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Abstract—Weighted coupling for strong sidelobe suppression of
integrated acoustooptical mode converters in LiNbO:; using
acoustical directional couplers has been studied theoretically
and experimentally. A parameter free model for the propagation
of surface acoustic waves in guiding structures has been
developed based on a step-like variation of the acoustic velocity.
Comparisons of theoretical results with experimental ones for
acoustic waveguides and directional coupler structures confirm
the applicability of the model. A coupled mode description of
the acousto-optical polarization conversion in converters with
acoustical directional couplers has been developed and applied
to several tapered acoustical directional couplers. The model
reveals that the conversion characteristics are usually strongly
asymmetric. If the directional coupler is appropriately designed,
a sidelobe suppression of about 30 dB can be achieved. First
experimental results with tapered directional couplers confirm
within some limits the theoretical predictions.

L INTRQDUCTION

UNABLE wavelength filters and wavelength selective
switches are key components for a variety of applications
especially in wavelength division multiplexed (WDM) optical
communication systems and for optical instrumentation. In
particular, integrated acousto-optical filters and switches [1],
[2] in LiNbO; are very attractive as they offer a broad tuning
range [3], [4], a fast tuning speed [S] and especially their
unique property of simultaneous filtering capability [6].
These devices consist of a combination of collinear acousto-
optical polarization converters and polarizing elements, e.g.,
polarization splitters and/or polarizers. The principle of opera-
tion of the acousto-optical polarization converters is based on
an interaction of guided optical fields of orthogonal polariza-
tion and a surface acoustic wave (SAW). Via this interaction
a polarization conversion is achieved, if the phase-matching
condition is fulfilled. It requires that the difference of the wave
vectors of the optical waves is compensated by the SAW wave
vector. Usually, the mode conversion is achieved with a homo-
geneous coupling strength along the interaction length due to a
(nearly) constant SAW intensity, either guided in an acoustical
waveguide or even unguided. In these cases the resultant
conversion characteristics, i.e., the power of the converted
optical wave as function of the optical wavelength, are sinc-
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like functions with sidelobes theoretically —9.7 dB below the
maximum conversion leading to a significant contribution to
crosstalk especially in dense WDM systems.

To reduce the sidelobes two different approaches have been
investigated: cascading of several devices [7]-[10] and using
a weighted coupling technique [11]-{16]. The first approach
requires more complex devices and it is not directly applicable
to switch structures. Moreover, cross talk due to coherent
channel interference [17], [18], which occurs if simultaneous
filtering is applied, is not suppressed within such structures.
This is especially significant if the cascading is combined with
birefringence apodization as discussed in {10].

The second concept to reduce the sidelobes relies on a
locally varying coupling coefficient. As the conversion char-
acteristics are approximately given by the square magnitude
of the Fourier transform of the coupling strength, weighted
coupling can be achieved, if the coupling strength is tapered
within the interaction length with a soft onset and cutoff at
the beginning and at the end of the structure, respectively.
Such weighted techniques—also called apodization—are well
known in several areas of engineering. In integrated optics
apodization has been used for instance in Bragg reflection type
grating filters [19] and electro-optical wavelength filters [20].

Weighted coupling for acousto-optical mode converters has
been demonstrated by exciting focused SAW’s by specially
matched transducer electrodes [13], [15], with acoustical
waveguides of varying widths [14], or with acoustical
directional couplers [11], [12]. The latter structure uses a
sinusoidal weighting of the coupling strength achieved with
a directional coupler structure with constant gap. However,
more sophisticated integrated acoustic structures promise a
further sidelobe suppression. One approach is to taper the
directional coupler [21] as shown in Fig. 1. Such devices will
be discussed in detail in this paper.

We present a detailed analysis of acousto-optical mode
converters with tapered acoustical directional couplers. A
model for the propagation of SAW’s in integrated acoustical
structures will be developed and compared with experimen-
tally obtained results in Section III. The coupled mode for-
malism will be extended to acousto-optical mode converters
with acoustical directional couplers; a few examples will be
discussed in detail and again comparison with experimental
results will be performed in Section IV. To collect data on
fabrication conditions and characterization methods a brief
description of them will be given in Section II.
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Fig. 1. Basic structure of an integrated acousto-optical mode converter with
tapered acoustical directional coupler.
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Fig. 2. Cross-sectional view of an acoustical waveguide and the correspond-
ing velocity profile for the SAW calculations.

II. FABRICATION AND CHARACTERIZATION OF
INTEGRATED ACOUSTO-OPTICAL DEVICES

In this section a brief review of the techniques used to
fabricate the acousto-optical devices is given and the char-
acterization methods to study them are discussed.

