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Abstract We proposed and experimentally demonstrated
an all-fiber structured programmable optical bandpass filter
(waveshaper) based on a linearly chirped fiber Bragg
grating and a digital-controlled thermal array. The key
parameters of this filter such as the number of transmission
channels, passing bandwidth per channel, central wave-
length as well as the channel spacing can be reconfigured
independently and flexibly by a program-controlled circuit.
We have achieved in experiments the tunable passing
bandwidth ranging from < 0.04 to 1.55 nm, adjustable
central wavelength ranging from 1,547.16 to 1,558.64 nm,
and a minimum wavelength spacing of 0.91 nm. The
insertion loss of the whole device and the sideband rejec-
tion ratio are about 1.76 and 28 dB, respectively.

1 Introduction

Along with the rapid development of optical communi-
cation systems, there is a transition from static to recon-
figurable architecture to provide flexible bandwidths and
wavelengths for dynamically allocating spectral resources
and maximizing transmission efficiency. As the key ele-
ments in the flex-grid supported optical network, tunable
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optical filters (TOFs) are required to be smart enough for
adjusting the quantity of channels, central wavelengths,
wavelength spacing, and channel bandwidth indepen-
dently [1-3]. For fulfilling the stringent requirements,
currently optical filters based on Liquid Crystal on Silicon
(LCoS) technology has been employed to provide flexible
filtering functions in the market, such as the waveshaper
designed and produced by Finisar. However, as this type
of TOF consists of discrete optical elements and free-
space coupling modules, it suffers from bulky structure,
high cost, and large insertion loss (typically > 4.5 dB)
[4]. To minimize the insertion loss and system’s cost, it is
favorable to apply the all-fiber structure, and the linearly
chirped fiber Bragg grating (LCFBG) with wide optical
bandgap in telecommunication window is a good candi-
date to achieve waveshaper functions without any moving
parts.

Although the LCFBG exhibits wide stop band in its
transmission direction, it is well known that a phase shift
of © can result in a transmission window in the stop band
[5]. Therefore, to develop the above mentioned TOFs, a
temporary phase shift of n should be introduced into
LCFBG by applying external field (either stress or tem-
perature). As an example of stress-induced phase-shift,
mini-size piezoelectric transducers (PZTs) are used to
induce temporary phase shifts in LCFBG [6, 7]. However,
this method cannot tune the center wavelength continu-
ously, and the wavelength spacing is limited by the
physical size of PZT elements. For the temperature-
induced phase shift, narrow resistance wires are used to
heat the local region of LCFBG [8-11]. However, this
method results in low response speed, unpredictable
repeatability of wavelength positioning, and poor stability
against environmental interferences. As an improvement
of the thermal effect-controlled phase shift, Petermann
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et al. [12] demonstrated a tunable optical bandpass filter
by replacing the heating resistance wires with a thermal
printhead (TPH). There are many advantages of using a
TPH to induce a temporary phase shift in the LCFBG,
such as fast response speed (~ millisecond), accurate
repeatability of wavelength positioning, compact size, and
its programmable capability to establish simple and flex-
ible operations. However, only fixed passing bandwidth
has been achieved in this type of TOF, and further work
needs to be explored to accomplish the flexible wavesh-
aper performance.

In this paper, we utilize a TPH to heat a LCFBG at
one or multiple arbitrarily designed local regions, and
demonstrate a flexible-grid compatible bandpass filter
that is able to tune the number of channels, passing
bandwidth, center wavelengths, and wavelength spacing
independently. The transmission bandwidth can be
adjusted from 0.035 to 1.55 nm, the central wavelength
of the transmission peak can be shifted continuously
from 1,547.16 to 1,558.64 nm, and the minimum wave-
length spacing between each channel is 0.91 nm. The
minimum insertion loss of the device is about 1.76 dB,
and the sideband suppression ratio has been achieved to
be 28 dB, respectively.

2 Principle and system diagram
2.1 Principle of filtering effect based on LCFBG

The local Bragg wavelength along the LCFBG can be
given by:

)L(Z) = 2neffA(Z) ( 1)

where n.g is the core effective refractive index, A(z) is the
local grating period, and z represents the location along the
LCFBG. Equation (1) indicates that the local Bragg
wavelength changes linearly with the position along the
LCFBG axis.

By heating the LCFBG, the core effective refractive
index and the local grating period in the heated region will
be changed. The changes can be written as the following
two equations, respectively:

Anegr = BATneg (2)
AA = 0ATA(Z) (3)

where AT is the temperature change, f is the thermal
optical coefficient, and o is the thermal expansion
coefficient. For silica, # and o are about 8.6 x 1075 °C
and 5.5 x 1077/ °C, respectively. Since f§ is much higher
than o, the thermal expansion effect can be neglected [13].
A temporary phase shift will be introduced into the heating
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local region when the LCFBG is heated, and the phase shift
value is determined by

2nL
AD® = —— Anggs 4
;LB(Z) Heff ( )
Here, L is the heating width. According to Egs. (2) and
(4), it can be rewritten as

2nL
A(D = L/lﬁATneff (5)

When the temperature change is large enough, a phase
shift of 7 will be introduced into the LCFBG and a narrow
transmission peak will be generated within the stop band.
In addition, the bandwidth of the transmission peaks can be
tuned by optimizing the heating strategy. As the local
Bragg wavelength changes linearly with the position along
the LCFBG axis, the number and central wavelength of the
transmission peaks are determined by the quantity and the
position of the heated local points, respectively.

