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We theoretically analyze a high-efficiency single-frequency Brillouin all-fiber ring laser at 1.5 um wavelength,

taking pump depletion into account.

The output pump and Stokes intensities are calculated as functions of

the cavity coupling coefficient and of the input pump intensity. Lasing threshold and pump-to-Stokes conver-
sion efficiency are predicted. Furthermore, we demonstrate good agreement between model results and mea-

surements.

Applications to the improvement of optoelectronic links for radio-frequency signals by use of

stimulated Brillouin scattering fiber lasers are also presented. © 2004 Optical Society of America

OCIS codes: 060.2320, 060.4370, 140.3600, 290.5900.

1. INTRODUCTION

Stimulated Brillouin Scattering (SBS) is one of the domi-
nant nonlinear processes that can occur in optical fibers;
it can significantly limit the performance of optical trans-
mission systems.! However, SBS can be used in several
applications, such as Brillouin fiber lasers,>™* Brillouin
optical amplifiers,>® SBS fiber sensors,” and optical pro-
cessing of radio-frequency (rf) signals.®~!!

In optical fibers, SBS (described in Ref. 12, pp. 355—
357) gives rise to a backscattered beam, the Stokes wave,
which is frequency downshifted by vz ~ 11 GHz from the
pump optical frequency (for \,u,, = 1.5 um). Genera-
tion of the Stokes wave occurs within a frequency band-
width Avg of ~10 MHz.12

SBS begins once the pump power reaches the Brillouin
threshold. This threshold increases as the fiber length
decreases. Using long optical fibers then enhances SBS
efficiency. Furthermore, reinjection of the Stokes wave
at the fiber output end, in the reverse pump direction,
drastically reduces the SBS threshold. However, in a
long fiber ring, several longitudinal Stokes modes can os-
cillate within the 10-MHz-wide SBS gain curve. Such
multimode behavior of the circulating Stokes wave can be
detrimental for applications such as optical distribution of
analog rf signals.'?

To generate a single-longitudinal-frequency Stokes
wave with a low power threshold, it is possible to use a
short fiber ring laser' that is simultaneously resonant for
pump and Stokes waves (doubly resonant cavity). The
ring is made resonant for the pump wave’s frequency,
thus drastically reducing the SBS threshold in the short
optical fiber. As the resonator length is chosen to corre-
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spond to approximately the inverse of the SBS gain band-
width, only one single-longitudinal-mode Stokes wave can
oscillate. In this paper we theoretically analyze the be-
havior of this single-frequency Brillouin fiber laser, taking
pump depletion into account, and we show that high con-
version efficiencies can be obtained at any pump powers
by use of a tunable optical coupler.

This paper is organized in the following way: The op-
eration of the doubly resonant SBS laser is described in
Section 2. The model used to predict SBS laser perfor-
mance is presented in Section 3. Section 4 contains de-
tailed analyses and comments on the main results: The
behaviors of output pump and Stokes intensities are stud-
ied as functions of the cavity coupling coefficient, of the
input pump’s intensity, and of the linear losses. The las-
ing threshold and the pump-to-Stokes conversion effi-
ciency are estimated with this model, which also predicts
the second-order Stokes (2-Stokes) wave threshold. In
Section 5, applications of the efficient single-frequency
SBS laser, such as improvement in the quality of optically
carried rf signals, are explained.

2. METHOD OF OPERATION

The method of operation of an efficient single-frequency
doubly resonant all-fiber Brillouin laser is described in
Fig. 1. A2 X 2 evanescent mode variable optical coupler
is used to close the ring cavity with variable coupling co-
efficient R. The coupler is made from two parallel, close
optical fibers. One achieves the variable coupling coeffi-
cient by changing the spacing between the two parallel
optical fibers when a micrometer screw is turned. Ports

© 2004 Optical Society of America
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Fig. 1. Efficient single-frequency Brillouin fiber laser.

