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The quantum noise properties of injection-locked semiconductor laser oscillators are investigated.
Included in the analysis are pump-noise suppression and squeezing of the injection signal. It is
shown that the main effect of injection locking is the reduction of the phase noise of the outgoing
laser light field. The influence that squeezing of the injection signal state has on the output state is
shown to be strongly dependent on the value of the linewidth enhancement factor. In general, little
or no noise reduction stands to be gained by squeezing the injection signal. It is also shown that un-
der idealized conditions, the spectral uncertainty product of the outgoing field will approach, but
never go below, the minimum uncertainty value given by the Heisenberg uncertainty relation.

I. INTRODUCTION

In recent years the redistribution and suppression of
optical quantum noise have been drawing considerable at-
tention.! 3 Several authors*~7 have calculated the noise
properties of lasers that are pumped by noncoherent
fields or that have the vacuum fields incident on the open
port replaced by squeezed vacuum. In this paper we have
calculated the amplitude and phase noise spectra of an
injection-locked semiconductor laser oscillator. Here, an
injection-locked laser is a laser that is forced to oscillate
at the frequency of an optical injection signal. The laser
may be pumped by a noise suppressed current and the in-
jection signal may be in a squeezed state. (The input field
may even be a squeezed vacuum state, although such an
operating mode can hardly qualify as injection locking.)
From the external field spectra, the spectral uncertainty
product has been calculated. An earlier treatment of the
quantum noise properties of an injection-locked laser can
be found in Ref. 8.

Specifically two important questions are addressed in
this paper. It is known that reducing the pump noise in a
laser will result in amplitude fluctuations in the signal
lower than the standard quantum limit.* It is also known
that injection locking of a laser can reduce the phase
noise of the signal by several orders of magnitude.? Com-
bining these techniques, is it possible to reduce the phase
noise of the laser while maintaining the amplitude noise
level of a free-running pump-noise suppressed laser? The
answer is no, and thus, Heisenberg’s uncertainty relation
cannot be violated. The next important question is if the
phase noise of an injection-locked laser can be further re-
duced by squeezing the phase noise of the injection sig-
nal. The answer is yes, but the phase-noise reduction is
only a small amount. Heisenberg’s uncertainty relation is
preserved in this case as well.

We have concentrated our efforts on semiconductor
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laser oscillators, the most notable difference from gas
lasers being the coupling between the real and imaginary
parts of the electric susceptibility operator in the former
case.’” This coupling seriously degrades the phase noise
performance of a nonideal semiconductor laser as com-
pared to an ideal one, lacking this coupling. It is known
that the inclusion of this coupling is of utmost impor-
tance in applying theory to predict experimental results.
In our calculations no attention has been paid to the
dynamical stability of the solutions obtained. As shown
in a number of papers,'®”!® the locking bandwidth pre-
dicted by a linearized analysis is greater than the band-
width over which stable injection locking actually is pos-
sible.

The calculations performed in this paper are based on
the model presented in Ref. 14. This model, graphically
shown in Fig. 1, assumes that the laser’s rear mirror
reflectivity is equal to unity. Thus the cavity couples to
one external field mode only. In addition, the reflectivity
of the front mirror is assumed to be close to unity.

F°+,f\
A
A
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laser medium

FIG. 1. Model of an injection-locked laser oscillator. A is
the internal field, Fy+ f is the injection signal, and ? is the out-
put field.
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II. LANGEVIN EQUATIONS

In order to analyze an injection-locked laser oscillator,
first we establish the Langevin equations for the internal
photon field, the dipole moment, and the electron system
for a laser with an injection signal. Then we use the rela-
tion between the internal and external photon fields to-
gether with the correlation functions between the
different noise sources to calculate the internal and exter-
nal amplitude and phase-noise spectral densities.

A. Internal field

The Langevin equation for the internal field A(r) is
given by'*

d/'f(t)=__l O .0~ o~ |aA
” > Q+12co, MZ(Xi iy,) |A()
172 172
+ | [ SxD) | Feo+ 5’ ] fu
7 0
172
(4] 7 —iwt
+ o [Fo+f ()] e ™, @.1)

where we have introduced F,+ F(1) as the amplitude of
the injection signal. Here F, is the classical excitation
and f(1) is a ﬂuctuatlon operator. Depending on the
choice of F, and F(r), the injection signal may be a vacu-
um state, a coherent state, or a squeezed state. The opti-
cal angular frequency of the injection signal is denoted by
. The total Q value Q of the laser cavity depends on the
external (mirror) losses Q, and the internal losses Q, ac-
cording to

Q Qe QO
The angular resonance frequency of the unpumped cavity
is denoted w,, u is the refractive index, and Y is the elec-

tronic susceptibility operator, whose imaginary part
equals the stimulated emission gain:

(2.2)

W ~ .. —~

2X: Euc (2.3)
u
where E,, and E, are the operators of the stimulated
emission and absorption rates, respectively. The noise
operators fg(t), f 1(t), and F (1) are associated with the
gain mechanism, the internal losses, and the injection sig-
nal fluctuations, respectively. We use a tilde to denote
operators for the electron system and a circumflex to
denote operators for the photon field system.

