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Abstract

Two reconfigurable wavelength add /drop multiplexer (WADM) and optica cross-connect (OXC) devices based on
strain-tunable fiber Bragg gratings (ST-FBGs) are proposed. The feasibility of WADM is verified by measuring the
bit-error-rate performance of the dropped (cross-connect) and pass-through (no cross-connect) channels over a 50- and
100-km standard single-mode fiber for a 2.5 Gb/s system. Compared to back-to-back transmission, a negligible power
penalty of only 0.2 dB is observed. © 1999 Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Wavelength add /drop multiplexer (WADM) and
optical cross-connect (OXC) switches are essential
components in the future dense wavelength division
multiplexing (WDM) optical networks, especialy in
a reconfigurable network topology [1]. Many signifi-
cant efforts have been devoted to the design of
high-capacity, flexible, reliable and transparent mul-
tiwavelength optical networks [1,2]. The WADMs
allow the network nodes to access a subset of wave-
lengths in the optical networks, reducing the hard-
ware requirements and processing load in intermedi-
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ate nodes by handling only pass-through traffic. The
OXCs are configurable on a link-by-link basis to
alow optimization of capacity allocation, manage-
ment and scalability of network size. Combination of
the WADMs and OXC devices can provide the
flexibility to satisfy the reconfigurable requirements
and enhance network survivability [3]. Conventional
WADMs and OXC devices may use the 1 X N de-
multiplexer (DMUX) and N X 1 multiplexer (MUX)
pair to separate and combine WDM channels. The
ability for reconfiguration is introduced by adding
space division switches between the DMUX /MUX
pair. However, additional optical components for
space division switches technologies, such as wave-
guide directional couplers [4], semiconductor optical
amplifiers (SOAs) [5], low-gain erbium-doped fiber
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amplifiers (EDFASs) [6] and some other components,
are required. The drawbacks of complicated designs,
controls, expensive cost and increased insertion losses
of these elements have to be solved for vast applica
tions of WADMs or OXCs.

Using arrayed-waveguide gratings (AWGs) and
double-gate switches as the key components of
WADMSs, the merits of these wavelength add /drop
filters have been addressed by previous works [7].
On the other hand, fiber-Bragg-grating (FBG)-based
WADM /OXC architecture with the features of loss
uniformity, higher contrast ratio and low cost is an
alternative candidate when design these devices. For
the commercial AWG-based OXC device, the adja
cent channel crosstalk is typically one order higher
than that of FBG-based OXC device for a 200-GHz
channel-spacing WDM system. The larger crosstalk
will degrade the system performance and restrict the
applications of AWG in dense WDM system for
wavelength add /drop and/or cross-connect. Also,
the insertion loss is high unless SOAs are used for
loss compensation. On the other hand, FBG-based
WADMSs and/or OXC devices have shown many
promising characteristics. Several approaches have
been proposed or experimentally demonstrated, such
as those based on fiber and array waveguide gratings
[8], integration of the WADM [9] and OXC device
[10] by using reflective FBGs, optical circulators
(OCs) and/or optical switches (OSWs). Ancther
proposal is demonstrated by using demultiplexer and
tuning property of FBGs to design the OXC device
[11]. In this paper, we propose the WADM and the
closely related 2 X 2 OXC device for simultaneously
multiple-wavelength add/drop and cross-connect
based on strain-tunable FBGs (ST-FBGs) and three-
port OCs. An experiment for the WADM device is
investigated to verify the WADM device in a 2.5
Gb/s system over 100 km of conventional single-
mode fiber.

