 0.97, where signal gain is
20 dB. Experimental results lie between curves calculated by
rate equation analysis and photon statistic master equation
analysis. Below - 10 dBm, that is, the saturation output power
[4] at which signal gain decreases by 3 dB from the unsaturated
value, beat noise power between signal and spontaneous emis-
sion is proportional to amplified signal level Py [W], and is
expressed by (i)sigsp =2 X 10716 - Py [W].
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Fig. 6. Relative beat noise power between signal and spontaneous
emission, versus amplified signal output power. Amplifier is biased
at J/Jip, = 0.97, where signal gain is 20 dB. Solid and broken lines
are calculated low-frequency values obtained by rate equation analysis
and photon statistic master equation analysis, respectively.

The beat noise power spectrum between signal and sponta-
neous emission at J/Jy, =0.97 is shown for various amplified
signal levels in Fig. 7. Values calculated by the rate equations
indicate that the noise spectrum is flat up to nearly 1 GHz and
decreases with 772 above 1 GHz for the low amplified signal
level. However, for the high amplified signal level Pyy: >-10
dBm, resonance-like spectra appear. These seem to stem from
the reduction of the threshold current by signal injection. The
noise bandwidth for the low amplified signal level, at which
the noise power decreases by 3 dB from the low-frequency
value, coincides with the half width~half maximum gain band-
width Avy;, [4], which is expressed by

VI-R)A-R)
(2(R1R)2()1/4 g GFP/Z} - @)

Co .
Avy, =——-sin™?
V2T oaL {
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Fig. 7. Beat noise power spectra between signal and spontaneous
emission. Signal gain of the amplifier is 20 dB. Solid lines are calcu-
lated by rate equation analysis.

D. Beat Noise Between Spontaneous Emission Components

Noise power without signal injection is shown in Fig. 8 as a
function of dc bias current J/Jy,. Theoretical values for various
frequency components are calculated using the rate equations.
Spontaneous emission shot noise power that is calculated from
the measured detector photocurrent is also displayed by a
dashed line.

Noise power in completely incoherent or coherent light is
obtained except near the threshold and coincides with the shot
noise level. Near the threshold, the beat noise between sponta-
neous emission components predominates over the shot noise
by three or four orders of magnitude. Beat noise power be-
tween spontaneous emission components increases steeply
when the pumping rate is above J/Jy, = 0.9. Above the thresh-
old, the higher the frequency component, the larger the maxi-
mum noise level attained at a high pumping rate. This reflects
the resonance peak in the noise spectrum [9].

Beat noise power between spontaneous emission components
just below the oscillation threshold, which is the operating
region of the laser amplifier, is shown in Fig. 9 as a function of
the pumping rate 1-J/Jy. Experimental results measured
without signal injection lie between two theoretical values,
that is, calculated by rate equation analysis and photon statistic
master equation analysis. Beat noise power is independent of
frequency up to 1500 MHz and increases with the pumping
rate by (1 - J/Jy) ™25,

Spectrum for the beat noise power between spontaneous
emission components is shown for various pumping rates in
Fig. 10. Values calculated by rate equation analysis indicate
that below the oscillation threshold, the beat noise spectrum
between spontaneous emission components is flat up to nearly
1 GHz, and decreases with f~2 above 1 GHz. Above the thresh-
old, a resonance peak appears in the frequency range of from
several hundred MHz to several GHz [9].

Beat noise power between spontaneous emission components
is shown in Fig. 11 versus the signal gain. Signal gain is mea-
sured by the signal injection method [4] for various pumping
rates, using (39) and (40). Experimental results on the beat
noise power at the corresponding pumping rate are the same as
shown'in Fig. 9. They are plotted in Fig. 11.
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Fig. 11. Relative beat noise power between spontaneous emission com-
ponents versus signal gain at a resonant condition. Solid line (4) is
calculated by rate equation analysis. Broken line (B) is obtained from
both the noise power calculated by photon statistic master equation
analysis, and signal gain Gyp, calculated by active FP formulation.
Dash-dotted line (C) is obtained from both the noise power calculated
by rate equation analysis and the averaged gain G, which is given by
the square-root product of Gyp and G,. Here, G, is the signal gain
calculated by the rate equations.

