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Integrated Tunable Fiber Gratings for Dispersion
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Abstract—Dispersion management is becoming paramount in
high-speed wavelength-division-multiplexed lightwave systems,
that operate at per-channel rates of 40 Gb/s and higher. The
dispersion tolerances, in these systems, are small enough that
sources of dispersion variation, that are negligible in slower
systems, become critically important to network performance.
At these high-bit rates, active dispersion compensation modules
may be required to respond dynamically to changes occurring
in the network, such as variations in the per-channel power, re-
configurations of the channel’s path that are caused by add-drop
operations, and environmental changes, such as changes in
ambient temperature. We present a comprehensive discussion
of an emerging tunable dispersion compensating device, based
on thermally actuated fiber gratings. These per-channel devices
rely on a distributed on-fiber thin film heater, deposited onto the
outer surface of a fiber Bragg grating. Current flowing through
the thin film generates resistive heating at rates that are governed
by the thickness profile of the metal film. A chirp in the grating
is obtained by using a thin-film, whose thickness varies with
position along the length of the grating in a prescribed manner;
the chirp rate is adjusted by varying the applied current. The
paper reviews some of the basic characteristics of these devices
and their implementation, in a range of different applications,
including the mitigation of power penalties associated with optical
power variations. We present detailed analysis of the impact of
group-delay ripple and polarization-mode dispersion on systems
performance, and present results from systems experiments, that
demonstrate the performance of these devices at bit rates of 10, 20,
40 and 160 Gb/s. We also discuss advantages and disadvantages of
this technology, and compare to other devices.

Index Terms—Dispersion compensation (DC), optical fiber
communications, optical fiber dispersion, optical gratings, polar-
ization mode dispersion (PMD), wavelength division multiplexing
(WDM).

I. INTRODUCTION

DYNAMIC dispersion compensation (DC) is becoming
paramount in high-speed wavelength division multi-

plexing (WDM) lightwave systems, operating at 40 Gb/s
and beyond. At these high bit rates, dispersion tolerances
become small enough that variations in dispersion, which are
negligible in slower systems, can severely influence network
performance. In such systems, the amount of dispersion
compensation, required at the receiver to maintain optimum
systems performance, may vary in time because of several
potential impairments. First, small variations in optical power,
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caused, for example, by imperfect gain flattening, can result
in an additional nonlinear phase shift, that can modify the
optimal dispersion map of the system [1], [2]. Second, dynamic
reconfigurations of the network (e.g., channels originating
from different locations) can change the total accumulated
dispersion and nonlinear phase shift. Third, transmission condi-
tions may change simply because of environmental variations,
such as changes in ambient temperature [3]. For example, at
communications wavelengths, the temperature dependence of
the chromatic dispersion of a 2000-km span of nonzero-dis-
persion shifted fiber (NZDSF) is approximately 5 ps/nm/C
[3]. Therefore, given the allowable residual dispersion of

50 ps/nm at 40 Gb/s, systems impairments are expected to
occur with temperature changes as low as 10–20C. These
problems are exacerbated by a reduced dispersion budget,
associated with imperfect dispersion slope compensation over
a wide bandwidth of operation, as well as small uncertainties
in fiber dispersion. Consequently, systems operating at these
high bit rates will require tunable dispersion compensators
to dynamically adjust the dispersion map, preferably at the
receiver and on a per-channel basis, to achieve compatibility
with current network engineering rules.

The requirements on the bandwidth, group delay (GD)
nonuniformity and polarization mode dispersion (PMD) of
DC technologies become stringent at bit rates of 40 Gb/s
and greater. Several tunable DC technologies devices have
been demonstrated at lower bit rates. These include integrated
all-pass filters, using ring-resonators [4] and so-called virtually
imaged phased array devices [5]. Both devices have several
desirable features, including a periodic response, which can
allow for simultaneous dispersion compensation in multiple
channels, and the possibility of dispersion slope compensation
[4]. These devices are well suited to low bit rate multiple
channel applications, however, because of an inherent tradeoff
between dispersion and bandwidth, may not be well suited to
high bit rate applications. Another option, which we discuss
in detail in this paper, is tunable dispersion compensation,
using chirped fiber Bragg gratings (CFBGs), which provides
wavelength dependent GD when operated in reflection [6].
These devices can provide high dispersion, over bandwidths
required for high bit rate applications, and provide significant
tunability. They are, however, typically single channel devices,
that require an optical circulator to retrieve the reflected signal,
with the incurred expense and optical loss. Tunable dispersion
is achieved typically by altering the chirp on the fiber grating
with an externally applied perturbation.