The Langevin equation for the total excited electron
number operator N, (t) is given by!*

dN (1) N.()
:p —

dt Tsp

+T,(0)+ T,

_(Ecv_Euc )ﬁ(t)_“(Ecv)

)+, (2.4)

where p is the pumping rate, 7, is the lifetime of the elec-
trons due to spontaneous emlssmn, and ()= A4 T(1) A(1)
is the photon number operator. The three last terms in
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Eq. (2.4) are fluctuating noise operators: f“p(t) is the
pump noise, I‘ (t) is the spontaneous emission noise, and
I'(z) is the dlpole moment fluctuation noise.
For the noise sources in Egs. (2.1) and (2.4) we use the
shorter notations

172 172
A= |2 | Few+ || fuo
U Qo
o 172
+ || Ffo, 2.5
Q. 4
F.()=T,()+T(0+T() . (2.6)

In order to analyze Egs. (2.1) and (2.4) we expand the
operators into mean and fluctuating parts according to

N.(t)=N_+AN(1), 2.7)

A)=[dy+AA(r)]e T ThoTas) 2.8)

A=A A =[4,+0A(D)]
~A3+24,0A4(1), 2.9

- - d{x;) _

xi={x)+ dN.g AN, , (2.10)

- -~ a{x,) _

x.={x, )+ dN.g AN, . (2.11)

Here N, A,, and ¢, are the average excited electron
number, ﬁeld amplitude, and phase (¢ numbers). ANC,
AA and Ad) are the Hermitian excited electron number,
field amplitude, and phase operators. Although this Her-
mitian phase operator is not correct in a strict quantum-
mechanical sense, cf. Ref. 15, it is known that Eq. (2.8) is
a good approximation when the photon number A3 is
much larger than unity.
We also introduce the notations

1 W d(i(t)
— =2 42 , 2.12)
Tst NZ 0 chO
wo=0,+ 222 x,), (2.13)
d{x,) ,d{x;)
a=Xr X , (2.14)
dN,, dN,,
= {Ea) (2.15)
N/’ ’
(E,)
ngG,2=———————, (2.16)
* (E,)—(E,)
and
G="=(x), 2.17)
u

where 7 is the electron lifetime due to stimulated emis-
sion, @, is the resonance angular frequency of the
pumped cavity including the frequency shift introduced
by the injection, a is the linewidth enhancement factor, 8
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is the spontaneous emission factor, ng, is the population
inversion factor, and G is the average of the stimulated
emission gain. The Q values are replaced by photon life-
times according to

o 1
Q'
Two steady-state equations are obtained from the

nonfluctuating real and imaginary parts of Eq. (2.1) using
Egs. (2.5), (2.8), (2.10)—(2.14), (2.17), and (2.18):

(2.18)

=
e

F 172
G= 1,20 L cosdy , 2.19)
T, Ay Tpe
F() 1 172
O—wy=— A, o sing,, . (2.20)

Equation (2.13) can be rewritten, with the help of Egs.
(2.14), (2.17), and (2.19), as

d{x,) 1
(0] ~ r
= +— _ +—. G___
W=, 20 <Xr)|G-—I/rp dG T,

- a|lc_1

=w,ot 2 G -

Fy 172
= —a— , 2.21
W, 45 | 7,0 cosg (2.21

Thus w,, is the resonance angular frequency for the
pumped cavity, when the laser is lasing in the absence of
any injection signal, since F,=0 implies that G =1/7,.
In the following calculations w,q is constant. The detun-
ing parameter Aw is defined as the angular frequency
difference between the injection signal angular frequency
o and the resonance angular frequency of the cavity o .
Together with Eqgs. (2.20) and (2.21) it is expressed as
L

T

F
Av=0—w,y=—(singg+a cos¢0)——0—
AO pe

(2.22)

Equation (2.22) gives the possible locking bandwidth
R 1 12

Tpe Tpe

FO
<Ao< —

F
.__(1+a2)1/2 Y
AO

0

(2.23)

This bandwidth is obtained by noting that the condition
G—1/7,20 must be fulfilled,”” implying that
—m/22¢,=m/2. When a7#0, the detuning range be-
comes asymmetric, cf., for instance, Refs. 10, 11, and 13.

The nonfluctuating part of Eq. (2.4), together with Eqs.
(2.3), (2.6), (2.7), (2.9), (2.10), (2.12), (2.15), and (2.17), re-
sults in the steady-state equation

NcO
p=(1+pB)

+GA2. (2.24)

Tsp

A normalized pumping parameter R can then be defined
by
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R= L (2.25)
Pino
where
— Nco
Pmo=(1+B) , (2.26)
Tep

which is the threshold pumping rate for the free-running
laser. An expression for 7 can then be obtained by as-
suming a linear dependence of the gain on electron num-
ber:

1 _Rn

s

Tst Tsp

(2.27)

The fluctuating part of Eq. (2.4) and the fluctuating
real and imaginary parts of Eq. (2.1) give the following
linearized equations for the noise operators, when the
terms in the order of A2 have been neglected:

%Aﬁc(t)=A1ANC(z)+ A,AA+F, (1), (2.28)
%Aﬁ(t)= AAN()— A0 A()— Ag AAB D+, (1)

(2.29)

d B 4 AN A\ 20— A Adis)— L
1A= 4,AN, (1) + AOAA(t) AsAd(1) Aoﬁ,m,

(2.30)
where
a,=—-"1-1 (2.31)
Tsp Tst
A2=_2AoG > (232)
1
A= R 2.33
P 2407y 233
a
Ay= , (2.34)
2457,
F, i 172
A s = —‘—A: Tpe COS¢0 N (2.35)
F() 172
Ag=——|—| sing,. (2.36)
AO pe

The operators ﬁ, and A, ; are the Hermitian quadrature
noise operators:

ﬁr=%(ﬁe[[¢o+z&¢(t)]+ﬁ to ~ildotadin]) (2.37)
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,=%<ﬁe”‘”°+“$“”—ﬁTe“["’°+A$"’]) . (2.38)
Fourier transforming Eqgs. (2.28)—(2.30) gives
iQAN,(Q)=A4,AN(Q)+ 4,AA(Q)+F.(Q), (239
iQAA(Q)=A4;AN,(Q)— A;AA(Q)— Ay AAd(Q)
+H,Q), (2.40)
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”~ =~ A A A~
iQAG(Q)= A4ANC(Q)+76—AA(Q)—A5A¢(Q)
0

La
——H;(Q 2.41
A, () (2.41)
From these equations N,(Q) is eliminated and expres-
sions for the internal amplltude and phase noise A A4(Q)
and A@(Q) are obtained as

