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FIELD OF THE INVENTION
This invention relates generally to optical communication systems. More specifically, it
relates to a novel class of dynamically reconfigurable optical add-drop multiplexers
(OADMs) for wavelength division multiplexed optical networking applications.
20
BACKGROUND
As fiber-optic communication networks rapidly spread into every walk of modern life,
there is a growing demand for optical components and subsystems that enable the fiber-
optic communications networks to be increasingly scalable, versatile, robust, and cost-

25  effective. Contemporary fiber-optic communications networks commonly employ
wavelength division multiplexing (WDM), for it allows multiple information (or data)
channels to be simultaneously transmitted on a single optical fiber by using different
wavelengths and thereby significantly enhances the information bandwidth of the fiber.
The prevalence of WDM technology has made optical add-drop multiplexers

30  indispensable building blocks of modern fiber-optic communication networks. An optical
add-drop multiplexer (OADM) serves to selectively remove (or drop) one or more
wavelengths from a multiplicity of wavelengths on an optical fiber, hence taking away one
or more data channels from the traffic stream on the fiber. It further adds one or more

wavelengths back onto the fiber, thereby inserting new data channels in the same stream of



flow along the fiber. Indeed, careful placenent of the OADMs can
dramatically inprove an optical conmunication network's flexibility and
robustness, while providing significant 5 cost advantages. Conventi onal
OADMs in the art typically enploy nultiplexers/denultiplexers (e.qg,
wavegui de grating routers or arrayed-wavegli de gratings), tunable filters,
optical switches, and optical circulators in a parallel or serial
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routing of tthed@ptwaelengiizahs multipexwhs &dd wdvelen@hs, respectively. Irrespective of the
underlying architecture, the OADMs currently in the art are characteristically high in cost,
and prone to significant optical loss accumulation. Moreover, the designs of these
OADMSs are such that it is inherently difficult to reconfigure them in a dynamic fashion.
25  U.S. Patent Number 6,204,946 of Askyuk et al. discloses an OADM that makes use of
free~space optics in a parallel construction. In this case, a multi-wavelength optical signal
emerging from an input port is incident onto a ruled diffraction grating. The constituent
spectral channels thus separated are then focused by a focusing lens onto a linear array of
binary micromachined mirrors. Each micromirror is configured to operate between two
30  discrete states, such that it either retroreflects its corresponding spectral channel back into
the input port as a pass-through channel, or directs its spectral channel to an output port as
a drop channel. As such, the pass-through signal (i.e., the combined pass-through
channels) shares the same input port as the input signal. An optical circulator is therefore

coupled to the input port, to provide necessary routing of these two signals. Likewise, the



drop channels share the output port with the add channels. An additi onal
optical circulator is coupled to the output port. The drop channels exit
fromthe output port and the add channels are introduced into the output
port by way of the additional optical circulator. The add channels are
subsequent |y conbined with the pass-through signal by way of the 5
diffraction grating and the binary mcromrrors. Although the
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degradation in the alignment owing to environmental effects such as thermal and

mechanical disturbances over the course of operation.

25  U.S. Patent Number 5,960,133 of Tomlinson discloses an OADM that makes use of a
design similar to that of Aksyuk et al. In one embodiment, there are input, output, drop
and add beams arranged in a rectangular array. Each micromirror, being switchable
between two discrete positions, either reflects its corresponding wavelength component
from the input beam back to the output beam, or concomitantly reflects the wavelength

30 component from the input beam back to the drop beam and the same wavelength
component from the add beam back to the output beam. Alternative embodiments are also
shown, where multiple add and drop beams, along with input and output beams, are
arranged in a two-dimensional array. However, as in the case of Askyuk et al., there are

no provisions provided for maintaining requisite optical alignment in the system, and no



-4- mechani sns inplemented for mtigating degradation in the alignment due
to environnental effects over the course of operation. Mreover, it may be
difficult in some applications to align nultiple optical beans in a

t wo- di nensi onal configuration and furtherynmaintain the requisite
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4) In an optical communication network, OADMs are typically in a ring or cascaded
configuration. In order to mitigate the interference amongst OADMSs, which often
adversely affects the overall performance of the network, it is essential that the
optical power levels of spectral channels entering and exiting each OADM be

20 managed in a systematic way, for instance, by introducing power (or gain)
equalization at each stage. Such a power equalization capability is also needed for
compensating for non-uniform gain caused by optical amplifiers (e.g., erbium
doped fiber amplifiers) in the network. There lacks, however, a systematic and
dynamic management of the optical power levels of various spectral channels in

25 these OADMs.

5) The inherent high cost and heavy optical loss further impede the wide application
of these OADMs.

In view of the foregoing, there is an urgent need in the art for optical add-drop
30  multiplexers that overcome the aforementioned shortcomings in a simple, effective, and

economical construction.



SUMMARY COF THE | NVENTI ON The present invention provides a

wavel engt h- separating-routing (WBR) apparatus and method which enploy an
array of fiber collimators serving as an input port and a plurality of
out put ports; a wavel ength-separator; a beamfocuser; and an array of
channel 5 mcromrrors. In operation, a nmulti-wavel ength optical signal
energes fromthe input port. The wavel ength-separator separates the
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reflective 3@ﬂédtdﬂh~pét$ra(mmmlmbranes), or other types of beamdeflecting
means known in the art. Each channel mcromrror nmay be pivotabl e about
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This enables each channel micromirror to scan its corresponding spectral channel across

all possible output ports and thereby direct the spectral channel to any desired output port.

In the WSR apparatus of the present invention, the wavelength-separator may be provided

25 by aruled diffraction grating, a holographic diffraction grating, an echelle grating, a
curved diffraction grating, a transmission grating, a dispersing prism, or other types of
wavelength-separating means known in the art. The beam-focuser may be a single lens,
an assembly of lenses, or other types of beam-focusing means known in the art. The
channel micromirrors may be provided by silicon micromachined mirrors, reflective

30 ribbons (or membranes), or other types of beam-deflecting means known in the art. Each
channel micromirror may be pivotable about one or two axes. The fiber collimators
serving as the input and output ports may be arranged in a one-dimensional or two-

dimensional array. In the latter case, the channel micromirrors are pivotable biaxially.



alignment mrrors, in optical conmunication with the wavel engt h-separ at or
and the fiber collimtors, for adjusting the alignnment of the
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20 dynam c control of the coupling of the spectral channels into the
respective output ports and thereby actively nanages the optical power
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collimators aafl (StW@iyﬁ@tW[e}Yén‘fqarﬁ"?ﬂt ePRjicabpower levels of the spectral channels coupled

into the output ports. For example, the optical power levels of the spectral channels

coupled into the output ports can be equalized at a predetermined value. Moreover, the
utilization of such a servo-control assembly effectively relaxes the fabrication tolerances
25  and precision during assembly of a WSR apparatus of the present invention, and further
enables the system to correct for shift in optical alignment that may arise over the course
of operation. A WSR apparatus incorporating a servo-control assembly thus described is

termed a WSR-S apparatus, in the following discussion.

30  The WSR apparatus of the invention may further employ a polarization diversity
arrangement to overcome polarization-sensitive effects the constituent optical elements
may possess. A polarization-displacing unit (e.g., one or more birefringent beam
displacers) and a polarization-rotating unit (e.g., one or more half-wave plates) may be

disposed along the optical path between the fiber collimators providing the input and



out put ports and the wavel engt h-separator. The pol ari zati on-di spl aci ng unit
serves to deconpose the nulti-wavel ength i nput optical signal into first
and second pol ari zati on conponents. The polarization-rotating unit may
subsequently rotate the polarization of the second pol arization conponent
(e.g., by 90-degrees), so that its polarization is 5 substantially parallel
to the first polarization conponent. The wavel engt h- separator separates

t he i nci dentoutppt partland ilgrvalveletgth-vepeeicenhdpolmiztidn-dsplaangsiseyedioset s of
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Accordingly, the WSR (or WSR-S) apparatus of the present invention may be used to
construct a variety of optical devices, including a novel class of dynamically
reconfigurable optical add-drop multiplexers (OADMs).
25
In one embodiment of an OADM according to the present invention, a one-dimensional
input-output-port array, including an input port, a pass-through port, a plurality of drop
ports, and a plurality of add ports, may be implemented in a WSR of the present invention.
The arrangement of the input-output-port array may be such that the input ports (i.e., the
30  input port and the add ports) transmitting the incoming optical signals and the output ports
(i.e., the pass-through and the drop ports) carrying the outgoing optical signal are
positioned in an alternating (or interleaved) fashion, whereby interposed between every
two input ports is an output port, and vice versa. Such an arrangement warrants that if a

spectral channel originating from the input port is to be routed to a drop port, an add



-8- spectral channel with the sane wavel ength from an adjacent (or pairing)
add port can be sinultaneously directed into the pass-through port. This
is due to the fact that the drop spectral channel and the correspondi ng
add spectral channel are routed to their rgspective destinations by the
sanme channel mcromrror in the WER apparatus. 5 A notabl e advantage of the
af orenenti oned CADMis the ability to add and drop nultiple spectral
channel s i n spedtighdnirehivitly theesemn friagelergiti forh as hdjament (o pdudng) addyat sanrbg
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yet anotlfer cenmlediniedhe owiputapart©ADM of the present invention, a first WSR (or
WEBR-S) apparatus is cascaded with a second WER (or WSR-S) apparatus. The
out put ports of the first WBR apparatus include a pass-through port and
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d
comuni cat i dhe RYFRYse Ay M iplesipg e, mylpRlicify ngpqdy;pﬁ‘gal channels to be coupled into the
20  system.

In yet another embodiment of an OADM of the present invention, a first WSR (or WSR-S)
apparatus is cascaded with a second WSR (or WSR-S) apparatus. The output ports of the
first WSR apparatus include a pass-through port and one or more drop ports. The second

25  WSR apparatus includes a plurality of input ports and an exiting port. The configuration
is such that the pass-through channels from the first WSR apparatus and one or more add
channels are directed into the input ports of the second WSR apparatus, and consequently
multiplexed into an output multi-wavelength optical signal directed into the exiting port of
the second WSR apparatus. That is to say that in this embodiment, one WSR apparatus

30 (e.g., the first one) effectively performs a dynamic drop function, whereas the other WSR
apparatus (e.g., the second one) carries out a dynamic add function. And there are
essentially no fundamental restrictions on the wavelengths that can be added or dropped,

other than those imposed by the overall communication system. Moreover, the underlying



-9- OADM architecture thus presented is intrinsically scalable and can be
readily extended to any nunber of the WBR (or WSR-S) systens, if so
desired for performng intricate add and drop functions in a network
environment. 5 The OADMs of the present imuention provide nany advant ages
over the prior devices, notably: 1) By advantageously enploying an array
of channel mcromrrors that are individually and continuously

cont r ol | abl @AM apidkttofe thiseresendaian intiimsially saieblesind capbkaliyfextendrditng t he
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in WDM gptical n rking appl i 1.ONS. 1. 5)A AF f Jfrege- e_optics
pr ovi degga si npl g%f\g%o%ﬁ?rglgsj&aéﬁ%ﬁg%&@eqlge% [ véggsgﬁc%(‘:’%l 'st‘gltlf?:?' %oen?% St eover,
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controlled by a servo-control assembly, rendering the OADM less susceptible to
environmental effects (such as thermal and mechanical disturbances) and therefore

20 more robust in performance. By maintaining an optimal optical alignment, the
optical losses incurred by the spectral channels are also significantly reduced.

4) The optical power levels of the spectral channels coupled into the pass-through
port may be dynamically managed according to demand, or maintained at desired
values (e.g., equalized at a predetermined value) by way of the servo-control

25 assembly. The optical power levels of the spectral channels coupled into the drop
ports may also be monitored by the servo-control assembly. This spectral power-
management capability as an integral part of the OADM will be particularly
desirable in WDM optical networking applications.

5) The use of free-space optics provides a simple, low loss, and cost-effective

30 construction. Moreover, the utilization of the servo-control assembly effectively
relaxes the fabrication tolerances and precision during initial assembly, enabling
the OADM to be simpler and more adaptable in structure, and lower in cost and

optical loss.



optical loss. -10- 6) The underlying OADM architecture allows a
multiplicity of the OADMs according to the present invention to be readily
assenbled (e.g., cascaded) for WDM optical networking applications. 5 The
novel features of this invention, as well_jas the invention itself, will be
best understood fromthe follow ng draw ngs and detail ed description.

