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Abstract. Suppression of an optical carrier from an RF
modulated laser beam of wavelength 532 nm is performed
using two-beam coupling in photorefractive barium titanate.
A theoretical analysis reveals that perfect suppression can be
achieved at a specific modulation strength, which depends on
the gain and intensity ratio between the two beams. The ex-
periments achieve a maximum of —72.9 2.4 dB carrier sup-
pression at the theoretically ideal modulation strength, and
—61.0 & 2.4 dB for small modulation strengths.

PACS: 42.6.5-k; 42.65 Hw; 42.40. Kw

Optical modulators typically transmit some amount of optical
carrier power along with the imposed sidebands. Phase mod-
ulators do so inherently, yet intensity modulators in practice
also transmit carrier at a typical level of —30dB below the
input power. Acousto-optic modulators are nominally single
sideband, yet typically —50 dB of the carrier power leaks into
the output. Optical carrier energy is often unwanted, espe-
cially in certain optical communications and signal process-
ing applications. Our work involves the optical processing
of communications signals from an active antenna array in
which the presence of an optical carrier introduces undesired
spurious signal correlations [1].

Methods to suppress the carrier include both linear [2—5]
and nonlinear optical techniques [6—11]. Frankel et al. [4]
have reported better than —40 dB carrier suppression using
a Sagnac fiber loop, and Loayssa et al. report a better than
—55 dB result using a Brillouin-erbium fiber laser [9].

In optical communication links, for example, a balanced
modulator scheme using a Mach—Zehnder interferometer can
be used to convert phase-modulation into intensity modu-
lation, as illustrated in Fig. 1. The modulators in each arm
of the interferometer are driven in anti-phase. The recom-
bining beamsplitter serves to subtract the two carriers while
it adds the sideband energy. The optical path length differ-
ence between the two arms must be controlled in order to
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Fig.1. A balanced Mach—Zehnder interferometer for suppressed carrier
modulation subtracts the modulated signals from two electro-optic modu-
lators (EOM) driven in antiphase

obtain the subtraction at the desired signal port. Good per-
formance requires well-matched wavefronts, proper setting
of the two beamsplitter splitting ratios, good balance be-
tween the two modulators and good servo-control to com-
pensate for drifts in optical path lengths of the interferometer
arms.

This work presents a demonstration of optical carrier sup-
pression using two-beam coupling in photorefractive barium
titanate. The scheme, shown in Fig. 2, is similar to an un-
balanced version of the Mach—Zehnder modulator shown in
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Fig.2. A photorefractive interferometer adaptively subtracts most of the
optical carrier from the modulated signal
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Fig. 1, except a photorefractive crystal replaces the recombin-
ing beamsplitter.

This change produces a system that is tolerant to wave-
front mismatch and incoming intensity ratios, and automat-
ically compensates for optical path length drifts of the two
interferometer arms. The calculation presented below shows
that two-beam coupling produces perfect carrier suppres-
sion for a certain fixed signal modulation depth — a result
that is at first surprising. In practice, our experiments using
a wavelength of 532 nm and photorefractive barium titanate
achieve a maximum —72.9+2.4dB carrier suppression at
a fixed modulation depth, and —61.0 2.4 dB for small signal
modulation.

1 Theory of optical carrier suppression

The analysis of carrier suppression considers two-beam coup-
ling between two beams having different temporal charac-
teristics. In our case, one beam is an unmodulated beam at
the optical carrier wavelength, while the other is modulated
rapidly compared with the photorefractive time constant. This
problem has been analyzed extensively [12—34]. The pri-
mary focus has often been photorefractive-assisted homodyne
or heterodyne detection, not carrier suppression. The work
of Ringhofer et al. [34] highlights several characteristic fea-
tures of two-beam coupling with modulated signals in a rather
general framework. We investigate the theoretical carrier sup-
pression performance using a matrix approach to photorefrac-
tive two-beam coupling [35]. The matrix approach provides
good insight into the coupling dynamics, and in particular,
provides a geometrical picture for the conditions of perfect
carrier suppression.