Chirped fiber Bragg gratings have been demonstrated in two
different contexts: First, CFBG have been demonstrated as
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Fig. 1. Schematic illustration of possible embodiment for per-channel dispersion compensation device.

fixed DC devices with large dispersion, providing an alternative
to conventional dispersion compensating fiber (DCF). Also,
they have been used as per-channel devices, with relatively
little dispersion for dispersion trimming, to be used in addition
to DCF. In the former context, which we describe only briefly,
CFBGs can provide several potential benefits, when compared
to DCF, including reduced optical losses, reduced optical
nonlinearity, and the possibility of complete dispersion slope
compensation [7]–[10]. A number of impressive WDM systems
experiments have been reported, using ultralong broad-band
fiber gratings, demonstrating dispersion slope compensation
and cascading multiple broad-band gratings [11]–[13]. In one
experiment, Gnauck et al. [13] successfully transmitted 440
Gb/s optical time division multiplexing (OTDM) channels

over 75 km, using a broad-band CFBG with dispersion of
ps/nm. However, these experiments also revealed

many of the deficiencies associated with such long broad-band
CFBG. In particular, the GD nonuniformity and PMD [12] of
ultralong CFBGs caused significant system penalty variations,
as the signal wavelength is tuned across the CFBG reflection
band. In addition, the bandwidth of such devices can be affected
by short wavelength cladding mode loss exhibited by fiber
Bragg gratings, as well as some loss induced by the holographic
writing process.

This paper will focus on the application oftunableCFBGs
as dispersion trimming elements. These devices use fiber Bragg
gratings, with on-fiber integrated heaters to obtain tunable chirp
and, thus, dispersion. The integrated heater consists of an ultra-
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thin metal film, whose thickness varies along the length of the
grating [14]–[19]. Flowing current through the film generates
resistive heating at rates that vary with film thickness. The con-
trollable temperature gradients along the length of the grating,
generates chirp and, thus, dispersion, where the chirp can be
adjusted reversibly by varying the applied current. Devices with
intrinsic chirp inscribed in the holographic writing process, pro-
vide characteristics, that allow for implementation in systems
operation at 40 Gb/s and above. These integrated devices satisfy
many requirements for real-world applications, such as power
efficiency, small size, simple fabrication and controllable op-
tical properties. Such gratings are meant for operation on a per-
channel basis to adjust dynamically dispersion and, thus, com-
pensate for changes in network operating conditions [15]. In
this context, the CFBG performs a complementary role to DCF,
by providing a small amount of adjustable dispersion, allowing
for real-time optimization of system performance [14]–[16]. As
we demonstrate below, the GD nonuniformity and PMD proper-
ties of these relatively narrow-band per-channel tunable CFBG
can meet the requirements of high-speed systems. The manu-
facturing tolerances of these devices are relaxed, compared to
longer broad-band devices, and packaging becomes feasible. In-
corporating devices into system receivers, as illustrated in Fig. 1,
enables dispersion maps to be optimized, and power penalties,
associated with previously mentioned impairments, to be re-
duced. Because the DC operation is performed on only a single
channel after the signal is demultiplexed, the detrimental affects
of cladding mode loss and out-of-band reflections are avoided,
and cascading problems are not encountered, as the signal does
not propagate significant distances after experiencing any lim-
ited device imperfections.

The paper is structured, as follows: in Section II, we describe
the principle of operation of these devices, present a simple
model for heat flow, that provides guidance for designing de-
vices, and present device characteristics, including temporal re-
sponse and power efficiency. In Section III, we describe briefly
the fabrication of these devices. In Section IV, we describe the
performance of these devices, including devices that incorpo-
rate intrinsic chirp to increase the usable bandwidth. In Sec-
tion V, we discuss GD nonuniformities, and present simple anal-
ysis, that illustrates the impact of GD imperfections on systems
performance. In Section VI, we present experimental results,
that demonstrate the performance of tunable dispersion com-
pensating CFBG in a variety of different systems experiments,
with bit rates ranging from 10 to 160 Gb/s. We also show that
such a device can be used to mitigate serious nonlinear signal
distortion, associated with optical power variations. We con-
clude by highlighting some advantages and disadvantages of the
devices in their current form, and several ways to improve their
characteristics.

II. DEVICE DESIGN

Various authors have proposed schemes for obtaining tunable
chirp in a fiber grating, either by uniform tuning of a nonlin-
early CFBG [21], or by application of a nonuniform gradient,
such as a temperature [22], or strain gradient [23]–[25] along
the length of a uniform grating. The former scheme has been

Fig. 2. Schematic of the device.

demonstrated in a range of applications at 10 Gb/s, including
an implementation with a sampled grating, allowing for simul-
taneous dispersion compensation in several different channels
[26]. The advantage of this scheme is that it can provide tunable
DC, without requiring a nonuniform perturbation (e.g., tem-
perature gradient). However, because of the inherent dispersion
slope associated with the nonlinear chirp of these devices, they
are limited to low bit rate applications. The latter scheme, which
we consider in this paper, has the advantage that uniform disper-
sion can be provided, allowing for potential implementation in
high-speed WDM lightwave systems (40 Gb/s).

In thermally actuated devices, a gradient in temperature along
the fiber causes a chirp in the grating, primarily because of the
temperature dependence of the index of the glass [22]. Initial im-
plementations of this type of device used a bulk heater, such as
an oven and a refrigerator (or heat sink) connected to the ends
of a thermally conductive plate with a v-groove, in which the
fiber was mounted [22], [27]. The approximately linear temper-
ature gradient, established in the material supporting the fiber,
induced a similar gradient in the fiber. Although the perfor-
mance of these devices could be acceptable for some applica-
tions, these bulk-heated devices were not well-suited to device
applications, which require compactness, low power consump-
tion, and mechanical stability. Moreover, this method does not
allow for complex nonuniform chirps.