BRI EF DESCRI PTI ON OF THE FI GURES FIGS. | A-ID show a first enbodi nent of a

wavel engt h- $¢par ah¢ malerlpmg iQﬁg)M\AﬁlR)tedtﬁre ahpeyr amukiphcigorfdhanQADd staberging s ent

VR appar at us; PR BRGNP GO oLt ANbBariene: ootk WIMBRiRL '

accordi ng to thengwedgenyapplicatiend.i on; FI GS. 2B-2C show a third enbodi nent of
a WBR apparatus according to the present 15 invention; FIG 3 depicts a
fourth enbodi mrent of a WBR apparatus according to the present invention;

FI GS. 4A54B 19B@wed eéamtdf%lé {nvergiohadsiwel s e it @IHRRE] WBINBeDeQfunderdtddd S
appar at us corrprl sing.a R appar at ys. and. a, servo- control assenbl Y,

according t OFh@eB?l]é’§Vé‘?ﬁdra‘Q@lgf Mfelstanlethdesgirign 5A- 5B depict a first
enbodi ment of an optical add-drop nultiplexer (OADM according to the
present invention; FIGS. 5C 5D show a second enbodi nent of an OADM

according to the present BRERDESRRIEIZON| @F THE HEERESan exenpl ary

embodi nent g8 WA@Q%&VH'ﬁ?sX'e&Qo&m%ﬁroYQwﬁ%iM ~sep§1%§ﬁ'éﬁ=yuﬁn aﬁﬁg\ﬂdl ng to the
pr esent |nvent| on; FIG O6A depicts a th odi nent” of accordi ng

to the ilfvemnpbassins aclc@@ngGBﬂ@mntanvreom Wdéhﬁ)@dﬂﬂWtfeSGﬁS émn@mmna@@or di ng
to the 'nvegy%ifﬁﬂﬁlan@@he@ggﬁpgr@ﬁ Lct a fifth enbodi nent of a WBR apparatus
t 0

according t e present nvention, enploying a polarization diversity
ar r angenent ;FIG| 126depi@s 7 Bedepénhodimmt e&aeW]SRaapyareﬁwb@Qhor@tﬁts thyf pregent
pol ari zati on-di g(pl acing unit that mybe used in the WSR apparatus shown in
FI GS. 7A-7B;

FIGS. 2B-2C show a third embodiment of a WSR apparatus according to the present

15 invention;
FIG. 3 depicts a fourth embodiment of a WSR apparatus according to the present
invention;
FIGS. 4A-4B show schematic illustrations of two embodiments of a WSR-S apparatus
comprising a WSR apparatus and a servo-control assembly, according to the present
20  invention;
FIGS. 5A-5B depict a first embodiment of an optical add-drop multiplexer (OADM)
according to the present invention;
FIGS. 5C-5D show a second embodiment of an OADM according to the present
invention; .
25  FIG. SE shows an exemplary embodiment of an OADM employing a servo-control
assembly, according to the present invention;
FIG. 6A depicts a third embodiment of an OADM according to the invention,
FIG. 6B shows a fourth embodiment of an OADM according to the invention;
FIGS. 7A-7B depict a fifth embodiment of a WSR apparatus according to the present
30  invention, employing a polarization diversity arrangement;
FIGS. 7C-7TD depict two exemplary embodiments of a polarization-displacing unit that
may be used in the WSR apparatus shown in FIGS. 7A-7B;
FIG. 8A shows a sixth embodiment of a WSR apparatus according to the present

invention, employing a polarization diversity arrangement;



FIG 8A shows a sixth enbodi mrent of a WSR apparatus according to the
present invention, enploying a polarization diversity arrangenent; -11-

FI G 8B depicts a seventh enbodi nent of a WBR apparatus according to the
present invention, enploying a polarizatjen diversity arrangenent; and
FIG 8C shows an ei ghth enbodi mrent of a WBR apparatus according to the
present invention, enploying a polarization diversity arrangenent. 5
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20  In operation, a multi-wavelength optical signal emerges from the input port 110-1. The
diffraction grating 101 angularly separates the multi-wavelength optical signal into
multiple spectral channels, which are in turn focused by the focusing lens 102 into a
spatial array of corresponding focused spots (not shown in FIG. 1A). The channel
micromirrors 103 are positioned in accordance with the spatial array formed by the

25  spectral channels, such that each channel micromirror receives a unique one of the spectral
channels. The channel micromirrors 103 are individually controllable and movable, e.g.,
pivotable (or rotatable) under analog (or continuous) control, such that, upon reflection,
the spectral channels are directed into selected ones of the output ports 110-2 through 110-
N by way of the focusing lens 102 and the diffraction grating 101. As such, each channel

30  micromirror is assigned to a specific spectral channel, hence the name *“channel
micromirror”. Each output port may receive any number of the reflected spectral

channels.



mcromrror". Each output port may receive any nunber of the reflected

spectral channels. -12- For purposes of illustration and clarity, only a
select few (e.g., three) of the spectral channels, along with the input
mul ti-wavel ength optical signal, are graphecally illustrated in FIG 1A

and the following figures. It should be noted, however, that there can be
any nunber of the spectral channels in a WBR apparatus of the present
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(or TE) polarjzatio rtho onal to at i .vice versa. To
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from the diffraction grating 101 are generally elliptical in cross-section, e.g., they may be-

of the same size as the input beam in one dimension and elongated in the other dimension.

25  Itis known that the diffraction efficiency of a diffraction grating is generally polarization-
dependent. For instance, the diffraction efficiency of a grating in a standard mounting
configuration may be considerably higher for p (or TM) polarization (perpendicular to the
groove lines on the grating) than for s (or TE) polarization (orthogonal to p-polarization),
or vice versa. To mitigate such polarization-sensitive effects, a quarter-wave plate 104

30  may be optically interposed between the diffraction grating 101 and the channel
micromirrors 103, and preferably placed between the diffraction grating 101 and the
focusing lens 102 as is shown in FIG. 1A. In this way, each spectral channel experiences
a total rotation in polarization of approximately 90-degrees upon traversing the quarter-

wave plate 104 twice. (That is, if an optical beam has p-polarization when first



focusing lens 102 as is showmn in FIG | A In this way, each spectral

channel experiences a total rotation in polarization of approximtely

90- degrees upon traversing the quarter- wave plate 104 twice. (That is, if
an optical beam has p-pol arization when fiigst -13- encountering the
diffraction grating, it would have predomnantly (if not all)

s-pol ari zation wupon the second encountering, and vice versa.) This ensures
that all thenwmpeetingihediffmctongratingduwouriéhaveypredomimatie (ifmual) s-iflarization
"round-trip"_polarization dependent | : . I of
fa it herlf iR hER BRONER e R0 Byt St i APRRER URanR O
t hat the fodusenkcaslpdiessank atnoentsif Gotudtript pelarigdtion leggehdamntoss.t he channel
mcromrrors 103 in a horizontal array, as illustrated in FIG 1B. Depicted
in FIG 1B is a close-up view of the channel mcromrrors 103 shown in the
10 enbodisnme gﬁ thefW$R Gppardus 1 ARG ?m’ &mﬂm’aftiontgwingh&nm@!wajyioﬁy&ﬁipﬂe; ? s 103
are arranged . in_a one-di nensional array along t -axi.s (i.e., the

hori zontal QrifFded ?“Gﬁ%aﬁg’ﬁggcuﬁ‘?dg*@?té)’fthg ectral ng‘“}eg?%ﬁ(%o fhﬁéﬁ?n()@used spots of
the spati al pic3eRaraleinsRekemd] a3 RoBlustHdtéd @ FIGELB.0- one  correspondence.
(As in the case of FIG 1A, only three spectral channels are illustrated,
each represented by a converging beam) The reflective surface of each

channel 15 MeplcRMih ERE. 1B €3 cloBe-IhGew of BlcARRePRicHRliDR D03 hokhen Hegur e and
may be novabl e ivotabl e (or deflectable) about an axis along the
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to its incident direction, so as to f)e_ directed into one of the output
ports 110- 2 as torreerdte tha foonsedispaimof the r@lly saparated gpected shanngle ih adngve-ong uni que
feature of i [ j t ' ]Feqc - I
m cr om rror%%eﬁﬁﬁﬁg%dﬁrﬁtﬂ%%gggﬁﬁ Eébﬁr}sl?)ﬁ/néc% %@%} ?Ig e,J}%ﬁ@E@%t its
position, eadreppionttibyg camghging am. )bEhewfiedtivasuéicy obaflusgitastel Thi s enabl es

a1 posarnr SRR Bl we kY A8, imeS B SERRARUI R RERN Al ER2T0C) 15 20y
desi red out piMotgbber(br deflzctable)gtoniahexishiamg depadirdctidtyin arlaGlod ©r cattimwsusa pl ot

of coupling efficienc S function of .a channel . m cromrror. s pivoting
angl e 0, pr SUHEG RS sper Ry Sl g melFationn fo Setied Mg et (FRone

enbodi ment  @bwhivézd) relAive Asitdigeiden it@tion, sb Aetot@diettadinef due®F thaoytpidr a
spectral channel_ is defi t he Lo of the anpbunt of optical power
coupl ed int goﬁﬁyﬂrfﬂg?ug%gig-lf%wyﬂ"béﬁpa “port to the total 30 anount of
opti cal zower incident upon the entrance surface of the fiber (associated
with

As described above, a unique feature of the present invention is that the motion of each
channel micromirror is individually and continuously controllable, such that its position,
e.g., pivoting angle, can be continuously adjusted. This enables each channel micromirror
to scan its corresponding spectral channel across all possible output ports and thereby

25  direct the spectral channel to any desired output port. To illustrate this capability, FIG. 1C
shows a plot of coupling efficiency as a function of a channel micromirror’s pivoting
angle 0, provided by a ray-tracing model of a WSR apparatus in the embodiment of FIG.
1A. As used herein, the coupling efficiency for a spectral channel is defined as the ratio of
the amount of optical power coupled into the fiber core in an output port to the total

30  amount of optical power incident upon the entrance surface of the fiber (associated with
the fiber collimator serving as the output port). In the ray-tracing model, the input optical
signal is incident upon a diffraction grating with 700 lines per millimeter at a grazing

angle of 85 degrees, where the grating is blazed to optimize the diffraction efficiency for



the fiber collimtor serving as the output port). In the ray-tracing nodel,
the input optical signal is incident upon a diffraction grating with 700
lines per mllinmeter at a grazing angle of 85 degrees, where the grating
is blazed to optim ze the diffraction effiigiency for -14- the "-1" order.
The focusing lens has a focal length of 100 mm Each output port is
provided by a quarter-pitch GRIN lens (2 mmin dianeter) coupled to an
optical fi belie (-$erdef|TBe fddDying Iems di@pﬂoea)@igﬁhmf FO@mud Gach ketpuigepis ng

efficiency va W t h i i
0. 2-degree é}ﬁovﬁ(%é YA qﬁaéeérp ltﬁhéﬁhg nlgmel }a%:nie%D Cou’fle& go i Or]?é%%%?rg%:eter cally
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say that Svarﬁr&%m:ﬁly%%ﬁg%lé in tﬁﬁ%ﬁ&%ﬁﬂy@@sea%stsﬂ&l AR AT dndinif may Si ngl e

wavel ength can be obtained in a apparatus of the present |nvent| on.
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coupl i ng ef fg ohding Qhﬁh‘r@l"rﬁlcﬂﬁmﬁbﬁ"[h;scl"s al@@foa?éyﬁlaf:%ﬂe%?n@a@r respondi ng
to 0 = ere ecouprng efficiency is maxi num_ and axi s coupling

corres pondr mgellueﬁ@l at the(eranuipeily efssinghhwavelangih crepe eldainedinia W SR apparafist ed beam
(represent| o §éﬁf®eﬁﬁ . SHECLD Blov a%be @,%Fﬁl HRSESAAE St B oth@liht ?&e@t
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transl ati ona render I clency practical
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15 unique ¢ Brlrtres of e WBR agtg%rat%ﬂg? t he present gﬁy.e ion. FIG
1A provi des YN8 s fherQIRING FEEAIRE it e RIS OHP T RUEEP %% the
present i N\ENddeRRs, “}Héregﬁé"@bﬁ%entztth@ chiErelee Beinh (rEB pRIMIgIn demﬁlary spectral
wavel engt h- separatrng mean ybe a ruled diffraction_ g