Figure 3 establishes a context for the calculation. A signal-
bearing beam is incident on the “minus” (—) port of the
two-beam coupling interaction while an unmodulated carrier
is incident on the “plus” (4) port. The interaction is arranged
to transfer energy from the minus to the plus port. We have il-
lustrated the modulated beam as a carrier with two sidebands,
and the unmodulated beam as a simple carrier. In fact, the
temporal structure of the “carrier” and “sidebands” can have
practically any form provided the two remain uncorrelated
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Fig. 3. Labeling and illustration of photorefractive two-beam coupling input
and output

on time scales corresponding to the photorefractive response
time (on the order of 0.01 s to 1 s), and provided their band-
widths are not such that Bragg degeneracy is broken (on the
order of tens of Gigahertz). In the experiment presented here,
signals in the 100 MHz range are used.

The matrix approach represents the optical fields in terms
of fieldvectors; these fieldvectors evolve with distance z
through the medium, as indicated in Fig. 3. We write the input
(z = 0) carrier and signal fieldvectors as

_{ v1,(0)
e.(0) = <\/m s (D

0
en(0) = <\/Im—(0)> ) (2)

where I, the are intensities at the plus and minus ports. The
two-beam coupling interaction serves to rotate these fieldvec-
tors through an angle § via the rotation matrix:

sin B(z)
coS ﬂ(z)) ’ )

cos B(z)
T(Z) = <_ sin ,B(Z)

Theoretically, perfect optical carrier suppression occurs
when the rotation angle is such that the carrier energy is
placed entirely at the plus port, that is, when the carrier field-
vector rotates by an amount:

V1c_(0)
optimum) = ——— . 4
B(Zoptimum) = arctan ( ) 4)

The signal fieldvector rotates through the same angle, so
some of its energy is lost to the plus port, yet its remaining
energy at the minus port is uncontaminated by the optical car-
rier.

The rotation angle is found by first forming a “density ma-
trix” [36] from the two fieldvectors:

04 1
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where I. and I, are the total carrier and signal intensities,
1 indicates complex-conjugate transpose (here simply trans-
pose since the quantities are real) and the times symbol “x”
indicates outer product. The rotation angle can now be written
in terms of density matrix quantities:

B(2) =60—0(2) , (6)

where

8(z) = arctan {exp [(—AA)z/2] tan 6o} , @)

and

6o = arctan (M> . )
20,

A is the difference between the two eigenvalues of the dens-
ity matrix:

Akz\/1+4(|0+—|2—9++9——)- 9)



In (7) the interaction distance z is assumed to be measured
in units of the photorefractive coupling constant, I"~!. The
signal and carrier intensities at the output of the photorefrac-
tive medium having a given interaction length L, are obtained
from the output fields:

e,(L) =T (L)e,(0).

That there can be perfect carrier suppression is easily un-
derstood from a geometrical picture of the two-beam coup-
ling interaction. The two vectors indicated in (1) and (2) are
illustrated in Fig. 4afor I, = I._ = 1/\/5 and I, =0.5.The
eigenvectors of the input density matrix, (5) , are also drawn.
Their lengths are given by their respective eigenvalues. The
eigenvector with the larger eigenvalue always lies in between
the two input vectors. The action of the two-beam coupling
serves to rotate the eigenvectors such that the one with the
larger eigenvalue becomes aligned with the plus axis in the
limit of the large interaction length, as shown in Fig. 4b. All
the vectors rotate together; hence at some finite interaction
distance the vector representing the optical carrier becomes
aligned with the plus-axis, corresponding to its absence, or
perfect suppression, from the minus port. For the carrier vec-
tor indicated in the figure the needed rotation angle is 45°,
independent of the modulation strength. The interaction dis-
tance at which perfect suppression occurs, however, does de-
pend on the relative intensities of the modulation and carrier.
Since the interaction length is generally fixed in an experi-
ment, perfect suppression occurs for a specific relationship
among the carrier and signal intensities.

