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Fiber Bragg Grating-Based Large Nonblocking
Multiwavelength Cross-Connects
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Abstract—Multiwavelength cross-connects (WXC's) will play —allow the optical network to be reconfigured on a wavelength-
a key role to provide more reconfiguration flexibility and net-  py-wavelength basis to optimize traffic, congestion, network
work survivability in wavelength division multiplexing (WDM) growth, and to enhance network survivability.

transport networks. In this paper, we utilize three different fiber . . . ,
Bragg grating (FBG)-based P-type, S-type, and N-type building Although many experlmental |mple|fne.nta_t|ons of WXC'’s
blocks with optical circulators and related control devices for €Xxist today, it is possible to make a distinction between two
constructing large rearrangeably nonblocking N x N WXC’s. major classes: wavelength-routing and wavelength-translating
The P-type building block is composed of certain parallel’ FBG-  \wXC'’s [3]. Wavelength routing is achieved by implementing
element chains placed between the control devices of two large g, mg form of wavelength-selective elements at the nodes of
mechanical optical switches (OSW'’s). The5-type building block . . .
consists of a ‘serieg of FBG elements and the control device of the fiber network. Fixed wavelength routing WXC would most
2 x 2 OSW's. The nonswitchedN-type building block includes likely use WDM multiplexers in a back-to-back configuration
a “series of FBG elements with appropriate stepping motor to allow interchange of wavelengths between input and output
\(/)vra\lxjezlgn Ct?\mcrgrlrgsevécn?j?ﬁ A:L ZBSaIFIeoTiEteS’ u‘:llChs Wait:hedceWmDrT\I/Il fibers in a prearranged pattern. This configuration as shown in
channel £3/vavelengPhs, wi?h higﬂ-refl%ectivity gre r)éqtf)ired. Large F,'g' 1(a) has been callediaedWDM cross-connect, and in ItS..
N x N WXC structures, with minimum number of required ~ Simplest form does not have any automated rearrangeability.
constitutive elements, based on a three-stage Clos network areThe rearrangeability is introduced by adding space division
then constructed. We investigate their relevant characteristics, (SD) switches, as shown in Fig. 1(b). Using such rearrangeable
compare th(_e _required constitutive elements, and estimate the \wpm WXC's, each wavelength on any input fiber can be
dimension limits for these WXC architectures. Other related . f g .
issues such as capacity expansion, wavelength channel Spacindpterconnected tq any output fiber providing that output fiber
and multivavelength amplification are also addressed. Is not already using that wavelength. The total cross-connect
. . . bandwidth is proportional t&/ -m- B whereV is the number of
Index Terms— Fiber Bragg grating, optical cross-connect . . . . .
(OXC), optical network, wavelength cross-connect (WXC), Input flbers,m is the number of WavelenthS per fiber, a’B’mS .
wavelength division multiplexing (WDM). the bit rate per wavelength channel. Different space-division
switch technologies based on such as waveguide directional
couplers [6], semiconductor optical amplifiers (SOA’s) [7],
low-gain EDFA’s [8], and arrayed-waveguide grating (AWG)
HE wavelength division multiplexing (WDM) techniquemultiplexes [9] have been demonstrated. The basic operation
combining with erbium-doped fiber amplifiers (EDFA’s)or both of the above wavelength-routing WXC's is that they
has shown its capability to cost-effectively, gracefully upgradselect wavelengths and rearrange them in the spatial domain.
the capacity of embedded long-distance transmission systethg second category of WXC has recently been defined to
[1], [2]. The extensive deployments of such WDM ampliallow cross-connect in the wavelength domain as well as the
fied point-to-point transmission systems and/or SONET/SDépace domain, and has been called a wavelength-translating (or
ring networks open the perspective of efficiently performingnterchanging) cross-connect, one form of which is shown
network functions in the optical domain. Thus, new opticah Fig. 1(c). However, various wavelength conversion [10],
elements are required to provide additional facilities for WDNN 1] and wavelength interchange techniques [5] are inevitable.
signals locally transmitting/extraction (i.e., the add—drop ofFhe fiber Bragg grating-based WXC's described in this paper
eration), for signal routing and network (re)configuration (i.ebelong to the wavelength-routing category.
the cross-connect operation) in such WDM transport networks.From the viewpoint of blocking performance, WXC’s can
Optical wavelength cross-connect (WXC), one of the new neje classified into nonblocking and blocking networks [4].
work elements, will play a key role in multiwvavelength WDMNonblocking networks can be further divided into strictly
networks [3]-[5]. The importance of the WXC'’s is that theyronblocking [12] and rearrangeably nonblocking [12] net-
works. If a WXC is strictly nonblocking, any idle input
Manuscript received January 20, 1998; revised June 5, 1998. _wavelength channel on any input fiber can always be con-
SU\:]'-\:(ét-Cs;Zenndiixtrrs]itt; e,ggjﬁtslﬁgc’;gfg&gﬁt'Cal Engineering, National o o to any unused output wavelength on any output fiber
C.-C. Lee is with the Outside-Plant Division, Chung-Hwa Telecommwvithout disturbing any existing wavelength connections [12].
nication Labor_atories, _Yang'-Mei 32(_5 Taiwan.. He is also_with_ the In_stitutpf itis rearrangeably nonblocking, any idle input Wavelength
of Electro-Optical Engineering, National Chiao-Tung University, Hsinchu . .
Taiwan. ¢channel on any input fiber can always be connected to any
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Fig. 2. Schematic diagram of the proposed FBG-based 2 WXC. OC:
three-port optical circulator. There are two input ports (I1 and 12) and two
output ports (O1 and O2) for each:2 2 WXC. “W"; the basic building
block of proposed WXC.

(b)
and they have found important applications in a variety of
lightwave applications [16], [17].