As substrate material we used (optical grade) X-cut, Y-
propagating LiNbO3. Acoustical waveguides have been fab-
ricated via Ti-indiffusion into the cladding regions of the
acoustical guide or the acoustical directional couplers (see Fig.
1). For all the devices discussed below, 1600-A-thick titanium
layers have been indiffused. This diffusion has been performed
at 1060°C during 24 h. Afterwards, optical waveguides have
been fabricated by an indiffusion of 7-um-wide Ti-stripes
during typically 9 h at 1030°C. These parameters yield single
mode optical waveguides for both polarizations in the spectral
range around A = 1.55 pm. '

For the excitation of surface acoustic waves either bi-
directional (10 finger pairs) or unidirectional transducer elec-
trodes (2x 5 finger pairs separated by a quarter of the acoustical
wavelength) for the frequency range around 170 MHz have
been vacuum deposited on the substrate. The overlapping
width of the transducer fingers is 140 ym.

To study the performance of the acoustical waveguide
structures a laser probing technique has been used [22]. A
He-Ne-laser beam is focused on the surface where a small
part of the beam is diffracted due the surface corrugation
grating induced by the SAW. By measuring the intensity of
the diffracted light as a function of the position on the surface
the intensity profile of the SAW can be determined.

Moreover, the laser probing technique allows to determine
the SAW velocity by measuring the diffraction angle. From
this angle the grating period and, hence, the acoustical wave-
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length can be deduced. Via the known acoustical frequency

the phase velocity can be determined. Using this method we

have measured the SAW velocities in undoped and in planar

diffused LiNbO3. From these experiments we found that the

velocity of the SAW is increased by 0.31% in the diffused .
material fabricated with parameters given above.

The characterization of the acousto-optical mode conversion
has been performed by either using a DFB-laser (A =~ 1.55
um) as light source and measuring the transmission through
the device as a function of the frequency of the SAW or by
using a broadband LED measuring the spectral properties of
the transmitted light at a fixed acoustic frequency.

HI. ACOUSTICAL WAVEGUIDES AND DIRECTIONAL COUPLERS

A. Theoretical Model

As the Ti-indiffusion increases the SAW velocity, acoustical
waveguide structures can be fabricated by an indiffusion into
the cladding regions of the guides. According to our knowl-
edge there exists no accurate description for such waveguides
allowing an explicit calculation of waveguide properties. An
analysis starting from the wave equation using numerical
methods such as e.g., finite element methods would require
a profound knowledge of the changes of the elastic and piezo-
electric properties due to the Ti-diffusion in order to get the
two-dimensional “index profile” for the acoustic waveguide.
As these data are not available we have pursued another
concept to model the acoustical waveguide structures.

The procedure is similar to the case of optical stripe
waveguides. A SAW in a piezoelectric material like LiNbO3 is
completely described by four components: the amplitudes (and
phases) of the elongations along the three crystal directions
and the electric potential. For X-cut, Y-propagating SAW’s
the amplitude of the elongation parallel to the crystalline X-
direction is dominant [23]. Therefore, we assume that the SAW
can be described reasonably well in a scalar approximation
by regarding only this component. Similar to the effective
index model for optical stripe waveguides [24] a compression
to a one dimensional problem can be made using a one
dimensional velocity profile, too. This profile is obtained from
the measured SAW-velocities as described in the preceding
section, i.e., we assume a velocity profile as shown in Fig. 2
with constant velocities within the undoped (vp) and within the
doped regions (vr;). In that case the transversal wave equation
for acoustical waveguide structures reduces to:

82
dz?

um(z) is the transversal field distribution of the amplitude of
the elongation along the crystalline X -axis of the m-th mode,
Veff,m denotes its propagation velocity. The function v(z) is
the velocity profile across the waveguide structure, f,. is the
frequency of the SAW.

This equation can be easily solved if we further assume
that um,(z) and its first derivative are continuous at the
boundaries. With these assumptions a model free of any fit
parameter is given which can be applied to describe various

1 1
(27 fac)? (vg— - —11—2@_)) } um(z) =0. (1)

eff,m
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Fig. 3. Calculated SAW velocities for guided modes in an acoustical
waveguide. (fac = 170 MHz.)

acoustical waveguide structures. To test the validity of the
model calculated results for straight waveguides and couplers
will be compared with experimental results in the subsequent
sections.

B. Straight Acoustical Waveguides

Using the model and the experimentally determined SAW
velocity change the propagation characteristics of guided
acoustical waves can be calculated. In Fig. 3 the calculated
velocity of the fundamental and of the first higher order mode
is shown as function of the waveguide width, i.e., the width of
the undiffused region. The frequency of the SAW was taken
to be 170 MHz. Below about 130 um width the acoustical
waveguide is single mode, whereas at larger widths a second
mode is supported.