C and D of the variable optical coupler are pigtailed to
both extremities of a short (20-m-long) polarization-
maintaining optical fiber (PMF). It is a bow-tie-type fi-
ber with an ~5-um core radius, which provides a Bril-
louin frequency shift vg = 10.925 GHz. The PMF’s
linear attenuation coefficient is a ~ 2.9 X 10 2m™!,
Part of this fiber is wound around a piezoelectric trans-
ducer (PZT) to permit control of its length and, therefore,
to control the phase accumulated by the pump along the
ring. A pump laser beam passes the optical circulator
and enters the coupler at port A. It is a 1.5-um single-
frequency solid-state laser source with a 2-kHz linewidth,
followed by an erbium-doped fiber amplifier that provides
an output power of as much as 200 mW. The pump is
then divided into two parts. One part passes the coupler
and goes directly to port B, giving rise to the so-called di-
rect beam. The other part goes to port C and, after it
passes through PMF, enters the coupler at D, giving rise
to two beams: One beam is reinjected into the ring and
the other one (the so-called transmitted beam) is ex-
tracted via port B. The respective intensities of these
beams depend on selected coupling coefficient R. The
values R = 1 and R = 0 correspond to no and total cross
coupling, respectively. When it is detected at B, the out-
put pump’s intensity is used for feedback to control the fi-
ber ring’s length to reach a resonant situation for the
pump frequency. In this case, constructive interference
of the pump waves occurs at port C and destructive inter-
ference between the direct beam and the transmitted
beam can be observed in system output B. As this fiber
ring is a doubly resonant cavity, no pump light is detected
in B when the direct and the transmitted waves have
equal amplitude and therefore interfere completely de-
structively. For a given level of linear and nonlinear
losses experienced by the pump wave in the cavity, these
destructive interferences occur only at a given value of R.
In such a case, the coupling of pump light into the cavity
is maximum because all the incident pump power is lin-
early absorbed or nonlinearly converted to a Stokes wave.
As shown hereafter, this situation evidently corresponds
to the best achievable pump-to-Stokes conversion effi-
ciency.

When SBS threshold is reached by the pump in the
resonator, some of the pump energy is used to generate a
Stokes wave traveling in the opposite direction in the
ring. Part of the backward-propagating Stokes wave
generated along the PMF is recirculated into the ring via
port D; the rest goes out of the ring from port C to port A
and is available at port S of the optical circulator. Cre-
ation of a Stokes wave induces additional losses for the
pump. Maximum conversion efficiency is then obtained
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by adjusting the value of coupling coefficient R to all the
losses of the pump wave in the ring. For input pump
powers lower than the Brillouin threshold in the resona-
tor, total losses of the cavity are due only to linear losses,
which correspond to the fiber absorption coefficient and to
the coupler insertion loss. For input pump powers that
permit SBS, a nonlinear loss is added to the cavity as a
result of the conversion of a pump wave into a Stokes
wave.?

Because this resonator is a 20 m-long (L) cavity only, its
free spectral range is ~10 MHz. The Stokes wave is
single frequency because only one cavity mode falls
within the 10-MHz-wide SBS gain curve. As demon-
strated in Section 4 below, this single-frequency SBS laser
reaches high finesse, permitting efficient generation of
Stokes power even with low input pump power.

3. MODEL DESCRIPTION

Here, the high-efficiency Brillouin fiber laser behavior is
analyzed, and pump depletion by SBS is taken into ac-
count. The study is made in terms of photon densities.
The pump and Stokes photon densities (N, and N, re-
spectively) are related to intensities I, and I, (in watts
per square meter) by the expression N, =1, /(v
X h), where v, ; is the (pump, Stokes) optical frequency
and 4 is the Planck constant.