Recently, a wavelength selective add—drop multiplexer
(ADM), another network element with locally transmit-
ting/extraction functions for WDM transport network, com-
prising the reflective FBG’s and optical switches was proposed
SD Mux [18] and system demonstrated [19]. We have successfully

© reformed the FBG-based ADM into a dynamically wavelength
Fig. 1. Schematic diagrams of three-category WXC'’s withinput—output selective 2x 2 WX_C [20]. The demonstration and SyStem
port pairs andn wavelengths per fiber: (a) a fixed WXC, (b) a rearrangeable€rformance of this FBG-based WXC have shown its
WXC using space division (SD) switches, and (c) a wavelength-translatig@pability to provide more reconfiguration flexibility for
WXC using wavelength converters with fixed-wavelength outputs andvaria%DM networks. However, this FBG-based 2 2 WXC
nputs: with two input/output ports has limited applications in WDM

. - . ) transport networks. With the motivation of investigating large
rerouting the existing wavelength connections if ”ecessar%nblockingN x N WXC's that have large input/output

[13]. However, the_ architecture for cons_tructmg a StrICtI¥iimension with multiple wavelength channels, this paper
nonblocking WXC is always more complicated with mani

Demux

. o ' proposes a class of FBG-based basic building blocks for
required wavelength converters and/or space-division switc struction of largeV x N WXC's for network applications

than a _rearrangeably gonplocking one [4], [6,]’| (8], thgsfmorﬁ]e relevant characteristics and required constitutive elements
expensive to be use .'Smce WXC is mainly used or Hhe investigated and compared. Some key issues associated
efficient network utilization, 2) network restortation, and 3 ith the FBG-based WXC'’s are also addressed

cusltlomer contrpl ;nd hmar}agement, faSt_ SW'tCh'n?Jl IS I(:qen'“l'he rest of the paper is organized as follows. In Section I,
erally not required. Therefore, a WXC is a nonblocking, e yings of FBG-based basic building blocks for con-

“slow” switch network with a connection duration of ho“rsstructing lageN x N WXC's are proposed and their
or months, and cross-connects much higher rate signals. ration principles are described. The large x N

rearrangeably nonblocking WXC’s can satisfy most netwo XC architectures based on a Clos network using these

applications. The objective of this paper is to investigate trE)%ilding blocks are also presented. Section Ill describes their

rear_rangeably non_blocking WXC’_S' . ) relevant characteristics, and compares the required constitutive
Fiber Bragg grating (FBG) filter is a periodic perturbation 0élements. WXC dimension limits for different architectures

the refractive index along the fiber length, which is formed bé(re presented in Section IV. Other issues such as capacity

exposure of the core to an intense optical interference patteéQpansion, wavelength channel spacing, and multiwavelength

The formation of permanent gratings in an optical fiber Waasmplification are discussed in Section V. Section VI summa-
first demonstrated by Hilet al. in 1978 [14]. Meltzet al. fizes the paper and presents our conclusions

[15] showed that the ultraviolet radiation at 248 nm could
be used to form gratings that would reflect any wavelength
by illuminating the fiber through the side of the cladding
with two intersecting beams of ultraviolet (UV) laser lights.
Advantages of FBG’s over competing technologies include Fig. 2 shows the schematic diagram of an FBG-based2
all-fiber geometry, low insertion loss, low back-reflection, and/XC. There are two input ports (I1 and 12) and two output
potentially low cost. But the most distinguishing feature gborts (O1 and O2), thus the WXC dimensiaN, equals to
FBG's is the flexibility they offer for achieving desired shar2. The 2 x 2 WXC is composed of two three-port optical
spectral characteristics. They are now commercially availaldgculators (OC'’s) and the basic building blockV.” Three

Il. BASIC BUILDING BLOCKS AND
ARCHITECTURES FORFBG-BASED WXC’s
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Fig. 3. The (a) schematic diagram of thpatallel” P-type building block Ay A As Am
“W” and (b) illustration of its operating principle. A, and A, reflected, other wavelengths passed.

(b)
kinds of theP-, S-, and N-type t?“"d_'”g blOCk_S are prOpOSEd'Fig. 4. The (a) schematic diagram of theetie$ S-type building block
The P-type block, as shown in Fig. 3(a), is named due tow” and (b) illustration of its operating principle.
certain ‘parallel” FBG chains placed between two & K
mechanical optical switches (OSW'’s). Each central reflective . .
wavelength\; of the FBG is designed to match the use |zefl_andft?‘_e lrgore |n2cregsve\z/(;l«t:0ta_l hgraUr;_g_glun;)t:iérThe
WDM channel wavelength. The FWHM (i.e., 3-dB passban@>> llity of this P-type 2 with negligible bit-error-

width) of each FBG should be large enough to cover tHate (BER) power penalty has bee_n demonstrated in<e2%
b/s WDM 100-km system experiment [20].

corresponding channel signal with high reflectivity and lo ; . i i
out-of-band transmission loss. Switching the OSW-pair to F19- 4(8) shows thes-type building block, in which a
proper FBG position, the desired channel signg will be  Series of FBG elements and 2« 2 OSW's are used with
reflected by the connected FBGis shown in Fig. 3(b), then 88ch FBG inserted between two>22 OSW's. Each 2x 2
leaving from the port 3 of the OCL in Fig. 2, and continuin@SW has one of thecfoss and “bar” operation states at
its forward propagation (here, termed as fhessed-through ©N€ time. Switching two 2x 2 OSW's, one in front of and
channel) in the same fiber link. In the mean time, other chan/f]€ after the FBG element, to therbss state, the passed-
signals can be spatially passed through the FBG chain (héhgpugh channel S|g_nal will be reflected by the connected FBG
termed as theross-connectedhannels) to another fiber link. €lément, then leaving from the port 3 of the OC1 at the
When two or more FBG’s in a single cascading chain, &&me fiber link as shown in Fig. 2. In the mean time, other
shown in Fig. 3(b), are properly arranged between the & crossed-connected channel signals can be spatially passed
OSW'’s, multiple channel cross-connections can be realizé@rough the FBG chain to another fiber link. When two or
Furthermore, the first optical path without any FBG's is fofore 2 x 2 OSW's are properly arranged in the-type
cross-connecting all wavelengths, and the &t optical path building block, multiple channel cross-connections can then
with m pieces of different FBG's is for passing through alPe realized. Fig. 4(b) illustrates that the wavelengthsand
channel wavelengths. The simplexl K OSW can be used A2 are simultaneously reflected and thus passed-through the
for this function with switching time of about 0.3 ms. FoR2 X 2 WXC when the first and the third OSW'’s are in the
rearrangeably nonblocking operation, the OSW si&e,and “cross states and other OSW's are in thédr” states. For
the number of required ¥ K OSW's, U, for a P-type 2x 2 rearrangeably nonblocking operation, the number of required
WXC is K = 2™, andU = 2, respectively. The total number,2 x 2 OSW’s,U, and total number of required FBG'§), of
Q, of required FBG's for aP-type 2x 2 WXC is anS-type 2x 2 WXC isU = m+1 and@ = m, respectively.