By studying experimentally the intensity profile of the
guided SAW using again the laser probing technique we
observed that waveguides up to about 130 pm width are
single mode. In waveguides with larger widths the intensity
profile shows some periodic oscillations along the propagation
direction which must be the result of an interference between
two guided modes. The period of the oscillation is about
10 mm; this corresponds well with the beat length of the
interfering fundamental and first order modes with a velocity
difference of about 7 m/s as predicted from the theoretical
model (see Fig. 3).

C. Acoustical Directional Couplers of Constant Gap

An acoustical directional coupler is formed by two closely
adjacent acoustical waveguides which are separated by a small
Ti-indiffused gap. If a SAW is excited in one of the waveguides
the acoustical power couples periodically between the two
guides. The coupling strength and the periodicity is determined
by the waveguide dimensions and the gap between the guides.

Using the theoretical model such an acoustical directional
coupler can be described in analogy to the analysis of optical
directional couplers in the framework of super modes [25].
In the coupler two acoustical super modes—an even and
an odd mode—are guided with velocities ves,0 and veg 1,
respectively. The coupling properties result from their interfer-
ence. The coupling length L, i.e., the length after which the
acoustical power is completely coupled to the adjacent guide,
can be calculated from the relative phase shift A¢ between the
two modes, which is a multiple of 7 if the power is completely
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Fig. 4. Calculated and measured coupling lengths of acoustical directional
couplers with acoustic waveguides of various width.

coupled in one of the waveguides. Therefore, L. is given by

1 Veff,0 Veff,1
Le=—|———).
2fac Veff,1 — Veff,0

In Fig. 4 the calculated coupling length as function of the
gap width is shown for several widths of the acoustical
guide. Coupling is stronger for narrower acoustical guides.
A detailed analysis of the curves reveals that the coupling
length varies nearly exponentially with the gap width, i.e.,
L. = Ly exp(vg), where g is the width of the gap and Ly and
~y are constants depending only on the waveguide parameters.
Only for narrow waveguides (70 um) there is a significant
deviation from the exponential behavior. For a waveguide
width of 100 ym Ly = 6.08 mm and v = 0.01785 ym™1,
for 110 pym wide guides Ly = 6.724 mm and v = 0.01839
pm~! and for 120 um wide guides Ly = 7.45 mm and v =
0.01886 pm™!.

We have also studied experimentally the coupling length
in directional couplers with 70- and 100-um-wide waveguides
and gaps of 20 and 40 um [11]. The results are shown in Fig. 4
as well. There is a tendency that the theoretical model predicts
shorter coupling lengths than experimentally observed. For the
40 um gap the deviation is about 20%, whereas it is below 10%
for the 20-pm gaps. Whether there is a systematic deviation for
larger gaps cannot be decided as long as more experimental
results are not available. '

In [12] the exponential variation of the coupling length as
function of the gap has been analyzed experimentally even for
larger gaps. The authors calculated from their experimental
data Ly = 6.8 mm and v = 0.021 pm~!. However, they
used slightly different fabrication conditions for the acoustical
couplers. Therefore, a comparison of their results with our
model should not be overemphasized. But again, it seems that
for relatively small gaps the results correspond reasonably well
with the model whereas at larger gaps there is a significant
deviation. For instance, they observed a coupling length of 55
mm for 100 pm and our model predicts only 36 mm.

@

D. Tapered Acoustical Directional Couplers

An acoustical directional coupler can be tapered, i.e., one of
its dimensional parameters varies along the coupling length.
The simplest tapering scheme is to vary the gap of the coupler,
which will be discussed in this section. To apply the device in
an acousto-optical mode converter the overall structure should
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yield a complete coupling period. The coupling strength should
be strong in the middle of the structure and reduced toward
the outer regions. :

For the design of such tapered acoustical directional cou-
plers the theoretical model can be used. The coupling behavior
is again determined by the interference of the two super modes
of the waveguide structure. However, in the case of the tapered
coupler the velocities and the field distributions of these modes
become explicit functions of the propagation coordinate z as
the waveguide geometry varies with z; i.e., we perform a local
normal mode analysis of the coupler structure as usually done
for tapered optical directional couplers [25). The accumulated
phase difference between the two modes is given by