Setting N,(z) = n,(z)exp(—az) and Ny (z) = ny(z)
X exp(az) to take absorption losses of the fiber into ac-
count, we find that Egs. (1) and (2) describe the coupled
variation of the reduced pump and Stokes photon densi-
ties n, and n, along the fiber'® of propagation axis z for
SBS gain g:

dng(z)
P —gng(z)n,(z)exp(—az), @8]
dn,(z)
& = —gngy(z)n,(z)exp(az). (2)

For the small absorption losses of our fiber (az < 1) the
solution of coupled Egs. (1) and (2) is expressed as

nsO(npO - nsO)eXp[_gZ(n’pO - n’sO)]
ns(z) = )
np0 — Ngoexp[—gz(n,o — ngo)]

I’Lp(Z) = ns(z) + npo = Nsos 4)

where n,, = n,(0) = N,(0) and ny = n,(0) = N,(0).
Ports C and D are located at the z = 0 and z = L ex-
tremities, respectively, of the PMF (Fig. 1).

A second set of equations [Egs. (5) and (6) below] de-
scribes the condition for which the pump is resonant in
the fiber cavity (constructive interference at port C and
destructive interference at port B, respectively). The
pump’s photon density at ports B and C can be written as
a sum of three terms: the first term corresponds to the
input pump’s photon density; the second term, to the
pump’s photon density at port D; and the third term, to
the interference between these two contributions. In the
same manner, Egs. (7) and (8) relate transmission of the
Stokes wave across the coupler:

n,(0) = dN,’ + cn,(L) + 2[dcN,n,(L)]*2,  (5)
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Npt = aNpi + bnp(L) - Z[abNPinP(L)]l/2’
6)
N = dn,(0), ™
N (L) = ¢ng(0). ®

The coupler and fiber losses are introduced in the reso-
nance conditions, so coefficients & = R(1 — a,), b = (1
— R)(1 — acpl)(l — a/f), c=R(1 — acpl)(l - af), and
d = (1 — R)(1 — ag) are related to coupling coefficient
R, to variable coupler insertion losses a,, and to PMF
linear absorption losses a;, when pigtail losses are taken
into account. In these equations N’ is the density of in-
put photons (port A, Fig. 1), N pt is the density of output
pump photons (port B), and N, is the density of output
Stokes photons (port A).

From Eq. (5) it is possible to obtain n,(L) as a function
of n,o and N,":

9

(Vnpo — VdN,})?
- .

n,(L) =

Combining Egs. (8) and (9) in expression (4) atz = L (i.e.,
at port D) yields the following equation, which shows that
a nonlinear function f(n ) links photon densities n,, and
ngo at port C:

cnyo — (Vnyo — \/dei)2
R = i = flny).  (10)

Injecting Eq. (8) into Eq. (3) at z = L provides the follow-
ing expression, which depends only on the photons densi-
ties at port C:

L = L 11)
exp[ 8 (npO nsO)] - [nso(c — 1) + npo] . (
As ngy = f(n,g), Eq. (11) can be written as
G(npO) = H(np0)7 (]—2)
where
G(npO) = exp{_gL[npO - f(npO)]}5 (13)
(a) ©)
=|]np(L)
o
10 3
:
(b)
9 | 6
( ) np(L/ ( ) > Npr
My

107
s0

D {5,

Fig. 2. Resolution method for determination of (a) n,, and (b)
N, and N/
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CTLPO

[f(npO)(c - 1) + npO] )

Figure 2 summarizes the method used in the research
reported in what follows to calculate the photon densities
(i.e., output) transmitted by the laser. Resolution of Eq.
(12) leads to multiple solutions 7,,. To find the correct
value of n,,, we calculate an intermediate photon density,
n,(L), in two different ways, as illustrated in Fig. 2(a).
The correct value of n,, is that which gives equal results
for n,(L) calculated by the two ways. Once the correct
value of n,, is determined, the transmitted pump and
Stokes photon densities N, and N’ can finally be de-
duced simply by solution of Eqgs. (9) and (6) and then of
Eqgs. (10) and (7), as described in Fig. 2(b):

. cngy — (Vnpe — \/dei)2
NS =d o , (15)

H(n,,) = (14)

Npt — [[aNpi]I/Z

b(\/n_po_ /—dei)Zr/zr
. .