From an experimental viewpoint it is convenient to rewrite
the quantities of interest in terms of two parameters. Let the
splitting ratio be the ratio of the carrier intensity at the plus
input port to the total intensity

- I, (0)
1, (0)+ I _(0)+ Iy (0)°

and let the modulation strength m be the intensity of the mod-
ulation sidebands relative to the total intensity at the input to
the minus port:

Iin_(0)
m=—————.
I._(0)+ I,_(0)
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Fig.4a,b. The geometrical picture of carrier suppression. a The carrier and
modulated signal are represented by vectors é. and ép,, respectively. The
density matrix eigenvectors and eigenvalues are represented by é;, A; and
€7, A2. b Two-beam coupling serves to rotate all vectors by the same angle.
In the limit of large interaction distance the eigenvector with the largest
eigenvalue is aligned along the plus (4) axis. At some point before that
the carrier vector is entirely along the -+-axis, indicating perfect carrier
suppression
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These two are convenient experimental quantities because
c is set by the beamsplitter ratio at the input to the Mach—
Zehnder interferometer (50/50 corresponds to ¢ = 0.5), and
m is then determined by the strength of the modulation. In
terms of these two parameters:

6. = arctan W, (10)

AL =+/1—4mc(1—c), (11)

" =arctan|:1_zc+ 1—4mc(1—c):| (12)
(I1—-m)(1—c)c

Optimizing carrier suppression performance depends upon
whether the modulation power is to be fixed or variable.
When it is fixed, the optimum strategy is to satisfy (4) so that
the theoretical perfect suppression is obtained. The required
interaction length is given by combining (4), (6) and (7):

2 [ tan(6p) :|
L=—h|——]. (13)
AL tan(6p — 6.)

Analysis of this equation in conjunction with (10)—(12) shows
that the interaction length required to obtain perfect suppres-
sion is minimized independent of the modulation strength m
by choosing ¢ = 0.5. Taking this value, one can then plot
the required length dependence on modulation strength as in
Fig. 5. The log-log plot nominally produces a straight line
until the modulation strength approaches unity. At unit mod-
ulation strength there is no carrier energy on the modulated
beam. An apparent paradox is worth comment: since there is
no carrier, one might expect the required coupling strength
I'L to approach zero as m — 1, not I'L =4, as it does in the
plot. An arbitrarily small carrier power does, however, still re-
quire a finite coupling strength to be eliminated. The required
coupling strength approaches a constant different from zero
as the carrier power vanishes.

For applications for which the modulation strength is
expected to vary, one is interested in the suppression per-
formance over a range of signal strengths. The performance
is assessed in Fig. 6 by determining the extent to which
the modulation-to-carrier ratio is enhanced by the two-beam
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Fig.5. Minimum required interaction length I'L to achieve perfect carrier
suppression
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Fig. 6. Modulation enhancement due to photorefractive two-beam coupling.
The curves give the modulation-to-carrier intensity ratio at the output versus
the same ratio at the input for various values of the interaction length I'L
and the pump-to-total intensity ratio ¢

coupling interaction. The curves plot the signal-to-carrier in-
tensity ratio at the output divided by the same ratio at the
input, i.e.

I D/ (D) In (L) (L)
In_(0)/1_(0) —  m/(T=m)

’

versus m. We have chosen as a reference the solid curve
representing ¢ = 0.5 and I'L = 12. For very small modula-
tion strengths the enhancement factor is nominally constant at
R =46 dB. It then increases rapidly as the modulation corres-
ponding to perfect suppression is approached so that R — oo.
The enhancement falls thereafter. The remaining curves illus-
trate the effects of increasing the two adjustable parameters.
Increasing the splitting ratio to ¢ = 0.9 (dashed curve) moves
the enhancement peak to larger modulation strength and in-
creases the enhancement factor everywhere except around
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the peak of the reference curve. Doubling the gain factor
to I'L = 24 (dash—dot curve) dramatically increases the en-
hancement at low input modulation strengths until the refer-
ence curve begins to peak. The gain increase also moves the
enhancement peak to a lower value of modulation strength.
Unsurprisingly, increasing the splitting ratio to ¢ = 0.9 at the
higher gain factor (dash—double—dot) does much the same as
it does for lower gain.

The set of plots leads to three design conclusions. First,
if one is working with fixed modulation strength, the opti-
mum design strategy simply sets the two-beam coupling gain
to obtain theoretically perfect suppression. Second, if one
is instead interested in good suppression performance over
a range of modulation strengths, one obtains improved sup-
pression at low modulation strength by increasing two-beam
coupling gain but sacrifices some performance at larger mod-
ulation strengths (not to mention the increased cost of the
crystal). Third, one can ameliorate the sacrifice by increasing
the splitting ratio, but this reduces the absolute signal power,
which is rarely desirable. We note that half of the signal
power is lost to the plus port, and the photorefractive crystal
additionally absorbs a portion of the signal energy (typically
exp[—1/cm] for barium titanate in the visible region of the
spectrum).