)= (B3+iB,)F,.(Q)+(Bs+iB¢)H,(Q)+(B,+iBy)H,(Q)

A , 2.42

B, +iB, (2.42)

AGQ) = (By,+iB,)F,(Q)+(B,s+iBs)H,(Q)+ (B3 +iB,,)H,(Q) 043
The expressions for the B coefficients are given in the Appendix.

f

B. External field C;=4,C,, (2.52)

The output wave ?(¢) is related to the internal field C,=4,C,—F,, (2.53)

A(t) and the injection signal F, through'* 7= i Fe 'M“)'Ff to—iadiny) (2.54)

172
P)=—[Fo+F(1)]+ A . (2.44) fi=-2l;(feiA¢(’)—f+e‘iA¢(')) . 2.55)

e

As in the case of the internal field calculations, the opera-
tors are expanded according to

i{¥p+ad(n)

H=[ro+A?()]e , (2.45)

~i[¢y+Aadin)

A()=[A,+AA(D]e (2.46)

The phase 3, of the external field has to be introduced,

since in the case of nonzero injection, the internal and

external fields’do not have the same phase. The steady-

state solution of (2.44)-(2.46) is

ro= . A} +F}
Tpe

172
cosd

172

—2F A, T_
pe

(2.47)

The equations for the fluctuating parts are (when 1, has
been expressed in ¢)

C A~ A ~
r—4A?(t)+C3[A¢(t)—A¢(t 1=—F.()+C,AA(r),
0
(2.48)
C S
—r—A’? )+ C,[Ad(1)— Ad(1)]
0
=—fi()—C,AA(t)—FyAd(r) , (2.49)
where we have introduced
= ‘—1— cosdy , (2.50)
-
pe
L 12
C,= [ ] sing, , (2.51)
pe

In the absence of an injection signal ¢,=0 must be used
to obtain the correct equations for a free-running laser,
cf. Eqgs. (5.1) and (5.2) in Ref. 14. The solutions for the
external amplitude and phase noise A?({}) and Az[z ) of
Eqgs. (2.48) and (2.49) are

AP(Q)=Cy[CoA A (Q)+C1pAd(Q)+C,, . (Q)

+CpL W1, (2.56)
AP(Q)=C5[C4A A(Q)+C,A(Q)+C, 7, (Q)
+C, fi(Q)] . (2.57)

In these equations A A (L) and A$(Q) can be substituted
by the expressions in Egs. (2.42) and (2.43). In order to
obtain the noise spectra, the correlation functions be-
tween the noise operators have to be known. They can be
deduced as'*

DH,(u)) = L L (1+2n,)
4 KTpe Tpo
+(ECU)+(EUC>}8(I—u), (2.58)
0By =1 | | L+ L (142,
4 Tpe Tpo
+(Ew)+(Evc>]8(t—-u), (2.59)
= NcO =
(F(t)F.(u))=|p+ +(E, ) (A43+1)
sp
+(EUC)A(2)]5(t—u), (2.60)
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N Ay - B fw)=(f (0B )
(Fc(t)H,(u)>=—To[(Ew)+(Euc)]8(t—u), ey (HOLw) = (08, ’1‘/2
k|1 —
(F.(0A,(u))=0, 2.62) T4 |7, | (Prwlcoshaldle )
<ﬁ,(t)ﬁ,»(u))+(ﬁ-(t)ﬁ (u))=0, (2.63) (2.70)
(FAf ) =——(14+2n,)8(t —u) , (2.64)
4 The factor « is the squeezing factor of the injection sig-
PAIPN _kK . nal. If the injection signal is in a coherent state, k equals
(Fiofiw) (142n,)8(t —u), 2.65) unity. However, if the quantum noise of the injection sig-
P P nal has been redistributed by squeezing, k can take on
(L fiw)+L{fi(0fw) =0, (2.66) any positive value. Reduced amplitude (in-phase) noise
(g ( f (u))= (f () A (u)) in the input signal is characterized by x> 1, and reduced
. 12 phase (quadrature-phase) noise is characterized by « < 1.
_ 11 (14 2n, Ncosdg)d(t —u) , The quantity ny, is the pumber of thermally generated
4k | Ty photons, which is approximately equal to zero at room
temperature and optical frequencies:
(2.67)
A A A A — ﬁw/k T_ —1 —~
(HOF )y =(F(OH (w) nn =l D=0. 271
172
1|1 (1+2n,, )(sindg)8(t —u) , From (2.3) and (2.15)-(2.17) the stimulated emission
4 | The and absorption rates are calculated as
o A (2.68) (E,)=Gn,, , @72
(B,(0f () =(Fi(0A,(u))
111" <Euc>:G(nsp_1) . (2.73)
=% } (14+2n, )(singy)d(t —u) ,
Finally, the resulting expressions for the internal and
(2.69) external amplitude and phase-noise spectral densities are
J
given by
P, )=(4 @A)

(B} +B})P; (Q)+(B3+B})Py (Q)+(B3+B})P, (Q)+2(B3B;+B,By ){F.(QA,(Q))

<

— , (2.74)
B}+B3
PAd?(Q): - : 2 2 : ’
By +Bi,
(2.75)

PA?(Q)=(D$+D§)PFC(Q)+(D%1 +D?, )Pﬁl(m+(1)§+1)%0 Py (Q)
+C§[C%1Pf’(ﬂ)+cf2Pf‘(Q)]+2(D7D9+D8D,0)(Fc(ﬂ)ﬁ,(ﬂ)>
+2C4[C Do (H,(Q)F,(Q))+C, D, (B(Q)F,(2)) +C, D H(Q)F,(Q) +C,D, (B (Q)F ()],
(2.76)
PAJ(Q)=(D%+D§)PFC(Q)+(D§+D§)P9‘_(Q)+(D§ +D§)Pg’(ﬂ)
+C§[C%Pf’(0)+C§PfI(Q)]+2(D1D3+D2D4)(FC(Q)}?,(Q