(16)

Equations (15) and (16) give the expressions for Np‘
and N, as functions of n,o and N,'. These calculations
have been made for several values of N, R, o, and ay.
A few selected results are presented and discussed in Sec-
tion 4 below.

For Stokes powers that exceed the SBS threshold of the
cavity, another corresponding Stokes wave can be gener-
ated, the so-called a 2-Stokes wave. The 2-Stokes wave
is downshifted from the pump’s optical frequency by 2
X vp = 22GHz. It copropagates with the pump wave
and then appears at port B of the variable optical coupler.
As it was not the aim of this analysis to determine the ex-
act behavior of the 2-Stokes wave, we did not calculate it
in the model. This calculation would require solving a
more-complex system of three coupled equations instead
of the two coupled Egs. (1) and (2). The equations for the
2-Stokes wave’s behavior require taking into account
depletion of the first-order Stokes wave. Here we restrict
our analysis to first-order Stokes generation. We evalu-
ate the 2-Stokes threshold only, to determine that the
Brillouin laser can operate without generating the
2-Stokes component. The variation in photon density of
the 2-Stokes wave along the fiber is given by

dn 23(2)
dz

= +gn28(2)ns(z)7 (17)

where ny,(z) is the photon density of the 2-Stokes wave.
Taking fiber and coupler losses into account, we find that
the oscillation threshold for the 2-Stokes wave in the ring
is reached when
L
f ng(z)dz

0

cexp|g L] = 1. (18)

Discussions in Section 4 below prove that the 2-Stokes
wave can be avoided in practical setups simply by careful
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adjustment of the value of R for a maximum pump energy
conversion to a Stokes wave.

4. RESULTS AND DISCUSSION

For easier understanding of orders of magnitude, in this
entire section the input pump energy is given in terms of
input pump optical power Pin(:Npi X h X vX Ay,
which is directly related to input pump’s photon density
N pi, where A 4 is the effective core area of the PMF. All
the calculations were performed with A . ~ 78.5 um? and
a SBS gain of g ~5 X 107 ''m/W (that is to say, g
~ 6.63 X 10 3ms™1).

Figure 3 illustrates the calculated behavior of the out-
put power as a function of coupling coefficient R. It also
shows the influence of linear losses of the cavity. The
pump power at port B and the Stokes power at port A are
normalized to input pump power P;, (port A). For the
conditions of Fig. 3 this input power was chosen to be
P;, = 150mW. In a cavity that exhibits no losses, the
output pump power presents one extinction for R ~ 0.26
and the maximum output Stokes power occurs for the
same value of R. In this perfect case, N,, + Ny, = N,
for each value of R. In particular, the maximum output
Stokes power is equal to P;,, which means a 100% pump-
to-Stokes conversion efficiency. In a cavity with linear
losses (ag, = 0.10 and @y = 0.12, which correspond to the
experimental characteristics of the setup where a is de-
termined by measurement of ratio between the sum of the
output optical powers and the sum of the input optical
powers, the extreme values of the output powers are not
obtained exactly for the same value of R: Minimum
pump power is reached for R ~ 0.31 and maximum
Stokes power occurs for R ~ 0.32. Linear losses also
limit the laser efficiency: The maximum output Stokes
power is calculated to be ~68% of P;,. The general be-
havior of the transmitted intensities proves that, for a
given value of input pump power, one can choose the laser
output pump and Stokes powers (related to N, and N’ of
Section 3) by simply tuning coupling coefficient R.