2. Configuration of WADM and OXC devices

The proposed WADMSs as well as OXC devices
are composed of a set of ST-FBG chain and two
three-port OCs. The number of necessary fiber com-
ponents is reduced tremendously compared to previ-
ous works. For an eight-channel two-fiber system,
the total required FBGs and OCs are 32 (=4 X 4 X

2) and 8 (=4 X 2) in Ref. [11], 256 (=28) and 2
(=2%) for the ‘paralel’ P type building block in
Ref. [10], but only 8 and 2 in our proposal, respec-
tively. The ‘series’ S-type building block in Ref. [10]
has the problem that any status change (bar or
cross-state) of mechanical optical switches for some
channels may interrupt the information transmission
of the other N — 1 channels. Also, the difference in
optical attenuation between the higher loss paths and
lower loss paths may induce non-uniform loss among
channels, and affect the receiver sensitivity and sys-
tem signal-to-noise ratio (SNR). Using FBGs for
wavelength add/drop and cross-connect, central
wavelength-shift control of FBG can be achieved by
varying the environmental temperature or applying
mechanical strain. However, the response speed for
temperature variation is slow mainly due to low
temperature coefficient (~ 0.015 nm/°C) of FBG.
Applying strain, the tuning range of FBG by tensile
stress and compressive stress can be up to 10 nm and
32 nm, respectively [12]. Applying strain will change
the grating pitch and fiber index. The tuning range as
mentioned above is large enough for WDM system
with 200 GHz (1.6 nm) channel spacing.

The operating mechanism of a ST-FBG is de-
picted in Fig. 1(a) and the possible three-port ele-
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Fig. 1. (a) Operating mechanism of the strain-tunable fiber Bragg
gratings, and (b) two possible candidates of the three-port ele-
ment.
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ments are shown schematicaly in Fig. 1(b). The
three-port element could be a three-port OC or a
1 X 2 50:50 coupler combining two optical isolators
to reduce the cost. Fig. 2(a) shows the schematic
diagram of two identica WADMSs carrying the
counter-propagating signals from the opposite direc-
tions. The Bragg wavelength of ST-FBG,; is designed
to match the WDM-channel signals of A, and |
(1 <i<N). Before applying strain to the ST-FBG,,
the channel signal a A, (X)) is reflected and then
drops from the same three-port elements containing
the 11 (12) port for the upper (lower) WADM device.
At the same time, a set of new WDM channel signals
N, Ay..oand Xy (A, A,... and Ay) is added into
the upper (lower) WADM device via port 1 of the
same three-port elements containing the O1 (02)
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port, where A; and X, (1<i<N) have the same
wavelength. On the other hand, if the Bragg wave-
length of the ST-FBG,; is shifted about 0.60 nm (in
our example) away from its initial position by apply-
ing strain, A; (A}) may pass-through the WADM and
continue its forward propagation. The criterion of
wavelength-shift value depends on stopband band-
width of the ST-FBG and the channel spacing of the
WDM system. Because the proposed WADM struc-
ture is serial-based operation, the possible effect of
wavelength-dependent time delay or dispersion of
the FBG should be considered. Usualy, FBG only
induces dispersion to adjacent channels but not chan-
nels far away [13]. Strain tuning of FBG is faster
than temperature tuning of FBG. Piezoelectric ce-
ramic transducer (PZT) or acousto-optic tunable fil-
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Fig. 2. () Two wavelength-add /drop multiplexers; and (b) one reflection type optical cross-connect device. Both the WADM and OXC
devices consist of two three-port elements and severa strain-tunable fiber-Bragg-gratings.
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ter (AOTF) may be used for strain/compress tuning
of the FBGs with a fast response speed. For exam-
ple, when FBG is adhered on a PZT rod and several
volts are applied to the PZT, the central wavelength
of the FBG can easily be shifted about 1 nm away
from its original central wavelength. If a commer-
cialized PZT with 10 KHz response speed is used,
the reconfiguration time is sufficiently short for most
optical switching networks. To fulfill the require-
ment in even more high-speed optical switching
networks, AOTF with switching speed in the sub-mi-
croseconds regime, demonstrated by Riza and Chen
[14], is the promising candidate to realize high-speed
add /drop function. Temperature control and linear
feedback circuit are required to reduce the wave-
length fluctuation due to FBGs induce amplitude
modul ation.