Theoretical curve A is calculated by rate equation analysis
in which signat gain G,, is defined by (16) in [4] as the ratio of
the increment of the photon number extracted from the out-
put mirror to the injected photon number from outside the
input mirror. Theoretical curve B is obtained from both the
beat noise power calculated by photon statistic master equa-
tion analysis and the signal gain Gpp calculated by the active
FP cavity formulation given by (40). The difference between
these two theoretical curves stems from the underestimated
signal gain in the rate equation analysis and the overestimated
signal gain in the active FP formulation {4]. We have tenta-
tively redefined signal gain G using the square-root product of
G, and Ggp (=+/G.Gyp). Calculated curve C that uses aver-
aged signal gain G is in good agreement with experimental re-
sults. Beat noise power between spontaneous emission compo-
nents increases with the signal gain by

(iDsp-sp = 1.2 X 10724 - G164,

IV. DiscussioNn
A. Improvement of Noise Characteristics

Beat noise between signal and spontaneous emission is inevi-
table in a laser amplifier. Beat noise between spontaneous
emission components is, however, spurious and can be reduced.

Fig. 12 shows beat noise power between spontaneous emis-
sion components versus the pumping rate 1 - J/J,-for various
facet mirror reflectivities. They are calculated by rate equation
analysis.

Beat noise power at the same pumping rate is reduced by
increasing the mirror reflectivities. This is due to the high-
frequency selectivity of the FP cavity and reduced carrier
density at the threshold. In an asymmetrical cavity structure,
beat noise power in a configuration with high-input mirror
reflectivity and low-output mirror reflectivity is larger than
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Fig. 12. Relative noise power between spontaneous emission com-
ponents calculated by rate equation analysis versus the amplifier
pumping rate 1~ J/Ji,. Solid and broken lines show the symmetrical
and asymmetrical facet mirror reflectivity configurations, respectively.
R and R, are the input and output mirror reflectivities, respectively.

that in a configuration with low-input and high-output mirror
reflectivities. The difference between these two configurations
arises from the fact that the most spontaneous emission pho-
tons in the cavity are extracted from the low-reflectivity side.

Fig. 13 presents beat noise power between spontaneous
emission components versus signal gain for various facet mirror
reflectivities. Noise power is calculated by rate equation anal-
ysis, and signal gain G is tentatively defined by v/G_.Gyp.

Reduction in mirror reflectivities gives rise to higher signal
gain, due to improvement of the input and output coupling
efficiency [4]. The degree of signal gain improvement exceeds
degradation of noise characteristics resulting from reduction
in mirror reflectivities. Comparing noise power under condi-
tions where the same signal gain is obtained for various facet
mirror reflectivities, reduction of mirror reflectivity gives rise
to lower beat noise power between spontaneous emission
components.

In an asymmetrical mirror reflectivity structure, nearly the
same signal gain is available at the same dc bias level. There-
fore, beat noise power between spontaneous emission compo-
nents is reduced by the configuration providing low-input and
high-output mirror reflectivities. Beat noise power between
signal and spontaneous emission is also reduced by these
configurations.

B. Equivalent Noise Bandwidth and Excess Noise Coefficient
for an FP Cavity Type Laser Amplifier

Beat noise power between spontaneous emission components
can be analytically expressed as a function of signal gain G by
introducing the equivalent noise bandwidth A feq in the
manner

(i,%)sp_sp =e?G? Afeq. (42)
Here, e*>G? is the noise power per unit of optical gain band-
width generated in an ideal traveling wave amplifier [14].
Equivalent noise bandwidth Af,q includes transverse and longi-
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tudinal multimode effects, as well as a factor of 2 for polariza-
tion modes.

The values of Afeq, derived from the theoretical noise power
(i,%)sp_sp shown in Fig. 13, are tabulated in Table . A narrower
equivalent noise bandwidth is obtained by reducing the mirror
reflectivity. This suggests that internal signal gain in a low O
cavity is lower than that in a high Q cavity at the same net sig-
nal gain G, and that the amount of noise power generated in
the amplifying medium is smaller in the former case.