1 1
A® = e —————1d
ff’”f (veﬁ,o(s) Ueﬂ,l(s)) * 0

where the integral must be performed along the coupler
structure. More precisely, the integral must be evaluated along
a path s(z) which is defined by the z-dependent midpoint be-
tween the two acoustical guides. Thus, (3) can be transformed

to
z 1 1
AR(z) = /4/2 2"f“°<vea,o<z'> B veﬂ,1<z'))

AN 2
x 1+(M) d @)
0z

L is the overall length of the coupler structure starting at
—L/2. If only the gap varies and not the width of the
two acoustical waveguides the exponential relation- between
coupling length and gap can be used and (4) becomes:

z

_ T ds(2’)
Lo J-r/2

Ad —_—
9z

2
exp(—yg(z)4/1+ ( ) dz’ (5)
with g(z) describing the gap function. Because the geomet-
rical variation of the coupler structure should be adiabatic,
I%zizl < 1 and hence is neglectable.

Using this model a tapered directional coupler of an arbi-
trary gap variation can be designed. For practical purposes,
however, the structures should be as simple as possible.
Therefore, we restrict our discussion to tapered directional
couplers consisting of three segments, two branching segments
and a central section. The central section is formed by a
directional coupler with constant gap, whereas in the branching
segments the gap is a function of z. Furthermore we restrict
our discussion to symmetric structures, i.e., the tapering in the
incoming branch is the same as in the outgoing branch. The
simplest structure consists of a linear taper in the branches, i.e.,
the gap linearly increases from both ends of the central section.
Two different types of such couplers have been analyzed
as shown in Fig. 5: In the first structure both acoustical
waveguides are tilted in the branching segments with respect
to the central section. In the second type one acoustical
waveguide goes straight through the whole structure, whereas
the other one is tilted in the branching segments. The latter
structure is more appropriate for acousto-optical mode convert-
ers as the optical waveguide can be embedded in the straight
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Fig. 5. The two different types of tapered acoustical directional couplers.

acoustical guide with a constant distance to Ti-indiffused
cladding regions thus avoiding coupling of the optical waves
into the claddings and hence additional losses of the optical
waves.

Results from the theoretical model will be discussed in
comparison with experimental results. We have fabricated
tapered directional couplers of both types with dimensional
parameters as follows: A type I directional coupler with a
central section of length L. = 3.45 mm and zero gap. A linear
taper from 0 to 55 pm over a length of L; = 6.875 mm in the
outer sections. The width of the acoustical waveguides is 100
um. (Actually, to avoid problems with the lithography we have
omitted the sharp peak of the gap between the outer segments
and the central regions and cut the gap abruptly at 5 m width.
Therefore, in the beginning of the branching sections we have
a slightly wider waveguide as in the central section instead of
two waveguides separated by a very small gap.) As an.example
of a type II coupler we used a structure consisting of 110 ym
wide waveguides and a central section length L. = 5.39 mm.
The gap increases to 70 pm over a length of L; = 6.88 mm.

The coupling properties of these tapered directional couplers
have been investigated using the laser probing technique. On
the left hand side of Fig. 6 the measured intensity profile of the
SAW for the coupler of type I is shown as a topographic plot.
One can clearly see the coupling behavior within the structure.
The SAW power excited in the right waveguide at z = 0 mm
is coupled into the adjacent guide and back again. Complete
coupling has been obtained within the structure slightly shorter
than the overall length. On the right hand side of Fig. 6 the
SAW intensity distribution obtained from calculations using
the theoretical model is shown. By defining the center position
z. of the intensity distribution according to

Te = / zlsaw dz / / Isawdz  (6)
cross section cross section
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Fig. 6. Contour line plots of the measured (left) and calculated (right) intensity distribution of the tapered directional coupler of type I (Levels 10%, 20%,
-+, 90% of the maximum intensity). The shaded areas indicate the Ti-diffused regions of the coupler structure. The diagram in the middle shows the center
of the intensity distribution determined from the experimental distribution (solid line) and the theoretical distribution (dashed line).
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a further comparison of the measured results with the theoret-
ical model is possible. (Isaw is the SAW intensity and z the
coordinate in transversal direction.) In the middle diagram of
Fig. 6 z. is shown as a function of the propagation distance
2. The solid line belongs to the measured and the dashed line
to the calculated results. From the theoretical model a slightly
weaker coupling is expected. The theoretical coupling length
is about 1 mm larger than the measured one of 8§ mm.

In Fig. 7 the results obtained for the coupler of type II are
shown. This coupler has a coupling length of about 9.5 mm.
The results from the theoretical model coincide very well with
the measured ones as can be clearly seen from the variation
of the center position in the middle diagram in Fig. 7.