It is interesting to mention that when two WADM
devices are connected back to back in a system
having two fiber links, a reflection-type 2 X 2 OXC
switch is realized. The dropped channels from fiber
link 1 may travel into added port of the fiber link 2,
while the dropped channels from fiber link 2 may
travel into to added port of the fiber link 1, respec-
tively. The reflection-type OXC device means that
any pair of WDM channel signals (A, and A}) can be
cross-connect from 11 to O2 and from 12 to O1
simultaneoudly if they are ‘reflected’ by the corre-
sponding ST-FBG;. To simplify the configuration,
another reflection-type  OXC switch is shown
schematically in Fig. 2(b). One WADM can be used
as an OXC device by appropriately choosing the
corresponding 11, 12, O1 and O2 ports. There are
two input ports of 11 and 12 as well as two output
ports of O1 and O2 in the OXC device. These two
input ports can operate in the same direction or
opposite direction (i.e., bi-directionally) only by re-
arranging the 3-port elements. Each FBG; is de-
signed to match the WDM channel signals of A; and
A} transmitting in the upper and lower fiber links
simultaneoudly. For example, when all wavelengths
requiring interchanging, none of the FBG is applied
strain and each FBG reflects the individual channel
signal back to port 3 of the same three-port element
asitsinput port. In that case, cross-connection of all
channel signals is realized by the ST-FBGs. When
only some of the wavelengths are interchanged, for
example, the exchange of A, and Ay with A, and

Ay Most of the FBGs except the FBG, and FBG
are applied mechanical strain. The WDM channels of
A Agy Ay Ay and Ay N, Ay Agg... will
pass through the OXC device and continue their
forward propagation to O1 and O2, respectively.
Meanwhile, both the WDM channels of A, and A,
A, and X, are reflected by the corresponding FBG,
and FBG,, and then switched to port O2 (O1) of the
three-port element.

3. Experimental setup

ST-FBG is the same as a regular FBG in struc-
ture. On applying mechanica strain, ST-FBG can be
tuned to longer or shorter wavelength by stretching
or squeezing it. The Bragg wavelength Ag (in nm) is
given by

Ag=2nA (1)

where A (in nm) is the grating pitch and n is the
effective index of the single-mode fiber. The shift in
Bragg wavelength for a longitudina strain ¢ at a
constant temperature (AT = 0) is given by the ex-
pression [15]

Adg=2g(1-PR)e (2)
P.=1/2n*{Py, — v( Py + Py,)} (3

where P, is the photoelastic coefficient and has a
numerical value of about 0.22, P,, and P,; repre-
sent the components of strain-optic tensor (Pockel
coefficients) and v is the Poisson ratio. The mea-
sured strain response at constant temperatureis found
to be

Adg/(AgAe) =0.78 X 10 Cpe? (4)

where . is 107°. Fig. 3 shows the experimental
configuration of one-channel WADM to verify the
system performance. One narrow linewidth, tunable
laser source is tuned to 1552.8 nm and externally
modulated by a 2.5 Gb/s non-return-to-zero (NRZ)
pseudo-random binary sequence. A polarization con-
troller is used to adjust the polarization-state of the
laser source for matching to the LiNbO, intensity
modulator. Two spools of 50-km single-mode fiber,
locating before and after the WADM, are used as the
transmission link. Two erbium-doped fiber ampli-
fiers (EDFAs) with a saturated output power of
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Fig. 3. Experimental setup: TLS: tunable laser source. MOD: modulator. OBPF: optical bandpass filter. RX: optical receiver. BERT:

bit-error-rate test set.

about 11.0 dBm are employed to compensate the
fiber loss. A PIN FET receiver with a sensitivity of
—38.6 dBm at a bit-error-rate (BER) of 10°° is
used to measure the system performance. The inter-
port isolation is 50 dB and the insertion loss is 0.9
dB for the three-port OC. The FBG has a reflectivity
of 99.9% and the —10, —20 and —30 dB band-
widths of the FBG are 0.20, 0.35 and 0.60 nm,
respectively. Instead of using a PZT for strain tun-
ing, the FBG is stuck onto two tranglation stages for
feasible study of wavelength pass-through and
add/drop. The central reflected wavelength of the
FBG is 1552.8 nm without strain and 1554.0 nm
when strain is applied (AAggay = 1.2 nm). The
strain applied to FBG is about 1000 w& measured by
using a strain gauge for wavelength-shift of 1.2 nm.