hol ogr aphi ¢ 8D gedergnss @Flﬁf“iﬁﬁﬁm “&?ﬁl*’é’é’ﬁfél"‘f"‘@‘ off &g segdersyt 2601611@% %‘@’ prism

or ot her tyq)%neafn sRaedivial Tﬁ@e@ﬁ@a&wﬂo&@*ﬁ?&s&r&m deeritee deﬁ&nstrartbﬂaebeam
f ocuser ryocusrn | ens, an ‘assenb | enses, or other

beamfoclésr mglqreaambﬂmmrﬁﬁhq W SRtgparpips Oth%PIF%?@h@rV‘?leoﬂunctr on may al so be
acconplished by using a curved diffraction grating as the

wavel engt h-separator. The channel mcromrrors maybe provided by silicon
m cr omachi nédGnl4 poviles @@fdfe@mwelbrﬂdlmb@ﬁgfH(WISRr?@Wﬂ@ﬁe@Prdtho(ﬂlm?SWS types

of beam def Lgelb N0 ! Qﬂé?ﬂttﬁe K:QS’é’l‘%g'&Psebé}QtoP{s wa'?@i%ﬂ %%Ensr{ﬁe}f be

pi vot ed about oné of Is I nportant t voting (or
rotati onal ) maptheanuled déﬁ&ﬂuon e‘rvémg,ell hom,gmpbmdrfﬁacrtldnegmtmar anfd‘hellelgyatmg,

control ll%bl i 1030 anal O%ther & of SB?c?rr f%éar%%x%ﬁm@%n\é%dvang}&%rF ’lft%%e%rg-an a

cont i nuousl ylsé)arsmgtp g as ena mcromrror
spectral chabaser mrk(e&sfoaisingpﬁssartﬂsmndw @ilénspn ot sther Beemifncleing yneags
fabrication known in the art. The focusing function may also be accomplished by using a curved
diffraction grating as the wavelength-separator. ‘The channel micromirrors may be
provided by silicon micromachined mirrors, reflective ribbons (or membranes), or other
25  types of beam-deflecting elements known in the art. Each micromirror may be pivoted
about one or two axes. It is important that the pivoting (or rotational) motion of each
channel micromirror be individually controllable in an analog manner, whereby the
pivoting angle can be continuously adjusted so as to enable the channel micromirror to
scan a spectral channel across all possible output ports. The underlying fabrication
30  techniques for micromachined mirrors and associated actuation mechanisms are well
documented in the art, see U.S. Patent Number 5,629,790 for example, which is fully and

completely incorporated herein by reference. Moreover, a fiber collimator is typically in

the form of a collimating lens (such as a GRIN lens) and a ferrule-mounted fiber packaged



30 techniques for mcromachined mrrors and associ ated actuati on nechani sns
are well docunented in the art, see U S. Patent Nunmber 5,629, 790 for
exanple, which is fully and conpletely incorporated herein by reference.
Moreover, a fiber collimator is typicallyis-n the formof a collimting

|l ens (such as a GRIN lens) and a ferrul e-nmounted fiber packaged -15-
together in a nechanically rigid stainless steel (or glass) tube. The fi ber
col | i mat or stogstexrinngnabaridally rigidstainderd seelt (puglagsbiubes Hwyfibbecdlimaiged in a
one-di nensi gnal arpa two-_di nensi I I [ Ir spati al
pacern. Foro e Bl hEkm Pl Mt bR A BBl oSSR SR FLEP L T
al ong a V- gdinmneioha hrrhy, at etlerclasisedspdisd patteen. Rnd @xstahces they oy be Borpemisttlyc, or

ceramc, as_co nly.practiced in, the . 1t shoul e_not ed,. however,
Chat the - REUDERGH] I alens p Soeopes bl S Agr e R T edle T e ose
spati al pr oyiasid, yr s¥rdnhic, 8 Cbmmoitl @factiSaddh ttsurtl Mt shouldbé Ayted; otviaulrthdtitlen

(al though a.close p c&;i ng would reduce the._  rotational. lra?g%g. reﬂﬁi rc?ld for
each channel™PH} R b#Rdy %9“?9‘1"1?‘]’{5%6 Rt PPEgsarily beB closs srapalPretiy VB G,

desi gn a \\BBm3nRBadhak iSardeeQ e idgraion (AMBoRias@stt phakegilduddredh®@ thest suit a
gi ven 10 applicatjon. A WSR apparatus_of the rg&lent I nyen ionwﬁg%[tfurther

conpri se anTeifttongl @reeTaquinedfr §rch chpmmehmissemisiop) dihase skidled gyjihe gt Pe

al i gnment  of,od,1& ddsRL WRR lapparb@VRE&ARE o BRbisa: ifatal o Raduf agivkht ati ng
the coupling of the spectral channels into the respective output ports, as
15 showd0i naplcgiomA- 2B and 3. Depicted in FIG 2A is a second enmbodi ment
of a WBR apparatus according to the present invention. By way of exanple,
WER apparatus 200 is built upon and hence shares a nunber of the elenents
used i n theAcWSBdipnamius of thepresentlinyendion e fithier eqnpyise ath arsay Fgolimaiaint s

| abel ed wit Bl | € . - O g{k]@i e 20 of
col I'i mat or - g’l‘%@ﬁ%*ﬁ?‘% m ?‘!r’y(;g‘rajé1 %th%ggﬁ%ﬁg%ﬁ%zﬁﬁﬁ nﬁjsltvggﬁlca g}ﬁllcﬁf%grnﬁg)los ed
bet ween t he andifatflitatiog itsreogrliag iofithe sPettralmhanteds ihfoltke respottivierputpyt paaisrasy 110.

The col l.Lmator-al i gy irgor 220-1 is designated to correspond with the
i nput pcl)‘lrst %‘f%"“ﬂ“‘?@r adjzﬁg%({%g the alignnent of the nulti-wavel ength

i nput optical signal and therefore ensuring that the 25 spectral channels

i npi nge ont the.c pondi ng, channel m.c jrrors. The.col |imator.-

L onient. mepisia i 8f5 SR Sisht SHEARRen B HOER kPl et RE B TRG 1 o
110- 2 t hr ou@ventid)-BY Wiy of egdigpld, W SR epiddtti 200 anbiah apon e hendeghdres pr ovi de
angul ar contro

o oo S eSS BT, £ hhe, (eLhach g gpgeLr al channel

respect pye euhieuts 19pelet SvilGdatichl APnéals dBEréer, 6 ohdlinfgsional array 220 of
collimator-alignment mirrors 220-1 through 220-N is optically interposed between the
diffraction grating 101 and the fiber collimator array 110. The collimator-alignment
mirror 220-1 is designated to correspond with the input port 110-1, for adjusting the
alignment of the multi-wavelength input optical signal and therefore ensuring that the

25  spectral channels impinge onto. the corresponding channel micromirrors. The collimator-

alignment mirrors 220-2 through 220-N are designated to the output ports 110-2 through
110-N in a one-to-one correspondence, serving to provide angular control of the
collimated beams of the reflected spectral channels and thereby facilitating the coupling of
the spectral channels into the respective output ports according to desired coupling

30 efficiencies. Each collimator-alignment mirror may be rotatable about one axis, or two

axes.

The embodiment of FIG. 2A is attractive in applications where the fiber collimators

(serving as the input and output ports) are desired to be placed in close proximity to the



30 efficiencies. Each collimator-alignnment mrror may be rotatabl e about
one axis, or two axes. The enbodinent of FIG 2A is attractive in
applications where the fiber collimators (serving as the input and out put
ports) are desired to be placed in close pgoximty to the -16-
collimator-alignment mrror array 220. To best facilitate the coupling of
the spectral channels into the output ports, inaging | enses nmay be

i npl ement ed chifimatenligineent adlrdr amay 320. dl'd @ﬁt@cﬁitatci the opupbing efith@Pectahd t he
fiber collinator, ar as depicted in wa exanmpl e, WBR
appar at us 25 annfls ﬁt&%f@gpugp% n?agmﬁ Aoand’ hbéa’r%lé1 le?enﬁgyréee?egr%tﬁ? of the
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p 0 case,

provi des a tlgepisdibelst "‘f‘ﬂ’éd‘f’rﬁlc‘l‘l'““{“é’fa c eYififtiogal aFrﬁyStzﬁ
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same focal Iength . The collimator-alignment mrr - through 220- N

are pl aced &plligtor-afigupag iger arjay 220 gthg ﬁ'??ﬁlc?lllﬂ’@%g“@b]r]t‘i‘t Jdhgfashebbqxmgi ng

lenses in thgg Eﬁ&ﬁ;m@m%g&ordes Aol SWwSE tht h@-f’fdefé@énn@&irfa'n & S bkf- 1
through 110-N are placed the respective second (or focal points of

t he i magifng cheenthe smaging lpses dcibe frshpdgcopd @iraysFé0s a‘lllldtai’%ﬁhe sapes fgeal ween t he
first and sq %@%xmn%ﬁ)@ah%ze?en%aﬁ&@gzmﬂtﬂr %o_'p@aﬁlacmtg{a' s way, the

col limator-ali"gnment mrrors 220-1 through 220 are effectively imged
onto the respedive iest émtfroafidecat poifita obthe {maging lensgeirf the first 4reay00.p| anes) of

the GRIN | o3RS i ifer SARERRATSN B b0 PGk bLUBS Q18 o S0

110-N. Such I'ng system substanti el rm nat'es trans?latl onal
wal k- of f of (Orﬁaclc)dbd:al punsebf Heamsgiag lenfee iothe pftsrbncbmatysZmOThhmparnw ot herw se

occur as, g %em b e ﬁ&%n%%eog)% SZ(!i:d OOflmag\{\l%IG%SéS%éjitt qn ﬁl"%)‘»?a {ﬁ%nt of a

WER apparatus cor Pesent’1 iven kanpl e, WBR
appar at us 3&611mtdamil1gﬁmw@mransazmmlﬁeu@mﬂeéara effenttve}y 1mﬁgddhmto tkd enent s used

in the enbodlrret of ntifi b nent.s .l abel ed with
25 identi calresil?ﬁ P §Pt§am? ﬂ'rfzaﬁ?ss(a ‘éa@%% ’E‘tﬁj%cagﬁlén% Prgtﬁg%&ﬁlg? SIE¢4_ M c ol | i mat or
ar Ir Fly 110 ofcofréspondity ﬁbf cblﬁﬂiaﬁﬁﬁﬂwbythﬁ)ugmmilgmﬂsh @h@r 1afag1a]¥ sy3feth of fi ber
col li mators, providi or nput - por urality out put._ports.
Accor di ngl y Substaati Qg‘?‘ﬁ%‘ﬁ%‘i‘@ﬁ*&ﬁ@&)?’f“?ﬁé‘%‘lﬁge Cé’ﬁf“ ﬁ‘g @6?“%‘#&’898 220 of
FIG 2Bies refhdgetheByis@odcwPasdhdmisir en@ds AhigRY 320 of

FIG. 3 shows a fourth embodiment of a WSR apparatus according to the present invention.
By way of example, WSR apparatus 300 is built upon and hence shares a number of the
elements used in the embodiment of FIG. 2B, as identified by those elements labeled with

25  identical numerals. In this case, the one-dimensional fiber collimator array 110 of FIG. 2B
is replaced by a two-dimensional array 350 of fiber collimators, providing for an input-
port and a plurality of output ports. Accordingly, the one-dimensional collimator-
alignment mirror array 220 of FIG. 2B is replaced by a two-dimensional array 320 of
collimator-alignment mirrors, and first and second one-dimensional arrays 260, 270 of