Figure 4 presents the normalized output powers (ratio
between the output powers and P;,) as a function of cou-
pling coefficient R for several values of input pump power
P;, (port A). (Values of linear losses are fixed at agy
= 0.10 and ay = 0.12.) The value of R that yields the
extrema of output powers increases as the input pump
power decreases. R ~ 0.25 when P;, ~ 190 mW, and R
~ 0.8 when P;, ~ 10mW. Indeed, the Stokes power
generated for one cavity round trip (and consequently the
total losses for the pump in the ring) decreases with de-
creasing values of P;,. Let us note that the effective cav-
ity finesse including nonlinear losses can then easily be
controlled by tuning of either cavity coupling coefficient R
or cavity input pump power P;,. In other words, the
maximum conversion efficiency of pump energy into
Stokes energy occurs for a value of R that depends
strongly on the input pump’s power in the cavity. The
measured maximum output Stokes power is ~72% of P;,
for P;, ~ 190 mW. Evidently, even higher conversion ef-
ficiencies could be obtained by use of a fiber ring cavity
with fewer losses.

Vol. 21, No. 8/August 2004/J. Opt. Soc. Am. B 1427

The calculated pump-to-Stokes conversion efficiency
(Ns‘/Npi) is shown in Fig. 5 as a function of Py, for a.,
= 0.10 and a; = 0.12. Experiments were performed 3
with a cavity that had these values of losses and resulted
in a measured threshold of ~4 mW. The corresponding
measurements are represented by filled circles in Fig. 5,
evidencing good agreement between experimental results
and our model. The inset of Fig. 5 shows that a perfect
cavity permits 100% conversion efficiency to be reached
with less than 500 uW of input pump power. The Bril-
louin threshold of such a cavity would be only 130 uW.

Let us compare the SBS threshold of this Brillouin la-
ser (P jaser = 3.8 mW) with the SBS threshold of the

O Pump | Cavity without losses — Pump | Cavity with losses
® Stokes ] (x,=0andoy=0) — Stokes/) (o, =0.10 and o, = 0.12)
17 % TVeq,

0.9 - * *

0 0.2 0.4 0.6 0.8 1

R
Fig. 3. Normalized pump and Stokes output power as functions

of coupling coefficient R; a., and af, coupler and fiber losses, re-
spectively.