The integrated device that we consider, shown schematically
in Fig. 2, relies on an integrated on-fiber thin-film heater
deposited onto the outer surface of a fiber with an intra-core
grating. The top frame shows a typical thickness distribution
along the length of a grating; the middle frame shows the
corresponding temperature distribution; and the bottom frame
shows a schematic of the device. Current flowing though
the thin film generates resistive heating, that has a spatial
distribution determined by the thickness profile of the metal
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(a)

(b)

(c)

Fig. 3. (a) Plot of shift in Bragg wavelength of tunable grating with uniform thin-film heater. (b) Bragg grating reflection spectra at different heating levels and
overlaid spectra show little distortion due to heating and (c) temporal response of device.

film [14], [18]. A uniform coating provides uniform heating
power, and therefore, a uniform increase in temperature of
the fiber [28]. Similarly, thermal gradients can be obtained by
using a film, whose thickness varies with position along the
length of the grating in a prescribed manner. The thickness
profile of the film, in this case, determines the geometry of the
temperature distribution, and the applied current defines the
overall magnitude of the variation in the temperature.

The change in Bragg wavelength along the fiber, which de-
fines the chirp, can be related to the film thickness, by making

several assumptions about the fiber geometry and heat flow.
Many of these assumptions are born out in experiments [15],
[18], [29] and in full numerical simulations of the diffusion
equation that are reported elsewhere [30]. The heating power,
generated in the metal film along a short segment of fiber with
length and centered at a positionalong the length of the
fiber, is given by , where is
the heating power per unit length at position is the cur-
rent (which, of course, is independent of position) and is
the local resistance per unit length of the metal. At steady-state,



1422 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 10, OCTOBER 2000

the input power from the heating is equal to the rate of heat loss
to the surroundings. Careful experiments demonstrate that, for
typical operating temperatures, the loss of heat is directly pro-
portional to the change in temperature [30]. It is possible, then,
to write

(1)

where is the change in temperature along the length of
the fiber, and is a constant, discussed further below, that relates
this quantity to the rate of heat loss per unit length from the fiber.
It follows from this equation that the change in the Bragg wave-
length , which is related to the change in temperature
by the thermo-optic coefficient,, can be expressed as

(2)

In order to induce a tunable linear chirp, the heating film must
be designed, so that its resistance varies linearly with position.
For films with thicknesses , small compared to the fiber di-
ameter, . It is then straightforward to show
that, in this limit, a thin film whose thickness varies approxi-
mately inversely with position,

(3)

where is the position along the fiber, and , constants
that are determined by the thicknesses at the endpoints of the
taper, produces an approximately linear temperature gradient
[14]. There parameters are chosen to maximize the wavelength
shift on the long wavelength side of the grating, and, at the same
time, are selected to minimize the wavelength shift on the short
wavelength side.

Devices that use integrated on-fiber heaters are attractive, in
part because they have a remarkably low thermal mass, which
allows them to be switched more quickly and operated with
less power than conventional thermally actuated fiber devices
(e.g., that described by Lauzon et al. [22]). Fig. 3(a) shows
the measured Bragg wavelength shift as a function of applied
electrical power, for a uniform grating with a uniform film, with
a measured wavelength shift of2.0 nm/W. In this case (under
uniform heating), one would expect the temperature change
to cause only a shift and not any distortion of the spectrum.
Fig. 3(b) shows reflection spectra from a Bragg grating under
different heating levels, illustrating negligible distortion of
the spectra (shown in the bottom frame). Fig. 3(c) shows the
temporal response of this device, where the switching speed
was determined for a range of different wavelength shifts
(temperature changes). The temporal response was measured
by applying a step function source of voltage to the integrated
thin film and sequentially measuring, with a photodiode and a
tunable laser, the arrival time of the edge of the reflection peak
at various wavelengths. The solid lines is a theoretical fit, based
on the heat-flow response [31]:

(4)

where we determine a time switching speed of 0.400.05
s, corresponding to s . Note that the rise and fall time
(not shown here) are well-characterized by the single exponen-
tial, with a time constant that is independent of heating power.

III. FABRICATION

Fabrication begins with the use of holographically generated
phase masks and standard ultraviolet (UV) exposure techniques,
to write suitably apodized chirped and unchirped gratings into
the core of photosensitive fiber, stripped of its polymer jacket
[32], [33]. With these procedures, we constructed unchirped and
chirped gratings for tunable (8 cm long) for adjustable DCs.

Several methods for fabricating tapered thin films have
been developed, see [18] and [19] for more details. In the first
method, removing the fiber from an electroplating bath with
a programmable translation stage, while plating at constant
current, produces a controlled variation in the thickness of the
plated metal. Fig. 4(a) shows cross sectional micrographs of
the ends of a typical coated fiber, fabricated using this method.
The coating, which consists of a thin layer of silver (10 m)
deposited onto titanium (100 Å, as adhesion promoter) and
gold ( 1500 Å), was formed by electrodeposition, while the
fiber was pulled at a controlled rate from a plating bath, in
order to obtain the desired film thickness profile. Also shown
in Fig. 4(a) (circles) are optical measurements of a fiber, in
which the film thickness varies inversely with position along
the length of the fiber; the film thickness varies from5 m to