+2C5[C3D3 A, (Q)F,(Q)) +C3D{ A,(Q)F,(Q)) +C,D; (B, () F,(Q) +C, D B (QF ()] . .77

Equations (2.76) and (2.77) will be analyzed in Secs. III B and III C. The expressions for the C and D coefficients are
given in the Appendix.
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III. RESULTS

A, Steady state

When the steady-state equations (2.19), (2.22), (2.24),
and (2.47) are solved by the use of (2.3), (2.15)-(2.17),
(2.25), and (2.26), the external amplitude r, and the inter-
nal amplitude, phase factor, and gain, 4., ¢,, and G, re-
spectively, can be obtained as functions of the normalized
pumping rate R and of the strength and the detuning of
the injection signal F, and Aw, respectively. Some exam-
ples of these functions are shown in Figs. 2-4. The
following numerical parameters were assumed for the
diode laser: 7,=2X107%s, 7,,=2.5X107"% 5, 7,,=10
X107'2s, B=2X 107>, n,,=2,and a=2.

Since the parameters R and F,, have different dimen-
sions and are of different orders of magnitude, Fj, is nor-
malized according to the following arguments. In the ab-
sence of injection, the number of photons inside the cavi-
ty is given by

1+B
sp B *
If a strong resonant injection signal (Aw=0) is applied,
so that the number of photons in the cavity that are
created through the pumping process is negligible com-

pared with the number of photons that are injected, then
the number of photons in the cavity is given by

4F3T

Tpe l14+a®

no(R#0,F,=0)= A3=Rn (3.1

no(R =0,Fy#0)= (3.2)

The comparison of Egs. (3.1) and (3.2) suggests the fol-
lowing normalization of the injection signal (disregarding
a):

_ 4F3BT?
S=— (3.3)
ng,(1+B)7,,
105 T T
(=3
<
Q
e}
2 10t}
g
o]
& 108
3
=]
g
=
= 10? : . -
104 1072 1 102 10*

Normalized injection signal S

FIG. 2. The internal amplitude as a function of the normal-
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X
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Normalized injection signal S

External field amplitude ro (s~1/2)
-t
9

FIG. 3. The external amplitude as a function of the normal-
ized injection signal with the internal losses as a parameter.
R =10, Aw=0, a=0. a, T7,/70=0; b, 7p/THo=1%; &
Tpe /Tpo=1; d, Tpe /Tro=4.

where S is dimensionless.

Figure (2) shows the internal field amplitude 4, as a
function of the injection signal strength for different nor-
malized pumping rates R and linewidth enhancement fac-
tors a. The breakpoint where the injection signal starts
to dominate over the pump is clearly seen. As expected,
it is approximately given by S =R when a=0 (curves a
and ¢), and Aw=0. Around that point, the internal gain
G decreases from its initial value of l/TP to zero, cf. Eq.
(2.19).

Figure 3 shows the external amplitude r; as a function
of the normalized injection signal S for varying photon
lifetimes due to internal losses 7,, while the photon life-

P
time due to mirror losses 7,, is constant. If 7

P
the laser has no internal losses (curve a), injection locking

will always increase the external amplitude. If the laser

0—> %, i.e.,

?1.5 T -
T

. :

"U b

2

=]

g

_‘;‘0.5

] d

L‘: 3

=

=1

£ o .
g 1 0 1

Normalized detuning Aw/Awmaz

FIG. 4. The normalized external amplitude as a function of
the normalized detuning with the internal losses as a parameter.
R=10,5S=1,a=0. a, 7, /7,0=0; b, Tpe /fpo=%; ¢ Tpe /Tpo=1;
d, Tpe /Tro=4.

ized injection signal with the normalized pumping rate and the
linewidth enhancement factor as parameters. Aw=0. a,
R =10, a=0; b, R =10, a=2; ¢, R=0.1, a=0; d, R =0.1,
a=2.
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on the other hand suffers from internal losses that are
smaller than the mirror losses 7,, <7,,< © (curve b), the
external amplitude will increase at strong injection sig-
nals after a weak decrease at medium injection signals.
When 7,,=7,, (curve c), the external amplitude will de-
crease to zero for high injection signal levels. (In this
case, the reflected part of the injection signal interferes
destructively with the outgoing part of the laser field, and
all injection signal photons are absorbed in the cavity.)
Finally, when the internal losses are greater than the mir-
ror losses (curve d), the external field amplitude changes
sign for some value of the injection. This is a conse-
quence of the fact, that for low injection S <<R the out-
put consists almost only of photons generated inside the
laser, but for high injection S >>R the output is mainly
the reflected injection signal. These two contributions in-
terfere destructively with each other, cf. Eq. (2.44).

The influence of the detuning parameter Aw on the
external amplitude is shown in Fig. 4 for different values
of 7,5, while 7,, is constant, in the case of a=0. Note
that 7, is normalized by its value at zero injection and
that Aw is normalized by its maximum (positive) value
Awp =Fy/( Ao\/fpe ), cf. Eq. (2.23). The significance of
the internal losses is seen: A high Tpo (low internal losses,
curve a) results in a lower sensitivity to detuning. The
reason why ry has a minimum when Aw=0 and a max-
imum when Aw=Aw,,,, is as follows. When Aw=0, the
part of the injection signal that enters the cavity is in res-
onance with the cavity. This part of the injection signal
then interferes destructively outside the cavity with the
part that is reflected at the input/output mirror. When
Aw=Aw,,, the injection signal is not affected by the gain
medium in the cavity. Thus the output signal consists of
the reflected injection signal from the input mirror and
the light generated inside the cavity, added as intensities.
This is obtained from Eq. (2.47) together with ¢,=—1/2
from Eq. (2.22).