30  imaging lenses of FIG. 2B are likewise replaced by first and second two-dimensional
arrays 360, 370 of imagining lenses, respectively. As in the case of the embodiment of
FIG. 2B, the first and second two-dimensional arrays 360, 370 of imaging lenses are
placed in a substantially identical “4-f” telecentric arrangement with respect to the two-

dimensional collimator-alignment mirror array 320 and the two-dimensional fiber



collimator-alignment mrrors, and first and second one-di nensi onal arrays
260, 270 of 30 inmaging lenses of FIG 2B are |likew se replaced by first and
second two-di nensional arrays 360, 370 of imagining | enses, respectively.
As in the case of the enbodinment of FIG 2B, the first and second

t wo- di nensi onal arrays 360, 370 of imaging |enses are placed in a
substantially identical "4-f' telecentric arrangenent with respect to the

t wo- di mensichiata@lrhy 38 Hachbf the BRMbelmhitrotfirr@s 188/m32 e pinctablbdiaxially in

t wo- di mensi OH.aI fiber -17- collinmator arra ?50. ach of tt% ch&)nnel
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As such, the WBR apparatus 300 is equi pped to support a greater nunber of
output port®MS5 |n addition to facilitating the coupling of the spectral
channel s g nto the respective output ports as described above, the
collimator-ali 3nment mrrors in the above enbodi nents also serve to
conpensat e flBeddiiemipifapilifating the copplinglefdhe speeteah channelp Bio T desarcsispBitputer r or s)
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instance, relative 10 msalignnent between the fiber cores and their
respective cetveimenmipgpsatecios mesalignmdné (ef- sk to fgbiidatipmenst assesably preqie) in e

poi nting err b i i y for by the
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m cromachi ned... m.rror f.or fast rotational . e ot her
Cypes of m rebrBus Sidked Sonlit widh AR EmARESHRs B miRke Bxiied?

opti m ze t hefocipupt calimabr-blignspeminras. Ko drsedessons) tle dolensutghighmport s and
further nmaintain the.optinal ical alig nt agai.nst environnment al
effects suc Hméré’rstaémsgeéa{%&r(?n%t"{}’%%b&‘ﬁgﬁsax%fngﬂ%él@ﬁ%ﬁ? %lg‘foni HSeART d|nes over

t he course ahiropefoaiisortatiand\Shedp poliedny alib b2 Otheh®p@y d3Enbrsionbemni-i on may

i ncor por te(f servo-conta{gl assenbly, for providing dynamic control of the
coupl i ng'oof Jefgcting slements knppm PR attnt o the respective output ports on a
channel - by-channel basis. A WSR apparatus incorporating a servo-control
assenbly is _ternmed a WSR-S apparatus jn this specification 5 FIG 4A
depi cts a schesrsmie thy M@%%?ﬁ%gﬁswﬁ% chanpels miG 5 APREIROTS ARGIWIBES. S appar at us

accordi ng t ondih@inRhESRRtal bRKaNdgent BRSn MBI iPnARREAI Stddh Al hstampidses a WER
apparatus 410 and a servo-contraol assenmbly 440. The WSR \%%ﬁar atus 410 may
be variations and mechanical instabilities over the course of operation, a apparatus of
20  the present invention may incorporate a servo-control assembly, for providing dynamic
control of the coupling of the spectral channels into the respective output ports on a
channel-by-channel basis. A WSR apparatus incorporating a servo-control assembly is

termed a WSR-S apparatus in this specification.

25  FIG. 4A depicts a schematic illustration of a first embodiment of a WSR-S apparatus
according to the present invention. The WSR-S apparatus 400 comprises a WSR
apparatus 410 and a servo-control assembly 440. The WSR apparatus 410 may be
substantially similar to the WSR apparatus 100 of FIG. 1A, or any other embodiment in
accordance with the present invention. The servo-control assembly 440 includes a spectral

30  power monitor 460, for monitoring the optical power levels of the spectral channels
coupled into the output ports 420-1 through 420-N of the WSR apparatus 410. By way of
example, the spectral power monitor 460 may be coupled to the output ports 420-1
through 420-N by way of fiber-optic couplers 420-1-C through 420-N-C, wherein each

fiber-optic coupler serves to “tap off”” a predetermined fraction of the optical signal in the



substantially simlar to the WSR apparatus 100 of FIG 1A, or any other
enbodi nent in accordance with the present invention. The servo-control
assenbly 440 includes a spectral 30 power nonitor 460, for nonitoring the
optical power |evels of the spectral chanmels coupled into the output
ports 420-1 through 420-N of the WBR apparatus 410. By way of exanple, the
spectral power nonitor 460 may be coupled to the output ports 420-1 through
420- N by wagorespdndisgoutppt past. c%@b@©§0ma$ﬂl@bb’ﬁﬂ%@gﬁem9hﬂﬁs@Prvm’éim@ n each
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output port. By way of exarrpl e, the processi ng unlt 470 may apply an
appropriate altergatl ng%f "diither") contr nal . to._a chan I
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be obtained. In view of the exenplary coupling efficiency curve depicted
in FIG 1C, change méh%or&malmaﬁ@@wlrﬁoqth%tnaﬁéwatwepﬂf\xkﬁr optisgigroviesleved) at the

propor ti onakyskgr hidRniHoP @;[n%tn{grb% g4 btgn&f fIh @feWXhe%s&Efﬁﬁlarfd&qpl'ir%
therefore useful in mcromrror's pivoting angle
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in the output ports may be dynam cally nmanaged according to demand, or

mai nt ai ned at desired val ues (e.g.,

As such, the servo-control assembly 440 provides dynamic control of the coupling of the

spectral channels into the respective output ports on a channel-by-channel basis and
thereby manages the optical power levels of the spectral channels coupled into the output
25  ports. The optical power levels of the spectral channels in the output ports may be
dynamically managed according to demand, or maintained at desired values (e.g.,
equalized at a predetermined value) in the present invention. Such a spectral power-
management capability is essential in WDM optical networking applications, as discussed
above.
30
FIG. 4B depicts a schematic illustration of a second embodiment of a WSR-S apparatus
according to the present invention. The WSR-S apparatus 450 comprises a WSR
apparatus 480 and a servo-control assembly 490. In addition to the channel micromirrors

430 (and other elements identified by the same numerals as those used in FIG. 4A), the



equal i zed at a predetermined value) in the present invention. Such a
spectral power- nanagenent capability is essential in WM opti cal

net wor ki ng applications, as discussed above. 30 FIG 4B depicts a
schematic illustration of a second enbodifment of a WBR- S appar at us
according to the present invention. The WSR-S apparatus 450 conpri ses a W5SR
apparatus 480 and a servo-control assenbly 490. In addition to the channel
m cromi rr or VSR 3ppagaweitStimther okludesrat puralife o icollimatobyplignmenbmirporadfifernl s as

t hose used in Fl t ~19- 0 el udes a
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accordi ng t embbhéimenbioccereduncaowittRhGpre@dt iBnti®, Byrwayrnf exdnipde, thessaboei nent i n

accordance w th.the esent . invention.. By way .of anpl e, the, servo-
control ass&RBIS) aﬁgﬁﬁgfyn@ﬁff%usdest ﬁ%s%eﬁg%ltpf’ %'S{FI rﬁél\lﬁgorr 4%#@%@%@6&% descri bed
i n the 5s5enkatbdigrht &fFIG] 43, add\a p@ocksiag phio 425 Slinnilgs cask,tthed@bcesding didii 495dase,

t he processi.ng unit, 495 i, in co ni cation, w the channel mcromrrors
450 and ¢ he T ITREHPRATT i THCrBererg Bt e TgR e ADGI us 480, _as
wel | as the nsRERWUSLS HOWESR Bipaiatue 486,60 well A theRpQEQBSIwREmMbHitdr 46@5Tieses t he

optical power neasurenents fromthe spectral power nonitor. 460 to, provide
dynani ¢ con®PFSESSHS WiEtdOe Heks s optifad P%‘ﬁ?fr"f“iﬁﬁ‘érelﬁg‘ﬁ;ﬂgf’@ﬁ@ SRPEIR payEeT fpnitor

col I'i mat or - akp @pBRile By dabiY Sonft&Rf (1 hAthe! RiddRhRoA 30LAg GoUAhd Ng
efficiencies of the spectral channels into the output_ ports at desired

val ues. 1¥he colkgatryaliggmess ariers 485, sHas taaiatain e copplingesicansiengf hni t 495 may
be subst ant isglohy SHafdidifitolte duik pGs RUAHEE ThING. UL hndeﬁ?@lg opSa@gsScri bed
above. 15 In the enbodi nent of.FFG 4A or 4B, the spectral power nonitor
460 may be oneciple of fisaseqessingyaitddS mor be ebistagtiadly\sireidas tathefof Prosessie vat t hat
i s capable qpo’q‘gtdg&%&gabtof)g optical power levels of spectral conponents in

a nulti-wavel ength optical signal. Such devices are typically in the form
of a wavel engt h-separating neans (e.g., a diffraction grating) that

spati al i S%ggﬁ%%%%gl a??y&ftleGV@/&J ﬁi}%e%ggﬂail S&J\rerijloglﬂglj 468Ynayighengt h into

consti tuent spectr conmponent s,” and one or nore optical sensors (e.g.,
an array of spithbphivede®hiteringtdevieasdnown i the pe thas ischpable af détectingttieeoptipali cal
power |evels of thes

pover | evel gl kDR JEREH e FRRISAE DRSSP RPE HBh b3, 0 7
circuits andrestypioaly iprtiectons bNgwpickgphnspdratingmane®sy. ngliffbetiaratag) thpower
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20  spectral components, and one or more optical sensors (e.g., an array of photodiodes) that
are configured such to detect the optical power levels of these spectral components. The
processing unit 470 in FIG. 4A (or the processing unit 495 in FIG. 4B) typically includes
electrical circuits and signal processing programs for processing the optical power
measurements received from the spectral power monitor 460 and generating appropriate
25  control signals to be applied to the channel micromirrors 430 (and the collimator-
alignment mirrors 485 in the case of FIG. 4B), so as to maintain the coupling efficiencies
of the spectral channels into the output ports at desired values. The electronic circuitry
and the associated signal processing algorithm/software for such a processing unit in a
servo-control system are known in the art. Those skilled in the art will know how to
30 implement a suitable spectral power monitor along with an appropriate processing unit to

provide a servo-control assembly in a WSP-S apparatus according to the present invention,

for a given application.



25 control signals to be applied to the channel mcromrrors 430 (and the
collimator- alignnment mrrors 485 in the case of FIG 4B), so as to

mai ntain the coupling efficiencies of the spectral channels into the

out put ports at desired values. The electe®nic circuitry and the

associ ated signal processing algorithm software for such a processing unit
in a servo-control systemare known in the art. Those skilled in the art
wi || know h@he ingord0ratiompbienemto-@ngal assehibly mwpadesradilitiopaledvantagesddr al ong with
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t ol er ances 5“%’%%@1%6?%?? 8 %Oﬁref)tft%’b%‘frl!t ﬁ‘atf‘e alﬁnfnﬁﬂt&%fnaa&%lsen(éve’f eEPare cfsal\f’gsen’ol y
of a WBRsapppératidss By miil@inpiceseptimhlupetd] alighmeal) the aptichldossescinabkd bygthkhe
systemto correct for shift in.the_ align t tha ri se over the course
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As such, the WBR-S apparatus thus constructed is_si

npl er and re
adapt abl e i oVt i gastAnd, oPHER! &0 o erordnaly. s VoRmhiee &V S%)r?@ParF‘Hﬁ%ﬁ'tﬂgﬂes(?stt and
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i nvention may be used to construct a varie of optical devices, including
a novel 181 aggtiest addodrepmulitplexggdOADHE) faiWPM eptisplaetvoskng sralisatioppM opt i cal
net wor ki ng applications. FIGS. 5A-5B depict a first enbodi nent of an
optical add-drop multiplexer (OADM of the resent invention. Shown in

FIG 5A is &lGTInEB depistiadizstembodminbgon cniieebrddrdrgp raltiplerer (AIPhef the

i nvention, I.Gh: i : I : : R 15
appar at us, gggﬁg H\f/bmgltl%ona S%Fﬁ'{rlgﬁﬁ S%P g%éfg&g%t%cﬁgg” ?’ﬁgg?gdngﬂ]%ch %%n%tt(x\g WER
appar at us i she [geseatinvention, (whicheynteidlasitated theyinput daddputiposts 8fi0WSRor pur pose of

sinplicity an larity. . %ll\ﬁg Rankat | Dok ?%ewgﬁggég afqhstruct ed
accordi nltg5 t %p aﬁagmsga o%%?”ﬁgggﬂ% P’g) %ﬂ, .ugh&r IE%, %,O or any ﬁaer
confi gur at i erhennticdlyoemesasted by & Hashhdbgprddsiot pirpesenf siopliciByandalarinf. Thexanpl e,
an i nput por 20, ass-t hrou ? or SdIO, and lurali.ty o ﬂ% ports
540- 1720 | nruSAPsEOR R A 56 Pe gt ise g e B s YP b R TRu por s
560- 1 t hrougi, 3B(B, Ny anyi dthet comfézuetitior fisicosrdinct Mithitheopteqent inpantibn.aBy ayy &70. The
SOOI N B T R ER T R
i ncomi n@ooptiireadh BTN ala§ ba Bbadebe, alsl Mith apMirhisty 0€adil ports 560-palEGughtB600gh 530
and the drop port 3,) carr ){i ng the outgoing optical si %nalf%h are positioned in
an al t er nat inh@one- imensional iput-output-port array 570. "The arrangement of the mput-output-

port array 570 may be such that the input ports (e.g., the input port 520 and the add ports)

transmitting the incoming optical signals and the output ports (e.g., the pass-through 530

and the drop ports) carrying the outgoing optical signals are positioned in an alternating