2 Experiment

We have demonstrated the carrier suppression concept using
the experimental apparatus shown in Fig. 7. Laser light is
supplied by a Coherent Inc. Verdi frequency-doubled diode-
pumped Nd:YVO;, laser (A =532 mm). About 4% of the
beam is split off by a beamsplitter (BS) to provide a het-
erodyne reference. The major portion of the laser light is
further divided by a half-wave plate/polarizing beamsplit-
ter (PBS) combination arranged to provide nominally equal
intensities at the photorefractive medium (i.e. ¢ =0.5). An
RF signal at f = 130 MHz is imposed as phase-modulation
sidebands onto the optical carrier using a Mg:LiNbO; elec-
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trooptic modulator (EOM). The modulator is followed by
a Glan—Thompson calcite polarizer (G-T Pol.) having a spec-
ified extinction ratio of better than 1 x 1076, This polarizer
eliminates the ordinary-polarized light that does not couple
in the photorefractive medium, and which would otherwise
leak through as unwanted optical carrier. The polarization of
the unmodulated beam is rotated by a half-waveplate to pro-
vide the desired extraordinary polarization needed for two-
beam coupling. We note that the polarization of this beam
is not so critical as that of the modulated beam, so no ad-
ditional polarizing element is employed. The photorefrac-
tive crystal is 0° cut and 6 mm along the c-axis direction.
The angle between the modulated and unmodulated beams is
about 20°, while the modulated beam is incident near Brew-
ster’s angle. A lens ensures that the carrier beam is larger
than the modulated beam. The carrier-suppressed beam po-
larization is rotated to S-polarization with another half-wave
plate.

The orientation of the Glan-Thompson polarizer is set
by maximizing the contrast of the interferometer: With no
modulation present, the output from the minus port of the
photorefractive medium is nominally dark. Tapping on an in-
terferometer mirror perturbs the relative optical path length
and produces temporal fringes. The polarizer is rotated so that
the peak-to-peak intensity observed with a photodetector and
oscilloscope is maximized.

Experimentally, suppression is unambiguously charac-
terized by the amount of carrier present at the minus
port of the photorefractive medium. The degree of sup-
pression is assessed using heterodyne detection: the het-
erodyne reference is frequency shifted from the carrier
using an acousto-optic modulator operating at 80 MHz.
This frequency-shifted beam is combined with the out-
put beam from the photorefractive medium with a 50/50
beamsplitter and then detected. A sheet polarizer sitting
immediately in front of the photodetector helps to elimi-
nate residual scattered carrier light. The resulting signal is
observed on an RF spectrum analyzer. The unsuppressed
portion of the carrier appears as an 80 MHz signal, while
the first-order sidebands appear at fi = |80+ 130] MHz.
The acousto-optic modulator was itself observed to have
carrier feedthrough at a level of —45dB below its input
energy. Since this feedthrough can obscure the desired meas-
urement, the heterodyne reference beam is attenuated to
be approximately 10~3 of the intensity of the modulated
beam.

The electro-optic phase modulator imposes sidebands
onto the optical carrier with the modulation strength given
bym=1-— Jg (a), where Jj is the zero-order Bessel function
and its argument « is the modulation index. The modula-
tion index is proportional to the drive voltage to the mod-
ulator, @ = «V, and thus provides a convenient means of
finding « to calibrate the modulation strength. In particular,
Jo(2.4048) =0, so m(kV =2.4048) = 1.