B. Noise spectral densities

The external amplitude and phase-noise spectral densi-
ties are calculated from Egs. (2.76) and (2.77). The re-
sults for a laser with the above-mentioned numerical pa-
rameters are shown in Figs. 5-7 for different injection
rates, detunings, squeezing parameters, and linewidth
enhancement factors. The calculated Fourier spectra are
single sided, normalized spectral densities per hertz as
functions of frequency in hertz, cf. Ref. 4.

The normalized external phase-noise spectral density
rip 23(Q), where r3 is the normalization factor, is shown
in Fig. 5(a) as a function of frequency Q/(2m). This
figure demonstrates that an increasing injection signal de-
creases the phase noise by several orders of magnitude in
the low-frequency region (curves a to d). When the injec-
tion is further increased towards a specific value of S, the
relaxation peak increases towards infinity. That tendency
is visible in curve d, the relaxation peak of which is two
orders of magnitude greater than the relaxation peaks of
the other curves. This specific value of the injection
agrees approximately with the threshold value of the in-
jection for unconditionally stable operation conditions
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given in Refs. 11 and 13. In those references it is shown
that, when the injection exceeds a threshold value, the
positive side and the major part of the negative side
(roughly) of the locking bandwidth, cf. Eq. (2.23), are
dynamically instable; i.e., small perturbations of the
steady-state values of 4,, N, etc. increase exponential-
ly. The unlimited increase of the relaxation peak does
not appear at all, if a=0.

Figure 5(b) shows the external amplitude noise spectral
density P,,(Q2) as a function of frequency for two
different pumping rates with and without pump-noise
suppression. The pump-noise suppression is modeled by
(T (0T, (1)) =0, i.e., that the term p =0 in Eq. (2.56),
cf. Ref. 4. As can be seen, the amplitude noise in the
low-frequency region is slightly increased by the injection
signal, both for curves b and d with pump-noise suppres-
sion and for curves a and ¢ without pump-noise suppres-
sion. (The pump-noise was not mentioned in the discus-
sion of Fig. 5(a), because the phase noise is virtually
unaffected by the pump-noise suppression.) Again, the
relaxation peak shows a strong increase (curves ¢ and d)
when the threshold value of the injection is approached.

© — -
2101 PN\, (a)
] ;]3 R
8 & qo3p b
5 < !
=g & 105t ¢
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5060

The influence of the detuning parameter Aw at weak
injection S <<R on the noise of a laser without pump-
noise suppression in the low-frequency region for
different values of a is shown in Figs. 6(a) and 6(b). These
figures are drawn for Q/(27)=1 MHz, which is well
below the cavity cutoff and relaxation peak frequencies.
As in Fig. 4, Aw is normalized by its maximum value
Aw,,,. When the detuning approaches the edge of the
locking band (or at least the negative edge if a70), the
phase noise Fig. 6(a) and the amplitude noise, Fig. 6(b),
increase by several orders of magnitude. A minimum of
the amplitude noise is seen close to the negative edge of
the locking bandwidth if a0 (or at Aw=0 if a=0). At
this point ¢,=0 and Aw= —alAw,,,, cf. Eq. (2.22). This
minimum coincides with the dynamically stable operat-
ing region given in Refs. 11 and 13. When the injection is
increased beyond the above-mentioned threshold value of
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FIG. 6. (a) The normalized external phase-noise spectral den-
sity in the low-frequency region [Q/(27)=1 MHz] as a func-
tion of the normalized detuning with the linewidth enhance-
ment factor as a parameter. R =10, S =1073. g, a=0; b, a=1;
¢, a=2;d, a=3; e, a=4. (b) The external amplitude noise spec-
tral density in the low-frequency region [Q/(27)=1 MHz] as a
function of the detuning with the linewidth enhancement factor
as a parameter. The parameter values are the same as in (a).
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the injection, the dynamically stable region in terms of
the detuning range Aw becomes located near the
minimum of the amplitude noise, i.e., close to the nega-
tive side of the detuning range.

The effect of squeezing the noise of the injection signal
of a laser without pump-noise suppression is illustrated in
Figs. 7(a) and 7(b) for the low-frequency region
[Q/(27)=1 MHZz] with different values of a. Figure 7(a)
shows that the normalized phase noise exhibits a
minimum at k=~a. (Without injection, i.e., when the in-
put consists of squeezed vacuum, this minimum appears
at k=a, but when an injection signal is applied, the posi-
tion of the minimum is a function of both S and Aw.
However, in the case of weak injection S <<R the above-
mentioned relation is a good approximation.) The in-
crease in the phase noise for k>>1 is caused by the in-
creased phase noise of the injection signal. If a0, the
phase noise will increase also for k <<1 because of the
coupling of the increased injection signal amplitude noise
to fluctuations in the electron population and then to the
refractive index and the phase noise of the laser output
via the a parameter of the semiconductor laser. Conse-
quently, if the phase noise of the laser output is supposed
to be minimized for a laser with a> 1, it is better to

3 0
Q
. K
5 od d
iz
a, & c
3 B I
5 € 10° b
5 ge]
9 8
g |
-
° (@)
Z 104 " -
10—2 1 102

Squeezing factor &

10 E
Q © .
<
.é &
y 2
2 8
251
C
8
[=E ="
- [}
Q
*; }
& (b)
0.1 — -
1072 1 102

Squeezing factor &

FIG. 7. (a) The normalized external phase-noise spectral den-
sity in the low-frequency region [Q/(27)=1 MHz] as a func-
tion of the squeezing with the linewidth enhancement factor as
a parameter. R =1, $=1073, Aw=0. a, a=0; b, a=0.5; ¢,
a=1;d, a=2. (b) The external amplitude noise spectral density
in the low-frequency region [ /(27)=1 MHz] as a function of
the squeezing. The parameter values are the same as in (a).
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reduce the amplitude noise of the injection signal instead
of reducing its phase noise. Figure 7(b) shows the corre-
sponding amplitude noise, which increases when the
noise of the injection signal amplitude increases above the
noise of a coherent state « < 1, regardless of the value of
a. When a=0 (curve a), the amplitude noise is almost
constant for k> 1. On the other hand when a0 (curves
b to d), the amplitude noise increases also for k> 1. This
increase is suppressed if, instead of Aw=0, a value of Aw
in the vicinity of the amplitude noise minimum in Fig.
6(b) is chosen. In that case, the curves b to d will coin-
cide with curve a in Fig. 7(b). As discussed above, detun-
ing to the amplitude noise minimum implies that ¢,=0,
whereas injection at Aw=0 implies that ¢,= —arctana
from Eq. (2.22). That is a way of regarding detuning to
the amplitude noise minimum as a more natural point of
injection than at Aw=0. In addition, the point Aw=0
might be dynamically instable, as mentioned before.