25  (or interleaved) fashion, whereby interposed between every two input ports is an output

port, and vice versa. Such an arrangement warrants that if a spectral channel A; originating

from the input port 520 is to be routed to a drop port, such as the drop port 540-2, by way

of the optical system in the dashed box 510, an add spectral channel with the same

wavelength A; emerging from an adjacent add port 560-2 can be directed into the pass-

30  through port 530 by the same optical system in the dashed box 510. This is due to the fact
that the drop spectral channel and the corresponding add spectral channel are routed to

their respective destinations by the same channel micromirror in the dashed box 510, as to

be shown in further detail in FIG. 5B. (Note: in view of the functionality thus described,



25 (or interleaved) fashion, whereby interposed between every two input
ports is an output port, and vice versa. Such an arrangenent warrants that
if a spectral channel ?j originating fromthe input port 520 is to be
routed to a drop port, such as the drop pent 540-2, by way of the optical
systemin the dashed box 510, an add spectral channel with the sane

wavel ength A; energing froman adjacent add port 560-2 can be directed into
t he pass 30 th¢wddpgtt Spo2tis E%Sb@lﬁmeéwﬁbt@hbmmﬁ BP<x; bkewise, theeddastied box
510. This i D K channel and the
correspondi §569ll'?d§a§eée@?h nne a’:\ghe?%ﬁt égﬂﬁ%&ﬂ\ﬂei r respective
destinations by the sane channel mcromrror in the dashed box 510, as to

be shown in furth det.ai Fl G, 5B. te. in,view tionality
Phus descr | B Fexng g i @ tpBH HebR s Ror 58 e M ¢ 1 e he
drop port 54ﬁar21.e11inickﬁ1\M‘rSﬁlO3t-lf$B0\ﬂ1dd1 Irl@r llB) 156@neigni'fﬁdpc&iemeﬁh wewhAtfiret drop port

540-i, where i, _= 1 t hr ough N.) exanpl| e, . 5B depi cts_an
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shown in Fl Ggl8) ah@a?irmgétgd ﬁé:ln?ﬁmﬁjeéeﬁts\fheeﬁéﬂec@edf ?éc?xtal cHaBd1 §lefdm beam 581

represents the spectral channel % originating fromthe input port 520 in
FI G 5A, andhechahned migrethinec 580 fbwnn@@@dwmemém eprebranty thé hdscgpeeirat pect r al

channel X gy A NEniaehe IEERIAA P 38050 And sconds el donl hagm 83

represents t g5uY “€he ProRTL 0-2 in

FI G 5A,10ande;ﬁe@ﬁt@mdem@fehaaa eldmb@am%ﬁlthel&am@pmﬁﬁ@ﬂmr 1342 I[]ﬁaf $gsct ed add
channel X; fromthe channel mcromrror. 580. Line 585 _indicates the nornal

direction tdndifatesths pozmplidizsctionte feaellgetivhriapeefiig chammel srgremptor B8

Because the mpglse ﬂ‘BfangIQ 6f Al6GRe @%fd(r@ﬁe filBendilidnbeai$H1d€ 0 }ua PRIV 231k Jrs equal
to the angle of reflection 01' for the first reflected beam 582, and the

angl e of i nacﬂwnmeeﬁiorﬁhﬂﬁrsﬂreﬂ@mddndn SBh@deMtanﬂeafnn@Q&qesﬁz far Kepsesandt he
sane as the .an cti.on, 02' for th g ect ed, beam 584,
The spati b ATERBSIE YN PR AL ShELR e OagRt PAEM and | add
ports are pQSﬂdctdarbedn lssu He(pathaeigbines btyhﬂnd‘m théinplitepdseair@bhb@apap82 to be

routed into the drop port 5402andthes nd refl ected heam 584 to be
direct ed i ntagdPHE aaag@l‘fm%ﬁé‘ﬂc* %F?abéegéhe Rﬁ?&@é@e?m %gat%h?a@v

pi voting (orihd @bphbbrosa-1 allhé QRBenErefectePRAMISIP R Bodifected td ﬁle%ass-th@hg’fﬂg t he
x-direction shown in FIG 1B) perpendicular to the plane of the paper, the

channel ni cSHi¥Por 580 is further able to direct the spectral channel Xi
into any other drop port in the input-output-port array 570, along with
routing an add spectral channel (with the same wavel ength) froma pairing
add por t20t o Mrsoysady- unpereriphpiyeing (S3®iatignal ypokenned., piout an axis 586 (e.g.,

along the x-direction shown in FIG. 1B) perpendicular to the plane of the paper, the
channel micromirror 580 is further able to direct the spectral channel A; into any other drop
port in the input-output-port array 570, along with routing an add spectral channel (with
the same wavelength) from a pairing add port to the pass-through port 530, as governed by

25  the same operation principle illustrated in FIG 5B. The channel micromirror 580 may also
direct the spectral channel ); to the pass-through port 530, as described in the embodiment
of FIG. 1A, 2A, 2B, or 3.

One skilled in the art will appreciate that the exemplary embodiment of FIG. 5B and the

30  operation principle thus illustrated are applicable}to any channel micromirror in the
OADM 500A. As such, the OADM 500A is capable of inserting (or “adding”) add
spectral channels from multiple add ports to the pass-through port 530, while

simultaneously routing the spectral channels from the input port 520 into the appropriate



25 the sane operation principle illustrated in FIG 5B. The channel
mcromrror 580 may also direct the spectral channel 24 to the
pass-through port 530, as described in the enbodinent of FIG 1A, 2A, 2B,
or 3. One skilled in the art will appreci abe that the exenplary enbodi ment
of FIG 5B and the 30 operation principle thus illustrated are applicable
to any channel mcromrror in the OADM 500A. As such, the OADM 500A is
capabl e of idnspeparisnthertoy perfoaingdpoth adddnd dpe finctidnsghadymeingcallyom mul ti pl e add
ports to th rough port 530, while sinultaneously routing the
spectr al chgﬁér%gfgm%@%% ?he i nput port 520 into the appropriate -22- drop
ports, thereby perform ng both add and drop functions in a dynamcally
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may be appr oxi mat ely evenly sp aced in a par axi al. approxi mation. Fromthe
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ports and output ports in the input-output-port array 570 of FIG B5A that

woul d aclfi evd WlB@B@taamwaqe that theee asqmenyfaligeetiohupystof ananginedbs NBE@OoEHove. By
way of examphgoy t&ah'ﬁoo'ngm%e 1@9{ _butpd Qo Aflay B cﬁ*ﬁ@ ézbt}fa‘é%ulﬂ%}ﬁev@?’o may be
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the art. erl ri nC| of t enbodi nents of FI GS.
SR 50 oy bo SR L mREish SLrP i AL TID S B o BIoEy e SG P (o 2y
t wo- di MeISi @718Imag e @bedied PP arY@f fiber collimators, which may be conveniently

mounted in a V-groove fabricated on a substrate made of silicon, plastic, or ceramic, as

commonly practiced in the art.

The underlying principle and operation of the embodiments of FIGS. 5A-5B may be

25  readily extended to devise an OADM equipped with a two-dimensional array of input and
output ports, as illustrated in FIGS. 5C-5D. Shown in FIG. 5C is a schematic top view of
a second embodiment of an OADM according to the present invention. (The schematic
views shown in FIG. 5C and the following figures are presented with respect to the
perspective view of FIG. 1A.) By way of example, the OADM 500B makes use of the

30  general architecture of and hence a number of elements used in the embodiment of FIG.
1A, as identified by those elements labeled with identical numerals. In addition, a two-
dimensional input-output-port array 575 is implemented (where only a top view of the
input-output-port array 575 is explicitly shown), in lieu of the fiber collimator array 110 in
FIG. 1A.



output ports, as illustrated in FIGS. 5C-5D. Shown in FIG 5Cis a
schematic top view of a second enbodi nent of an OADM according to the
present invention. (The schematic views shown in FIG 5C and the foll ow ng
figures are presented with respect to theysperspective viewof FIG 1A ) By
way of exanple, the OADM 500B nakes use of the 30 general architecture of
and hence a nunber of elenents used in the enbodinent of FIG |A as
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to the pass-through port 535, as illustrated in FIG. 5C. Furthermore, the diffraction
grating 101, along with the focusing lens 102, may direct add spectral channels emerging
from the add ports in the input-output-port array 575 onto corresponding ones of the
channel micromirrors 103. By pivoting each channel micromirror about an appropriate

25  axis (e.g., along the x-direction showh in FIG. 1B), the channel micromirror is further able
to direct the incoming spectrai channel into a drop port (e.g., the drop port 545-i) in the
mput-output-port array 575 and an impinging add spectral channel from a pairing add port
(e.g., the add port 565-i) into the pass-through port 535, as illustrated in FIG. 5D.
One skilled in the art will recognize that the input-output-port array 575 may be

30 alternatively implemented in any other WSR apparatus according to the present invention
(e.g., by appropriately modifying the embodiment of FIG. 2A, 2B, or 3). Those skilled in
the art will also appreciate that the exemplary embodiment of FIGS. 5C-5D is provided,
by way of example, to illustrate the general principles of the present invention. Various

elements and features are shown for illustrative purpose only, and therefore not drawn to



channel mcromrrors 103. By pivoting each channel mcromrror about an
appropriate 25 axis (e.g., along the x-direction shown in FIG 1B), the
channel micromrror is further able to direct the inconmi ng spectral
channel into a drop port (e.g., the drop pbrt 545-i) in the

i nput -out put-port array 575 and an inpi ngi ng add spectral channel from a
pairing add port (e.g., the add port 565-i) into thespass t hrough port
535, as il | seeler doedstarreHhainpgipo aglithe nagp-thrpughhporh 35 agia nair ey d§ni ze t hat
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by two colums of fiber collinmators, wherein the input-port and
out put-ﬁ%rt colums may be nounted in two V-grooves on a substrate, for
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in FIG suc imator-alignment mrror 15 corresponds to
ei ther an i ppat mpobe used ﬁmnommllpmthmirgnmeﬂhé theahulfirveavelength optipaksignaki r r or

array may b I i.x\Wavel ength
optical si gﬁré)fﬁﬁ%m fhrp %ﬂ%h%utdhg& {TQ %lnte e Qh g%de‘;ctrawe%an\ﬁ% s fromthe
add ports, 3eqmgtheasﬂebwdspmttrahxhamw§pmﬂoeher@lft}iuepd)rw spectral channels into
the output ports. 20 As such, a notable advantage of the aforenentioned

OADMs is the ability to performboth add and drop functions in a
dynam cabl y Aseedini hguivlabdventgesbifi therafowntchtared OMDNyisnige ability to perform both

add and drop functions in a dynamically reconfigurable fashion, without involving

additional components such as optical circulators and/or optical combiners.

A servo-control assembly may be further incorporated in an OADM of the present

25  invention, for monitoring and controlling the optical power levels of the spectral channels
coupled into the output ports. By way of example, FIG. SE depicts an optical apparatus
500C including a servo-control assembly 590 integrated in an OADM 518, according to
the present invention. The OADM 518 may be substantially identical to the embodiment
of FIG. 5A, 5C, or any other embodiment according to the present invention. For purpose

30  of simplicity and clarity, only the output ports of the OADM 518 are explicitly shown,
including a pass-through port 538 and a plurality of drop ports 548-1 through 548-N. (For
example, these output ports may be the pass-through port 530 and the drop ports 540-1
through 540-N of FIG. SA, or the constituents of the output-port column 575B in FIG.

