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We present a new automated device for measurement of time-resolved frequency chirp of optical
transmitters. It measures chirp in real time by utilizing two temperature-tunable silicon-wafer
etalons as frequency discriminators. The time-resolved frequency chirp in a range of ⫾12 GHz can
be measured with a time resolution of approximately 40 ps. © 2002 American Institute of Physics.
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I. INTRODUCTION

pulses. The time-resolved chirping characteristics of directly
modulated lasers have been measured using a narrowband
tunable optical filter to map out the spectrum of the transmitter in time.5,6 From these measurements it is possible to calculate the variations in the optical frequency as a function of
time. This measurement takes a relatively long time, since a
large number of filter settings are needed. If the light source
has a narrow spectral width, it is sufficient to know the variation of only the center frequency when the intensity is modulated. In this case, a frequency discriminator can be utilized
to transfer the fluctuations of the optical frequency into intensity variations.7,8 To allow for the frequency chirp to be
extracted from the amplitude-modulated signal, two successive measurements with different settings of the discriminator are needed. Consequently, the method is not suited for
monitoring the frequency chirp in real time. Recently, a wave
guide grating router was used for such a real-time measurement of the frequency chirp.9 This device, however, operates
only in a single wavelength at a time and tuning to another
wavelength is slow.
In this article, we present a new method to measure
time-resolved frequency chirp in real time. We have previously demonstrated that a silicon-wafer etalon can conveniently be used as a frequency discriminator.10,11 The etalon
allows operation over a broad wavelength range, from 1.1
m to 1.7 m, and tuning to another wavelength is simple
and fast. Our new device is based on the use of two such
etalons. The measurement system is fully automated, which
is important for fast characterization of laser transmitters.

Directly modulated distributed feedback lasers are
widely used in metropolitan area and access networks as a
cost-efficient solution for the optical transmitter. Utilization
of these lasers in systems with long optical fibers is, however
limited due to the frequency fluctuations induced by the direct modulation of the laser current. The current modulation
induces changes in the refractive index of the laser, which
lead on to changes of the frequency of the light emitted by
the laser. This frequency variation is commonly referred to as
frequency chirp. Interaction of the frequency chirping with
chromatic dispersion in the optical fiber distorts the transmitted signal and results in dispersion penalty. In modern metropolitan area networks, the length of the optical fiber may
be on the order of a few hundred kilometers, which means
that dispersion-induced problems remain an important issue.
The performance of an optical communication system is
characterized by the bit-error ratio 共BER兲. The effect of
chirping and dispersion are observed as a dispersion penalty
in the BER measurement. A drawback with the BER measurements is that in order to obtain reliable results the measurement has to be extended over a long time interval. Since
the measurement of the frequency chirp can be made fast, it
could serve as a simple test to estimate the performance of
the directly modulated laser in real networks.
Several methods have been implemented to characterize
frequency chirping of modulated light sources. For instance,
a transfer function taking the dispersion of the fiber into account can be used to evaluate the magnitude of the chirp.1– 4
However, this method does not allow for time-resolved measurements of the chirp, which is important for accessing information about the frequency variations within individual

II. TEMPERATURE-TUNABLE ETALON MADE OF
SILICON

In the near infrared region, a solid etalon made of silicon
offers many attractive features for realizing an optical resonator in a compact and cost-effective format. Silicon is trans-
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FIG. 2. Measured 共open circles兲 and fitted 共solid line兲 transmission spectrum of the silicon etalon.
FIG. 1. Silicon chip with integrated heating and sensing resistors.

parent for wavelengths in the range of 1.1 m to 40 m and
the absorption coefficient is small. Furthermore, the processing techniques of silicon are well developed. The refractive
index of silicon exhibits a strong dependence on temperature,
since the absorption edge is close to the wavelengths of interest. The position of the absorption edge changes with temperature and, therefore, according to the Kramers–Kronig
relations the refractive index is also varied.12 The optical
thickness of the etalon may thereby conveniently be tuned by
changing the index of refraction of silicon by temperature
tuning.11,13
Our etalon is made of a silicon wafer polished on both
sides. The polished surface acts as a relatively good mirror
even without any reflective coatings due to the high index of
refraction of silicon. The refractive index is 3.48 at a wavelength of 1.55 m and its temperature coefficient is
⬃1.5⫻10⫺4 1/K. The coefficient of temperature expansion
of silicon is two orders of magnitude smaller 共⬃2.5⫻10⫺6
1/K兲, making it to have a negligible effect to the change in
the optical length of the etalon when the temperature is
tuned. The outlook of the silicon chip is given in the photograph of Fig. 1. The size of the chip is 6 mm ⫻ 8 mm and it
is less than 1 mm thick. Controlling of the temperature of the
chip is realized with a metal thin-film resistor integrated on
the surface of the chip. A second thin-film resistor can be
used for sensing the changes in the temperature of the chip, if
necessary. The diameter of the ring-shaped resistor film is 3
mm, its thickness 200 nm and its resistance ⬃35 ⍀. The
resistors are fabricated by sputtering molybdenum onto the
surface of the chip. The heating of the chip is realized simply
by feeding current through the resistor.
III. FABRY–PEROT ETALON AS THE FREQUENCY
DISCRIMINATOR

