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We experimentally and theoretically analyze an original method based on two-wave mixing in an erbium-
doped fiber amplifier for optical carrier reduction of microwave signals. 75% optical carrier attenuation has
been observed, and a 10 dB modulation depth increase of the microwave signal is experimentally demon-
strated. Moreover, calculated results are in good agreement with measurements and predict that up to 80%
carrier attenuation is easily possible. © 2006 Optical Society of America

OCIS codes: 190.7070, 060.4080.

Optoelectronic links to be implemented in the new
generation of radar and radio-over-fiber systems
have to be highly linear over a large dynamic range.
Indeed, because of the limited linearity of conven-
tional integrated optics Mach—Zehnder modulators
(MZMs), the optical carrier has to be weakly modu-
lated at microwave frequency f,, in order to avoid any
spurious signals at harmonic frequencies 2f,,,
3fm»-... The transmitted signal is then composed of a
low modulated part and a large dc component. This
last component is mainly responsible for the signal
distortions occurring in high-speed and low-
saturation-level = photodetectors. Thus  high-
performance optoelectronic links in future RF sys-
tems require selective optical carrier reduction of
weakly modulated microwave signals. Dynamic car-
rier filtering was demonstrated by use of stimulated
Brillouin scattering™? as a nonlinear effect in optical
fibers, permitting more than 40 dB modulation depth
enhancement of optically carried microwave signals.
The limitations of such an approach are linked to the
facts (i) that the stimulated Brillouin scattering non-
linearity has to be pumped by a signal modulated in
the RF domain, requiring a quite high power level at
the input of the MZM, and (ii) that reducing the car-
rier also results in a net reduction of the final de-
tected RF signal, requiring additional optical ampli-
fication.

According to these considerations, we present in
this Letter a solution for modulation depth enhance-
ment of optically carried microwave signals by using
two-wave mixing and beam coupling phenomena in
an erbium-doped fiber amplifier, which at the same
time combines carrier reduction and optical amplifi-
cation. Nonlinear two-wave mixing in bulk amplifiers
was analyzed and demonstrated in Refs. 3—7 for dy-
namic holography and phase-conjugate laser cavities.
Two-wave mixing by gain saturation in fiber amplifi-
ers has also been investigated,* ™ including demon-
stration of a narrow-bandpass filtering function in
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Ref. 12. Nevertheless, no results concerning a modu-
lation depth increase of optically carried microwave
signals have yet been reported.