5D). The servo-control assembly 590 may include a spectral power monitor 591 and a



addi ti onal conponents such as optical circulators and/or optical conbiners.
A servo-control assenbly may be further incorporated in an OADM of the
present 25 invention, for nonitoring and controlling the optical power

| evel s of the spectral channels coupled i2apto the output ports. By way of
exanple, FIG 5E depicts an optical apparatus 500C including a
servo-control assenbly 590 integrated in an OADM 518, according to the
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acconpl i shed by way o ber-optic coupler 538-C via 5 an tlcal switch
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spectral chggﬁgﬂag&%gﬁ?eé%g?%?%gt%gmggéﬂ(ar%ugﬁ &1}65‘ ﬁ]@lrp%&g%@{guhﬁ 23| red

val ues. For newyadgitiepallylpeovigstdontad] of theeollineetadigohent hm@geuamhnqrhannel s in
t he pas thr r may be equalized at a predeterm ned val ue, as

m ght bés 1%gfat3&)?nnha(}g§§%ti cal networking application. (Note: if the OADM
518 al so i ncI udes the collimator-alignment mrrors as depicted in FIG 2A,

2B, or 3, t S|n t addi ti onal royi.de control of the
cof 1 e or - AF M SARRETISEy G S e pofiginh B erahofSh 90X B A S Melee 55 ) "7
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548-N-C to "tap off' predetermned fractjons of the optical
s}gnzgls ?n the drpop ports 548-1 through 548-N, respectively. The tgpped-off optical signals

may be combined by an optical combiner 596, whose output may in turn be coupled to the
optical switch 595. The configuration may be such that during normal operation, the
optical switch 595 is set in a first switching state (1) that allows the optical signal diverted

25  from the pass-through port 538 to pass into the spectral power monitor 591 (while
blocking off the combined optical signal diverted from the drop ports), thereby enabling
the optical power levels of the spectral channels in the pass-through port 538 to be
monitored and further controlled (e.g., equalized). On an occasional or regular basis, the
optical switch 595 may be set in a second switching state (2) that allows the combined

30  optical signal tapped off from the drop ports to pass into the spectral power monitor 591
(while blocking off the optical signal diverted from the pass-through port 538), thereby
allowing the optical power levels of the drop spectral channels to be measured. Note that

the processing unit 592 need not provide feedback control of the channels micromirrors in



signals in the drop ports 548-1 through 548-N, respectively. The tapped-off
optical signals nmay be conbined by an optical conbi ner 596, whose out put
may in turn be coupled to the optical switch 595. The configuration my be
such that during normal operation, the optikcal switch 595 is set in a first
switching state (1) that allows the optical signal diverted 25 fromthe
pass-through port 538 to pass into the spectral power nonitor 591 (while
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switch may bﬁ-f‘saﬂ theougla §48,) gequmeémm ‘éél Oiltnuﬂ:elndiofﬁlé switplemay bheouplrg-tojthe j nput

ends of the pled to the pass-through port 538 and the drop
ports 548- 18% Eb‘ﬁ@?%ﬁﬂf@riespectl vely, and the output end of the switch

may be coupl ed to the spectral power nonitor 591. 20 FIG 6A depicts a

third e”ﬂPd' Iff%ngA %pl@t'é‘ a%g\én%a (dgneq& &gantd)AIBIOIeac&&H%n tté 22 1nv§Xti3’1¥?‘)_éyQ)$ay of
example, OADM 600A comprises a WSR-S (or WSR) apparatus 610 and an optical
combiner 650. An input port 620 of the WSR-S apparatus 610 receives a multi-

wavelength optical signal. The constituent spectral channels of this optical signal are
subsequently separated and routed into a plurality of output ports, including a pass-through

25  port 630 and one or more drop ports 640-1 through 640-N (N > 1). The pass-through port
630 may receive any number of the spectral channels, i.e., the pass-through spectral
channels. Each drop port may also receive any number of the spectral channels, i.e., the
drop spectral channels. The pass-through port 630 is optically coupled to the optical
combiner 650, which serves to combine the pass-through spectral channels with one or

30  more add spectral channels provided by one or more add ports 660-1 through 660-M (M >
1). The combined optical signal is then routed into an existing port 670, providing an

output multi-wavelength optical signal.



exanpl e, OADM 600A conprises a WSR-S (or WBR) apparatus 610 and an optical
conbi ner 650. An input port 620 of the WSR-S apparatus 610 receives a

mul ti- wavel ength optical signal. The constituent spectral channels of this
optical signal are subsequently separatedrand routed into a plurality of
out put ports, including a pass-through 25 port 630 and one or nore drop
ports 640-1 through 640-N (N >_ 1). The pass-through port 630 may receive
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second WSR-S apparatus 680. Each WSR-S apparatus may be substantially identical to
the embodiment of FIG. 4A or 4B. (A WSR apparatus of the embodiment of FIG. 1A, 2A,
2B, or 3 may be alternatively implemented.) The first WSR-S apparatus 610 includes an
input port 620, a pass-through port 630, and one or more drop ports 640-1 through 640-N

25 (N =1). The pass-through spectral channels from the pass-through port 630 are further
coupled to the second WSR-S apparatus 680, along with one or more add spectral
channels emerging from add ports 660-1 through 660-M (M > 1). In this exemplary case,
the pass-through port 630 and the add ports 660-1 through 660-M constitute the input
ports for the second WSR-S apparatus 680. By way of its constituent wavelength-

30  separator (e.g., a diffraction grating) and channel micromirrors (both not shown in FIG.
6B), the second WSR-S apparatus 680 serves to multiplex the pass-through spectral

channels and the add spectral channels, and route the multiplexed optical signal into an

exiting port 670 to provide an output signal of the system.



second WBR-S apparatus 680. Each WSR-S apparatus may be substantially
identical to the enbodinent of FIG 4A or 4B. (A WBR apparatus of the
enbodi ment of FIG 1A, 2A, 2B, or 3 may be alternatively inplenented.) The
first WoR-S apparatus 610 includes an inpst port 620, a pass-through port
630, and one or nore drop ports 640-1 through 640-N 25 (N >_ 1). The
pass-through spectral channels fromthe pass-through port 630 are further
coupled to the second WSR-S apparatus 680, along with one or m)re add
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issue, as will now be described.

FIG. 7A depicts a schematic top view and FIG. 7B depicts a schematic side view of a fifth
embodiment of a WSR apparatus of the present invention, employing a polarization

25  diversity arrangement that minimizes polarization-sensitive effects. WSR apparatus 700
may make use of the general architecture and a number of the elements used in the
embodiment of FIG. 1A, as indicated by those elements labeled with the same numerals.

_The input port 110-1 provides a multi-wavelength optical signal (which may contain

wavelengths A; through Ay, for instance) to a polarization-displacing unit 720. The multi-

30  wavelength optical signal may be of indeterminate and/or time-varying polarization. The
polarization-displacing unit 720 may be disposed along the optical path between the array
of fiber collimators 110 (including the input port 110-1 and the output ports 110-2 through
110-N, as shown in FIG. 7B below) and the diffraction grating 101. The polarization-



issue, as wll now be described. FIG 7A depicts a schematic top view and
FIG 7B depicts a schematic side view of a fifth enbodinent of a WER
apparatus of the present invention, enploying a polarization 25 diversity
arrangenment that mnimzes polarization-sensitive effects. WSR appar at us
700 may nmake use of the general architecture and a nunber of the el enents
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the groove lines). This enables rectangular shaped micromirrors to be implemented, for instance.
The diffraction grating 101 subsequently separates the magnified first and second
polarization components 742, 744 by wavelength respectively into first and second sets of
diffracted optical beams. Each set of optical beams may contain multiple wavelengths A,
25  through Ay, diffracted from the diffraction grating at different angles. The focusing lens
102 in turn focuses the diffracted optical beams into corresponding focused spots,
impinging onto the channel micromirrors 103. Each focused spot may be elliptical in
cross-section. Further, the first and second diffracted optical beams having the same
wavelength (e.g., A;) are arranged to impinge onto the same channel micromirror (e.g., the
30  channel micromirror 103-i shown in FIG. 7B below). In this way, each channel

micromirror concurrently handles two optical beams characterized by the same

wavelength (and polarization).
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respective channel micromirrors 103 are deflected out of the plane of the figure (as
indicated by the side view of FIG. 7B), hence not explicitly shown in the top view of FIG.
7A. With reference to FIG. 7B, it will be apparent to those skilled in the art that the
reflected first and second sets of optical beams each undergo an anamorphic beam

25  demagnification by way of the beam-modifying unit 740, thereby resuming the beam size
of the input optical signal. The reflected first set of optical beams subsequently undergoes
a 90-degree rotation in polarization by the polarization-rotating unit 730, whereby the
reflected first and second sets of optical beams are polarized in two orthogonal directions
upon entering the polarization-displacing unit 720. This enables the polarization-

30  displacing unit 720 to recombine the reflected first and second sets of optical beams by

wavelength respectively into reflected spectral channels, prior to being coupled into

selected ones of the output ports 110-2 through 110-N.
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wavelength A; in the embodiment of FIGS. 7A-7 B) are recombined by way of traversing

the polarization-displacing element 720A into a single optical beam 780 (e.g., the reflected

spectral channel with wavelength 2; in the embodiment of FIGS. 7A-7B). As such, the

polarization-displacing element 720A acts as a polarization-separating element for optical

25  beams propagating in one direction; and serves as a polarization-combining element for

optical beams traversing in the opposite direction.

Those skilled in the art will appreciate that rather than using a birefringent beam displacer,
the polarization-displacing element 720A may alternatively be provided by a suitable

30  polarizing-beam-splitting element, e.g., a polarizing beam splitter commonly used in the
art in conjunction with an appropriate beam-deflector or prism (such that the two emerging
polarization components propagate in parallel). Such a polarizing-beam-splitting element

provides a substantially similar function to the aforementioned birefringent beam
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( he pol ari zatign-_dj spl aci ng el enents 720-1 through
720- N Ao, SUSRCOREIBSN AT P ACTORMIRLRY dat TG R0V on-dsplacig unit 308, O
along with the polarization-rotating unit 730B, may be implemented in the embodiment of
FIGS. 7A-7B so that the polarization-displacing elements 720-1 through 720-N are in a
one-to-one correspondence with the fiber collimators 110 that provide the input port 110-1

25  and the output ports 110-2 through 110-N.

Those skilled in the art will appreciate that the exemplary embodiments of FIGS. 7C-7D
are provided as an example to illustrate how a polarization-displacing unit, along with a
polarization-rotating unit, may be configured and operated in the present invention.

30  Various changes and modifications may be made herein to perform the designated
functions in a substantially equivalent manner. For example, the polarization-displacing
unit 720 along with the polarization-rotating unit 730 may alternatively be configured such
that the first and second polarization components are spatially separated along a vertical

direction that is substantially perpendicular to the plane of the paper in the schematic top



along with the polarization-rotating unit 730B, may be inplenmented in the
enbodi nent of FIGS. 7A-7B so that the polarization-displacing el enents
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applications that call for a refined spectral resolution, such as DWDM
opti cal "networking applications. 15 The WSR apparatus 700 of FIGS. 7A-7B
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apparatus 700, . This enables, | ne YR apoar aiys, 190, 1o, 1 il Rt e 1 nsertion
20  apparatus 700. This enables the WSR apparatus 700 to minimize the insertion loss. It also

allows the WSR apparatus 700 to enhance the spectral resolution in a simple and cost-
effective construction (e.g., by making use of high-dispersion holographic diffraction
gratings commonly available in the art). Another notable feature of the polarization
diversity arrangement is that the first and second optical beams associated with each

25  wavelength (corresponding to the two polarization components of each spectral channel)
effectively “exchange” their respective optical paths, upon reflection from the micromirror
(e.g., the return path of the second optical beam is substantially similar to the forward path
of the first optical beam, and vice versa). This has the important consequence of
substantially equalizing the overall optical paths of the two polarization components for