m m m m A 2 x 2 ADM comprising chirped FBG's in arb-type-
Q= <0 ) -0+ <1 ) 14 <2 ) 224+ <m> -m like block for dispersion compensating and reconfigurable

ADM multiplexing operation with error-free performance has

+..-+m. been demonstrated in a 4 10 Gb/s WDM 50-km system

(1) experiment [19]. This reveals the feasibility of the proposed

S-type building block.

Them is the number of WDM channel wavelengths used per Fig. 5(a) shows the nonswitchefy-type basic building
fiber. Therefore, the larger WDM channets the larger OSW block, in which a serie$ of FBG's with appropriate control

(m—1) n m(m —1)(m — 2)

=0+m+ — 2
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Ay Az
) Block “W” P-type S-type N-type
. - . N . Control 1xK Compressed
Fig. 5. The (a) schematic diagram of thechswitchetl N-type building Device osw 2x2 FBGs by
block “W” and (b) illustration of its operating principle. K=2m OSW | step Motors
or PZTs
. . Number of
devices are used but with no more OSW'’s. The central Control 2 m+1 m
wavelength-shift control of each FBG in thi¥-type WXC Devices
. . . . FBG m+m(m-1)/1! +
can be achieved by using tensile stress or compressive stress o mm-iym-22! | m m
on the FBG. Strain tuning yields a Bragg wavelength change of umber ot m

approximately 1.2 nm/millistrain in the 1.5 regime [21].

Bragg grating wavelength tuning by tensile stress is limited Ry, 5 more FBG's are properly compressed by using separate
fiber strength, and the maximum tuning to & 10-nm regime dgshing motors, then multiple channels’ cross-connections can
limited. The fiber strength limitations associated with tensilg, raajized as shown in Fig. 5(b). Besides the high-resolution
stress are relieved when compressive stress is implementgd,ning motors, the voltage-driven piezoelectrical transducer
because silica is 23 times stronger under compression a1y devices seem an alternative for compression stress
under tension, thus a tuning range 582 nm has been conirol of the FBG. After winding and adhering each FBG
demonstrated [21]. In Ball and Moreys’ experiments [21}00n separate PZT rod, controlling the corresponding PZT
a high-resolution stepping motor was used to compress &lying voltage(s) to compressed the FBG(s) to a 100-GHz
fiber, which was confined within the precision-ground ceramigyift then the desired wavelength(s) can be cross-connected.
ferrules. The 400-step/revolution micropositioner could b@n the other hand, the desired wavelength(s) will be reflected
driven with 10 000 microstep/revolution with-al-microstep py the corresponding FBG(s), as shown in Fig. 5(b), when the
resolution. This resulted in a linear translation resolution @z driving voltage(s) is (are) released. The PZT-controlled
+50 nm, a wavelength resolution &f2 pm, and a frequency approach is now under study. Table | summaries the control
resolution of £250 MHz. This Bragg wavelength tuningdevices and lists the required constitutive elements for these
technique by compression stress is mechanically simple to ifAree FBG-based basid¥” building blocks. The above three
plement, and thus can be used to control the Bragg wavelengiG-based building-block-constructed>2 2 WXC's are all
tuning of each FBG in the proposed-type building block.  rearrangeably nonblocking devices.

The operating mechanism of the nonswitchéelype basic  Fig. 6 shows the rearrangeably nonblocking«33 WXC,
building block is illustrated in Fig. 5(b). Assume that alconsisting of three W” building blocks and six three-port
FBG’s meet the International Telecommunication Union (ITUDC's. Any FBG-basedP-type, S-type, or N-type building
WDM standardization with 200 GHz (about 1.6 nm) andlocks could be placed in this % 3 WXC to carry out
with an FWHM bandwidth of 75 GHz (about 0.6 nm). Bycross-connected operations. Thie x N WXC architectures
controlling the stepping motor to compress the FBG to makased on three-stage Clos network are used to construct
an increasingly (or decreasingly) change of the central wavarge dimension. The Clos network [12] is a three-stage
length to a 100-GHz shift, then the desired channel signals asetwork that offers a method of obtaining larger architectures
be spatially cross-connected to another fiber link. Otherwidgy interconnecting several smaller nonblocking subnetworks.
the signal will be reflected by the un-compressed FBG. Whé&mach of the subnetworks could be broken down into its own
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2 x 2 WXC's in a three-stage Clos network architecture. WXC Dimension, N

Fig. 8. The number of required building block¥V"” and the total number
f optical circulators required to implement the rearrangeably nonblocking

Clos network, with this procedure being applied recursively,, .. against network dimensiofy .