The dependence of equivalent noise bandwidth on signal
gain stems from the gain bandwidth narrowing in (41) that is
accompanied by the increase in the dc bias current by G™%°.
Noise reduction effect due to the frequency selectivity of the
FP cavity gives rise to a smaller equivalent noise bandwidth
than that for a traveling wave type amplifier without a noise
filter. ‘
 Beat noise power between signal and spontaneous emission
can also be expressed analytically by introducing the excess
noise coefficient x in the manner

<i31>sig-sp = 26(32/hV) Pout X. (43)
Here, h is the Planck’s constant, v is the optical frequency, and
P, is the amplified signal level.

The values of x calculated by photon statistic master equation
analysis are also tabulated in Table I. The values of x calculated
by rate equation analysis are slightly lower than those calcu-
lated by photon statistic master equation analysis. The depen-
dence of excess noise coefficient on signal gain stems from an
internal signal gain in the FP cavity that is higher than that for
a traveling wave amplifier. The excess noise coefficient x
decreases with reductions in mirror reflectivity and approaches
x = 1, which is the value for an ideal traveling wave amplifier.

V. CONCLUSION
Noise characteristics for an FP cavity type laser amplifier
were studied theoretically and experimentally. Quantum
mechanical rate equations containing a Langevin shot noise
source and an input signal term were solved for an exponential
band-tail model with no k-selection rule. The photon statistic
master equation method was also used to calculate the noise

power. Experimental results on noise power for an AlGaAs
laser amplifier were in reasonable agreement with both theoret-
ical predictions. Noise behavior of the AlGaAs laser has been
clarified by this work, in conjunction with Jickel’s [10], [18],
for the pumping range below and above the threshold.

Noise characteristics for the FP cavity type semiconductor
laser amplifier can be improved by both reducing the facet
mirror reflectivities and using an asymmetric cavity configu-
ration with low-input and high-output mirror reflectivities.
The latter seems to have the advantage in the premature stage
of the antireflection coating technique.

Equivalent noise bandwidth and excess noise coefficient are
defined as the figures of merit of the FP cavity type optical
amplifier. Two beat noise powers are expressed in simple
analytic form by using these new parameters, The noise power
characteristics against the amplified signal level, clarified here,
enable us to calculate the signal-to-noise ratio S/N, and error
rate performance of the laser amplifier system. Noise charac-
teristics improve as the FP type amplifier approaches the
traveling wave type amplifier.

Semiconductor laser amplifiers can be utilized in the future
as preamplifiers, linear repeaters, and booster amplifiers both
in a PCM-IM direct detection optical transmission system and
a coherent optical fiber transmission system. The preamplifier,
located in front of the photodetector so as to improve the
minimum detectable power, is a promising candidate in wave-
length regions above 1 um, where the APD dark current be-
comes marked and available gain is limited to a low value. Lin-
ear amplifier repeaters between electronically regenerating
terminal repeaters enlarge the regenerative repeater spacing by
compensating for the attenuation due to fiber loss. This opens
a possibility of transoceanic fiber cable systems without elec-
tronically regenerative repeaters. The booster amplifier, utilized
to compensate for the insertion loss and power splitting loss in
optical switches and power dividers, will be a key device in
constructing optical subscriber loops. The performance of
these optical direct amplification systems can be evaluated by
the error rate characteristics, using the above-mentioned signal-
to-noise ratio.
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TABLE 1
FI1Gures or MERIT OF FABRY-PEROT CAVITY TYPE OPTICAL AMPLIFIERS

