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A design method of the apodizing functions for guided-wave four-port electrooptic tunable filter (EOTF)
is proposed. As an example, the specific form of Gaussian apodizing function is designed by analyzing
the crosstalk performance of EOTF. Crosstalk is calculated based on the transient response of the filter
to an input optical pulse. It is concluded that crosstalk level below —30 dB for 20-Gb/s data rates and
100-GHz channel spacing is achievable with presently available substrate dimensions.

OCIS code: 060.2340.

Tunable channel-dropping filter is an important compo-
nent for wavelength division multiplexing (WDM). Many
guided wave filter approaches are at various stages of de-
velopment, including the fiber Bragg grating(-?, fiber
Fabry—Perot[3’4], asymmetrical Mach-Zehnder interfer-
ometer (MZI)[58], waveguide grating router(WGR)!"-8],
acoustooptic tunable filter (AOTF)[®1%, and electroop-
tic tunable filter (EQTF)['1121. Among these technolo-
gies, only the EOTF can be tuned from one channel to
another at the sub-microsecond speeds needed for fast
packet-switched network. Other favorable attributes of
the EOTF include polarization independence and low
electrical power dissipation. However, crosstalk remains
a critical issue. For the EOTF to be widely used, it must
at least provide acceptable interchannel crosstalk values
with a channel spacing equal to the international stan-
dard of 100 GHz (0.78 nm at 1.53-um wavelength) at
1-Gb/s data rates (OC-192, STM-64).

In this paper, the apodized EOTF design is treated
theoretically to improve the crosstalk performance. De-
pendence of crosstalk on input pulse width is calculated
for Gaussian apodizing function.

The EOTF structure considered is a four-port device
that performs the add-drop function for multiple wave-
length channels. It consists of two polarizing beam split-
ters (PBSs) connected by single mode optical waveg-
uide sections, as illustrated in Fig. 1. Each of these
waveguide sections is integrated with a spatiallyperiodic
strain-inducing film['? for inducing TE-TM polarization
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Fig. 1. Model design for EOTF.
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conversion that, by design, is efficient only for a nar-
row band of frequencies near the selected frequency v;.
This allows for somewhat better crosstalk performance
than in the dual-electrode” version['!) for a given device
length. The input PBS separates the TE and TM polar-
ized components of input light and routes them through
the different polarization conversion waveguide sections.
The output PBS recombines light from the two waveg-
uides so that polarization-converted light emerges from
one output port (drop port), while unconverted light
emerges from the other output port. The analysis here fo-
cuses on the limitations of the crosstalk related to polar-
ization conversion in the waveguides, and assumes with
ideal PBS performance.

Tuning of the filter is accomplished by applying a volt-
age to electrodes positioned on either side of the waveg-
uides in the polarization conversion regions. Via the lin-
ear electrooptic effect, the voltage affects the birefrin-
gence of the waveguides, which determines the filter’s
selected frequency.

The analysis assumes that an optical pulse is injected
into an input port and computes the temporal depen-
dence of optical power at the output port correspond-
ing to the selected channel. The carrier frequency of
the pulse vy corresponds to the center of one of the fre-
quency channels. The crosstalk X is defined as the ratio
of the optical output energy Wi, if the input is in a non-
selected channel to the output energy Wy, if the input is
in the selected channel. The same input pulse waveform
is assumed in both cases

ns
X = (1)
out

The insertion loss I is defined as the ratio of Wj,, to
Win, with W, the input optical power.

The calculation makes use of the frequency-domain
transfer function T'(w) of the filter. The frequency do-
main response G(w) to an input pulse of amplitude f(z)
is given by G(w) = F(w)T(w), with F'(w) the Fourier
transform of f(t). The output pulse amplitude g(t) is
given by the inverse Fourier transform of G(w).

The filter transfer function 7'(w) is calculated using the
coupled mode equations[*!
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where A and B are the complex amplitudes of the two
orthogonally polarized waveguide modes with different
propagation constants £, and 8, and A is the phase-
mismatch constant for first-order coupling.