— Pump for Pin = 190 mW === Stokes for Pin = 190 mw
~~~~~ Pump for Pin=50 mW = = Stokes for Pin = 50 mwW
Q Pump for Pin = 10 mW

® Stokes for Pin = 10 mW

Fig. 4. Normalized output pump and Stokes power as functions
of coupling coefficient R for various input pump powers Pj, .

0.8
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T
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0 20 40 60 80 100 120 140 160
Input pump power (mW)

@y =010 2,=0.12

Nst/Npi

Fig. 5. Pump-to-Stokes conversion efficiency for a., = 0.10;
and ey = 0.12 and (filled circles) for a cavity without losses.
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same fiber, used in single-pass geometry (P, spass)-
Py, spass can be estimated! as Py, spass = 21 A o/(gL o).
The PMF’s effective length is L.g = [1 — exp(—aL)a,
where « denotes the fiber’s attenuation coefficient and the
PMF’s effective core area is A ~ ma?, where a denotes
the fiber core’s radius. This estimation gives Py, gpass
= 1.7W. This result shows that the doubly resonant
SBS laser allows the SBS threshold of a 20-m-long PMF
to be reduced by more than 500 times. For a singly reso-
nant cavity, the power threshold is

{l{1 = R)/R] + ag + apAey
gLeff(l - R)(l - acpl)
X {1 + [R(l - acpl)(l - af)]2}1/2:

P sRes =

so a reduction by a factor of only Py, spass/Pih sres = 1.7 is
expected (for R = 0.9, aq, = 0.10, and oy = 0.12). Us-
ing a doubly resonant cavity enhances intracavity pump
intensity, so a supplementary reduction of

(1 - R)(l - acpl)
{1 - [R(1 = ag)(1 — ap]?}?

is expected, leading to a total threshold reduction of
~250. This reduction is in good agreement with the ex-
perimental value, as the factor of 21 that appears in
P, gpass 1S an approximation.

Measured and calculated pump and Stokes output pow-
ers (normalized to P;,) are shown in Fig. 6 for several in-
put pump powers and for a., = 0.10 and ay = 0.12. For
Stokes powers that exceeded the SBS threshold of the
cavity, a 2-Stokes wave was experimentally observed at
port B, propagating in the same direction as the pump.
In as much as this wave was downshifted by 2 vz from the
pump’s optical frequency, it can be discriminated from the
pump by an optical spectrum analyzer. As the 2-Stokes
wave was not considered in the calculation, measure-
ments differ from the model for the values of R that allow
the creation of the 2-Stokes wave. Note that in each case
the 2-Stokes wave is obtained for values of R larger than
that which gives the maximum first Stokes power, which
means that a high-efficiency single-frequency Stokes la-
ser can be obtained at any pump power.

The 2-Stokes wave threshold has been calculated for
the following values of losses: (a) ag, = 0, af = 0; (b)
acpl = O, af = 006, (C) acpl = 005, le = 0, (d) acpl
= 0.05, ar = 0.06; (e) ag, = 0.10, ap = 0.12. In cases
(a)—(d), losses increase (which consequently decreases the
generation of first Stokes waves), and the 2-Stokes wave’s
threshold increases to (a) 800 uW, (b) 1 mW, (¢) 1.7 mW,
and (d) 4.5 mW. In case (e) of the experimental setup the
2-Stokes wave threshold is reached for P, = 21.5 mW.
This observation is in good agreement with measure-
ments of Fig. 6 that show that no 2-Stokes wave is ob-
served for P;, = 20 mW.

To illustrate that this efficient SBS laser can avoid gen-
erating 2-Stokes waves, the values of R that correspond to
the 2-Stokes threshold (R, can be compard with the
value that gives minimum output pump power (Rpmi“)
and maximum pump-to-Stokes conversion efficiency
(R,™®). This comparison is shown in Fig. 7 as a function
of input pump power P;,, for a cavity with experimental
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Fig. 6. Normalized output pump, Stokes, and 2-Stokes (2
X Stokes) powers as a function of coupling coefficient R for vari-
ous input pump powers P, .
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Fig. 7. Values of coupling coefficient R that correspond to ex-
treme output pump and Stokes powers and to the 2-Stoke thresh-
old as a function of input pump power P;, .

characteristics a., = 0.10 and ay = 0.12. In accordance
with observations made in Fig. 6, the value of R that per-
mits the maximum pump-to-Stokes conversion efficiency
is below that which permits 2-Stokes generation. In-
deed, the calculation shows clearly that Rpmin < R,m
< Ry whatever the value of P;,. This result permits
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us to conclude that the generation of 2-Stokes waves can
be avoided by correct selection of the value of R.

5. APPLICATIONS

For future radar systems based on optical technologies,
optically carried rf transmission and processing of signals
will be necessary. Indeed, because conventional optoelec-
tronic modulators permit only limited modulation depths,
optically carried rf signals decompose over low-level side-
bands and a strong optical carrier. However, too strong
an optical component can saturate high-speed detectors.
SBS has been demonstrated®!' to be an appropriate
mechanism for selectively filtering the excess optical car-
rier. In particular, recent publications have shown that
the single-frequency operation of an efficient Brillouin fi-