Why the modeling of the coupler of type II agrees far
better with the experimental results than that for the type I
coupler is not yet clear. One of the differences of these two
structures is the width of the acoustical waveguides. It may

x; [um]

Fig. 7. Contour line plots of the measured (left) and calculated (right) intensity distribution of the tapered directional coupler of type II (Levels 10%, 20%,
-« +» 90% of the maximum intensity). The shaded areas indicate the Ti-diffused regions of the coupler structure. The diagram in the middle shows the center
of the intensity distribution determined from the experimental distribution (solid line) and the theoretical distribution (dashed line).
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be that the theoretical model for the acoustical waveguides is
better appropriate for wider waveguides.

The two examples presented in this section for tapered
couplers together with the results for directional couplers
and straight waveguides demonstrate that the model for SAW
propagation can be successfully applied to study guiding struc-
tures theoretically. Of course, there are still some deviations
between theory and experiment; however, even without a
refinement of the model a more than qualitative understanding
of such structures has been achieved.

IV. AcousTO-OPTICAL POLARIZATION CONVERTERS

A. Theoretical Model

Acousto-optical mode conversion with weighted coupling
has been treated theoretically by using matrix formalism
in [14]-[16], [26]. The authors assumed a locally varying
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coupling coefficient along the interaction length but neglected
effects related to different phase-matching conditions if several
acoustic modes are involved. In this section we present a
generalized approach to describe the weighted acousto-optical
polarization conversion in tapered acoustical directional cou-
plers.

Polarization conversion can be described using the well-
known coupled-mode formalism [27], [28]. However, for the
general case of the mode converter with tapered acoustical
directional couplers some modifications of the commonly used
coupled mode equations are necessary. Using again the model
of the super modes for the acoustical directional couplers two
of them—the even and the odd mode—are involved in the
conversion process. Both modes contribute to the conversion
process with acousto-optical coupling strengths x; and kg,
respectively. Let A and B denote the amplitudes of the optical
modes of TE and TM polarization, respectively, the coupled
differential equations can be written as:

% = —&}Bexp(—it1(2)) — k3B exp(—itha(z)) ()
%f. = K1 Aexp(ifpy (2)) + k2 A exp(igha(2)) ®)

where z is the propagation direction and the phase terms 1 (z)
and 1)2(z) describe the phase-mismatch. Due to the tapering of
the directional coupler the SAW-velocity of the two acoustic
modes and hence their wave vectors vary along the interaction
length. To take this effect into account, 1»; must be calculated
in the following form:

Yi(2) = o, + /z (<2T7r A'n) - Kac,i) dz’ (i=1,2).
)

-L/2

A is the optical wavelength and An is the difference of
the effective refractive indices of the TM- and TE-polarized
optical modes. K, ; is the projection of the acoustical wave
vector onto the propagation axis. In type I directional couplers
the direction of the propagation of the super modes is parallel
to the z-axis as the structure is symmetric with respect to the
z-direction. For type II couplers, however, only one arm is
tilted in the branching segments. Therefore, we assume that
the propagation direction of the super modes is tilted by half
the branching angle. In a tapered directional coupler K, ;
is an explicit function of the coordinate z. (Moreover, even
An may be a function of z if inhomogeneities of the optical
waveguide structure or a temperature gradient are present in
the device [29], [30]. In the following such inhomogeneities
will not be discussed and therefore a z-dependence of An
can be neglected.) 1o ; are the initial phases of the acoustical
waves at the beginning of the interaction; the phase difference
Ao = o1 — vo,2 together with the wave vectors of the
acoustical modes determine the interference pattern within the
coupler structure.

If the losses of the acoustical waves can be neglected x; and
K are real coupling constants; all phase contributions are taken
into account by the phase functions ;. niQ are proportional
to the acoustic power density of the respective mode at the
location of the optical waveguide.
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By introducing the sum and the difference of the coupling
coefficients according to

K=#K1+ky and Ak =K; — K2 (10)

and for the phase functions

w(z) =12 2—“An(z + 9) - / " Kaeen(#) d
2 —L/2

2 A
(11
and

1 1/’2 _ AT/JO /Z AKac,eﬂ(Z/) dz’ (12)

(4
AY(z) = —F=——+
OER g
with the effective wave vector Kpceff = (Kac,1 + Kac2)/2
and the difference AKp e = (Kac,1 — Kac,2)/2 the coupled
mode equation system can be written as:

%—? = —[kcos(A(z)) — 1Ak sin(Ay(z))] B exp(—ip(z))
(13)

dB A .