To be able to use the Fabry–Perot 共FP兲 etalon in a fiberoptic system, we inserted it in a 25 mm airgap of a commercial fiber-optic beam expander 共JDS FBOB3O-FPFP兲. The
light passes through the etalon in the center of the ringshaped heating resistor at close to normal incidence, at which
the transmission of the etalon is polarization insensitive.10
The transmission spectrum of the silicon etalon was deter-

mined by applying broadband spontaneous emission from an
erbium-doped fiber amplifier. The signal passing through the
etalon was measured with an optical spectrum analyzer and
the transmission spectrum was fitted to the Airy function.
The measured 共open circles兲 and the fitted 共solid line兲 curves
are given in Fig. 2.
The transmission spectrum exhibits periodical fringes
whose distance determines the free spectral range 共FSR兲 of
the etalon. The slope of the transmission fringe works efficiently as a frequency discriminator. The values of the FSR
and the reflectivity were obtained from the fitted Airy function. Our etalon has a FSR of 62.0 GHz, which translates
into a wafer thickness of 680 m. The reflectivity R is
⬃28%. The frequency discrimination properties of the etalon
can be varied by using wafers of different thickness and by
depositing dielectric layers on the chip to act as mirror surfaces. The position of the transmission fringes shifts in frequency as the temperature of the etalon is tuned. We have
measured the shift in the fringe position to be ⬃11 GHz/K.
Frequency chirping of the intensity-modulated signal can
be determined from two successive measurements with different slopes of the frequency discriminator.7,8 The measurement points are selected to coincide with the middle point on
the transmission slope, T 0 , defined according to the relation
T 0 ⫽(T MAX⫹T MIN兲/2, where T MAX and T MIN are the maximum and the minimum transmission of the etalon. When the
optical signal containing frequency chirp passes through FP
etalon, which is tuned to the slope of the transmission fringe,
the etalon transmission changes with the variations of the
signal frequency. When the transmission point is at the positive slope, the positive frequency changes cause an increase
and negative changes a decrease in the transmission. The
frequency chirp can be calculated by applying the
relation10,11
⌬共 t 兲 ⬇

FSR V A 共 t 兲 ⫺V B 共 t 兲
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where V A (t) and V B (t) are the signal wave forms measured
at the positive and the negative slope, respectively. Equation
共1兲 is an approximation, which holds for frequency chirps in
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FIG. 3. Basic setup for controlling the transmission of the temperaturetunable etalon.

the range ⌬  ⰆFSR/2. The time resolution of our etalon is
approximately 40 ps allowing for frequency-chirp measurements with bit rates up to 2.5 Gbit/s. The maximum resolvable frequency deviation is ⫾12 GHz. The selection of the
optical properties will also involve a trade off between the
frequency selectivity and the time resolution of the interferometer.
IV. EXPERIMENTAL SETUP FOR CHIRP ANALYSIS

To allow for automatic operation of the chirp analyzer
both active monitoring and controlling of the transmission of
the etalon are required. A basic setup for performing this task
for one single etalon is given in Fig. 3. The transmission of
the etalon is monitored by coupling out a fraction of the
optical power before and after it. The average power is measured using two detectors 共PDT0311兲 whose photocurrent is
converted into voltage by using a current-to-voltage converter. This voltage is digitized with an 8-bit AD converter
and the value of the transmission point is obtained by calculating the ratio of the powers detected before and after the
etalon. The AD converter and the operation of the device are
controlled using a microcontroller 共PIC 16C74A兲.
The measurement with a single frequency discriminator
requires the etalon to be tuned between the two operation
points 共V A and V B 兲, hence it does not allow for real-time
detection of the frequency chirp. By using two etalons, it is
possible to perform the measurements at two different slopes
simultaneously. An outline of the setup for the real-time
chirp analyzer is depicted in Fig. 4.
The laser transmitter was modulated in a pseudorandom-bit sequence 共PRBS兲 using a pattern generator. The
light from the optical transmitter is split with a 3 dB coupler.
The two branches of the signal pass through two
temperature-controlled etalons with approximately the same
properties. One of them is tuned and locked to the positive

FIG. 4. Experimental setup for measurement of time-resolved frequency
chirp in real time based on using two temperature-controlled etalons with
similar optical properties.

