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Abstract

Novel monolithic programmable optical filters are proposed and demonstrated. Deeply-etched waveguides are
used throughout. Unit cells, incorporating a ring resonator in one arm of a Mach-Zehnder, have given
programmable poles and zeros; cascaded unit cells have yielded flat-topped band-pass filter characteristics.

I. Introduction

Programmable optical filters have the potential to improve
latency in real-time signal processing applications compared
to digital approaches. The idea of programmable optical
filters was suggested over two decades ago [1], however their
complexity, control, and stability have all been limited by the
inability to integrate the optical components on a chip. More
recently, channel selection and add/drop multiplexer filters
have been shown for WDM applications using micro ring
resonators as well as larger ring geometries [2-6]. We
propose a family of IIR (infinite-impulse-response) and FIR
(finite-impulse response) optical filters that can be
constructed from arrays of unit cells that incorporate a ring
resonator within one branch of a Mach-Zehnder
interferometer (MZI). These can be used as “channelizing”
or “matched” filters to prefilter massive amounts of incoming
analog data in nearly real time to identify signal bands or
signatures that are worthy of further more detailed digital
signal processing. This analog filter application is very
challenging in that it requires fully programmable filters with
much broader wavelength and bandwidth tunability than
channel selection filters. Therefore these filters would
consist of many sections with many ring resonators. Here we
discuss the building blocks of these filters consisting of one
and two unit cells.

II. Material Platform and Waveguide Design

The device design is based on a standard InGaAsP
active/passive Offset Quantum Well (OQW) platform with a
300nm 1.3Q waveguide layer and 7 OQWs with a total
confinement factor of 7.1% [7]. A single blanket regrowth of
p-cladding following active/passive definition was utilized. In
order to minimize radiation loss from waveguide bends and
simultaneously keep the fabrication as simple as possible, the
device uses a deeply etched waveguide design. Fig.1a shows
the mode profile for the deep etch design. Since the mode has
a large contact area with the waveguide sidewalls, the
fabrication of smooth anisotropic sidewalls becomes
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Fig.1 a) Simulated mode profile for deep etched ridge. b) SEM
image of deep etched ridge waveguide.

extremely crucial to avoid optical scattering loss and surface
recombination currents.

Photolithography and a dual mask process using a 55nm Cr
layer on top of 500nm SiO, was employed to define the
waveguide mask. The deep etching was then carried out in an
ICP system using a Cl,:H,:Ar chemistry and a Si carrier wafer.
Previous papers have reported the use of this etch chemistry
and the importance of using an Si-carrier for dry etching
InGaAsP [8],[9]. In this work the etch conditions were
optimized to give anisotropic and smooth sidewalls. Fig.1
shows a cross section of a deep etched waveguide.

Using the cleave-back method on deeply etched active and
active/passive ridge lasers, the waveguide loss was extracted,
and the results are summarized in Table 1. Both the loss
numbers and threshold current densities are very encouraging.
Comparing the passive loss to that of 3um surface ridges
formed with a crystallographic wet etch (1.9 cm™ measured)
suggests that there is not significant scattering loss added from
the sidewalls. The low threshold current densities for the 3pm
ridges confirm that the surface recombination current at the

Table.1 Loss coefficients and threshold current data for deeply
etched waveguides measured under pulsed conditions.

Ridge width | o; ap Threshold current density / well
[um] [em™] [em™] [A/em?], (Laser length>1500m)
3.0 8.5 22 75.7£7.8
1.8 114 - 129+12.4
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sidewalls is not a major issue for this ridge width. However,
the higher threshold current densities for the narrower 1.8um
ridges imply a larger portion of the injected current goes into
surface recombination. For this reason, all active gain sections
in the device design have waveguides of 3um; while the
waveguide is tapered down to 1.8um at the input of couplers
to reduce the coupling length.

Gain measurements from deeply etched SOAs show large
signal gains of about 260 dB/cm (60 cm™) with an output 1-dB
saturation of 8.4 dBm. This gain is about 25% higher than
what we have seen using the same OQW platform with surface
ridge waveguides of the same width.

Fig.2 a) Schematic and b) SEM picture of the Single Ring Unit
cell.

III. Device Design
A. Single Ring Unit Cell

The simplest filter design incorporates one ring and a
parallel “feed-forward” waveguide. This is the Single Ring
Unit Cell, shown fabricated in the SEM picture, Fig.2b; a
schematic drawing is also shown in Fig.2a. When a signal is
input to port 1, it encounters two interfering branches, one of
which contains a ring resonator. A first-order pole response is
created by the ring. A first-order zero response is created by
the Mach-Zehnder Interferometer that is formed from the
independent paths of the ring and the feed-forward waveguide.
Thus, FIR and IIR filter responses can be synthesized between
ports 1 and 2 as well as between other pairs of ports. The
response of this unit cell is tuned in amplitude via active SOA
regions in each path. The phase is tuned by carrier injection
into passive waveguide sections via the free-carrier-absorption
effect. We have formulated the scattering parameters for the
single ring unit cell, shown here in a simplified form for an
input to port 1 and an output at port 2.
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The A, B, and C coefficients include the loss from various
elements in the structure including waveguide, MMI
transmission, and MMI coupling loss. G and Gy are the gain
provided by the SOA for the feed-forward and ring
respectively. The response of the zero can be isolated by
applying a reverse bias to the SOA in the ring, and likewise
the response of the pole can be isolated by applying a reverse
bias to the SOA in the feed-forward waveguide.