C. Spectral uncertainty product

The normalized external spectral uncertainty product,
which is denoted by I1, is defined as

[(Q)=4P,,(Q)riP,;(Q) . (3.4)

According to the Heisenberg uncertainty relation, it has
a minimum value of 1 for any frequency (cf. Ref. 4). We
intend to calculate the normalized uncertainty product in
the low-frequency region ({) <<1/7,,), in order to find its
lowest value for an injection-locked laser oscillator. In
Ref. 4 this was shown to be equal to 2 in the frequency
region below the relaxation peak for an ideal free-running
laser. The low-frequency limit of this region will expand
towards dc, when the pumping rate approaches infinity.
Thus, a laser without injection locking can never achieve
an uncertainty product, that is less than twice the
minimum-uncertainty product imposed by the Heisen-
berg uncertainty relation.

To simplify the calculation of II, first we assume that
we are dealing with a laser with idealized characteristics
like in Ref. 4, i.e., ng,= 1, a=0, and Tpo—> ®. The first
condition means that the laser exhibits an ideal popula-
tion inversion, i.e., the stimulated absorption rate is equal
to zero. The second condition implies that the variations
of gain and refractive index in the laser are decoupled.
The last condition states that the internal losses are negli-
gible as compared to the mirror losses, i.e., that all pho-
tons inside the cavity will decay through mirror coupling
losses. Furthermore, we assume that the laser is pump-
noise suppressed. In addition, high pumping (R — )
and high signal injection (S — o ) with perfect matching
with the cavity resonance frequency (Aw=0) is assumed.
Under these idealized circumstances, the external ampli-
tude and normalized phase-noise spectral densities are
obtained as

2
PM(Q—+0)=71K‘ ngg ) (3.5)
—£)2 —
raP,5(0—0)="1 §;;2-1 = (3.6)

in the low-frequency region. Here we have introduced
the parameter §, which depends on the internal ampli-
tude and the injection according to

__FO‘/7[; _ 1
AO

£ oy (3.7)

1+ 2R

1+
S

From the definition (3.7) we can deduce that
§(S/R—0)=0 and &£(S/R—)=1. The normalized
external uncertainty product then becomes

Mo-0)=1+——25_>1 (3.8)
K(1—§&)?

The last inequality means that the laser never violates the
Heisenberg uncertainty relation. From this equation it is
seen that squeezing of the amplitude noise of the incom-
ing light would lower the uncertainty product as would
increasing injection signal. [The function II(§), given by
Eq. (3.8), decreases monotonically as £ increases.]

The spectra of I1(Q), r(z)PA@(Q), and P,,(Q) for these
idealized conditions are shown in Figs. 8(a), 8(b), and 8(c),
respectively. Figure 8(a) shows the normalized uncertain-
ty product as a function of frequency for different injec-
tion levels. Without injection, curve a, the uncertainty
product is equal to 2 in the medium-frequency region, as
expected. When the injection is increased, at first the
product decreases in the low-frequency part until it ac-
quires the same value as in the medium-frequency part of
the spectrum (curves ¢ and d). That point is equal to the
breakpoint S =R discussed in Sec. IIT A. If the injection
is further increased, the uncertainty approaches unity in
the low- and medium-frequency parts, as the injection ap-
proaches infinity (curves e and f). Consequently, as pre-
dicted by Eq. (3.8), the laser never violates the Heisen-
berg uncertainty relation. As can be deduced from Fig.
8(a), Eq. (3.8) is valid in the low-frequency region only
when the value of S exceeds R.

The phase noise of an ideal laser (with or without
pump-noise suppression), shown in Fig. 8(b), is decreased
for low frequencies by increasing injection, as in the case
of a nonideal laser, cf. Fig. 5(a). When S — «, the nor-
malized phase noise approaches 1 (the standard quantum
limit) for all frequencies, curve f. This is due to the fact
that for high injections, the laser output amplitude and
noise are completely determined by the injection ampli-
tude and noise, since the contributions generated by
pumping are negligible.

The corresponding amplitude noise spectra are shown
in Fig. 8(c). It shows that increasing injection increases
the amplitude noise in the low-frequency region, that has
been reduced by the pump-noise suppression (curves a to
f), cf. Ref. 4. As in the case of the phase noise, for ex-
tremely high injection the amplitude noise equals § over
the entire spectrum, curve f. This can be explained in
the following way. In Eq. (2.76), the only surviving terms
for the ideal injection locked laser in the low-frequen-
cy limit are parts of the noise terms PF}’ Pﬁr’ Pf,,

and (H,f,). At zero injection, the terms Py, P;, and
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“~ .« .
(ﬁ, f,) cancel each other exactly, and the only surviving
noise source is the spontaneous emission noise in P .