2.2 Experimental configurations

Any standard TPH can be utilized as the heating device.
The TPH we used in this work is FTP-628MCL701,
manufactured by Fujitsu. This TPH has a 48 mm long
heating array that consists of 384 heating elements, and
thus, the element pitch is 0.125 mm. Each of the heating
elements can work independently, which means that arbi-
trary local position of the LCFBG can be heated accurately
assuming good contact. As the heating elements are fairly
dense and tiny in physical size, it is hard to accurately
measure the temperature rise caused by the activated
heating elements. The heating is controlled by the duty
ratio of the driving electrical pulse, and the dissipated
power varies with that. The best experimental results can
be obtained through adjusting the duty ratio. In our
experiments, the average dissipated power of each heating
element is about 100 mW. Because the intrinsic switching
response time of heating elements is < 2 ms, and the on—
off time of filtering is < 1 s, respectively, the transmission
channels of this optical filter can be reconfigured quickly.

Principle of the proposed flexible waveshaper is sche-
matically shown in Fig. 1a. A 75 mm long LCFBG is fixed
tightly on the heating array of a TPH. Figure 1b shows the
system diagram of the experiments. The amplified spon-
taneous emission (ASE) of a semiconductor optical
amplifier (SOA) is used as the broadband light source
(BLS). Due to heat diffusion, the temperature of the
LCFBG’s unheated region around the heating local region
also increases. Since LCFBG’s spectrum is susceptible to
temperature change, this unwanted heat diffusion will
result in broad perturbations of the grating’s spectrum in
the short-wavelength range [10]. A heat sink placed along
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Fig. 2 Transmission spectrum of the LCFBG without heating

the LCFBG axis can alleviate this heat-diffusion-induced
negative effect. The output of this filter is measured by
using an optical spectrum analyzer (OSA), which has a best
resolution of 0.02 nm. The TPH is connected to a micro-
controller-based circuit, which dominates the heating ele-
ments array in a programmable way. Therefore, arbitrary
local regions of the LCFBG can be heated in order to map
our target spectrum. A flexible all-fiber structured
waveshaper can be achieved to configure the number of
channels, bandwidths, central wavelengths, and wave-
length spacing independently.

In the experiments, the spectrum flatness of the SOA’s
ASE spectrum between 1,544 and 1,566 nm is about
0.89 dB when the driving current is set to 180 mA. The
LCFBG has an approximately 25-30 dB deep stop band
from 1,546.5 to 1,564.5 nm, as shown in the Fig. 2.

3 Experimental results
3.1 Single wavelength filtering performance

As illustrated in Fig. 3, when a local region of the LCFBG
is heated, a transmission peak will be generated in the
corresponding place of the stop band. L; is the heating
width. When L; is set as 1.000 mm, which means that 8
consecutive heating elements work at the same time, a
transmission peak is obtained within the stop band, as
plotted in Fig. 4. The inset in Fig. 4 shows wider trans-
mission spectrum between 1,551 and 1,555 nm. The
transmission peak has a 3-dB bandwidth of < 0.04 nm, and

1,552.75 1,552.80 1,552.85 1,552.90 1,552.95
Wavelength /nm

Fig. 4 Transmission spectrum for 1.000 mm heater width

the sideband rejection ratio is about 28 dB. There was a
wide spectral perturbation in the shorter wavelength side of
the transmission peak, and this was caused by the heat
diffusion and the local Bragg wavelength shift. If the
heating width is < 1.000 mm, the rejection ratio will
decrease and the 3-dB bandwidth will increase, because the
temperature change in the heated local region will be not
enough to produce m phase shift. In addition, the 3-dB
bandwidth of the transmission peak will also increase if the
heating width is wider than 1.000 mm.

By scanning the heating region without moving any
components, we measure the central wavelengths of
transmission channel while shifting the heating positions
along the LCFBG. With 6 consecutive elements in one
heating region, we sample the LCFBG by the interval of 5
heating elements. The obtained transmission peaks range
from 1,547.16 to 1,558.64 nm and can be well fitted with a
linear relationship, as shown in Fig. 5. The fitted equation
is given by:
y=ax*x+1,558.87 (6)

Here, a represents the slope of the line, it is —0.32 nm/
mm, x is the heating position along the LCFBG axis, and
y is the central wavelength of the transmission peaks. The
units of x and y are mm and nm, respectively. The linearity
of the equation is fairly high with R* value of about 0.9997
(R? indicates the degree of the linearity for fitting the
sampling values through linear fitting). In experiments, a
tuning range of approximately 11.48 nm is obtained, and it
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Fig. 6 Transmission spectrum measured every 5 min

is only limited by the length of LCFBG and TPH (the
length of the heating array used here is shorter than that of
the LCFBG). Using a LCFBG with a wider stop band and a
TPH with longer heating array will further improve the
tuning range easily.