Equivalent noise bandwidth *

Excess noise coefficient *%

Facet reflectivity Afe X
[ R , R, ] B
Gain Applicable range Value at Gain Applicable range Value at
L = 200 um dependence of gain (dB) G=20 dB dependence of gain (dB) G=20 dB
Symmetric [0.38, 0.38] 6.1x1013.¢70-38 7 - 30 1.1x1003 2.6 xc0-38 7 - 30 14.6
[0.06, 0 06]  1.7x1013.¢7038 435 _ 36 2.7x10"2 0.72xG° 30 13 - 36 3.8
{0.01, 0.01] hoax10 2670045 9 - 40 5.6x101! 0.36x60" 32 9 - 40 1.6
Asymmetric [0.38, 0.06]  1.2x10%%.g70-37 9 - 33 2.1x10%3 3.4 xc°-3° 9 - 33 20
[0.06, 0.38]  1.25%1013-¢7038 4 _ 33 2.1x10%2 1.0 xg?- 3% 9 - 33 4.9
W type 0, 0 ] Independent of gain 3 2K1012 Fedk Independent of gain 1
¥y
<12>_ <1’ -
Afe = ‘A_.%;_EEAEE, ; see Eq.(42) X = 444441%24§l§4§2-* ; see Eq.(43)
1 e” G 26 (e"/hy) P,

ut

Value calculated by photon statistic master equation using Eq (6) with AE = 70 &.
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Optlcal FM Signal Amphflcatlon by Injectlon Locked
and Resonant Type Semlconductor Laser Ampllflers

SOICHI KOBAYASHI, MEMBER, 1EEE, AND TATSUYA KIMURA, SENIOR MEMBER IEEE

Abstract—Optical FM signal amplification by semiconductor lasers is
studied by emphasizing their bandwidth characteristics. The laser is
operated either in an injection-locked mode or in a resonant amplifica-
tion mode by keeping the drive current above ot just below its threshold. -

The bandwidths of both amplifiers are evaluated by the reduction in
modulation sidebands and are compared with the bandwidths measured
statically by scanning the frequency of incident.CW wave. The JGB=
25 GHz gain bandwidth product is obtained for both operation modes
using a double heterostructure AlGaAs semiconductor laser.

The bandwidth obtained in the above procedure is in good agreement
with theoretical results.

I. INTRODUCTION

OHERENT optical transmission systems, in which optical
Camplitude, frequency, or phase are modulated to carry
information and are demodulated by heterodyne detection, are
expected to improve optical fiber communication system per-
formance, resulting in long repeater spacing and large informa-
tion capacity [1]. The possibility of a coherent FM signal
transmission system using a semiconductor laser transmitter
and an independent local oscillator has successfully been
demonstrated [2]. ‘ »

Important technologies related to a coherent FSK system

Manuscript received September 1, 1981; revised November 1, 1981.

The authors are with the Musashino Electrical Communication Labo-
ratory, Nippon Telegraph and Telephone Public Corporation, Tokyo,
Japan.

have been studied using semiconductor lasers. Direct frequency
modulation in a semiconductor laser has been studied theoret-
ically and experimentally [3]. Semiconductor laser spectral
line shape observation and linewidth reduction to less than 50
kHz, with an external grating feedback, have been reported [4]. .
Furthermore, single longitudinal mode operation of a semi-
conductor laser, directly modulated at a high data rate, has
been realized by injection locking [5]. An injection-locked
amplifier (ILA) and resonant type-amplifier (RTA) perfor:
mance using AlGaAs semiconductor lasers have also been
studied for CW or AM modulated input [61,[7].

This paper reports on amplification of frequency modulated
optical waves by semiconductor lasers operating in ILA and
RTA modes. Evaluation of bandwidth characteristics for the
two operation modes shows that the gain bandwidth product
is given by v/GB = 25 GHz in a double heterostructure AlGaAs
semiconductor laser. The bandwidth was measured by observ-
ing sideband amplitudes of frequency modulated waves at the
input and output of the amplifier.

The above results on bandwidth are in good agreement with
theoretical values. FM signal amplification  was measured in
microwave solid-state devices [8], [9]. Compared to these
devices, the ILA operation of semiconductor lasers enables
broad-band operation, since. the carrier frequency is by far
higher than that at microwaves. The ILA operation for a
semiconductor laser, as well as the RTA operation, will be use-
ful as devices for transmitters and recelvers in future coherent
optical transmission systems :
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