FIG. 5. Flow diagram for the measurement procedure. The time durations
are given to the right.

slope of the transmission fringe of the etalon and the other to
the negative slope. We used one microcontroller for each
etalon to control the locking points. This allows for simultaneous measurement of both of the wave forms needed to
calculate the frequency chirp of the optical signal. The wave
forms after the temperature-controlled etalons were detected
with fast detectors and the traces were displayed and stored
on different channels of a digital-sampling oscilloscope. The
oscilloscope was synchronized with a trigger signal of the
pattern generator and it was controlled via a GPIB interface
using a LabView program, which collects the data and performs the calculation of Eq. 共1兲.
Before the measurement can begin the analyzer needs to
be initialized. The initialization is carried out when the device is turned on or the reset command is given. A flow
diagram for this procedure is depicted in Fig. 5.
First, the etalons are let to cool down close to the ambient temperature. Then, the heating power is turned on which
causes the transmission fringes of the etalon to tune in frequency. During the tuning, the transmission of the etalon is
monitored by detecting the optical power before and after
each etalon. The transmission value is obtained by calculating the ratio of the detected powers.
The maximum, T MAX, and the minimum, T MIN, values
are stored for determination of the operation point on the
transmission fringe. The microcontroller then automatically
finds the operation point T 0 and locks the transmission of
each etalon. One of the etalons is locked to the positive
transmission slope and the other to the negative slope. The
locking is realized with an adaptive digital PI algorithm. The
bandwidth of the feedback signal is limited by the time
needed for the silicon chip to respond to rapid changes in the
heating current. The response of the chip is slow due to its
relatively large size. The maximum frequency of the tuning
current was measured to be ⬃50 Hz, above which the etalon
does not respond to the variations in the heating current.
Once the etalons are locked to their respective operation
points, the device is ready for performing measurements. The
time required to perform one single measurement including
initialization of the device is ⬃10 s. Once the initialization
has been executed the device can track the frequency chirp of
the transmitter in real time.
The optical components of the analyzer may exhibit dif-
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ferences in attenuation and in the length of the fiber pigtails.
The difference in attenuation was accounted for by measuring the ratio of the average powers of the two signals at the
outputs. These powers were equalized in the computer by
applying a correction factor. The difference in lengths between the two paths was adjusted by tuning both of the etalons to the same slope of the transmission fringe. In this case,
the measured wave forms are almost identical. By applying a
time offset between the two channels of the scope, we compensated for the difference in the arrival times of the signal
pulses.
The sensitivity of the device was investigated by sinusoidally modulating the laser frequency of a tunable laser
source 共Photonetics TUNICS-PRI兲 and measuring the induced frequency variation with the chirp analyzer. This investigation showed that the analyzer is capable of measuring
frequency variations of less than 200 MHz reliably.

V. CHIRP MEASUREMENTS

To test the performance of the chirp analyzer we measured the frequency chirp of a directly modulated DFB-laser
transmitting 2.5 Gbit/s PRBS. The fast detectors were PIN
photodiodes 共PDT0313兲 with a bandwidth of 10 GHz and the
scope was a 6 GHz digital sampling oscilloscope 共Tektronix
TDS 820兲. The fast detectors and detector amplifiers used to
measure the signal wave forms are often AC coupled. This
causes problems when the frequency chirp is calculated from
Eq. 共1兲, since the average power of the signal is also needed.
To overcome this problem we used a power meter to track
the average power of the signal. The results obtained with
this procedure were compared with the result obtained with a
DC-connected reference detector 共HP 11982A兲. The wave
forms measured with the reference detector were used to
calculate the chirp. To avoid errors, the frequency response
of the two fast detectors and the amplifiers is required to be
the same. A portion of the time traces of a PRBS signal and
the corresponding time-resolved frequency chirps are shown
in Fig. 6. The signals measured with the real-time chirp analyzer are shown with a solid line. The chirp trace shows that
the adiabatic chirp which defines the frequency difference
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between the 1 and 0 states of the signal is ⬃7 GHz. Transient
chirping can be seen as sharp peaks near the leading edge of
the signal.
For comparison, the chirp measured with our previous
method of using a single etalon is included in the figure
共dashed line兲. The two measurements show similar behavior
indicating that the real-time chirp analyzer can reliably be
used to characterize optical signals. The actual speed of the
real-time measurement is limited only by the averaging performed for the signal and the data acquisition time between
the scope and the computer. The chirp trace measured with
the real-time chirp analyzer is updated in intervals of less
than 1 s.
VI. DISCUSSION

We have developed and demonstrated a method for measuring time-resolved frequency chirp in real time using two
silicon-wafer etalons as frequency discriminators. The accuracy of the chirp analyzer depends primarily on the device
used to record the wave form. The noise of the detectors and
amplifiers limit the amplitude measurement accuracy at the
portions of the signal where the adiabatic chirp is dominating. On the other hand, the accuracy of the measurement of
the transient chirp during fast changes of the signal is limited
by the time resolution of the etalon which can be improved
by employing a thinner etalon. The advantages of this device
include insensitivity to the polarization state of light, automated operation and operation over a broad wavelength
range. Since the tuning mechanism of the etalon is based on
temperature the measurement concept is not sensitive to
changes in the ambient temperature. The device can be conveniently used for chirp characterization when the operation
parameters of the laser source are varied, since the apparatus
does not need repeated initialization. In addition, no DCconnected detectors or amplifiers are needed.
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time-resolved frequency chirps.
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