50 m, and the total resistance of the device is 0.8.
An alternative method, which is better suited than the electro-

plating technique for forming ultrathin films, uses electron beam
evaporation and a moving shadow mask [19]. This approach to
fabrication uses a computer-controlled, high precision rotation
stage to move a shadow mask inside an electron beam evap-
orator. Coatings, with extremely well controlled variations in
thickness, can be formed on many fibers in a single evaporation
run. In this case, the film thickness can lie anywhere in the range
from 0.2 to 2.0 m, and is significantly less than the diameter of
the fiber, as shown in Fig. 4(b), with a corresponding resistance
from 50 to 100 . This scheme has the added advantage that dual
independently addressable films can be fabricated, allowing in-
dependent tuning of grating chirp and central wavelength [19].
This involves deposition of SiO( 300 nm) onto the outer sur-
face of the fiber, producing an electrically insulating coating on
the gold, thus allowing for the deposition of a second layer. The
layer of oxide insulates the gold films, so that they can be inde-
pendently connected to and controlled by different power sup-
plies. Also, the second film can be exploited to stabilize actively
the tunable compensator against ambient temperature variations
[34].

In both schemes, electrical connection to the films is provided
by attaching fine wires to the ends of the metallized fiber with
silver epoxy, providing electrical connection. Then, the grating
is packaged (see Fig. 5) to provide thermal isolation, and thus
ensure stable and reproducible operation of the device. Prior to
packaging, the grating is annealed at high temperature to avoid
any thermal degradation, associated with UV-induced defect re-
laxation [35].
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(a)

(b)

Fig. 4. (a) Circles: Thickness of a metal film plated onto the 7.5-cm fiber
grating and theoretical fit based on profile designed to generate a linear
temperature gradient. Triangles: Temperature distribution along the length of
grating inferred from measured thickness profile and model described in text;
line: linear fit. The lower frame shows cross-sectional optical micrographs
of the plated fiber at the ends of the fiber grating. (b) Cross-sectional optical
micrographs of fiber with a single thin-film of gold deposited onto the cladding
region using electron-beam evaporation.

IV. PERFORMANCE

In this section, we summarize optical characteristics of fiber
gratings with tunable chirp, including designs that use gratings
with intrinsic chirps. In Section V, we analyze GD ripple and
PMD of these devices.

A. Fiber Grating with Tunable Chirp

A dispersion compensating device was fabricated, using the
electron-beam evaporation technique described above, and was
optimized to compensate about 800 ps/nm dispersion, enabling
the fabrication of a very strong CFBG to maintain

Fig. 5. Photo of simple package for integrated DC device.

near-unity reflectivity over the device operation range, while
minimizing GD variations arising from fiber and grating im-
perfections that have limited previous CFBGs. The grating was
fabricated using an unchirped holographically generated phase
mask with standard apodization. The tapered film was fabri-
cated with a thickness profile, that varied inversely with posi-
tion along the length of the grating, according to the discussion
in Section III, with a thickness ratio of 3:1 (0.6 m to 0.2 m).

Fig. 6(a) shows the broadening of the reflection spectrum,
due to current-induced chirp in this device. The reflectivity of
the grating is maintained above 98% for all values of applied
voltage. Fig. 6(b) demonstrates the ability to control wave-
length-dependent GD (dispersion) for the operating regime of
the experiment described below. It also shows the measured
group velocity dispersion as a function of applied voltage and
a theoretical fit (dashed line) to the data using (3). GD was
measured using the well-known modulation based commercial
dispersion test set with modulation frequency of 2 GHz. Fig. 7
shows the deviations of the measured GD from linearity, with a
peak-to-peak fluctuation of less than 10 ps. These data confirm
the ability to engineer well-defined chirps by controlling the
thickness profile of the thin-film heaters. Note, however, the
shift in the short wavelength side of the reflection band, which
is due to the finite thickness of the thin film at the cool end of
the grating. Clearly, this limits the tunability of these devices;
in this example, the tunability was limited to approximately 50
ps/nm. In the next section, we demonstrate devices optimized
for 40 Gb/s with tunability of 200 ps/nm. As described below,



1424 JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 18, NO. 10, OCTOBER 2000

(a)

(b)

Fig. 6. (a) Reflection spectra for increasing applied current and (b)
corresponding measured dispersion.

this increased bandwidth is achieved by increasing the ratio of
the film thickness at the ends of the grating and using a grating
with intrinsic chirp.

B. Tunable Fiber Grating with Intrinsic Chirp

By using an intrinsically chirped grating these devices can
provide almost as much bandwidth with no input power as a de-
vice using a maximally tuned unchirped grating. This additional
bandwidth is essential in high bit rate systems. For example, at
40 Gb/s, a single channel is nearly 0.8 nm wide; a per channel
device must, therefore, provide at least 0.8 nm of bandwidth.
Therefore, in order simply to accommodate a 40-Gb/s channel
with a device that uses an initially unchirped grating (which typ-
ically has a bandwidth of 0.2 nm in the off state), the device must
be heated by 60–80C. This result also implies that the device
requires a constant supply of power in its entire operating range
(for example, a typical unchirped device would require, a con-
stant minimum supply of 0.2 W). Tunability then requires fur-
ther increase in temperature (e.g.,200 C). Moreover, devices
optimized for implementation at 160 Gb/s, described in Sec-
tion VI, require greater than 2 nm of optical bandwidth, which

Fig. 7. Detailed dispersion characteristics and deviations from linearity.