This is the term proportional to N /7y, in Eq. (2.60),
which becomes equal to 1/(2R), cf. curve a. According-
ly, the vacuum fluctuations that enter the cavity and give
rise to amplitude noise interfere destructively with the
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FIG. 8. (a) The normalized external uncertainty product for
an ideal laser [n,=1, a=0, 70— », (f;(t)f‘p(u))EO] as a
function of the frequency with the normalized injection signal as
a parameter. R =10% Aw=0, k=1. a, S=0; b, S=1; ¢,
S=10% d, S=10% ¢, S=10% f, S =10% (b) The normalized
external phase-noise spectral density for an ideal laser as a func-
tion of the frequency with the normalized injection signal as a
parameter. The parameter values are the same as in (a). (c) The
external amplitude noise spectral density for an ideal laser as a
function of the frequency with the normalized injection signal as
a parameter. The parameter values are the same as in (a).
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part of the vacuum fluctuations that are reflected at the
input mirror, giving a result of exactly zero. On the oth-
er hand, when the injection approaches infinity, the con-
tribution from Py is negligible, but the other three terms

do not cancel each other. The perfect destructive in-
terference between the noise contributions from the vacu-
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FIG. 9. (a) The normalized external phase-noise spectral den-
sity for an ideal laser in the low-frequency region [Q/(27)=1
MHZz] as a function of the squeezing with the normalized injec-
tion signal as a parameter. R =10% Aw=0. a,S=0;b, S =1;¢,
S=10%d, S=10% ¢, S =10% f, S =108 (b) The external am-
plitude noise spectral density for an ideal laser in the low-
frequency region [Q/(27)=1 MHz] as a function of the squeez-
ing with the normalized injection signal as a parameter. The
parameter values are the same as in (a). (c) The normalized
external uncertainty product for an ideal laser in the low-
frequency region [ /(27)=1 MHz] as a function of the squeez-
ing with the normalized injection signal as a parameter. The
parameter values are the same as in (a).
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um fluctuations is thus destroyed. The noise term pro-
portional to P; is left over and becomes equal to 1/(2«),

cf. curve f. (When the same calculation was performed
for an ideal laser without pump-noise suppression, all
curves coincided with curve f. Consequently, P,,(Q)=1
for all frequencies and all injections.)

If the decrease of the phase noise and the increase of
the amplitude noise with increased injection are com-
pared, the phase-noise reduction dominates, which means
that the uncertainty product decreases for increasing in-
jections, as was illustrated in Fig. 8(a). When the injec-
tion approaches infinity, both the amplitude and phase-
noise spectral densities approach 1 for all frequencies,
meaning that the normalized uncertainty product will be-
come equal to unity.

The result of squeezing in an idealized injection-locked
laser in the low-frequency region [Q/(27)=1 MHz] is
shown in Figs. 9(a)-9(c). Figure 9(a) shows the phase-
noise spectral density, which behaves as predicted by Eq.
(3.6), viz. that squeezing the injection phase noise is re-
warding to a certain « value. The part that remains when
k—0 is the noise from the stimulated emission, i.e., the
term proportional to { E,, ) in Eq. (2.59). If curve a is ex-
amined in detail, it is clear that for an ideal laser with
only injected vacuum (S =0), the phase noise (and there-
by the linewidth) can be reduced with a factor of 2 if the
vacuum is squeezed, as stated in Ref. 7. This is
mathematically obtained if the value of « is changed from
1to0.

The amplitude noise in Fig. 9(b) agrees with Eq. (3.5):
The noise can be reduced to an arbitrarily low level by in-
creasing the injection and the pumping rate and reducing
the injection amplitude noise. The “floor” that is left
when k— o is the same as in the case of a pump-noise
suppressed laser with no injection, viz. the noise from the
spontaneous emission. The corresponding normalized
external uncertainty product is shown in Fig. 9(c). Again
it is clear, that neither high injection nor high squeezing
will violate the Heisenberg uncertainty relation.

It should be noted however, that the conditions for ob-
taining an uncertainty product equal to the minimum-
uncertainty value given by the Heisenberg uncertainty re-
lation are rather extreme and not realistic for practical
applications. However, these calculations have shown
that the model used in this work does not contradict the
Heisenberg uncertainty relation. The results for infinite
injection were expected, since under those circumstances
the laser acts as a mirror with a reflectivity equal to unity
that does not add any further noise. Thus, the output sig-
nal is an exact replica of the injection signal, and the in-
jection state is obtained at the output.

D. Signal-to-noise ratios

If the injection signal of an injection-locked laser oscil-
lator were phase modulated, what would the noise figure
7 of the laser be? The noise figure is defined as the quo-
tient of the signal-to-noise ratio (SNR) at the input and
the signal-to-noise ratio at the output. This was calculat-
ed by using P; () as the noise of the input signal and
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PAJ,(Q) as the noise of the output signal. The transfer

function for the signal spectral density was computed by
using P;(Q) as a white input source while all other noise

sources were set to zero. Figure 10 shows & as a function
of S with R as a parameter for an ideal laser. It is seen
that the laser works as a phase preserving amplifier® that
amplifies the signal several orders of magnitude, adding a
factor of 2 in noise (3 dB). For high injection, F becomes
equal to unity, but on the other hand the laser does not
amplify the signal, but it merely acts as a mirror. Also, if
k— oo then F—1 even for low injection. However, this
is not a useful alternative, since the carrier frequency
then has a completely undetermined phase.

IV. CONCLUSIONS

The amplitude and phase components of the quantum
fluctuations of an injection-locked semiconductor laser
were calculated using a Langevin operator equation ap-
proach based on Ref. 14.

For an ideal diode laser (including pump-noise suppres-
sion) the effect of the injection locking using a coherent
field was shown to be that the phase noise in the low-
frequency region can be suppressed by several orders of
magnitude. However, the low amplitude noise originally
accomplished by the pump-noise suppression was in-
creased by the injection locking, because the noise was in-
creasingly determined by the injection signal noise alone,
which was equal to the standard quantum limit. For ex-
tremely strong injection, the output signal was in a
minimum uncertainty state for all frequencies with the
noise distributed equally between the two quadratures,
and the spectral uncertainty product was demonstrated
to approach the minimum value allowed by Heisenberg’s
uncertainty relation. One should bear in mind, however,
that in such cases the output field is always more or less
equal to the injection field.