We also conducted long-term stability test for the filter
by measuring the transmission spectrum every 5 min when
the heater width is kept as 1.000 mm, as shown in Fig. 6.
Reproducible transmission spectrum with good stability
can be obtained without any change in the peak transmi-
tivity and the central wavelength at the precision level of
0.02 nm. The fluctuation of ambient temperature can be
neglected because the ambient temperature is much lower
than that of the heating region.

3.2 Bandwidth tunability

In principle, the bandwidth of one transmission peak can be
adjusted by changing the width of the heated local region.
Since the Bragg wavelength at heating point may also shift
with temperature, there will be an upper limit of bandwidth
adjustment using one point heating strategy as the phase
shift criteria described in Eq. (5) will be invalid. In
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Fig. 7 a Transmission spectrum for different heater widths. b 3-dB
bandwidth of the transmission peak with respect to the heater width

experiments, different values of L, are set to heat the
LCFBG, respectively. The transmission spectrum with
different 3-dB bandwidth can be obtained, as illustrated in
Fig. 7a. The relationship between 3-dB bandwidth of the
transmission peak and the heating width L; is plotted in
Fig. 7b. As predicted, the bandwidth can be broadened
with the increases IN L; initially. However, the slope
becomes flattened with further increasing L;. When L; is
wider than 3.750 mm, the bandwidth cannot be further
broadened. The transmission peak has a maximum 3-dB
bandwidth of about 0.74 nm with L; = 3.750 mm. Hence,
the bandwidth can be tuned from 0.04 to 0.74 nm corre-
sponding to heating width ranging from 1.000 to
3.750 mm.

In order to further broaden the bandwidth of the trans-
mission peak, we propose to heat two adjacent local
regions of the LCFBG with optimized conditions. The
transmission peaks introduced by the two heating regions
will combine into a broader transmission peak if the sep-
aration between the two heating regions is well controlled
by the digital circuit, as shown in Fig. 8. L, and L, are the
widths of the two heating local regions, respectively, and
AL is the separation. Under the condition that L;, L, and
AL are set as 3.750, 0.750, and 0.500 mm, respectively, the
3-dB bandwidth of the transmission peak is broadened
from 0.74 to approximately 1.55 nm (see the purple line in
Fig. 9). If AL is bigger than 0.500 mm, the combined
transmission peak will split. On the contrary, if
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Fig. 9 Transmission spectrum for heating two adjacent regions

AL decreases, the bandwidth of the transmission peak will
certainly be narrower than 1.55 nm.

3.3 Multi-wavelength filtering performance

Having the relationship between the central wavelength of
the transmission peaks and the heating local positions as
expressed by Eq. (6), we can easily open a transmission
channel with arbitrary central wavelength by heating the
corresponding local region. What’s more, multiple trans-
mission channels can be obtained by heating multiple
regions at the same time. The wavelength spacing
between adjacent channels can be tuned flexibly through
changing the distance between the two heating local
regions. For instance, dual-wavelength filtering can be
realized by heating two local regions simultaneously.
Figure 10 shows the transmission spectrum of dual-
wavelength filtering performance. The channel spacing
between two peaks is 0.91 nm. The distance between two
heating regions is 2.500 mm, and both heating widths are
0.750 mm. If the distance is shorter than 2.500 mm, the
two peaks will affect each other. Improving the thermal
contact between the LCFBG, the TPH and the heat sink
will result in a better heat dissipation to remove the
unwanted heat diffusion thus further decreasing the min-
imum channel spacing.

By heating three local regions along the LCFBG
simultaneously, three transmission peaks were obtained, as

spaging: 0.91nm
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Fig. 10 Transmission spectrum of the flexible filter with two peaks
separated by 0.91 nm
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Fig. 11 Transmission spectrum for three wavelengths filtering

shown in Fig. 11. The minimum insertion loss is about
1.76 dB, and the variation of transmitivity among channels
is < 1 dB. By combining the above-mentioned technique,
multiple channels with independently controlled bandwidth
and spacing can be achieved.

4 Conclusions

In this paper, we have proposed and demonstrated a pro-
grammable all-fiber structured waveshaper based on a
LCFBG and a TPH. The key parameters of this filter such
as the number of transmission channels, passing bandwidth
per channel, central wavelength as well as the channel
spacing can be reconfigured independently and flexibly by
a program-controlled circuit. The central wavelength of the
transmission channel can be tuned from 1,547.16 to
1,558.64 nm, the tunable passing bandwidth is tunable
from < 0.04 to 1.55 nm, and the minimum channel spacing
in multi-wavelength operation condition is 0.91 nm. In the
experiments, an insertion loss of about 1.76 dB and a
sideband suppression ratio of about 28 dB have been
obtained. Improving the thermal contact between the
LCFBG, the TPH and the heat sink will be helpful to
produce the best possible results of this fully digital-con-
trolled device for many optical applications.
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