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Tunable Silicon Etalon for Simultaneous Spectral
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Abstract—A temperature-tunable Fabry—Perot filter made of filter is made of silicon [5], which is transparent in the wave-
silicon has been developed and applied for simultaneous spectral |ength range of 1.2—1.Zm. Moreover, the refractive index of
filtering and wavelength monitoring of a directly modulated DFB  gjjicon js sensitive to temperature. This allows the transmission
laser. This novel device decreases the dispersion penalty of a cost- fthe filter to be t d and locked t lected val th
effective dense wavelength-division-multiplexing (DWDM) trans- ofthe hiter to be tuned and locked to a preseiected value on the

mitter in a long-haul transmission link. Moreover, it allows the op- ~ Slope of the filter transmission spectrum by controlling the op-
erating wavelength of the transmitter to be accurately monitored tical thickness of the etalon via temperature. In our filter, this is

in real time. realized with a heating resistor deposited on the silicon surface.
Index Terms—Optical communications, optical filters, optical By tracking the temperature of the etalon locked to a constant
transmitter. transmission value, changes in the wavelength of the transmitter

may conveniently be monitored.

The silicon filter offers a flexible way to improve the
long-haul performance of a directly modulated laser trans-
T O TRANSMIT optical signals in long-haul dense wavemitter through temporal reshaping of the signal. Moreover,

length-division-multiplexing (DWDM) networks, directly jts operation principle allows a straightforward means for
modulated DFB lasers are often used due to their low-cqglg|-time wavelength tracking. Contrary to commercially
and straightforward implementation. The performance of theggajlable fixed-frequency filters, the operation of the device
lasers is, however, often limited by frequency chirping, whicfg not restricted to the ITU-channel grid, but the filter can be
results in pulse broadening in a dispersive single-mode fibginamically tuned over a wide wavelength range. In addition,
Another limiting effect is imposed by wavelength drifts dugne construction of the filter out of silicon wafer allows a
to aging of the laser, which calls for a method to continuousphst-effective and reliable device implementation.
track the wavelength of the transmitter.

Recently, temporal reshaping of the optical pulses by fil-
tering the output of a directly modulated transmitter has been
demonstrated to significantly decrease the dispersion penaltyThe Fabry—Perot filter was fabricated by depositing dielectric
In these experiments, either a Fabry—Perot interferometermirrors on a double-side polished silicon wafer. The high-reflec-
a fiber Bragg grating (FBG) were adopted [1]-[4]. The imtivity mirrors were produced by depositing threéd-layer pairs
provement of the quality of the transmitted signals by spectrafl Si;N, and SiGQ on both sides of the 380m-thick wafer [6].
filtering is essentially due to two effects. The extinction ratio ofhe reflectivity of the mirrors £ = 0.66) and the free spec-

a signal having adiabatic frequency chirp becomes improved togl range of the filter {’'SR = 110 GHz) were determined by
transmitting the signal through a spectral filter with positivel§itting an Airy-function to the measured transmission data (see
sloping transmission spectrum. The relaxation oscillations &ig. 1). The—3-dB bandwidth of the filter is~14 GHz, which

the edges of the pulse are efficiently filtered out when theas been found to be suitable for this application [1].
operation point is chosen close to the maximum of the filter The temperature tuning of the filter is realized by feeding cur-
passband. rent through a thin-film resistor deposited on the surface of the

In this letter, we report on the development of a tunable ophip. The ring-shaped resistor made of molybdenum has a nom-
tical filter for simultaneous spectral filtering and wavelengtinal resistance 0£35 (2. Tuning of the filter by temperature is
monitoring of the output of a directly modulated DFB laser. Thieasible due to the strong temperature dependence of the refrac-

tive index of silicon. The temperature coefficient of the refrac-

Manuscript received July 5, 2000; revised September 26, 2000. This wdi¥e indexis~1.5-10*1/K, which is almost two orders of mag-
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Fig. 1. Transmission spectrum of the Fabry—Perot filter. Open circles represent

the measured data, and solid line is the fitted Airy function.
1 dBm. The filter was placed directly after the transmitter and
Heating power [mVV] the bit error ratio (BER) performance of the system was tested
9 50 190 1,50 290 2§° 300 350 at several operation points along the positive slope of the filter
1 transmission curve. A 350-km-long single-mode fiber link was
used in the test. Three optical amplifiers at 100, 175, and 300
km were applied to keep the ASE noise level low. The output
power of the amplifiers was kept at such a level that nonlinear
optical effects were negligible. After the link, the signal was de-
tected with a receiver having an avalanche photodetector.
] The extinction ratio of the transmitter without the filter
was measured by using a digital sampling oscilloscope (HP