The ideal laser always exhibits the best noise perfor-
mance at zero detuning, since a=0. At the endpoints of
the locking frequency range, both the amplitude and the
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FIG. 10. The noise figure for an ideal laser for amplification
of the quadrature-phase component as a function of the normal-
ized injection rate with the normalized pumping rate as a pa-
rameter. Aw=0,x=1. a,R =1;b, R =10; ¢, R =102
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phase noise in the low frequency region increase by
several orders of magnitude. Squeezing of the injection
signal for a pump-noise suppressed ideal laser was shown
to give a clear redistribution of the noise in the external
field, meaning that either the amplitude or the phase
noise can be reduced at the expense of the other. If the
input is squeezed vacuum, the phase noise (and thus the
linewidth) can be reduced by a factor of 2. Using
squeezed light input, it is still not possible to violate
Heisenberg’s uncertainty relation.

A nonideal laser behaves much in the same way as an
ideal laser when it comes to detuning as long as its
linewidth enhancement factor is equal to zero. If a>0,
however, the amplitude noise minimum in the low-
frequency region lies close to the lower bandwidth edge
(negative detuning), so a precise adjustment of the injec-
tion signal frequency is crucial, if the lowest possible am-
plitude noise is desired. The minimum phase noise is still
found at zero detuning.

If the injection signal to a nonideal laser is squeezed,
the results differ from squeezing the injection of an ideal
laser. The phase noise of the nonideal laser can be slight-
ly reduced in the low-frequency region by squeezing the
appropriate quadrature of the injection field. The
minimum is reached approximately when k=a. This im-
plies that for values of a>1, the minimum signal
quadrature-phase noise is obtained when the in-phase
amplitude fluctuations of the injection signal are reduced.
The simple explanation for this is that the nonzero
linewidth enhancement factor couples both the amplitude
and the phase noise of the injection signal to the quadra-
ture component of the signal by unequal factors. If the
amplitude fluctuations of the output signal are to be mini-
mized, a different procedure has to be employed. If a#O0,
detuning towards the negative edge of the locking band-
width Aw= —aAw,,,, making ¢,=0, is required for ob-
taining the optimum amplitude noise condition. Then, if
the amplitude noise of the injection signal is squeezed, it
is possible to further decrease the amplitude noise of the
laser.

Calculations of the noise figure of the quadrature-phase
component was carried out for an ideal laser. As pointed
out before, an injection-locked laser will work as a phase
preserving amplifier. While being able to amplify the
phase information of a signal by several orders of magni-
tude, the device adds 3 dB excess noise. The excess noise
approaches zero when the total gain of the device ap-
proaches unity, i.e., for high injection.
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APPENDIX

Here we give the expressions for the B, C, and D
coefficients used in Sec. II.

B =A,A;As+ A (A2 + AL)— A A, A, Ag
+0%245—4,), (A1)
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B,=Q(A,A;+24, A— A — AL +0QY) (A2)

By=AyA4Aq— A3 45,

B,=—QA,,
Bs=A, A4,
B6=—QA6 ’

B,=A A;+Q%,

BSZQ(Al_AS) ’

(AS5)
(A6)
(A7)

(A8)

By=AoB,Q(A,— A5)— AoB, (A, As+Q%), (A9)

Bio=AgB Q(As— A,)— AB,( A, 45+0Q%),

B11=B3(A0A2A4_A1
B,=B,(Ay4,4,— A4,

B3=B;(A A, A,— 4,

B\y=Bg(AgA,4,— A4,

Bs=Bs(AyA,A,— A4,
+QB, ,

B, =By(AgA, A,— A,

Co=—CyF,,
C,=C¥+C,(C,+F,),

To
Cyg=—,
Cip=GC(CsC,— 1),

C,,=C3Cs—1,
C,=GC3C,Cs
Cy=CsC
Ciy=6CsCy,
Cs=B?+B3,
Cis=B5+Bi, ,
C1=GCy

Ci3=CCyp

(A10)
Ag)— AgB,Q+ A A,B, ,

(A11)
Ag)+ AgBQ+ A A,B, ,
(A12)
(A13)
(A14)

Ag)— A¢ByQ
Ag)+ AGB,Q
Ag)— ABQ+ A,B,
(A15)
Ag)+ A¢BsQ+ A4,B,
(A16)

(A17)

(A18)
(A19)

(A20)

(A21)
(A22)
(A23)
(A24)
(A25)
(A26)
(A27)
(A28)
(A29)

(A30)
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o
D,=—2(B,B;+B,B,)+—(ByB,,+B,By,) ,
C15 C16
(A31)
_Cy Ci
D,=_—-—(B\By—B,B;)+ ——(ByB);—By,By;) ,
CIS Cl6
(A32)
_Cyp Cis
D3___(B B7+B Bs) (B9B13+310B14) ’
C!S 16
(A33)
_Cy Cs
D4‘— (BI‘BS—BZB7)+ (B9B14—BloB13) >
CIS C16
(A34)

Cu Ci
D= —2(B,Bs+B,B)+—+ e (BB s+B By ,

(A35)
_Cy 14
Ds“E—(BlBe_BzBs)+ C (BgBs—BB;s) ,
s 16
(A36)
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Cis
D,=—"_(B,B,+B, B+ >(BsB,,+BoB),) ,
1

ClS
(A37)
CIS
Dy=—"(B,B,~B,B;)+—>(ByB,,—B,B},) ,
C15 C16
(A38)
CIS
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C,S Cis
(A39)
C18
Dl() (B B8 B2B7)+_—(BQBI4_BIOB13) ’
C]5 16
(A40)

C,
Du=v¢- —(B\Bs+B,Bg)+ (B Bis+BoB) ,

(A41)
_ L Cis
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