30  each spectral channel, thereby minimizing polarization-dependent loss (PDL) and
polarization-mode dispersion (PMD). Such attributes are highly desirable in many

applications.
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ports. As deésfurthixegstovitié hnguhs p@mbl d)fdhﬂdﬂlmaéd bdah® of tﬂe Ir¢freated speatralgnnent
mrrors 220 15 y tr ust. th
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control of Wbhgpucsdrisianirditg beksitedabupllig effifidebed spectral channels. This
facilitates the coupling of the reflected spectral channels into the
respective output ports according to desired coupling efficiencies. 20 In

t he enmbodi mﬂﬂilenbEHﬁaeanfFIGf@A GRY dollIBAtO al Rinm@iTRIRbrsIP20 bRIdSspdsid bafweeen

di sposed bet wee
P the ﬁber collimators 110 and the polarization-displacing unit 720, and control the angular

position of the (un-split) multi-wavelength input optical signal as well as the (combined)
reflected spectral channels. There may be applications where it is desired to provide
separate control to the first and second polarization components (on the forward path), as
25  well as to the reflected first and second sets of optical beams (on the return path). FIG. 8B
depicts a schematic top view of a seventh embodiment of a WSR apparatus 800B of the
present invention, pertaining to this situation. The WSR apparatus 800B may be built
upon the embodiment of FIG. 8A, hence similar elements are labeled with the same
numerals. In this case, a polarizing-beam-splitting unit 820 may be employed (in lieu of
30 the polarization-displacing unit 720 of FIG. 8A), to decompose the multi-wavelength input
optical signal into first and second polarization components 822, 824 that are propagating
in two orthogonal directions. The second polarization component 824 may be
subsequently incident onto and reflected by a first beam-deflecting unit 222, whereby it

propagates parallel to the first polarization component 822. The ensuing operation



the fiber collimators 110 and the pol arization-displacing unit 720, and
control the angular position of the (un-split) nulti-wavel ength input
optical signal as well as the (combined) reflected spectral channels.
There may be applications where it is desizked to provide separate control
to the first and second pol ari zati on conponents (on the forward path), as
25 well as to the reflected first and second sets of optical beans (on the
return pat h)herfafter isSBbstahépliycdimila ts thaesfdtlG 8 A.0Pn Wieadtunf pazh, ﬂeveﬁt&atedéirhodi ment
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case, a polarizin ams litting upit_ 820 nm in lieu of 30
the pol ari z&P598AS sl efg arjh by Wapsizngh respestiVAIK ntOF%E{i@géR?ﬁ%@é? PELs.

mul ti -waygel ength i nput opt| cal signal into first and second pol ari zation
conponents 822, 824 that are §)ro agating in two orthogonal directions. The

second pol af® dsrenbndasabeiida: S ke palafizing-beamsabigins Heit §20 mey eehtin®dt o and
reflected bxboﬁngfng%ealpgamefiﬁw\&% kAU il %om%ﬁeam wifh th4PRAFRLES
parallel tothe frrst polarization conponent 822. The ensuing oOperati on
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pol ari zi ng- Héjarﬁrﬁphrrbtslmgmyﬂob nﬂﬁ}ﬁldwadiyadgat@leslsm@tecommlamrzlam@ beam
splitter kng tical. communi Bhet,?he array gf fiber

col li mators ‘Qn%n ik ﬁnfwgre%%lﬂi‘smeq Hiedup} CORRERE ram %SFH brEy tand Se 2% o
conpri se an palariation@ompothents anithgfobeadpah|wiitleinsyreages the Iﬁimamdm‘l- one

correspandenc h the collimato nt mr . 220.. The first
bonm oo oct fiadish PetcaBhsii postaniey raRedth P PEgEn o bfbiaff foipgg€on e o'

? one-t 0- ONga®e bmmaqmg@ﬂﬁﬁcawad(}h& il‘kﬁlrﬁ)pithltﬁaﬁﬂf méatdrg2aTaniy lmeM@ra&JluQZﬁ The
irst mrrors 2 e 1.ndi vi dua 0 35 to control the
relative alf hwﬁ@ﬁ%@%@%ﬁp }&ﬁgﬁ%&%&iﬁ% aP@aft?P%q fets %@a?ﬁabsffaam elism

bet ween t he rédpe&iveRNthe®8$ eiilrin®@Bhiahd RALIENFISOMARBRNY SetOHF dphical beanpdrel pat h,
which in turn causes the first and second 15 diffracted optical beans

associ at ed WenstlEarampEGe (e e pespestize Roetial champly by giaw f the PolATIFIAEbeas e

channel i Crsﬁﬁi!uh% Bhit 8@“ Tﬂé%ﬁt%u%x@ 28R0R bé &ﬁm%ll&ﬁ&n M§nﬁ&io9oa3i32 may |ikew se
adjust the relative alignment between the reflected first and second sets
of optical Hetemgtively, the ﬁrst mirrors 222 may be adjusted to predetermined positions to enable

the polarizing-beam-splitting unit 820 to achieve the requisite beam parallelism. The first
mirrors 222 may be subsequently fixed in respective positions over the course of
operation. (In this way, the tolerances required for the polarizing-beam-splitting unit 820

25 may berelaxed.) It should be further appreciated that the first beam-deflecting unit 222
may also be a static mirror, or any other beam-deflecting means known in the art,
configured such that the combination of the polarizing-beam-splitting unit 820 and the
first beam-deflecting unit 222 effectively constitutes a polarization-displacing unit as
described above.

30
FIG. 8C depicts a schematic top view of an eighth embodiment of a WSR apparatus 800C

of the present invention. The WSR apparatus 800C may include the elements employed in
the embodiment of FIG. 8B, along with second and third beam-deflecting units 224, 226.

The second beam-deflecting unit 224 may comprise an array of second mirrors that are



respectively, thereby ensuring that the reflected first and second sets of
optical beans are properly reconbined into the respective spectral

channel s by way of the polarizing-beam 20 splitting unit 820. The first
mrrors 222 may be controlled on a dynam-gs-basis. Alternatively, the first
mrrors 222 may be adjusted to predeternined positions to enable the

pol ari zi ng-beam splitting unit 820 to achieve the requisite beam
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shoul d be f stetihsirapprodesr fhewh bdamtdeﬂbﬁémgldp‘ﬁve blo s W@Y,Itbfcﬁnswgd g¢viond 222  may
also be a s t he
art. conti ghpuifaufhESRboncr i kabloiihe REAR Ik G5 bPRalEART BRI, | T g
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pol ari zati on un|t ribe ove. 30, FIG 8C.depicts a
et ¢ ¢ BEECRR LS BisrE Rt elEaeman crp Ko b Fah S BC o the
present i nvealmﬁm-ar[genéﬁis&mpaz(ﬁhagsﬁlﬁﬂﬁeamteitmdwﬂmgtdfehee(h@ﬂlﬁﬂé@ enpl oyed

in the enbodj nent of F th second and third beam defl ecting
units 224, cted gpegtrale i‘%‘ﬁ’&%lﬂ’étﬁgh cfggfegé’ﬂpﬂbp%ﬁlt 224 may conprise an array

of second mirrors that are -36- individually adjustable, e.g., |n a
one-to-gne correspondence with the constituent mrrors in the f

beam deflP ectlPfid Unirpasss 704 (g apyppept hesmbadinteats ot FEC R SQMtWeSmpl y be

a static mMigdwRfion Ry REHIG ndoRDMIe DEAB-ERtLEG MDY A8V 16 8 mahferbfigkcMB, t he
first and second polarization conponents 822, 824 (on the forward path)

may be i ndepéhdesnestjo Ehriader €8) aovsy The geryo-Ftrol Axebly away dyamsallt | ecti ng
units 222, 23da oM §icaRpbwRk 1%%199&56 &heét&ﬁspe&@ah lcﬁzﬁﬁlag cédp'ie%tmta% cugfpnd sets

of optlcal beam; (on the returnip , respectively.
col | i mat or - apityrFherervaiceRien gssemblymeay aﬂaqrb@ﬁemﬁgua@i ﬂuph@tf@ntrﬁéewupl ing of the

(conbi ngq) ,Lefl ¢ clabnahannel s into the desired output ports. 10
The WBR gppgrsgélutg&wgtg jog ar?y one of the enbodi nents of FIGS. 8A-8C) of the

present i n¥8i] on Freherngre, hdynamedy pespafigrables@Ald oupbe bhiliapyehb AR e. g.
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associ at ed WY nel’s.
20  which would be pamcularly suitable for WDM optical networking applications.

Those skilled in the art will recognize that the aforementioned embodiments are provided
by way of example to illustrate the general principles of the invention. Various changes,
substitutions, and alternations can be made without departing from the principles and the

25  scope of the invention as defined in the appended claims.



[ 0001] Furthernore, a dynam cally reconfigurable OADM may be built upon the
WER apparatus 700, 800A, 800B or 800C (along with an associ at ed
servo-control assenbly), e.g., in a manner simlar to that described
above. The thus-constructed OADMs wi ||l havg. inportant advantages of | ow
insertion loss, |ow PDL, and enhanced spectral resolution, 20 which woul d
be particularly suitable for WDM opti cal networking applications. Those
skilled in the art will recogni ze thatCiiAiMSaf or enenti oned enbodi nents are
provided by way of exanple to illustrate the general principles of the

i nvention. Various changes, substitutions, and alternations can be nade

W t hout depawhatigclhibedist he principles and the 25 scope of the invention as
defined in the appended clainms. -37- CLAIMS Wat is clainmed is: 5 1. An
optical apparatus conprising: a) multiple fiber collimators providing an

i nput por3d fior a Adptical\ewpyLited@nfpristigt | cal signal and a plurality of output
ports; b) a wavel ength arator that sepaates.said | ti-wavel engt
optical signal ]St’é’E@ﬁ’Frlcﬁlﬁan PF%F‘%“%%E’LPPEP"% L'W%W?&%Tg c) an

array of channel mcrgﬁﬂcargg,ﬁlmlgmﬁngd,fgmgmﬁoﬁ@t each channel
mcromrror receives a unique one of said spectral channels, said channel

mcromirrors bei MY i navavelerati-gerarior tor seratisseld mriiioraysleasth opticl sigat! sai d

spectral channels int @g{,qu{gq;jin%ﬂ%legpgcﬁg chdmeR; anin€ optical apparatus
of claim1 further corrprl sing a servo-control assembly, in communication

wi th sai ¥ channel® ni crbriiey obls chandels siieoimosupoptiened, suchy thay evahd Phpgnel
control of said Channﬁllcr frfo? Je{v%ﬁtﬁﬂﬂetoﬁgBPpaYd Cﬁ&ladh & &hid channel

predeterm ned coupling of eac | ected spectra annel 1hto a uni que
one of said output pnmrgmlr@ms Being h@h\@@rallmnd egbianeuslyspivdtaldlt & veflectyipidr ei n

sai d servo-control a \%&?ﬂ%&éﬁs Olltlt§§ae sp@@ﬁ%‘@' power nonitor for

noni toring optical po sal channel s coupled into
said output ports, and a processing unit responsive to said optical power
| evel s for p2.ovi tha@pﬁcalhtapmﬂratwa‘ ofclpith tMatheeompresingmn searor-sonti@bas¢emblfiein

ORI b et e LR AT A R T
opti cal appar at usonttol cdfadaiz dhahmltl’ﬁeronﬁﬁmrdrﬂl ﬂhgrea)n nadintayingfa pzeﬂétenmﬁedr -

coupling of each reflected spectral channel into a unique ‘one of said output ports.

20 3. The optical apparatus of claim 2 wherein said servo-control assembly comprises a
spectral power monitor for monitoring optical power levels of said spectral
channels coupled into said output ports, and a processing unit responsive to said

optical power levels for providing control of said channel micromirrors.

25 4. The optical apparatus of claim 3 wherein said servo-control assembly is adapted to

maintain said optical power levels at a predetermined value.

5. The optical apparatus of claim 1 further comprising an array of collimator-
alignment mirrors, in optical communication with said wavelength-separator and

30 said fiber collimators, for adjusting an alignment of said multi-wavelength optical
signal from said input port and for directing said reflected spectral channels into

said output ports.