5 = +[k cos(Ay(z)) + iAk sin(Ay(z))] A exp(+ity(2)).
(14)

This equation system can be transformed to the usual form of
the coupled mode equations

A )
5, = ~rer(?) B exp(~iy(2)) (15)
0B ,
ke +reg(2) A exp(+i9(2)) 16)
if one defines an effective coupling strength according to
ket (2) = K cos(AY(2)) + iArsin(AY(2)).  (7)

In the general case ke becomes a complex function of z with
a nonvanishing imaginary part.

For the special case of an acoustical directional coupler
with constant gap and with the same amplitudes of the
acoustical waves at the location of the optical waveguide,
i.e., K1 = kg, the imaginary part of k. vanishes. Moreover,
the interference of the two super modes at the location of
the optical waveguides at the beginning of the structure
is destructively, i.e., Ay = w, because the SAW’s are
excited in the adjacent acoustical waveguide. The result is
a sinusoidal weighting of the coupling for this structure. For
tapered couplers, however, the situation is more difficult. The
complex nature of « has to be taken into account. Some special
examples will be discussed in the next section.

B. Effective Coupling Strength and Conversion Characteristics

To study the conversion characteristics of acousto-optical
mode converters a few examples will be discussed. In Fig.
8 four structures are shown. All these couplers have been
designed using the theoretical model for the SAW. The dimen-
sions are chosen to yield a complete coupling period within
the overall structure. The first one (A) is a directional coupler
with 20-xm constant gap and an overall length of 17.365 mm.
The second structure (B) is a tapered coupler of type I with a
maximum gap of 55 pm and zero gap in the central section.
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Fig. 8. Structure and dimensions of the four acoustical directional couplers
for acousto-optical mode converters. The dotted line denotes the position of
the optical waveguide.

The tapered coupler (C) is of type II with 70 pum gap at the
outer ends and again a central section with zero gap. Please
note that the structures B and C are similar to the couplers
already discussed in Section III-D; however, their dimensions
have been slightly modified to achieve the optimum coupler
performance according to the theoretical model. The structure
D is a tapered coupler of type II. Its central section length is
zero and the gap starts with 100 gm. This results in a relatively
long overall length of 26.064 mm.

The SAW intensity distributions have been calculated for the
four structures. We have assumed that the power guided in both
super modes is equal. This is reasonable if the gap between
the two waveguides is large at the location of the transducer.
In that case the two modes are nearly degenerate and their
field distributions are nearly the same at the location of the
transducer. A small fraction of the SAW power is excited in
radiation modes, but it is leaked out of the interaction regime
thus conversion induced by these modes can be neglected.

From the intensity distribution the effective coupling
strength at the location of the optical waveguide, which is
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Fig. 9. Real part (upper diagram) and imaginary part (medium diagram)
of the effective coupling strength versus the interaction length for the four
acoustical directional couplers. The lower diagram shows the variation of the
effective wave vector along the structure.

indicated by the dotted line in Fig. 8, has been determined.
(Due to the presence of a Ti-indiffused optical waveguide
within the structure, the properties of the acoustical directional
coupler may be slightly changed. However, we have neglected
this effect.)

In Fig. 9 the effective coupling strengths as function of the
propagation coordinate z for the four structures are shown.
Furthermore, the variations of the effective acoustic wave vec-
tor K, o from its average value K. ac,eff Dave been calculated.
The real part of x.g increases from zero toward the middle
of the structure and after that decreases again symmetrically
to zero. For structure A it is a sinusoidal function whereas
for the other structures the slope at the beginning is smaller.
The maxima of the imaginary parts are about 2.5% to 5%
of the maxima of the real parts of k.s. The only common
behavior for all structures is the zero crossing in the middle of
the interaction length. The effective acoustical wave vector
decreases slightly toward narrower gaps until it reaches a
minimum and increases again. In the central section K, ¢ is
constant. However, although there is some variation of Ky o
within the overall structure, it is generally relatively small. The
maximum variation for structure C is only about 5 x 10~ of
the average value.

The conversion characteristics for the four structures have
been calculated; the results are shown in Fig. 10. The power of
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Fig. 10. Conversion characteristics of the mode converters with the four
different acoustical directional couplers.
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the converted wave is shown as function of the deviation from
the wavelength of maximum conversion. The frequency for
the SAW has been adjusted to yield this maximum conversion
at a wavelength of A = 1.55 um. To achieve complete mode
conversion at AX = 0 the amplitudes of the effective coupling
strength must be chosen as given by data in Fig. 9.