Figure 8 presents the experimental data of the opti-
cal carrier power versus modulation index. The vertical
scale indicates optical carrier power, where 0 dB represents
no carrier suppression. The dip at a modulation index of
o = 2.405 is simply due to the zero of the zero-order Bessel
function corresponding to no carrier present at the minus
port. Superimposed on the data is a calculated fit from
the theory. As the apparent performance of the system de-
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Carrier suppression is a highly nonlinear function of the
modulation index o:
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where B is given by (6)—(9) and « itself has a nonlinear de-

pendence on the drive voltage as the zero-order Bessel func-
tion. In short, the suppression data has an unpleasant func-
tional form for curve fitting. To the above expression we also
added a constant term § representing the finite obtainable sup-
pression due to instrumentation noise. The fit parameters are
the two-beam coupling gain I'L, the beam splitting intensity
ratio ¢, the 0 dB suppression reference level, the calibration
constant « of the modulator and the noise level §. The latter
two were kept fixed at the experimentally observed values.

The fit estimates a two-beam coupling gain I'’L = 13.05+
0.16. The fit also provides the 0-dB suppression reference
level for the data shown in Fig. 8. For modulation indexes
below about o = 0.05 the observed carrier suppression is con-
stant at —60.8 +=2.4 dB, and the observed maximum suppres-
sion is —72.9£2.4dB at « = 0.12. The best fit estimates the
plus-to-minus intensity ratio to be ¢ = 0.60 £ 0.05, rather than
the nominal ¢ = 0.5 arranged in the experiment. This 20%
deviation lies within a 95% confidence range. It is a large
deviation, yet the theory assumes plane waves whereas the
actual beams are Gaussian and, furthermore, the beam sizes
are poorly determined. A fit with the splitting ratio parameter
fixed to ¢ = 0.50 gives a maximum suppression of —69.4 £
1.0dB.

As Fig. 8 suggests there are systematic effects at play,
and the outcome of the fit routine depends on whether one
chooses to bias the fit to data at high or low values of mod-
ulation indexes, in some other way, or not at all. The values
and uncertainties quoted above reflect the “best fit”. One can
bias the fit to the data at low modulation strengths so the
curve closely matches the data at zero modulation strength.
This leads to more conservative estimates of the suppression
performance than an unweighted fit, namely the maximum
suppression becomes —70.0 2.4 dB.
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The suppression performance was also checked by meas-
uring the carrier power with the unmodulated beam of the
plus-port blocked. This provides an underestimate of the car-
rier suppression because the fanning of the modulated beam
that occurs in the absence of the carrier reference beam also
reduces the amount of carrier (and signal). By this method
we would conclude that the carrier is suppressed by —52 dB
for modulation indexes below 0.05 and by a maximum of
— 64.5 dB. If in the curve fitting one fixes the reference level
to be consistent with blocked-carrier measurement, the re-
sulting fit is comparatively poor, however. The 8 dB or so
difference with the best fit is consistent with the blocked-
carrier method being a conservative one.

Near the point of maximum carrier suppression the instru-
mentation noise floor combined with the carrier leakage of the
acousto-optic modulator limited the measurements. —70 dB
suppression corresponds to an interferometric stability of bet-
ter than AL/A ~ 10~*. Hence the suppression performance
was also limited by acoustic and vibration perturbations to the
optical system.

3 Discussion

We have shown that optical carrier suppression can be
achieved with a photorefractive two-beam coupling interfer-
ometer. At low signal strengths the suppression is primarily
dependent on the gain of the two-beam coupling interaction.
The theoretical analysis reveals that perfect suppression can
be achieved for a specific modulation strength that depends
on the two-beam coupling gain and the relative intensities
of the two beams incident on the photorefractive medium.
The scheme inherently loses about 3 dB of the signal to the
plus port of the medium, and there are also reflection and
absorption losses due to the medium that typically give an-
other 1 dB to 3dB overall insertion loss. Our experiments
attained carrier suppression of —60.8 +=2.4 dB at low modu-
lation strengths and a maximum of —72.9 £2.4dB. In terms
of raw carrier suppression performance this is comparable to,
and better than (respectively), the best results reported in the
literature of which we are aware [9].

The experiments were carried out at a wavelength of
532 nm. Barium titanate and many other photorefractive ma-
terials have an inherently broad spectral response. It should
be possible to perform carrier suppression anywhere through-
out the visible spectrum and into the near-infrared with per-
formance comparable to what we have reported here. In the
infrared, however, and in particular at the common 1.5 pum
or 1.3 wm communication wavelengths, such performance is
probably not possible with currently available photorefractive
materials.
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