4, Results and discussion

The channel assignment for an N-channel WDM
system could be based on the International Telecom-
munication Union (ITU) proposal of 200-GHz (1.6-
nm) spacing. Without applying strain, the central
reflective wavelength of FBG, could be assigned
suchas A, =A; + (i — DX 16(innm)forl<i<N.
FBG,, FBG,...FBGy are located consecutively,
from the left-hand side to the right-hand side, as
shown in Fig. 2, between the two three-port ele-
ments. Homodyne crosstalk may be induced from the
add port to the drop port, or the input port to the
output port. To suppress the homodyne crosstalk
effect, the central reflective wavelength of FBG,

may be shifted between A+ Az and A, —
A Agyoqg When strain is applied, where A A5y is the
—30 dB stopband bandwidth of the FBG with a
value of about 0.6 nm in this experiment. Thus, the
appropriately tuning range for FBG is from 0.6 to
1.0 nm. For example, if the central wavelength of
FBG,; is shifted from A; t0 A, ; — Adgoqg and A,
is dropped by the FBG; , ; at the same time, — 30 dB
homodyne crosstalk may contaminate the dropped
channel of A;_ ;. Nevertheless, the —30 dB crosstalk
induce power penalty is nearly O dB by experimental
measurement and only 0.3 dB even using the worst
case Gaussian approximation [16]. Based on previous
analysis, the acceptable tuning range is 1.6 nm — 2
X Adgygg in this example. One extra high reflectiv-
ity of FBG (over 99.9%) was used during our mea-
surement. Also, the homodyne crosstalk effect due to
the 0.1% (— 30 dB) transmission of optical power is
negligible. Also, each laser wavelength and its corre-
sponding FBG were carefully adjusted to avoid
wavelength misalignment. Fig. 4 shows the mea-
sured BER of the WADM against the received power
for the baseline signal (0 km), the dropped signal (50
km) and the pass-through signal (100 km). For the
measurement of pass-through channel, the data was
measured by tuning the central wavelength of FBG
of 1.2 nm away from itsinitial wavelength. Note that
the performance of drop channel is even a little hit
better than that of the back to back condition, due to
the fact that the majority of amplified stimulated
emission (ASE) noise from the EDFA is filtered out
when the signal is reflected by the FBG. A negligible
power penalty of only 0.2 dB for the passing channel
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Fig. 4. Measured BER performance of the WADM at 1552.8 nm
against the received power for the back-to back (0 km), dropped
(50 km) and pass-through (100 km) conditions in a 25-Gb/s
externally modulated system.

over a 100-km transmission is observed compared to
the back-to-back transmission. A similar result could
be obtained from the reflection-type OXC device
except that the ASEs of EDFAs result from different
fiber links will travel along with the signals. How-
ever, the ASEs will not degrade the system perfor-
mance if only the SNR of each channel is above a
certain level, say, 15 dB. Hence, the WADM /OXC
architecture represents a thoroughly optical transpar-
ent ability. Each wavelength path is represented by
its corresponding FBG with a roughly rectangular
shape and a low sideband loss.

5. Conclusion

A reconfigurable all-fiber WADM and reflection
type OXC device based on ST-FBGs integrated
three-port elements are proposed. One-channel
added /dropped experiment of the WADM device is
investigated over a 50-km and a 100-km standard
fiber for the dropped channel and the pass-through
channel in a 25 Gb/s system. Compared to back-

to-back transmission, no power penalty is found. The
FBG-based WADM as well as the closely related
OXC device with the features of dynamically wave-
length-selective function, high signal-to-noise con-
trast ratio, potentially low crosstalk, uniform and low
insertion loss, low cost, high scalability and cascad-
ability may provide vast applications in the optical
networks.
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