The conversion characteristic for the structure A has a full
width at half maximum of FWHM = 1.9 nm and it is nearly
symmetric with a sidelobe suppression of — 16.8 dB. However,
a slight asymmetry occurs as the main sidelobe on the left hand
side is about 1.3 dB higher than that on the right hand side.
This is due to the fact that the amplitudes of the even and odd
SAW modes are not exactly equal at the location of the optical
waveguide; they differ by about 4% as can be deduced from
the imaginary part of k.. The asymmetry is not caused by a
variation of the acoustic wave vector and therefore variation
of the phase-matching condition along the structure.

For the structures B and C the half widths are 2.1 and 1.9
nm and the highest sidelobes are at —20.1 and —21.8 dB,
respectively. Both curves are strongly asymmetric. For B the
sidelobes occur at shorter wavelengths whereas for structure C
the dominant sidelobes are on the long wavelength side. Two
contributions are responsible for the asymmetry of the curves:
The effect of unequal amplitudes of the even and odd SAW
modes leading to a nonvanishing imaginary part of k.g and
the variation of the acoustic wave vector along the interaction
length. By calculating the conversion characteristics for the
structure C assuming no variation of acoustic wave vector
or a vanishing imaginary part of k. we found that the
main contribution to the asymmetry comes from the unequal
amplitudes of the SAW modes. Therefore, it can be understood
why the main sidelobes occur left or right relative to the main
transmission for structures B and C. Calculations of the mode
profiles show that there is a larger amplitude at the location of
the optical waveguide of the odd mode for structure B at the
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Fig. 11. Conversion characteristics of the mode converter with acoustical

directional coupler C. The two curves shows the characteristics for optical

waveguides laterally shifted 20 pym toward the adjacent acoustical guide

(dashed line) and 20 gm away from it (solid line), respectively.

beginning of the interaction leading to a negative imaginary
part while the situation for structure C is vice versa.

The strongest sidelobe suppression is obtained with structure
D. The highest sidelobe is at —29.1 dB; the half width is
1.5 nm. The curve shows long period oscillations at the short
wavelength side whereas for larger wavelengths the oscillation
periods are shorter. However, all sidelobes are kept to a very
low level. ' ’

As the main sidelobes for structures B and C appear on
opposite sides of the conversion characteristics, an optimized
structure may be a compromise between a type I and a type II
coupler. Therefore, we have made some calculations for such
structures. We modified the coupler C in such a way that the
gap remains 70 gm at the outer ends but the arm with the
optical waveguide is slightly tilted in the branching segments.
With a tilting of 0.13°, i.e., the waveguide center position is
laterally shifted 16 um along the branching segment, the main
sidelobes of the calculated conversion characteristics are below
—31 dB on both sides of the main transmission peak.

Another interesting feature for applications is to incor-
porate more than one optical waveguide within the same
acoustic guide. This is especially interesting for polarization
independent devices realized by polarization diversity. As an
example for such a situation the conversion characteristics for
two optical waveguides laterally shifted +20 and —20 pm,
respectively, in structure C have been calculated as shown
in Fig. 11. (-20 pm means in direction to the adjacent
acoustical guide, +20 pm away from it.) The SAW power
for optimum conversion differs for the two.guides by about
20%. For the calculation the average value of both has been
chosen. The calculations reveal that there is a shift of about
0.4 nm for the wavelength of maximum conversion. The
conversion characteristic for the inner waveguide (—20 pm)
has slightly higher sidelobes on the short wavelength side
whereas the characteristic for the outer waveguide shows
pronounced sidelobes at the long wavelength side.

C. Comparison with Experimental Results

Experimental investigations on acousto-optical mode con-
verters with tapered directional couplers have been performed
with the two structures already discussed in Section III-D.

A sample with the directional coupler of type I has been
characterized by measuring the converted power versus the
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Fig. 12. Converted power versus acoustical frequency variation of a mode converter with acoustical directional coupler type 1. Measured results are
shown by the solid lines. The left result has been obtained without heating, the right with additional heating of the sample. The dotted lines shows
the calculated characteristics.

acoustical frequency. In the left diagram of Fig. 12 the result
of such a measurement is shown by the solid line. On the
low frequency side a pronounced sidelobe of about —10 dB
occurs. Such sidelobes very often occur in weighted coupling
mode converters as well as in converters with homogeneous
coupling strength. The origin of these sidelobes are mainly
inhomogeneities especially of the optical waveguide [29],
[30]. Due to these inhomogeneities there is a variation of the
birefringence and hence of the phase-match condition along
the interaction length. To suppress these sidelobes due to the
unknown waveguide inhomogeneity we used a heating wire
above the optical waveguide to induce a temperature profile
along the interaction length to compensate the birefringence
variation by taking advantage of the temperature dependence
of the extraordinary refractive index of LiNbO;. In the right
diagram in Fig. 12 the measured conversion characteristic with
the heating is shown. The main sidelobe could be reduced to
—17 dB.