The all-fiber experimental setup implemented to
demonstrate modulation depth enhancement of opti-
cally carried microwave signals by two-wave mixing
in an erbium-doped fiber amplifier is described in
Fig. 1. A polarization-maintaining erbium-doped fiber
(Er3* PMF) of length L=5 m is optically pumped at
980 nm. Gain into the Er®* PMF is obtained by opti-
cal pumping at 980 nm. A single-frequency laser
source at 1.5 um is divided into two beams by an op-
tical coupler. The most intense beam (the pump)
passes an optical circulator (OC) from port 1 to port 2
before injection into the Er3* PMF at z=0 (the z axis
is the light-propagating axis in the fiber). The weaker
beam (the probe signal) is used as a microwave signal
optical carrier: it passes a MZM for intensity modu-
lation at microwave frequency f,,. This modulated
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Fig. 1. Experimental setup. Er®* PMF numerical aperture
ON=0.16+10%, core diameter @=4+1 um, cutoff wave-
length \.=900+100 nm, losses 7 dB/m at 980 nm and
10 dB/m at 1531 nm.
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signal is injected into the Er3* PMF at z=L, travels
in from z=L to z=0, and finally passes the OC from
port 2 to port 3. Since these two coherent optical
waves (pump and probe signals of the same wave-
length A~1.55 um, the same polarization state—
accurately controlled on each path—and of coherence
length L., >L) are injected in reverse directions at
both ends of the Er3* PMF, they give rise to optical
interferences in the fiber. This leads to a spatial pe-
riodic modulation of the gain all along the fiber, by
gain saturation. This dynamic photoinduced gain
grating causes self-diffraction and coupling of the
counterpropagating waves. In particular, the diffrac-
tion of the intense pump beam creates a backpropa-
gating wave in the direction of the weak probe beam.
In the gain medium this backpropagating self-
diffracted wave is 7 shifted with respect to the probe
wave.? Consequently, because of destructive inter-
ferences, the detected signal intensity at port 3 of the
OC (Fig. 1) is decreased. In this way the photoin-
duced dynamic gain grating and the related beam
coupling allow selective reduction of the optical car-
rier of the probe beam. Let us note that the modula-
tion sideband interferes with the optical carrier, giv-
ing rise to a very fast moving grating that is not
recorded as a spatial gain modulation in the Er-
doped fiber owing to the population grating lifetime
constant of 12 ms. Futhermore, in our experiment
the typical length of the doped fiber is about 5 m,
which results in a frequency selectivity of the gain
grating of about 30 MHz. The principle of modulation
depth enhancement by two-wave mixing in an ampli-
fier medium is illustrated in Fig. 2. A (z,v) and
A, (z,v+27f,,) stand, respectively, for the amplitudes
of the optical carrier and of the modulation side-
bands. While propagating through the amplifier
(from z=L to z=0), the sidebands receive their gain
mean value G2 (which may avoid the use of an op-
tical postamplification module). Because of filtering
by the gain grating, the optical carrier amplitude, al-
though amplified by G2, is affected by a reduction
coefficient (1-7"2) (5 being schematically the gain
grating diffraction efficiency in the nondepleted
pump regime), leading to a modulation depth in-
crease of the signal. The use of optical fiber amplifi-
ers allows recording of long (and consequently high-
selectivity) gain gratings.

An analysis of the gain grating including the inter-
action of the propagating pump and RF modulated
probe waves will be presented. Coupled-wave differ-
ential equations (1) and (2) for the amplitudes of two
counterpropagating interfering waves affected by
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Fig. 2. Principle of optical modulation depth enhancement
by two-wave mixing in an amplifier medium.

gain saturation in the fiber amplifier have been de-
duced from previous work™:

dA,

= ‘YOAp YIAS ’ ( ]-)

dZ YOAS + 71Ap' (2)

A, and A, stand, respectively, for pump and probe
signal wave amplitudes; y, and vy; are, respectively,
the nonlinear gain coefficient and the nonlinear cou-
pling coefficient. Coefficients vy, are given by vy,
=(go/2)(1/D)[(1+Is-D)/I}]" (with n=0,1), where g,
is the amplifier small-signal gain, D=[(1+I)?

—I2, Is(2)=[1A, )P +|A(2) /1y,  and  Iyl(z)
_2(|A (2)A4(2)|/ I i) (Isat being the amplifier satura-
tion power density). These equations have been
solved numerically with a fourth-order Runge-Kutta
algorithm. The calculation has been made under the
assumptions that (i) the gain profile has a Lorenztian
shape, (ii) optical frequencies are close to the reso-
nance frequency of the gain medium so that no index
grating contribution is considered, and (iii) incident
optical pump power is small with respect to the satu-
ration power density of the gain medium (|A,(z)
<I,;). Under such conditions pump and signal wave
interactions have been studied as functions of the
gain goL of the medium and also as functions of the
optical powers of the components that coherently in-
terfere. Also, the presented model is based on spatial
gain modulation. But, as analyzed in Ref. 14, the in-
dex contribution in an efficiently pumped fiber ampli-
fier can also contribute to two-wave mixing beam in-
teraction.