For an overallN x N WXC, the first stage required

subnetworks of dimensioh x j, wherer x ¢ = N. The

second stage requirgssubnetworks of dimension x =, and lll. CHARACTERISTIC COMPARISON OFWXC ARCHITECTURES

the third stage requires subnetworks of dimensiop x <. The FBG-based large WXC’s using different building

The Clos architecture is rearrangeably nonblocking ¥ <.  blocks can be compared using several benchmarks. Each
Fig. 7 illustrates the rearrangeably nonblocking 4 WXC characteristic may single out a different architecture as being

constructed by using 2« 2 WXC'’s in a three-stage Clos better than others for that characteristic. However, the overall

network architecture, each stage with twox2 2 WXC'’s, optimal architecture for a specific application with specific

thus a total of six required Z 2 WXC'’s. According to the WXC size depends on the relative weighting a designer would

nonbolcking criterion of Clos network, now= j = » = 2, be different for every application. A brief description of several

thus the WXC shown in Fig. 7 is rearrangeably nonblockingelevant WXC characteristics and the various characteristic

Follow the construction criterion of three-stage Clos networkpmparisons versus WXC dimension for thetype, S-type,

the rearrangeably nonblocking 8 8 WXC can be easily and N-type WXC'’s follow.

realized by using four 2< 2 WXC'’s in the first stage, two

4 x 4 WXC'’s in the second stage, and fourx22 WXC’s A. Descriptions of WXC Characteristics

in the third stage. Similarly, the three-staged rearrangeablyryq yelevant FBG-based WXC characteristics include sys-
nonblocking 9x 9 WXC can be constructed with minimumye, aitenuation, system signal-to-noise ratio (SNR), the num-

number of building blocks of nine & 3 WXC’s, each stage o ¢ of FgG's, OC's, and control devices. The numbers of

with three 3 x 3 WXC's. According to the Clos nework ocs control devices, FBG's, and interconnected fibers that
principle, the large rearrangeably nonblockiNgx [V WXC’s the given WDM signal path passes through determine the

with minimum number of building blocks can be realized foéttenuation Two important parameters exist here: viioest

N = 16, 32, 64 or27, 81, etc. The number of required building.qe atenuatioror the highest loss path, and tdéferential
blocks, hereinafteiV'(n), for the rearrangeably nonblockingitenyation between the highest loss path and the lowest

N x N WXC's is given below loss path. Many times a high differential attenuation is more
of a disadvantage than a high worst case attenuation. A

W(n)=2"+2-W(n-1), and W(l)=1 high constant attenuation can be compensated for with the
for N =27, (2a) addition of EDFA’s. A high differential attenuation adversely
W(n)=2-3"+3-W(n—1), and W(1)=3 affects the optical receiver and can reduce the system SNR.

The insufficient reflectivity of FBG and its peak-wavelength
misalignment of the cross-connected and passed-through sig-
nals further affects system SNR. Various architectures require
whereW (n — 1) is the previous value ofV(n); for instance, different numbers of FBG's, OC's, and control devices for
W(1) = 1, thenW(2) = 22 + 2. W (1) = 6 for the case of the same WXC dimensionality. More these components mean
4 x 4 WXC with N = 4. The total number of OC’'sCs, high cost and difficult system interconnection.

required to implement atv x N WXC is two times of the  In this section, characteristic comparisons versus WXC
number of total required building block3¥,” W (n), namely, dimension are carried out for th&-type, S-type, and N-

Co = 2-W(n), because two OC's are used in each buildintype WXC'’s. For high-capacity all-optical WDM networks,
blocking “W.” Fig. 8 shows the required building blocksthe WXC nodes should cross-conné€tsets ofrm-wavelength
“W” and the total number of OC’s for the rearrangeablfrom N input links to the same number of output links with
nonblockingN x N WXC's against network dimension.  operating bit-rate per channel;, in the range from 2.5 to

for N =3" (2b)
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TABLE I 2) S-TypeN x N WXC:
THE SYSTEM PARAMETERS AND COMPONENT CHARACTERISTICS WITH THEIR
TypPICAL VALUES USED FORCOMPARISON OF THEFBG-BASED N x N WXC's Q=m-W(n) for N=2" and N =3" (3b)
System and Component Typical _ .
Parameters Values 3) N TypeN x N WXC:
WDM wavelengths per fiber, m: |4, 8, 16 Q=m-W(n) for N=2" and N =3". (3¢)
Insertion loss of circulator ,
Port 1 2: 0.5 JdE3 Note that bothV-type andS-type WXC'’s have the least num-
Port2-3: 0.5 dB ber of FBG elements. The more number of WDM wavelengths
Isolation loss of circulator: =40 dB per fiber used the larger number of required FBG elements.
, For instance, for a 4« 4 WXC, the number of FBG elements
Reflectivity of FBG: > 99.7%% is Q = 24 for m = 4, and@Q = 96 for m = 16. However, The
i . 0.05 dB .
Insertion loss of FBG: ° :nm number of required FBG elements for tietype N x N WXC
FWHM bandwidth: are very large, which is drastically increased for large WXC
Insertion loss of optical switch dimension, especially for large number of WDM wavelengths
for1 xKor2 x2QSW’s: 0.9 dB ;
(where K <256) used per fiber.
Return loss of all components: |> 65 dB

C. Control Device Characteristics
The three-type WXC architectures also require different

3000 Tr————— —1 8 7 numbers of control devices to implement ahx N WXC.
o B S,Ny{)y;)e,m=4 & The control devices of each building blocking for tRetype,
oo 00091 SN type,m=16 ®.> 173 &0 S-type, and N-type architectures are two ¥ K OSW's,
2 ;zgg: - PlypemTlS | . | ., = m+1 pieces of 2x 2 OSW's, andm pieces of high-
E 2500 4 ’ = resolution stepping motors or PZT devices. Consequently, the
Z 2000 - p &1 ¢s = total number of control devices/, required for each of the
O 1500 - . ’ E architectures is the number of control devices required for
82 1000 - 4 60 Z each building block, listed in Table I, multiplied by (n)
= 500 o e cat 0 described in (2), and is given below.
0 S S . ss 2 1) P-TypeN x N WXC:
2 3 4 8 9 16 27 3 C=2-W(n) forN=2" and N=3". (4a)
WXC Dimension, N 2) S-TypeN x N WXC:

Fig. 9. The number of FBG element3, required for the three FBG-based . _ on _on
N x N WXC architectures. The parameten, is the WDM wavelengths C= (m + 1) ) W(”) for N =2 and N =3" (4b)

fiber.
per fiber 3) N-TypeN x N WXC:

10 Gb/s. In generalm ~ 4 — 16 and N =~ 2 — 16 [22], C=m-W(n) forN=2" and N=3".  (4c)

[23]. Tab!e .” Iist.s the.syst(.em parameters and COMPONeRe umber of control devices is strongly dependent upon
characteristics with their typical values used for COMparisQle number of WDM wavelengths per fiber link, and for
of the different FBG-basedv’ x NV WXC's. comparison is illustrated in Fig. 10. Note that tietype
WXC's have the least number of control devices ok 1K
B. FBG Element Characteristics OSW'’s. However, The number of required control_dev_ices
The th WXC archi ire diff b for the S-type N x N WXC are very large, which is
e three-type architectures require ditierent num eEﬁastically increased for large WXC dimension, especially

of FBG elements to implement @& x N WXC. The number f .
; ) or large number of WDM wavelengths per fiber used. The
of FBG elements¢, required for each of the architectures fczg ge nu wav g per 1 .

) ) umber of control devices for th¥-type WXC is about¥V (n)
N x N is the number of required FBG elements for ea ; ; :
than that of th&-t WXC with d .
building block, listed in Table I, multiplied by the required > o ot OF E-LYPe With same dimension
numberW (n) of building blocks described in (2), and is givenD Attenuation Characteristics
below, which is strongly dependent on the number of operating

wavelength,m, per fiber link, and for comparison is plotted The maximum system insertion losSIL, for an N x N
in Fig. 9. WXC is dependent upon the number of OC’s, FBG’s, and

1) P-TypeN x N WXC: associated OSW'’s that the signals traversing the worst-case
path must travel. Assume that all FBG’s has a high reflectivity
of 99.7-99.9% with an out-of-band transmission insertion loss,

Q= Km) 0+ <m> 14+ <m> I SN <m> ,m} L¢, of about 0.05 dB. Thus, the insertion loss for the reflected
0 1 2 m light can be neglected, due to the ultra-high FBG reflectivity.
-W(n) for N=2" and N =3". (3a) Each three-port OC has an insertion loggc, either from
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The maximum (worst-case) system insertion loss for three FBG-
basedV x N WXC's. The maximum system attenuation allowed is assumed
. to be 30 dB.
port 1 to 2 or from port 2 to 3. Typical values fdro range

from 0.4 to 1.0 dB with an isolation o#40 dB. Furthermore,  5) S-TypeN x N WXC:
assume that the insertion loss of alk22 and 1x K OSW'’s,

Fig. 10. The number of control devices required for the three FBG-based
N x N WXC's. The parameterny, is the WDM wavelengths per fiber. Fig. 11.

Lsw, is about 0.9 dB forkK < 256. su=[2(Loc +m - Lsw) +2(m — 1) - Lg]

For a single 2x 2 WXC, the maximum (worst) insertion [2-(n—-1)+1], for N =2" (7c)
loss, I L,,.x, the minimum (least) insertion losgL,,;,, and st =[2(Loc +m - Lsw) +2(m — 1) - L]
differential insertion loss AL, of the propagated optical 06 (n—1) 43l for N — 3" 7d
signals for theP-type, S-type, and N-type 2 x 2 WXC's [6-(n = 1)+3], s (7d)
are given below. 6) N-TypeN x N WXCL:

1) P-Type WXC: siL= [ZLOC + 2(m — 1) . LG]

ILmax = 2(LOC + LSVV) + 2(m - 1) . LG (5a) . [2 . (7’L — 1) + 1], for N =27 (7e)
I Lyin = 2(Loc + Lsw) (5b) st = [2Loc +2(m —1) - L¢g]
AIL =1Lpax — I Lpin =2(m—1)- Lg. (5¢) “6-(n—1)+3], for N=3". (71)

2) S-Type WXC: The SIL for these three-type rearrangeably nonblocking

N x N WXC's is plotted in Fig. 11. Here, the values for
ILinax = 2(Loc +m - Lsw) +2(m — 1) - Lg (5d)  the insertion loss of each circulator, OSW, and FBG elements
IL iy = 2(Loc + Lsw) (5€) are assumed to b&oc = 0.5 dB, Lsw = 0.9 dB, and
AIL =Ly — ILpin =2(m — 1) - (Lsw + Lg). (5f) Lg = 0.05 dB, respectively. For this comparison, the maxi-
mum attenuation allowed from system input to output without

3) N-Type WXC: amplification or regeneration is assumed to be 30 dB. It can be
ILuax = 2Loc +2(m — 1) - Lg (5g) Seen fr_om _the figure tha_t thﬁ—fnype andP-type ar_chitectures
have significantly better insertion loss characteristics for larger
ILmin = 2LOC (5h)

WXC dimensions. TheN-type WXC has the best system
AIL = ILyax — {Lmin =2(m —1)- Lg. ~ (5) attenuation of 22.5 dB even fd¥ = 32 andm = 16 because
that no OSW's are used in such architecture. Tuype
architecture has the worst system attenuation due to many
cascaded 2x 2 OSW'’s in such WXC, which is increased
Wp=2-(n—1)+1, forN=2" (6a) drastically for more WDM wavelengths used per fiber. The
Wi =6-(n—1)+3, forN=3" (6b) P-type WXC has s_atisfactory system attenuation for< 16
because only a pair of ¥ K OSW used.
Therefore, the maximum (worst case) system insertion lossSimilarly, The minimum number of the building block
SIL for these three-typeV. x N WXC'’s are obtained by “W,” W, propagated by an optical signal in thé x N

The maximum number of the building blockW,” Wy,
propagated by an optical signal in thé x N WXC'’s is