The constants kg and s, in Egs. (2) and (3) are
coefficients which describe the strength of coupling be-
tween polarization modes. For the co-directional cou-
pling, as in the present case, we can write ko = —&7, =
k. For an apodized filter designed to minimize sidelobes,
% is a function of 2: k(z), which is called the apodizing
function. In designing the EOTF, we solve Egs. (2) and
(3) numerically over the region 0 < z < L to get a proper
form of k(z) at a particular optical radian frequency v.

In the low-crosstalk filter designs, we considered Gaus-
sian coupling strength function, given by

k(z) = roe~® (:=8)7 (4)

The constants kg and « can be adjusted in an effort to
achieve a desired filter response.

The input pulse amplitude, assumed to have Gaussian
shape, can be expressed as

12

(&) = Ne *T el (5)

where NV is the normalization constant, Tp is a constant
that determines the pulse width, and wg is the radian
frequency of the optical carrier. It is assumed that wy
coincides with the center of one of the WDM channels.

The calculations are intended to relate to present-day
WDM system application. Thus, we consider applica-
tions of the EOTF at data rates of 2.5, 10, and 20 Gb/s.
The channel spacing is assumed to be 100 GHz, and the
center wavelength is 1.53 pm. Length of the electroop-
tic/polarization coupling region in the filter is assumed
to be 6 cm, which is compatible with the 10-cm diame-
ter of the largest commercially available lithium niobate
substrates.

The birefringence of lithium niobate at room temper-
ature for the wavelength of 1.53 pm is 0.0790'4. The
constants in the apodizing function «(z) in Eq. (4) were
determined by minimizing the crosstalk subject to the
constraint that the insertion loss vanishes for vy = vy,
yielding the expression

K(2) = 4336~ (0D (50", (6)

This function and the corresponding filter spectral re-
sponse is shown in Fig. 2, with dv = vy — v, and the
power conversion efficiency E = |T'(w)|?>. The sidelobes
in the filter’s spectral response were suppressed to the
extent that, for |dv| > 100 GHz, the transmittance is
< —30 dB.

Table 1 shows the crosstalk calculated for channel cen-
ter frequencies separated by 100m GHz from the carrier
frequency, for m = 1,2, and 3. Worst-case crosstalk
levels below —30 dB were achieved at data rates to 20
Gb/s. And all insertion losses remain low (< —0.20 dB),
which is acceptable for practical use.
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Fig. 2. (a) Spatial dependence of polarization coupling con-
stant x(z) for Gaussian filter. (b) Spectral response for
Gaussian filter.

Table 1. Crosstalk and Insertion Loss for Gaussian
Apodizing Function

Data Rate Crosstalk (dB) Insertion
(Gb/s) m=1 m=2 m=3 Loss(dB)
2.5 —44.0 —-419 =379 —0.05
10 -37.6 —41.0 -37.9 —0.08
20 -309 -39.1 -—-37.8 —0.20

In practical case, the stability of the laser carrier fre-
quency vy and the filter’s selected frequency v, is re-
quired. It would be necessary to control both to the
order of +1 GHz. This is commonly done with today’s
distributed feedback lasers using a thermoelectric cooler
and thermistor in a feedback loop.

A half-tone technique is suggested as a means of achiev-
ing a desired apodizing profile x(z). In the case of the
EOTF considered here, spatial period of the filter at
the center of the active region can be calculated by
A/(ny —ng) , with ny and ns the ordinary and extraordi-
nary refractive indices of the waveguide material. Since
the birefringence (ny — ng) of LiNbOj3 at room temper-
ature for the wavelength of 1.53 pm is 0.079, a fully
populated design would have 515 stripes per cm. From
Fig. 2, it is evident that the minimum density of stripes
would be about 50 per cm. This should be adequate to
achieve a good performance for the tapered coupling.

In conclusion, a design of apodizing function for EOTF
has been analyzed. Crosstalk level below —30 dB for data
rates to 20 Gb/s and 100-GHz channel spacing are pre-
dicted for Gaussian apodizing function, assuming a 6-cm
length for the polarization coupling/electrooptic tuning
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region. The calculated insertion loss is also quite low.
Thermal stabilization of frequency characteristics of both
the laser light sources and the filter will be needed to
achieve these results. A half tone lithography technique
is suggested as a means of achieving desired apodizing
function profiles. Other forms of apodizing functions can
also be optimized by the same way as we did in this pa-
per.
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