Results are presented in the following part and are
compared with measurements. The probe signal
mean output power [P,(z=0,v)] is given with and
without the existence of a gain grating in the fiber, as
a function of the injected pump power [P,(z=0,v)]
normalized to amplifier power saturation Pg,. Ab-
sence of the gain grating is obtained experimentally
when the pump and the signal beams are mutually
incoherent. Amplifier saturation power P, has been
determined experimentally. Results are presented in
Fig. 3 for gol.=5.4 (Pgy~1.5 mW) and P,(0)/Py(L)
=200. In both cases (with and without the gain grat-
ing) probe powers P,(0) are increasing functions of
the injected pump power. For a given value of P,(0, v)
the transmitted signal power decreases in the pres-
ence of the gain grating, which demonstrates the
relative attenuation of the signal beam. Amplified
Rayleigh scattering into the Er3* PMF may explain
the small discrepancy between experiments and
theory.

Calculated ratios of P,(0) with and without the
gain grating correspond to the relative optical carrier
attenuation and are reported in Fig. 4 for various val-
ues of goL. The calculation is also compared with the
measurement for g,L=5.4. Satisfactory agreement
between model and experiment is obtained for ratios
P,(0,v)/Pg, in the range of 1071-10%. For lower val-



ues of the ratio P,(0,v)/Pg,;, the measurement accu-
racy is too low to permit correct comparison with
theory. Let us note that the phase shift due to ther-
mal gradients and vibration of the fiber amplifier
may create perturbations that affect the stability of
the beam coupling of the interfering contrapropagat-
ing waves. From Fig. 4, the larger the gain gL, the
better the signal attenuation. A significant signal at-
tenuation corresponds to 80% of the maximum reach-
able attenuation. With this criteria and for goL=5.4,
the ratio P,(0,v)/Pg,y is in the range of 107*-1071,
which permits 70% relative attenuation (5.2 dB). For
goL =10, the required ratio P,(0,v)/Pg; is in the
range of 107°-1071.

Measurements of the modulation depth increase
have been analyzed as a function of the ratio between
injected optical powers P,(0,v)/Py(L,v), for goL=4,
and P (L,v)=30 uW. Results are reported in Fig. 5.
The transmitted modulated signal intensity is de-
tected by a photodiode at port 3 of OC. The input op-
tical signal modulation depth at z=L is m;,=0.5%,
corresponding to a ratio Py (L,v)/P,L,v+27f,,)
~ 0.25%. The maximum output optical signal modu-
lation depth reached at z=0 is m,,=4.6%, corre-
sponding to a gain on the modulation depth close to
10 dB, with an overall increase in RF signal power of
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Fig. 3. Measured and calculated output probe power, with
and without the existence of a gain grating, as a function of
the injected pump power (goL= 5.4). The probe is not
modulated.
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Fig. 4. Relative optical carrier attenuation, as a function
of injected pump power, and for various values of fiber am-
plifier gain gL.
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Fig. 5. Measured modulation depth gain as a function of
the ratio of injected pump and probe powers for modulation
frequency f,,=7 GHz of the probe and g¢L=4. The two
points on the dotted lines stand for measurements not ful-
filled by the presented model.

nearly 20 dB. In Fig. 5 the condition of no gain satu-
ration (I<I,,) considered in the model is fulfilled
only for the power ratio range P,(0)/Py(L)<50.

In conclusion, we have experimentally and theo-
retically analyzed a two-wave mixing interaction be-
tween cw and RF-modulated signal beams in a 5 m
long erbium-doped fiber amplifier. This interaction is
an original approach for optical carrier reduction of
microwave signals. Calculated results are in good
agreement with measurements. Adaptive and selec-
tive optical carrier attenuation of 75% has been mea-
sured, resulting from beam coupling effects in the fi-
ber amplifier. A 10 dB increase of the modulation
depth of the optically carried microwave signal has
been experimentally demonstrated, together with a
20 dB increase in the RF signal power. The model
predicts even higher optical carrier attenuations with
improvements of the experimental setup and longer
fiber amplifiers for reaching a 100% modulation
depth.
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