SIL = IL,,x - Wg, and are given below. WXC'’s can also be obtained. Let us have a differential number
4) P-TypeN x N WXC: Wp = Wy — Wi, then theWp of N x N WXC’s is
su=[2(Loc + Lsw) +2(m — 1) - Lg] Wp =0, forN=2" (8a)
2 (n—-1)+1], forN=2" (7a) Wp=2-(n—1)+1, for N=23" (8b)
st = [2(Loc + Lsw) +2(m — 1) - Lg] The differential insertion losg\SIL, is the difference between

“6-(n—1)+3], for N=3". (7b) the highest loss path (i.e., the worst case) and the lowest loss
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required SNR to achieve a system BER performance xf10 —9 is assumed

Fig. 12. The maximum (worst-case) differential system insertion loss f@5 pe grater than 11 dB and 14.5 dB for the channel rate of 2.5 and 10 Gb/s,
three FBG-basedv x N WXC'’s. The maximum differential loss allowed yegpectively.

is assumed to be 15 dB.

path, and thusASIL = (ILyax - W) — (ILain - Wr) = same wav_e_lengths but fror_n different fiber links. The higher
(AIL - W) + (ILuin - Wp). Here, ILyux, L, and the reflect|\{|ty,R(%), of a given FB:G elemgnt, the lower the
AIL are described in (5); théVy and Wp are described prosstglk WI.|| be. The extinction ratio of a smgle FBG element
in (6) and (8), respectively. ThASIL for these three-type N dB is defined ast’ = [10log,o(1 — E)|. Typical values for
rearrangeably nonblockingd x N WXC's is plotted in <X ¢an vary from 10 dB up to 45 dB, depending upon the re-
Fig. 12. For comparison, the maximum differential attenuatidfgctivity and fabrication characteristics of FBG elements. The
allowed for a WXC is assumed to be 15 dB. This differentiap’\R for aniv.x N WXC can be estimated by determining the
insertion loss is based on both the capability of the receiymber of the building block’s W that the signal channel
dynamic range at each receiving node, and the input dynarRsses through and how much power will be leaked into the
range capability of the optical limiting amplifier (OLA), to Sa@me-wavelength channel at each building blo¥k." .
be described in Section V. This differential attenuation loss Three assumptions can be reasonably made in the following
can be easily compensated by an OLA located at each outht derivation of the system per-channel SNR. First, the
fiber of the WXC because an OLA with an input dynami ack-reflection characteristics of all optical components are ex-
range of 20-30 dB can be easily reached. Thidype WXC cellentwith return loss of 65 dB. Second, the crosstalk between
has the lowest differential system attenuatior<df3.5 dB for different channels but with same wavelength is dominated by
N = 32 andm = 16 because that no OSW's are used ithe first “W” building block of the traveled optical path in
this architecture. TheS-type architecture also has the wors@n V' x N WXC. Third, the crosstalk from other WDM
differential system insertion loss due to many cascaded seff@@nnels in each building block can be neglected. Then, the
OSW's used in the WXC, which is also increased drasticallyjorst-case per-channel SNR characteristics can be calculated
for more WDM wavelengths per fiber used. TRetype WXC Dy SNR= X —10log;o (Wy) for N x N WXC'’s in spite
has satisfactory differential system attenuation of 10.2 dB f6f F-type, S-type or N-type architectures, wheré’y is the
N = 16 andm = 16. maximum number of the building block that the signal passes
Although the assumption of component loss values used tbfough in the WXC's. The SNR characteristics have also been
system attenuation and differential attenuation comparisonspgtted as a function of WXC dimension in Fig. 13. This graph
different FBG-based WXC's seems very low, it is reasonab@gsumes an extinction ratid, of 25 dB of all FBG’s (with
for most of currently commercial components. On the othégflectivity of 99.7%) for all WXC architectures. The required
hand, it is possible to have low splicing loss between FBGSNR is assumed to be grater than 11 dB for the channel bit
in the N- and P-type WXC'’s by excellent splicing works rate of 2.5 Gb/s and to be greater than 14.5 dB for the channel
or by photo-imprinting different FBG’s on a same fiber tdit rate of 10 Gb/s to achieve a system BER performance
form the desired FBG chain. Furthermore, the connection logé1 x 10~°. From Fig. 13, we find that the rearrangeably
between the mechanical switch and FBG chain could be lgwnblocking WXC meeting the SNR requirement for both
than 0.1 dB, which has been included within the insertich5 Gb/s and 10 Gb/s channel-rate operations has network
loss of mechanical optical switch. In consequence, with titimensionNV of 32 with m = 16.
progress of fabrication technology of various components, theBecause the\SIL is the attenuation difference between the
assumption of low component loss values can be realized fighest loss path (i.e., the worst-case) and the lowest loss path
most of currently and near-future commercial components.in the WXC, thus the SNR considered here is really the worst
o case per-channel SNR. Assume all WDM signal channels
E. SNR Characteristics have same optical power level in the input fiber of WXC.
Each FBG element that the signal passes through introdutfethe worst case per-channel SNR of a WXC is satisfied with
a small amount of crosstalk between the signal channels witie minimum requirement of system SNR, then other signal
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TABLE I TABLE IV
THE ESTIMATED DIMENSION LIMITS OF THE P-TYPE, S-TYPE, AND THE NumMBERS OF REQUIRED FBG’s AND OPTICAL CIRCULATORS
N-TyPE REARRANGEABLY NONBLOCKING WXC ARCHITECTURES, AND FOR EACH LimiT CASE OF THE P-TYPE, S-TYPE, AND
THE ASSOCIATED LIMITING FACTORS FORDIFFERENT NUMBERS OF N-TypE WXC ARCHITECTURES PRESENTED INTABLE Il
WDM WAVELENGTHS PER FIBER AT 2.5 OR 10 Gb/s GiANNEL RATES
2.5 Gb/s rates 10 Gb/s rates
Architectures 1 i i imi
wxc Estimated  Dimension  Limits WXC | m | Dimension | FBGs | OCs |Dimension| FBGs |OCs
Wavelengths 2.5 Gb/s 10 Gb/s
per fiber, m | Channel Rates | Channel Rates Notes 4 [4096 x 4096 188,416/94,208| 64 x 64 1,408 704
m=4 4096 x 4096 64 x 64 N-type| 8 | 512 x512 | 34,816| 8,704| 64 x64 | 2,816 704
(limited by SIL) |(limited by SNR) 16 32 x 32 2,304 288| 32 x32 2,304 288
N-type m=8 512 x 512 64 x 64 P-type| 4| 32x32 4,608 288 32x32 | 4,608 288
(SIL) (SIL) 8| 16x16 57,344| 112| 16 x16 |57,344| 112
m =16 32 x32 32x32 27 x 27 S-type| 4 2x2 4 2l 2x2 4 2
(4SIL) (4SIL) exclusive
m=4 32 x 32 32 x 32 27 x 27 . . .
(571.) (571_) g and eight WDM wavelengths per fiber, respectively, for both
P-type| m=s 16216 16276 90 2.5 Gb/s and 10 Gb/s channel-rate operations. These WXC
. sizes are limited due to the unacceptableand the maximum
(1 x KOSW) (1 x KOSW) |exclusive . ) .
=16 y s size of 1x K OSW, respectively. Wherein the 27 27 and
p— 22 P 9 x9 WXC is exclusive for supporting operation of four and
= X X . . .
S-type (asiL) (asiL) eight WDM wavelengths per fiber, respectively, due to the
excessSIL for both 2.5 and 10 Gb/s channel rates. Thype
m=38 P 4 A . . .
e ¥ g WXC architecture can operate with sixteen WDM wavelengths
per fiber in a 16x 16 WXC size for both 2.5 and 10 Gb/s