ber laser permits as much as 40-dB depletion of the opti-
cal carrier'® while the quality of the rf signal is main-
tained in terms of phase noise.!® Figure 8 shows the
experimental setup that we implemented to demonstrate
modulation depth enhancement of optically carried rf sig-
nals by the SBS laser. The Stokes wave is injected (in
the reverse direction) in to a non-polarization-
maintaining 10-km-long optical fiber carrying a weakly
modulated rf signal. The measured optical spectra of the
signal are recorded at the optical fiber’s input and output.
The modulation depth of the input signal is m;, = 0.005.
The signal’s optical power is 1 mW only. Injecting the op-
tical fiber with a 20-mW single-frequency Stokes wave

120 7T N 120

100 m_-um,ﬁ”bwm" 1,00 M= | nmww

Ml i 0% [rcaiaign ||

fos il Joso P

B I FediE A

gn,ze 20.20 T

o 7 WEANFANDAN
154256 ;'542‘6 1.’:3:)5 1542.7| 154285 15426 15}2?5 1542.7|

MZM.

Weakly
modulated
RF signal

A=155um

High efficiency single-mode
Brillouin fiber laser

Fig. 8. Use of the SBS laser for modulation depth enhancement
of an optically carried rf signal: MZM, Mach-Zehnder modula-
tor; O.F., optical fiber.
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Fig. 9. rf output power of a SBS laser as a function of modula-
tion frequency fq -
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from the high-efficiency SBS laser permits 23-dB modula-
tion depth enhancement: The modulation depth of the
output signal reaches m g = 1.

In addition, the simultaneous resonance of the pump
and the Stokes waves in the cavity imposes a strong co-
herence between the pump laser and the SBS laser. We
have also demonstrated®® that the single-frequency Bril-
louin laser can be used for generation of highly pure rf
signals, through the beat note between two optical waves,
in the range of the frequency offset (vz = 11 GHz) of the
pump-to-Stokes waves. Such a beat note could be used
for rf local-oscillator generation and distribution for the
receive mode of radar systems.

For some rf applications the single-frequency SBS laser
can be used as a stand-alone device to control directly the
modulation depth of optically carried rf signals. This
could be done by injection into the ring of a rf modulated
pump wave whose modulation frequency fy,,q is not reso-
nant in the cavity (and thus is transmitted to output port
B). The last condition has been verified for most values
of modulation frequencies: Because of the 10-MHz free
spectral range of the cavity, only periodic values of f,.q
are forbidden. As a rf signal is not resonant in the ring,
control of the cavity’s output pump power (by tuning of R,
for example) permits control of the output signal’s modu-
lation depth. Figure 9 shows the measured output rf
power (at port B) as a function of f,,, near 4 GHz. For a
fixed value of P;,, R is adjusted to reach minimum output
power at port B. By tuning f,,,q on a range that corre-
sponds to a cavity free spectral range of ~—10.513 MHz
we could observe two minima in rf output power [at
fmin(l) = 4.029320 GHz and fmin(2) = 4.039833 GHZ] N
which correspond to coupling of the modulation sidebands
to the cavity. The variation of level and shape of the rf
resonance [at fi,in0) = 4.039833 GHz] when cavity finesse
F is changed is presented in the inset of Fig. 9. For P;,
= 21.2mW and R = 0.74, the contrast in rf signal trans-
mission is ~15 dB and the resonance width is ~170 kHz.
For P;, = 2.38 mW and R = 0.95, the contrast in rf signal
transmission reaches 25 dB and the resonance width is
much narrower, 10 kHz only, which shows that the useful
rf range is complete within a factor of 103.

The performance of lasers in terms of intensity noise is
characterized by the spectral density of the lasers’ inten-
sity fluctuations. The transformation of pump intensity
fluctuations into Stokes intensity fluctuations in a SBS
laser has been demonstrated!”!8 to be proportional to
[In(R?)|: It then decreases when the finesse of the cavity
increases. In particular, for a SBS laser operating high
above threshold and with a high value of R, the Stokes
wave was found to be less noisy than the pump wave over
more than two decades. In this paper we have proved
that the properties of the SBS laser (good stability be-
cause of feedback, the possibility of operating easily above
threshold, and the possibility of reaching high-cavity
quality values) could facilitate intensity noise filtering of
laser sources.

6. CONCLUSIONS

In conclusion, we have theoretically analyzed an efficient
single-frequency 1.5-um-wavelength Brillouin all-fiber
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ring laser, taking pump depletion into account. The be-
haviors of the output pump and the Stokes intensities
were calculated as functions of the cavity coupling coeffi-
cient, of the input pump intensity, and of the losses.
High conversion efficiencies of pump-to-Stokes power can
be obtained because of the presence of a tunable optical
coupler. Good agreement between model results and
measurements was observed. In addition, the specific
properties of this laser should be useful in some future
radio-frequency applications.
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