In the fabricated device, the resonator has a length of
915um and the length difference of the MZI arms is 330um,
corresponding to an FSR of 0.7nm (87Ghz) and 2nm
(249Ghz) respectively. In addition to the active SOAs and
passive phase tuning pads, a number of short passive pads or
“taps” were included, Fig.2b. By reverse biasing these taps in
different places along the unit cell, the individual components
can be better understood. By calibrating the quantum
efficiency of the taps using separate test structures, the taps
can ultimately be used as sensors which together with feed-
back loops can stabilize the filter operation.

B. Cascaded Unit Cells

When two single ring unit cells are cascaded, a system
with 3 coupled rings is created. The transfer function of this
system has 6 total poles. 3 are created by individual rings,
while 3 are manifest in the coupling between rings. 2 of the
coupling poles are formed by the “figure-eight” path formed
by 2 rings, and 1 is created by the similar combination of 3
rings. Cascaded coupled ring unit cells were fabricated
together with the single ring unit cells, shown in Fig. 3. The
fabricated device has a resonator length of 1500um. The
design — like the Single Ring Unit Cell — includes passive
contacts that act as phase modulators or “taps.”

The possibilities for the response from the coupled ring
system is great, as the poles and zeros can be tuned via the
SOAs and phase modulators. In general, many unit cells can
be cascaded, allowing for the synthesis of complex filters. For
example, a flat-topped bandpass response of any order can be
synthesized for an input to port 1 and an output at port 2 by
applying a reverse bias to the feed-forward SOAs (SOALI in
the schematic), and applying a forward bias the ring SOAs.
This coupled-ring bandpass filter could be suitable for WDM
add/drop filter applications [3]. To synthesize a narrow
bandwidth filter, reverse and forward biases are applied to the
SOAs in alternating rings, effectively cascading the poles from
every other ring. For example in our 3-ring system, this is
accomplished by reverse biasing the SOA in the center ring.
With the rings no longer coupled, their poles can be located at
the same wavelength to create a sharp filter response. The
MZI structures created by the feed-forward waveguides can be
tuned to eliminate neighboring poles and improve the effective
FSR of the filter.
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Fig.3 SEM of a Cascaded Unit Cell including 3 coupled rings.

IV. Results
A. Single Ring Unit Cell

Measurements of the filters were made by fiber coupling
broadband light from an Amplified Spontaneous Emission
(ASE) source into the chip and fiber coupling the output into
an Optical Spectrum Analyzer (OSA). All testing was
performed CW at room temperature. An MZI response was
generated by reverse biasing the ring SOA to -9V to shut off
the resonator; the feed-forward SOA was also reversed biased
at -4V in order to balance the coupling loss induced by the
path going through the resonator. The resulting MZI zero
shows an extinction ratio of 15dB, and the S,; simulation (1)
was fitted with AG;=0.8B, G,;,,=0, Fig. 4a. The pole response
was measured between ports 3 & 4 with the ring SOA biased
at 17mA (/;,=20mA), resulting in an extinction ratio of 15dB
with a pole FWHM of 0.067nm (8.5GHz), corresponding to a
resonator Q-value of 23,000, as shown in Fig. 4b. Simulations
fits a pole value of CG,;,,=0.76 with G;=0.

B. Cascaded Unit Cells

Fig. 5 shows a simple 2™-order pole response measured
from the device illustrated in Fig. 3. This was created by
turning off the feed-forward waveguides and the third ring by
applying a reverse bias to their respective SOAs; the
remaining two 2 rings were tuned to create a band-pass filter
with a 0.302 nm (37.7 GHz) FWHM. Given the strong 3 dB
interstage coupling in this filter, a relatively wide-bandwidth,
low-extinction passband results.

IV. Conclusion

We have designed and fabricated the building blocks for a
novel programmable filter entirely based on deep etching. By
optimizing ICP etch conditions in Cly:Hy:Ar chemistry we
have achieved low loss passive waveguides and high active
gain. Basic filter characteristics are demonstrated, including a
high-Q single-ring-resonator pole response and a MZI zero
response. By monolithically cascading unit cells, a band-pass
filter was realized.
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Fig.4 Measured Single Unit Cell responses with superimposed
Sy, simulations using (1). a) MZI zero response; b) Resonator
pole response.
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Fig.5 Measured and simulated throughput from 2-coupled-

ring bandpass filter tuned to ~ 0.1 dB ripple with a 0.302 nm
(37.7 GHz) FWHM.
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