(a)

(b)

Fig. 8. (a) Measured dispersion as a function of applied voltage; inset shows
reflection spectra. (b) GD characteristics of grating with intrinsic chirp.

would require 200 C, and would not allow for significant tun-
ability.

Fig. 8(a) and (b) show both the tunability and the dependence
of dispersion on applied voltage for a typical device optimized
for 40 Gb/s (intrinsic chirp of 0.175 nm/cm). Continuous dis-
persion tunability of up to 220 ps/nm is achieved, using intrinsi-
cally chirped devices and using a film profile with a ratio of 10:1
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(thick end to thin end). The desired dispersion is obtained simply
by increasing the applied voltage to the device from the power
source. The input power required to tune maximally the devices
is based on the resistance of the device and is

0.35 W. The intrinsic chirp in the grating means that a tem-
perature gradient is not required to provide adequate bandwidth.
More importantly for practical implementation, tunabilities of
greater than 200 ps/nm can be obtained with absolute tempera-
tures well below 200C (corresponding temperature gradients

25 to 175 C above room temperature).

V. SYSTEMS PERFORMANCE

A. Impact of Dispersion Ripple

An ideal dispersion compensation device would possess con-
stant amplitude response, a GD that varies linearly with wave-
length and exhibits no polarization dependence (i.e., polariza-
tion dependent loss or PMD). In practice, CFBG possesses both
variations in amplitude and deviations in the GD. These imper-
fections are critical in determining the ultimate systems perfor-
mance of these devices. They can manifest in eye closure and
intersymbol interference (ISI), and result in variations in BER
across the grating spectrum, a problem, which is of particular
concern in long broad-band CFBGs [36]–[40]. These imperfec-
tions also manifest in tunable devices, such as those described
in this paper, and can result in performance variations as the
device is tuned. Although these imperfections are not funda-
mental to the grating, they are in practice very difficult to avoid.
The GD variations can be microscopic [41] (i.e., rapid varia-
tions with wavelength) and can be attributed to random [42] or
deterministic errors in the periodicity of the mask [43] used for
the grating fabrication, variation in the fiber effective index [44]
or associated with the UV exposure. Macroscopic variations,
having longer periodicity, are seen often and can be attributed to
nonperfect apodization of the grating [45], or the grating having
nonideal chirp, for example due to a quadratic chirp in the phase
mask [43]. In the context of the devices, we consider in this
paper, macroscopic variations can also be caused by nonlineari-
ties in the temperature distribution along the length of the fiber,
due for example, to variations in film thickness [14].

Various authors have examined the impact of GD imperfec-
tions on systems performance, see [36]. We have analyzed nu-
merically the power penalties associated with the imperfections
in the GD response of CFBG for a range of different bit rates
and data formats [37]. In this analysis, the GD imperfections
are modeled as sinusoidal modulations of the GD response:

(5)

where is the peak-peak amplitude of the GD ripple in pi-
coseconds normalized to the bit period. is the ripple period
in picometers normalized to the single-sided spectral width of
the signal, (i.e., and pm for 10 and 40
Gb/s nonreturn-to-zero (NRZ), respectively). The ripple ampli-
tude and periodicity are normalized, as their dependence on re-
ceiver penalty scales proportionally with the bit rate.is a phase
constant, which determines whether the center wavelength of

Fig. 9. Calculated power penalty versus normalized GD ripple periodicity and
amplitude. Penalties range from 0 dB (white) to 2 dB and higher (black).

the modulated optical signal is aligned with the peak of the GD
ripple (corresponding to ) or the quadrature point of the
GD ripple (corresponding to ).

The penalties, calculated for the two cases, can differ sub-
stantially, depending on the period of the ripple. For example,
for long ripple periods, the signal experiences predominately
second-order dispersion, when the signal is aligned with the
peak of a ripple, and predominately linear dispersion, when it is
aligned with the quadrature point of a ripple. This gives rise to
vastly different waveforms at the receiver, as e.g., second-order
dispersion will tend to broaden the pulses asymmetrically, while
linear dispersion leads to symmetrically broadened pulses [46].
While the effect of amplitude ripples on systems performance
is well known [36], [37], we concentrate on GD ripples in this
paper.

Fig. 9 shows the calculated penalties associated with a peri-
odic GD variation for a NRZ and return-to-zero (RZ) signal,
with the signal being aligned with a GD peak (left column),
as well as the quadrature point of a GD ripple (right column).
The calculated power penalties are color-coded ranging from
0 dB (white) to 2 dB and higher (black). In all calculations,
the receiver was modeled as a PIN receiver followed by a
fourth-order bessel filter with a bandwidth equal to the bit rate.
BERs are calculated, assuming a Gaussian noise distribution,
and the sampling point in the received eye is optimized in phase,
as well as in amplitude (threshold) for minimum BER. Penalties
are calculated as sensitivities at BERs of , relative to the
back-to-back configuration without GD imperfections. The
length of the pseudorandom bit-stream (PRBS) sequence used
in the simulations was , and all modulation formats were
unchirped. The bandwidth of the NRZ signal was equal to
the bit rate, while RZ pulses were modeled as Gaussian with
a fullwidth at half-maximum (FWHM) of 20% or 5% of the
bitrate.
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The simulations show that the worst case GD ripple period (in
nm) and amplitude (in ps) are related to the bit rate. Independent
of modulation format, the largest sensitivity to GD ripples oc-
curs when the ripple period equals the bit rate corresponding to

(e.g., 80 pm, for 10 Gb/s, 320 pm for 40 Gb/s and 1280
pm for 160 Gb/s). Using the worst case ripple period, penalties
become unacceptable as the peak-to-peak amplitude of the GD
ripples increases beyond half the bit period, i.e., less than 50 ps
and 12.5 ps at 10 Gb/s and 40 Gb/s, respectively, and so forth.