In both diagrams the theoretical conversion curves are
additionally shown as dashed lines. For the calculations no
variation of the birefringence has been assumed. But, even
for the heated sample, there are still some residual inho-
mogeneities. Therefore, one cannot expect to find an exact
matching of the theoretical and experimental results. However,
from the theory a sidelobe of about —16 dB is predicted on the
low frequency side of the conversion curve. For the case of the
heated sample a slightly smaller sidelobe has been measured.

The tapered acoustical directional coupler of type II already
discussed in Section II-D has been used in a polarization
independent single stage wavelength filter [21], which is
shown in Fig. 13. The filter consists of the tapered acoustical
coupler with two optical waveguides embedded in one arm. At
the beginning and at the end of the device there are integrated
optical polarization splitters routing TM-polarized modes to
the bar-state and TE-polarized waves to the cross-state. Details
on the filter performance are given in [21].

We have measured the conversion characteristics of the
mode converter by coupling TM-polarized broadband light
from a LED into the input ports 1 or 2, thereby passing the con-

pol.—splitter opt. waveguides pol.—splitter

output 1
—_

input 1
—

—
input 2 output 2

absorber

a/o converter

transducer
Fig. 13. Structure of the polarization independent integrated optical wave-
length filter with a tapered acoustical directional coupler of type II.

verter through the outer or inner waveguide, respectively. The
measured characteristics are shown in Fig. 14. The conversion
curve for the inner waveguide has higher sidelobes; its largest
sidelobe is at —15 dB. The sidelobes on the long wavelength
side are higher for both curves. The dashed lines in the diagram
are the calculated conversion characteristics. From the theory
a stronger sidelobe suppression is expected. The discrepancies
can again be explained by remaining inhomogeneities in the
structure. Moreover, the situation for this device is more
complex. The polarization splitters typically have an extinction
ratio of 18-20 dB [9). Therefore, a small fraction of the
incoupled wave is routed the “wrong” way through the device.
This may contribute as well to some deviations from the -
theory. However, the tendency that larger sidelobes occur at
the long wavelength side is confirmed.

As discussed in the last section a shift of the maximum
transmission peak between the two curves is expected. Ac-
tually, we observed a shift of about 0.3 nm. However, the
observed shift is toward longer wavelength for the inner
guide, whereas a situation vice versa is expected from the
calculations. There may be several reasons responsible for this
discrepancy. The two optical waveguides may not be identical.
As discussed in [29] there is a strong dependence of the
effective birefringence An from the fabrication parameters.
For instance the variation with waveguide width W is given
by 8 An/OW ~ —3 x 10™% um™1, ie., if the widths of the
two optical waveguides differ by only 0.1 pm, the wavelength
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Fig. 14. Measured filter characteristics for the inner (left) and outer (right) waveguide of the polarization independent single stage wavelength filter.

The dashed lines show the calculated responses.

for exact phase-matching is shifted by about 0.6 nm. As
the accuracy of the photomasks for the fabrication of such
integrated optical circuits are typically in the order 0.1 um,
there may already be a difference of the widths of the two
waveguides leading to an additional shift of the conversion
characteristics.

V. CONCLUSION

We have studied tapered acoustical directional couplers
for integrated optical, acousto-optic mode converters with
weighted coupling. A theoretical model for the SAW’s prop-
agating in integrated acoustic structures, such as waveguides
or directional couplers, has been developed. Comparison of
experimental results with predictions from the model demon-
strate that (within some limits) it is well suited to describe
guiding acoustical structures.

The polarization conversion in acousto-optical mode con-
verters with tapered acoustical directional couplers has been
treated theoretically. This analysis revealed that a simplified
model in which the coupling strength is a real function of
the propagation coordinate is not sufficient for describing the
conversion process. Therefore, a complex effective coupling
strength has been introduced, which takes into account the dif-
ferent propagation constants of the acoustical modes excited in
the directional coupler structure. Using this model conversion
characteristics have been analyzed. These are usually strongly
asymmetric which has been confirmed by experimental results.
The comparison of the theoretical results with experimental
ones show, that there are some residual differences which
we attribute mainly to the presence of inhomogeneities in the
optical waveguide structure. Further investigations and an im-
provement of the technology to reduce these inhomogeneities
are necessary.

From the theoretical investigations one can deduce that it
should be possible to fabricate acousto-optical mode convert-
ers with a strong sidelobe suppression. It seems to be feasible
that a suppression of 30 dB is possible if the problems with
the inhomogeneities are solved.
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