channel rates only when the low-loss<1K OSW with size of
channels will have more better SNR. Therefore, the differenti&l = 2% = 256 is available. On the contrary, thf&type WXC
attenuation effect in the worst case SNR calculation is impliedtchitecture can only operate with four WDM wavelengths

per fiber in a 2x 2 WXC size, due to the unacceptable

IV. WXC DIMENSION LIMITS differential system losaSIL, at both 2.5 and 10 Gb/s channel

(re:ates. Table IV lists the numbers of required FBG’s and optical
. . irculators for each limit case of the-type, S-type, and/N-
following values of Log = 0.5 dB, Lsw = 0.9 dB, Lg = type rearrangeably nonblocking WXC architectures presented

0.05 dB’. andX = 25 dB. Th? maxmum agceptable systen?n Table Ill. For most WDM networks, the WXC dimensioh
attenuation of 30 dB, a maximum differential attenuation

. <16 with 4-16 WDM ch I lengths. Therefore, onl
15 dB, and a minimum acceptable system SNR of 11 Sow channetwavelengins. nerstore, onty

. e N-type architecture meets the 2.5- and 10-Gb/s system
for 2.5 Gb/s and of 14.5 dB for 10 Gb/s channel line rat uirements, and can be constructed by using the least number

are also assumed. Furthermore, the return loss characterigfﬂ;equired FBG's. control devices. and OC's. As the values
for all optical component and connectors used has excell Loc. Lsw ar’1d Le decrease ' o increéses or the
quality of about 65 dB. Within these limits, the largest SIZf?tcceptable limits for attenuation, or differential attenuation

of the _FBG-bas_ed W.XC’.S can be estimated. Table Ill IIS'i?nprove, the obtainable sizes for all of the architectures will
the estimated dimension limits of the-type, S-type, andV- increase

type rearrangeably nonblocking WXC architectures and the
associated limiting factors for different numbers of WDM
wavelengths per fiber at 2.5 or 10 Gb/s channel rates. V. Discussions
Note that theN-type WXC architecture can grow to a There are several advantages for these FBG-based WXC's,
4096 x 4096, 512 x 512, and 32x 32 dimensions for as compared with other SOA-based or array-waveguide-
WXC'’s employing four, eight, and sixteen WDM wavelengthgrating-multiplexer-based WXC's, such as high cross-connect
per fiber, respectively, with 2.5 Gh/s channel rate operatiormntrast ratio, better interchannel loss uniformity, and
These WXC sizes are limited due to the unaccept8hleSIL, potentially low cost. The high cross-connect contrast ratio can
and ASIL, respectively. For 10 Gb/s channel-rate operationise further improved up to-50 dB by employing the ultra-
the N-type WXC architecture can operate to a 64 64, high-reflectivity <~100%) FBG'’s, low back-reflection65
64 x 64, and 32x 32 dimensions for WXC’s employing four, dB) components, and angled-physical-contact connections in
eight, and sixteen WDM wavelengths per fiber, respectivelthe WXC. The uniformly low interchannel loss is due to the
These WXC sizes are limited due to the unaccept@id3 near spectral-loss independence characteristics of the OC's
SIL, and ASIL, respectively, wherein the 2% 27 WXC is and/or OSW’s in the 1.5%m band. Because of successful
not included for supporting operation of sixteen WDM wavedevelopment of FBG’s [17] and other optical components, the
lengths per fiber due to the exceSSIL andSIL characteristics FBG-based WXC has potentially lower cost, especially for
for both 2.5 and 10 Gb/s channel rates. the N-type WXC, than other actively space-division-switch-
For the P-type WXC architecture, it can only grow to abased or wavelength-converter-based WXC'’s. Furthermore,
32 x 32 and 16x 16 dimensions for WXC’s employing four the simple structure and operation mechanism of FBG-based
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TABLE V channel operation due to their highly wavelength dependent
COMPARISON BETWEEN THE PROPOSED gain profile in the 1530-1560 nm window. Proper power
FBG-Basep WXC anD OTHER OpTicAL WXC's . . L .- ,
and/or gain equalization [26]-[28] of silica-based EDFA’s
WXCtype | Key Technologies Pros Cons Ref. should be implemented to cover the full 30-nm amplifica-
Muxidomue.|® BRI MORdemu :;:F;Ii;;.“?p :55%’;?;;%;1*;;3‘Y i3 tion region. On the other hand, the fluoride-based EDFA's
insensitivity lodularity H 1 H H H 1 H
[+ Wechanea Opte [+ Simele iy - [29] thaF exhibit without equal|zat!on a gain excursion qf
based WSXC Switch (m-OSW) :;;‘;’,’:;;_:'_t‘:?n * o 1.5 dB in the 1530-1560 nm region can be an alternative
—on T — for multiwavelength amplification. However, the differential
3.50A-SD-based s + g speed @ Polarization 15,71 . . . ..
Wwsxe mux fdemix. (we) |, Scnsitivity insertion loss introduced by the WXC cannot be eliminated
AWavetongn [0 Cross e Sy ronckng 7 Celedy w225y through these gain-equalized silica-based or fluoride-based
WiIXe mux./demux. required EDFA’s. An effective way not only to avoid equalization
5.Optoslactronic- |® OPUical transimitters o Optical powerand e Bitrate and format |5y techniques but also to compensate the system attenuation and
conversion- receivers + defnux. SNR inflexibility - X X - X R .
based WSXC + optical combiner simultaneously to eliminate the system differential insertion
sPANG hased  [* D e ten | cormpact T |" mormity s loss introduced by the WXC is to employ multiwavelength
array ® Crosstalk and port optical limiting amplifiers (OLA’s) [30], [31]. The chirped-
7FBG-based  |® FBGS+mOSWs/ e Crosstalk  _ [# Bulky This FBG-based OLA [31] configuration, consisting of a three-port
WSXC controls + OCs ® Loss i{nd unlfom_uty ® Modularity work ) 1 0 X X
s optical circulator followed by a bidirectional EDFA (without