The conclusion of our analysis and other earlier work [36] is
that fast GD variations can only have minor system impacts for
any of the modulation formats. Thus, the devices described in
this paper, with peak-to-peak amplitudes of ps ripple and
ripple periods less than 100 pm (see Figs. 7–8), can meet the
requirements of systems operating at bit rates of 40 Gb/s and
higher. The reduced penalties at low ripple periods correspond
to the case where . Here, the phase (obtained by
integrating the GD) added to the signal by the GD variation is
oscillating rapidly with a magnitude proportional to .
The phase shift induced on the signal, although highly nonlinear,
thus has a very small magnitude, which explains qualitatively
the shape of the calculated penalties. The insensitivity to
GD variation, with normalized ripple periods less than 1, is even
more pronounced for low duty-cycle RZ. As we show below,
systems penalty variations for 40 Gb/s and higher can be main-
tained at levels of below 1 dB.

B. Impact of Polarization Mode Dispersion

PMD is also known to be detrimental in high-speed systems.
Various authors have investigated the impact of PMD in CFBG,
[47]. PMD, also referred to as differential group delay (DGD)
in CFBG, is due to birefringence in the fiber, either intrinsic to
the fiber or induced in the UV writing process [48] or a combi-
nation of both. In a CFBG, where the GD in a linear function of
wavelength, with dispersion: , it is straightforward to show
that [47]

DGD (5)

where is the linear birefringence of the core mode and
is the grating period. Although PMD has been limiting in many
grating experiments, the measured DGD of these narrow-band
tunable DC gratings can be kept below 1 ps, by use of photosen-
sitive fiber with low birefringence and low UV-induced birefrin-
gence. Additionally, the dispersion of these devices is relatively
low, making them less susceptible to PMD.

VI. SYSTEMS EXPERIMENTS

A. Systems Performance

Fig. 10 shows the effect of the GD ripple of approximately
10 ps (device shown in Fig. 7), on system performance, where
simulated and experimental system penalties across the grating
reflection band are shown to be0.3 dB at 10 Gb/s and 1 dB
at 20 Gb/s.

Fig. 11 shows an example for a different device that was op-
timized for 40 Gb/s implementation (see Section IV). In this ex-
periment, the grating was utilized to optimize the dispersion of a
single span, comprising km of standard single mode fiber,

Fig. 10. The experimental (points) and simulated (line) system power penalty
(at10 BER) over the bandwidth of device for linear transmission.

operating at a bit rate of 40 Gb/s (NRZ). For each value of dis-
persion provide by the tunable grating the systems penalty was
measured. The figure illustrates the performance of the device
that exhibits less than 0.5 dB systems penalty when optimized.
The eye diagrams illustrate the associated eye-closure. Below,
we demonstrate the performance of these devices at bit rates of
40 and 160 Gb/s.

B. Mitigation of Nonlinear Penalties at 40 Gb/s

The dispersion tolerance of 40 Gb/s systems may be insuffi-
cient to accommodate the changes in dispersion, that can be ex-
pected to result from variations in the per-channel power levels,
that can be anticipated due to imperfect gain flatness of op-
tical amplifiers or reconfigurable add/drop [2], [49], [50]. The
availability of tunable dispersion compensators could alleviate
this problem by optimizing dynamically the dispersion map of
the system to compensate for these changes in the per-channel
power, as well as other variations. Although a linear device, such
as a tunable CFBG, cannot restore completely a signal that is
distorted by nonlinear effects, as we show below, it can reduce
much of the incurred penalty, and enable an acceptable level of
performance in a system thatotherwise would be nonfunctional.
Here, we demonstrate that a tunable CFBG can be used as a
per-channel postcompensator to reduce significantly the penal-
ties that arise from variations in the per-channel launch power
in a multi-span transmission system operating at 40 Gb/s NRZ,
compared to a similar system with fixed dispersion compensa-
tion. We utilized the dispersion tunability of the grating to op-
timize dynamically the dispersion of a nonlinear system where
the optimum degree of dispersion compensation changes with
the power level.

The detailed GD deviation from linearity for this particular
device (corresponding to a constant dispersion) is shown Fig. 12
for an applied voltage of 0.9 V, corresponding to a dispersion of

360 ps/nm. The figure also shows the simulated effect of this
GD ripple of approximately 10 ps peak-to-peak as a 40 Gb/s
NRZ signal is scanned across the bandwidth of the grating. The
simulation includes an optically preamplified receiver model,
and also accounts for the nonflat reflection of the grating. The
low and uniform wavelength dependence of the calculated
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Fig. 11. Measured systems penalty (at10 BER) for different values of adjustable dispersion. Inset shows corresponding eye-diagrams.