6. The optical apparatus of claim 5 wherein each collimator-alignment mirror is

35 rotatable about at least one axis.



alignment mrrors, in optical conmunication with said wavel engt h- separ at or
and 30 said fiber collimators, for adjusting an alignnment of said

mul ti-wavel ength optical signal fromsaid input port and for directing said
refl ected spectral channels into said outzput ports. 6. The optical
apparatus of claim5 wherein each collimtor-alignment mrror is 35
rot at abl e about at |east one axis. -38- 7. The optical .apparatus of claim
5 further conprising first and second arrays of inmaging |lenses, in a

t el ecentri c 7ar r afige wptital wppdnatssaddcleiod 15i fwether ecmiﬁriginga"nkt anidrsecord argaysd ofai d

fiber collimtors. 5 81 The oge?i C%la' l,Ee{)arat glt 1 wﬂere n_each
channel mi cromi r B & it 451" NESPe 84454 133? °§ GOIeph WIS, ¢ a)
appar atus of cl abid shid filbdr bellimewi¥pr i si ng a beamfocuser that focuses 10
sai d spegtral channels into corresponding focused spots 10. The opti cal
apparatus of claim9 wherein said _heamfocuser ses one or

focusing | éhses. 119 oPHGRE 2pFatys Qe %%F&@ﬁ?l%?acélc # m\‘féfﬂé?léﬁoﬁ 15 @V‘&taﬁe
wavel engt h- separ ab&ift aClesRbheSRE. an 15 el ement sel ected fromthe group
consisting of ruled diffraction gratings, holographic diffraction
gratings, echelle gratings, transm ssion gratings, curved diffraction
gratings, ahd di dperriiGeyaparasof clgm l'rﬁﬁthébﬁqf@%ﬂm@pﬁp%ﬁa@t fqeussr that Ecpses

further jgonpri si @Q&pé&&@ﬂcﬁ&hei@%@c&%@ﬁ&d@r@fo%k& ots20 1 Nt erposed between
sai d wavel engt h-separator and sai d channel mcrom rrors. 13. The opti cal

appar at us ofl0cl ailhe meqbamﬁrﬁmsaf@alau? phereipcriddermdpqyers CAMprsSs ORNOTGUYR  port
and one or nore ql(ggag &, Wherein said channel mrrors direct a subset of
sai d spectral channel 8 into said pass-through port to provide for a
pass-through 25 signal, and wherein said optical apparatus further

conpri ses arilopt ifbabpiwhippastus of glairg drmshanéin gaid avagelpretissephratny ghmpiigpaah wi t h

one or ngre add %i%%% he Abk1cGHANE Sthel4r a%hé’%fgﬁﬁﬁ%aclf ARRA U SicQr gitﬁ'g@ 1

wherein Said fiber Ilna ors are a onée-di mensi on
i nput - out put - por ﬂmobgraalylp dlfﬁrabmnil g'rgtn@] elcheﬂplgratmg$,ttrdrlelnlssm @Gratogs, i cundg
wavel engt h opti cglf nal _.an &) ur al |t of add ports, and nultiple output
ports providing 180 ntgﬁqllgg ﬁr?dp Rersérf’ﬁf 1urality of drop ports, wherein
said input-

12. The optical apparatus of claim 1 further comprising a quarter-wave plate optically

20  interposed between said wavelength-separator and said channel micromirrors.

13. The optical apparatus of claim 1 wherein said output ports include a pass-through
port and one or more drop ports, wherein said channel mirrors direct a subset of
said spectral channels into said pass-through port to provide for a pass-through

25 signal, and wherein said optical apparatus further comprises an optical combiner

for combining said pass-through signal with one or more add spectral channels.

14.  The optical apparatus of claim 1 wherein said fiber collimators are arranged in a
one-dimensional input-output-port array, including said input port for said multi-

30 wavelength optical signal and a plurality of add ports, and multiple output ports
providing a pass-through port and a plurality of drop ports, wherein said input-

output-port array is configured such that each drop port has a pairing add port,

whereby each channel mic‘romirror is able to reflect a spectral channel from said
multi-wavelength optical signal into a drop port and an add spectral channel from a

35 pairing add port into said pass-through port.



output-port array is configured such that each drop port has a pairing add
port, whereby each channel mcromrror is able to reflect a spectral
channel fromsaid nulti-wavelength optical signal into a drop port and an
add spectral channel froma 35 pairing add port into said pass-through
port. -39- 15. The optical apparatus of claim 14 wherein said

i nput -out put-port array conprises alternating input and output ports. 16.
The optical BppaiTht wpticf appazdtus df daimt Herherompaid snpgrowtput-port array comprises

pol ari zati on-di spl.aci.ng .uni.t .5 that deconposes said nulti-wavel ength
optical signal i %{t%m?qn%é?pué%d %ué%ugﬁgts' pol ari zati on conponents, and a

pol ari zation-rotating unit that rotates a polarization. of the second

pol ari zat i ori6conThaeptical apfreatsudisdAntli fakthat apasihgl polarigataldsplaziagivatt  of
the first_polarization conponent, erein sai d. wavel engt h- separ at or
separates said 1%1?3115 ec%fﬁﬁosg%ééﬁdmﬁﬁﬁ‘é{?‘f%e&gﬁioﬂptbc\éﬁﬁtﬁ’?%?‘ Oﬁsﬁéﬁls@?&flh
respectivel y i nt @ofatifffon tompHdnS AN oReSicdiroalhs 6@t thREdtiEss adoErixienel N
said channel mcromrrors are positioned to reflect said first and second
sets of optical Befifsecadariairgioncamgonaneto kecbgatiafy paaiiel e agpib diets of
optical beams ar gfhRCRFPHHSE YN WeHEIBRI WheremERRE GhllGioth-dePhiftof Sdph@fked
spectral channels by way of said polarization-rotating unit_and said

pol ari zat i on- di spHadIHghdpcend polargptionmueEpeperiichy WatsABRIEPeH T ely IRp Arst6
wherei n gai d pol ghh 2aloh@Nelll SIPbACLING R fnd GRABRH $6F cBinnbAfkoRRBrs are

pol ari zation-di splacing el ement” in optical conmmunication wth said input
port and said outppﬂtlorpigrtpsf.eﬂ@@ saig firsthend eednd asets afpantisgtibeams, wrkithet sqid
wherein said at | ar.i j sl acl el G e pat
| east one el enen{r&%gfegﬁ}gtdaﬁr%%ﬁge&ﬁ% 6&%10%(55%11‘83%%9 °§§%H‘t€?rz1{% n%g%t beam
di spl acers and paotspedtivelygntoemflectel spectiah ghasnelsdptway dDsaidrhelangstiorerstating
appar atus of cl ai 1 J I .arjzation-rotating unit conprises 25
at | east one pol girﬁltjing(% %lxgcﬁéc?%%gﬁ?dn%s@%éﬁdr#; in optical communication with
said polarization-displacing unit. 20. The optical apparatus of claim19
wher ei n sai dl7at [Thastptoale apmlaus pétcladn- tOtvdtetaiy saidl poteritationdisplecges vatt | east

one el enent selected.fromthe group. consi.stin f hal.f- 30.wave pl ates,
Far aday r ot at or s,"‘“&R‘aSCFiagE?"‘a‘ y%#%zat}o&déﬁpi ch_% %ﬁ@eﬁﬁ% © %‘fail 8%%“5%% Stus of
claim 16 further wdthgaidiifpil God atibsaid sudsht pyttsng uni t for

20 18.  The optical apparatus of claim 17 wherein said at least one polarization-displacing
element comprises at least one element selected from the group consisting of

birefringent beam displacers and polarizing-beam-splitting elements.

19.  The optical apparatus of claim 16 wherein said polarization-rotating unit comprises
25 at least one polarization-rotating element, in optical communication with said

polarization-displacing unit.

20.  The optical apparatus of claim 19 wherein said at least one polarization-rotating
element comprises at least one element selected from the group consisting of half-

30 wave plates, Faraday rotators, and liquid crystal rotators.

21.  The optical apparatus of claim 16 further comprising a beam-modifying unit for
providing anamorphic beam magnification of said first and second polarization
components and anamorphic beam demagnification of said reflected first and

35 second sets of optical beams.



provi di ng ananor phi ¢ beam magni fication of said first and second

pol ari zati on conponents and ananor phi c beam demagni fication of said
reflected first and 35 second sets of optical beans. -40- 22. The opti cal
apparatus of claim 21 further conprising aobeam focuser for focusing said
first and second sets of optical beans into correspondi ng focused spots.

23. The optical apparatus of claim 21 wherein said beam nodi fying unit
conpri ses P2one Toe OPmbaRWtaiLﬁdlf ictdth 2| dinghes computisinpraebegpt fogwder épé@guams of
claim 21 wherein prisms. 10
25. The opti cal 3%ggg%?hs 0 1%¥£§%gﬁgh%?ﬁ§@9%bnﬁ%Pgﬁgﬁxgﬁﬂa &%y of
collimator- alignnment mrrors in optical comunication with said fiber

col l'i mat or s 28nd Sk dptiqab hgyraratast bf)ciaidi 3 wéeieimgsaith be¢anf-owodidigipg sihit wgmpuises

al i gnnent, of said nultl-mqgg g optical signal fromsaid input port and
for directing sai’t FeP{eey ng% 2P?%l channels™ into said output ports. 15
26. A method of perform ng dynam c mavelength separating and routing,

conpri sing: 24a) IThe@pdahgprdttdl bf cliay 21 engiclh @l beal-mstigyial uhit @Bingiisek Nput
port; b) separating said nulti-wavel ength optical signal by wavelength into
mul tiple spectr&¥HARRBI'ETS-20 ¢) inpinging said spectral channels onto an
array of channel mcromrrors, such that each channel mcromrror receives

a uni qugoeonesof @k G ﬁm(hbf)ﬁrhtus Qramigl 86 faflr dbmﬁlm@gmﬁ ad&az Gngbllimator-
conti nuously controIF said channel mcromrrors, directing sald

spectral channel §hmeat aurmra i PP SPmpgHRigAion yeifh seid ’éherchﬂhm%%rs #e{ Bg o

claim26 further psﬁﬁmlb@uﬁaaélhg uaitefar %uﬁhg\éhc&hgﬂn&ﬁ%@%@lkmﬁmwveﬂen gtRf sal d
channel mcromrrors, thereby maint alnlqg erm ned coupling of each

spectral channel oBiiqebggnalifiprisaidinpHipaten fﬁ’édléﬁfctlgwadd tilepied spsefral shangels 28, A
met hod of dynam ¢f Qi bRk ?Lﬂ@ mul ti-wavel ength optical signal in a
pol arization diversity arrangenent, conprising: a) deconposing said

nul ti-welvel ength optical signal into first and second
26. A method of performing dynamic wavelength separating and routing, comprising:

a) receiving a multi-wavelength optical signal from an input port;
b) separating said multi-wavelength optical signal by wavelength into multiple
spectral channels;

20 c) impinging said spectral channels onto an array of channel micromirrors,
such that each channel micromirror receives a unique one of said spectral
channels; and

d) dynamically and continuously controlling said channel micromirrors,
thereby directing said spectral channels into a plurality of output ports.

25
27.  The method of claim 26 further comprising the step of providing feedback control

of said channel micromirrors, thereby maintaining a predetermined coupling of

each spectral channel directed into a unique one of said output ports.

30 28. A method of dynamic routing of a multi-wavelength optical signal in a polarization
diversity arrangement, comprising:
a) decomposing said multi-wavelength optical signal into first and second
polarization components;
b) rotating a polarization of said second polarization component to be

35 substantially parallel to a polarization of the first polarization component;



pol ari zati on conmponents; b) rotating a polarization of said second

pol ari zati on conponent to be 35 substantially parallel to a polarization
of the first polarization conponent; -41- c) separating said first and
second pol ari zati on conmponents by wavel engt-h respectively into first and
second sets of optical beans; d) focusing said first and second sets of
optical beans onto an array of mcromrrors; 5 e) dynamcally controlling
said mcromrrors)to sepdrhtgt saghfickt fahd stcoad pobeicgivd cosworentf by ptaveladgtibeans
into sel ected out put rt.s; 0 J:). T ' i zation of said reflected
first set of optical %ggﬁvewhtoaﬁ%?a%?(?%aoﬁ%%gé%I@Pé%gp?(%j and g) reconbi ni ng
said reflected fidyst fndigesihdirsetnd @bomwptdtcal odptabdbeloys ofd aaushendt h
respectively into refl ected spectral channels. 29. The nethod of claim 28
further conprising t & EYEPSf provi ding an ananorphic beam magni fi cation
to said 6irst ane) secomampollyacintidilingtalionResieibs, tolrefideesdid gk ¥ind sddond0. The
met hod of claim 29 further co risi.ng the step of providing an ananorphic
beam demagni fi cati on % Ozaﬁtﬁ’a camging F‘?l?"éefdoé'ﬁg‘tg%rg‘ond sets of optical

beamns. ) rotating a polarization of said reflected first set of optical beams by
approximately 90-degrees; and
g) recombining said reflected first and second sets of optical beams by

10 wavelength respectively into reflected spectral channels.

29.  The method of claim 28 further comprising the step of providing an anamorphic

beam magnification to said first and second polarization components, respectively.

15 30.  The method of claim 29 further comprising the step of providing an anamorphic

beam demagnification to each of said first and second sets of optical beams.