built-in optical isolators) along with multiple cascaded chirped

, ke th b i ded FBG's will be the most promising candidate to be used. Each
WXC's make them 1o be easily expanded to a greater numl?‘ﬁ&h-reflectivity chirped FBG, with appropriate dispersion

of V,VDM channels.per fiber. This can be achlgved by addlr?ﬂ)mpensating capability to compensate the preceding fiber
desired FBG chains between the OSW pair (Bfype) ik ‘has a central wavelength corresponding to the unequally
or by splicing desired FBG elements in the FBG chaigy,ceq DM channel wavelengths. The OLA's used at each
(for N-type). The_wavelength contention problem for th%utput port of the WXC not only may offer power-limiting
WDM networks using FBG-based wavelength-routed WXC'§yeration with high constant channel output power for a large
can be avoided by proper global allocation of paths angh i signal range from-35 to 0 dBm, but also can provide

associated transport resources (fiber and wavelength). Thyspersion compensation, especially attractive for the 10 Gb/s
capacity expansion of the FBG-based WXC can be easyynyorks.

realized, however, expansion of more input/output ports
(i.e., modularity) is difficult, thus reinterconnecting WXC
subnetworks is unavoidable. The comparison between the VI. CONCLUSION

FBG-based and other optical WXC's is shown in Table V, in \y poya proposed and discussed three FBG-b&sed-,

which the acronyms of WF)_(C’ WS)_(C' and WIXC represen{indN-type building blocks with optical circulators and related
the wavelengthfixed selective and interchangeablecross- nirol devices for constructingd x N WXC's. Large
connects, respectively. The PAWG and SD stand for the phage rangeably nonblocking WXC structures based on a three-
array waveguide grating and the space division switch fabrigsge Clos network using these building blocks have been con-

respectively. o _ structed and investigated. Based on reasonable performance
The question of wavelength channel spacing is an Importafdsymptions, we have estimated that the system dimensions of

issue in long-haul WDM transmission systems [24], [25] ang;_, P-, andS-type WXC's can grow to a 3% 32, 16x 16,
WXC networks [4]. When wavelength channel are equallyng 2x 2 sizes, respectively, for both 2.5 Gb/s and 10 Gbls
spaced, the product terms generated by four-wave MiXiggpn channel operations. The number of WDM wavelengths
(FWM) between channels fall exactly at the channel wavggeq per fiber for thisV-type WXC is sixteen. The fewer
lengths and hence cause crosstalk [24], [25]. This is particulg/pm wavelengths used per fiber, the larger WXC dimension
severe when dispersion-shifted fiber are used. An effecti¥gn be realized. However, the number of WDM wavelengths
technique to circumvent the FWM crosstalk is to use unequged per fiber is limited byn < 8 andm < 4 for P-
channel spacing so that the FWM waves do not coincide wiffipe andS-type WXC's, respectively, due to the commercial
the channel wavelengths [24], [25]. For this reason, it is necelsx 256 OSW and the unacceptable differential system loss,
sary to use unequally spaced wavelength channels in WXGespectively.
rather than to use equally spaced wavelength channels [4]The system capacity expansion of the FBG-based WXC can
Fortunately, the design of an FBG-based WXC with unequalbe easily realized by adding new FBG chains between the
spaced channels is the same as that of a WXC with equathsW pair (for P-type) or by splicing new FBG elements in
spaced channels only by placing the desired high-reflectivitye FBG chain (forNV-type), however, with low modularity.
FBG elements with proper central wavelengths, which matches the other hand, the design of FBG-based WXC can fit op-
the unequally spaced WDM channel wavelengths. erations of unequally spaced channels to circumvent the FWM
Multiwavelength amplification is required at least on therosstalk, especially in low dispersion fiber networks. Fur-
transmission links and at the interfaces with the WXC's tthermore, utilization of chirped FBG-based multiwavelength
compensate for the transmission loss and WXC insertioptical limiting amplifiers without any additional equalization
losses. Silica-based EDFA’s suffer from limitations in multitechniques seem to be an effective way, besides compensating
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the dispersion of the preceding fiber link, to simultaneoustgs] R. W. Tkach, A. R. Chraplyvy, F. Forghieri, A. H. Gnauck, and R.
compensate system loss and eliminate differential insertion M. Derosier, “Four-photon mixing and high-speed WDM systends,”

loss introduced by the WXC.
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