(a)

(b)

Fig. 12. (a) Measured reflection and ripple of FBG and (b) associated
calculated penalty for optically preamplified 40 Gb/s NRZ signal.

penalty is attributed to the low GD ripples, and the fact that the
measured GD ripples generally have a periodicity smaller than
the spectral width of the 40-Gb/s NRZ signal [36], [37].

We only assess the postcompensation implementation of the
scheme, although the technique could be implemented in the
pre-, post- or inline compensation modules of the system. The
CFBG was placed at the receiver end of a 40-Gb/s NRZ trans-
mission system consisting of three spans of NZDF, see Fig. 13.
The length of the three fiber spans was chosen to be relatively
short to avoid optical signal-to-noise ratio (SNR) limitations, as

Fig. 13. Setup for the 40 Gb/s transmission experiment. Launch power,P ,
was varied from 0 to 13 dBm.

the launch power per span was varied from 0 to 13 dBm. Thus,
we seek to measure and isolate the penalties caused by power
dependent ISI penalties on the NRZ encoded PRBS of length

.
The dispersion map of the three-span transmission system

was designed to enable a launch power of up to 9 dBm, be-
fore severe penalties were encountered, due to SPM. The dis-
persion of the NZDF was ps/km/nm at 1555 nm, and DCF
was used to provide 30% of precompensation and 100% inline
compensation. The remaining 70% post compensation at the end
of the three-span system was implemented in two ways. In one
implementation, a fixed dispersion compensating module (DCF
fiber with ps/nm dispersion plus 15.9-km SMF with a dis-
persion of 17 ps/km/nm) was placed between the optical pream-
plifier and the 40 Gb/s receiver. The dispersion of the SMF and
DCF modules was chosen to compensate fully the accumulated
dispersion over the three spans of NZDF. Power into the DCF
and SMF was kept low to avoid fiber nonlinearities. This disper-
sion map yields optimum dispersion compensation in the linear
regime, i.e., at low launch power levels. Fig. 14 clearly illus-
trates the rapid increase in system penalties, due to fiber non-
linearities. Thus, with increasing launch power, the system be-
comes increasingly overcompensated, as SPM become signifi-
cant. The figure also includes simulated results (solid line), and
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Fig. 14. Measured receiver sensitivity versus span launch power for system
with fixed (diamonds) and optimized (circles) postdispersion compensation.
Solid lines depicts simulated results.

as shown, we obtained good agreement between measured and
simulated receiver sensitivities.

Next, the grating was used for the postdispersion compen-
sator, instead of the DCF. By optimizing the dispersion of the
grating at each power level, the power-dependent degradation
in receiver sensitivity could be reduced greatly, compared to the
configuration with a fixed amount post dispersion compensa-
tion. As seen, at 13 dBm of launch power, the ability to opti-
mize the post dispersion can restore an otherwise completely
deteriorated signal. The optimum dispersion of the FBG ranged
from 360 ps/nm at 0 dBm launch power to320 ps/nm at 13
dBm launch power. Indeed, the relatively small change in re-
quired dispersion highlights the fact that systems operating in
the nonlinear regime become very sensitive to small changes in
the dispersion.

Fig. 14 compares the measured receiver sensitivities to simu-
lations, where the tunable dispersion compensator is assumed to
have a perfect uniform dispersion equal to the optimum value for
the specific power level. Thus, the deviation between the mea-
sured sensitivities obtained with the grating and the calculated
results should reflect the penalty associated with the GD and re-
flection imperfections of the grating. As shown in Fig. 14, the
deviation between the measured and simulated best case sensi-
tivities was small, as expected from the results of Fig. 12. The
close-to-ideal performance of the grating, despite its dispersion
imperfections, can also be attributed to our specific application
of the grating. Fig. 15 shows the recovered eye diagrams with
fixed (left column) and tunable compensator (right column) in
highly nonlinear lightwave system. Thus, by actively tuning the
dispersion of the grating for optimum overall system perfor-
mance, the impact of imperfections in the dispersion spectrum
may be reduced greatly.

C. 160 Gb/s Systems Evaluations

Next generation time division multiplexed systems, operating
at bit rates of 160 Gb/s, will require dispersion maps to be accu-

Fig. 15. Recovered eye diagrams with fixed (left column) and tunable
compensator (right column) in highly nonlinear lightwave system.

Fig. 16. (a) Measured reflectivity of tunable CFBG for different applied
voltage. 160 Gb/s RZ signal spectrum is also shown. (b) Dispersion as function
of applied voltage.

rate to within 7 ps/nm, corresponding to length accuracy’s of
400 m of standard single-mode fiber. At this bit rate, a tunable

dispersion compensator will be essential to maintain systems
performance. Moreover, electronic alternatives are not available
at these bit rates, so the dispersion compensation must be all-op-
tical. The tunable CFBG dispersion compensator was tested in
the 160 Gb/s setup depicted in Fig. 15 [51].

By using a grating with a prescribed intrinsic chirp (chirp of
0.54 nm/cm), we provide sufficient bandwidth for operation at
160 Gb/s. Fig. 16(a) and (b) shows the measured reflectivity and
dispersion of the device as a function of applied voltage. The
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Fig. 17. Experimental set-up for test of tunable CFBG at 160 Gb/s.

tunable dispersion range of the device is120 ps/nm to 60
ps/nm (0 to 3 V). The operating bandwidth of the device is2.5
nm (sufficient for the 160 Gb/s RZ signal), and exhibits a GD
nonuniformity 10 ps (peak-peak) with PMD of 0.1 ps. The
fully packaged module, including optical circulator, exhibits an
insertion loss of 2.5 dB. A critical performance improvement
is realized since a majority of the GD nonuniformity occur at
frequency less than the bit rate bandwidth, and the device is
operated at the receiver.