Transmission
o ©
N [s)]

o
N

oor L ' . . L 54 750A) and an optical receiver module (HP83486). Without
0 5 0 15 20 25 30 35 the filter, the extinction ratio was found to be 9.2 dB and
Temperature change [K] insertion of the filter improved the ratio te-13.3 dB. This

value depends on the selection of the operation point. We
measured the frequency chirp of the laser transmitter with
. L a Fabry—Perot etalon as a frequency discriminator [5]. The
the couplers, the air gap, and the filterd..5 dB at the trans- adiabatic frequency difference between the ON and OFF states

mission maximum of the filter. . was~4 GHz. Results of the corresponding BER measurement
Drifts of the transmitter wavelength can be monitored bé{ . - .

. ) ) . . _are given in Fig. 3. The measurements were made with and

measuring the temperature of the filter when its transmission IShout the filter. For our transmitter. the best performance

kept constant. For this purpose, another thin-film resistor made ¢ obtained when the operation point was tuned to around
of molybdenum was deposited on the chip. The temperattgﬁ

. . % of the transmission maximum. The dispersion penalty was
d_epen(_dence .Of the sensor resistor and the .Sh'ﬂ of t_he transmy proved from 2.4 dB to 0.9 dB measured at a BER level of
sion fringe with temperature were determined using a smgll—o
temperature sensor (LM45) glued on the chip. The transmissio

peak of the filter was found to shift with temperature by abo

Fig. 2. Temperature dependence of the transmission of the silicon filter.

"rhe waveform of the signal was measured with a digital sam-

: ) tIing oscilloscope and a fast photodiode (HP11982). The wave-
11 GHz/K when current was fed through the heating resist orms after the link with and without the filter are shown in

The measured transmission as a function of the temperat‘,_lgs_ 4. The signals at the one level are almost identical whereas

of the f"t?r Ch'p.'S shpwn In Fig. 2._The nominal resistance %e power at the zero level has clearly decreased. This result
the sensing resistor is1.7 k! and its measured temperature

o - X indicates that the reduced dispersion penalty can be partly ex-
;ne?hs:l;/;z ’;36? 29702; tgaﬂ)ajgn dsf dogg?Zﬁ?aTtbtlﬁgt frrfg‘:s:::éreeplained by the improved extinction ratio. It can also be noted
: 9 : ! P that the relaxation oscillations at the beginning of the pulse are
of the device. The operating temperature was kept at about

¢

K above the ambient temperature and the required electri her with filtering than without it, as is expected for an op-
. P q ation point, which is at the positive slope of the transmission
heating power was 150 mW.

spectrum of the filter.

When the wavelength of the transmitter varies, the control
system tunes the optical thickness of the filter via the temper-

The system performance of the DFB laser (Lucent 2500 ssure in order to keep the transmission constant. The required
ries) with and without the filter was tested in a single channemperature change was found to be linearly related to the
of a DWDM link. The transmitter was directly modulated in a&hange in the sensor resistance. A calibration curve for the
231-1 bit-long pseudorandom binary sequence at a bit rate r@Sistance-versus-wavelength relationship is shown in Fig. 5. A
2.5 Gb/s. The nominal output power from the DFB laser wdanable laser source was used to perform the wavelength scan.

I1l. M EASUREMENTS
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transmitter applications. The operation point of the filter is

tuned by changing the temperature of the chip. Two integrated
thin-film resistors allow simple implementation for controlling

and sensing the temperature of the chip. By inserting the
filter directly after the output of a DFB laser, the dispersion

effects can be reduced and the transmission distance of a
DWDM transmitter can be increased. The changes in the
operating wavelength of the transmitter can be continuously
monitored by detecting the temperature changes of the filter
chip when the operation point on the transmission spectrum
is locked. The temperature variations can be linearly related
to the changes in the wavelength. A test measurement with
350 km of standard single-mode fiber demonstrated that the

Waveforms of the signal after the link with and without spectraspectral filtering improved the dispersion penalty from 2.4 to

0.9 dB. The wavelength of the laser could simultaneously be
monitored in real time with an accuracy on the order of a few
picometers.
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