A 160-Gb/s transmitter signal is realized by optical time
division multiplexing of eight uncorrelated 20-Gb/s signals

[52]. The duty cycle of the 160-Gb/s RZ
signal is 30% (2 ps pulses), the FWHM optical bandwidth is
1.3 nm and the dB bandwidth is 2 nm. The 160-Gb/s
preamplified receiver employs two cascaded electroabsorption
(EA) modulators to demultiplex optically from 160 to 10 Gb/s,
where BER measurements are performed [52]. Clock-recovery
is also performed by EA-modulators, as reported in [52].

The performance of the tunable CFBG dispersion compen-
sator is investigated by inserting the CFBG after a dispersion
generator, as shown in Fig. 18. The dispersion generator consists
of a sequence of mechanical switches and different lengths of
standard single-mode fiber and DCF. The module allows the dis-
persion to be preset between200 and 200 ps/nm in steps of 1
ps/nm. Once the dispersion is preset, the CFBG compensates for
the introduced dispersion, and BER performance is measured.
As an example, Fig. 17 shows measured BER, when the tun-
able CFBG compensates for a dispersion of 90 ps/nm (voltage
to CFBG is 2 V). The penalty is less than 1 dB, as compared
with no dispersion.

The excellent performance of the CFBG is confirmed also by
streak camera traces, as shown in Fig. 19, which shows recorded
pulses, with and without the grating (net-dispersion is zero in
both cases). The data rate is 80 Gb/s in this case, since the res-
olution of 3.5 ps of the streak camera prevent a 160-Gb/s data
stream to be resolved clearly. The 80-Gb/s data rate is generated
by blocking one of the arms in the last optical multiplexer in the
transmitter; consequently, the pulses are still 2 ps wide, as for
the 160-Gb/s data rate. As observed from the figure, the grating

Fig. 18. Measured BER at 160 Gb/s with and without tunable CFBG. Net
dispersion is zero in both cases.

only broadened the pulses marginally. Corresponding eye-dia-
grams as recorded with a 35-GHz photo-diode are also shown in
the figure, showing clear eye-openings after the CFBG as well.

The tuning ability of the CFBG is illustrated in Fig. 20, which
shows recorded receiver sensitivity at the data rate of 160 Gb/s
for different amount of preset dispersion, being compensated
by the CFBG. For comparison, the upper-axis of the figure
gives the measured sensitivity for different dispersion without
the grating. Accepting a penalty of 2 dB for the preamplified re-
ceiver, the dispersion tolerance is ps/nm without the CFBG,
whereas the grating can compensate for a dispersion between
65 and 118 ps/nm, by varying the supplied voltage between 0.5
and 3.3 V. The figure also shows recorded eye-diagrams at 80
Gb/s (one arm of multiplexer blocked) for a dispersion of 20
ps/nm without the CFBG and a corresponding dispersion with
the tunable grating. Clearly, for the case of a completely closed
eye without the grating, the tunable dispersion compensator is
able to provide an open eye. Similar performance is observed
at 160 Gb/s, as illustrated by the eye-diagrams of the demulti-
plexed 10 Gb/s signals also shown in Fig. 20.
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Fig. 19. Streak camera traces and eye-diagrams of 80-Gb/s signals, with and without tunable CFBG.

Fig. 20. Measured receiver sensitivity versus preset dispersion with( ) and without (O, upper axis) the tunable CFBG. Measured eye-diagrams at 80 and 160
Gb/s (after demultiplexing to 10 Gb/s) for different amount of preset dispersion.

VII. CONCLUSION

This paper has discussed the application oftunableCFBGs
as dispersion trimming elements in high speed WDM lightwave
systems. These devices use fiber Bragg gratings with on-fiber
integrated heaters to obtain tunable chirp and thus dispersion.
The integrated heater consists of an ultrathin-metal film whose
thickness varies along the length of the grating. Flowing
current through the film generates resistive heating at rates
that varies with film thickness. The controllable temperature
gradients along the length of the grating, generates chirp and
thus dispersion, where the chirp can be adjusted reversibly by
varying the applied current. These integrated devices satisfy
many requirements for real-world applications, such as power
efficiency, small size, simple fabrication and controllable
optical properties. Such gratings are meant for operation on a
per-channel basis to adjust dynamically dispersion, and thus
compensate for changes in network operating conditions. We
presented detailed analysis of the impact of group delay ripple
and polarization mode dispersion on systems performance and
presented results from systems experiments that demonstrate
the performance of these devices at bit rates of 10, 20, 40, and
160 Gb/s. Although these devices can meet the demanding

requirements of high-speed systems, they do have several
disadvantages, most notably that they are per-channel devices
and require an optical circulator to retrieve the reflected signal.
Further improvements must be considered, including devices
that can compensate multiple channels simultaneously, devices
that provide PMD mitigation and for extremely high bit rates,
such as 160 Gb/s, devices that provide intrachannel dispersion
slope compensation.
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