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WAVELENGTH-SELECTIVE OPTICAL ADD/ 
DROP SWITCH 

GOVERNMENT RIGHTS IN THE INVENTION 

The United States Government has rights to this invention 
pursuant to ARPA Contract No. MDA972-94-1-0001. 

BACKGROUND OF THE INVENTION 

This invention relates to techniques for routing optical 
wavelengths, and more particularly relates to wavelength 
Selective optical routing and Switching techniques. 

The increasing use of all-optical fiber networks as back 
bones for global communication Systems has been based in 
large part on the extremely wide optical transmission band 
width provided by optical fiber. This has accordingly led to 
an increased demand for the practical utilization of the full 
optical fiber bandwidth available, to, for example, increase 
communication System user capacity. In the prevailing man 
ner for exploiting optical fiber bandwidth, wavelength 
division multiplexing (WDM) and wavelength-division 
demultiplexing (WDD) techniques are employed to enable 
the Simultaneous transmission of multiple independent opti 
cal data Streams, each of a distinct wavelength, on a Single 
optical fiber, with wavelength-selective WDM and WDD 
control provided for coupling of the multiple data Streams 
with the optical fiber on a wavelength-specific basis. With 
this capability, a Single optical fiber can be configured to 
Simultaneously transmit Several optical data Streams, e.g., 
ten optical data Streams, that each might not exceed, say, 10 
Gb/s, but that together represent an aggregate optical fiber 
transmission bandwidth of more than, say, 100 Gb/s. 

In order to increase the aggregate transmission bandwidth 
of an optical fiber, it is generally preferred that the Spacing 
of Simultaneously transmitted optical data Streams, or opti 
cal data “channels,” be closely packed, to accommodate a 
larger number of channels. In other words, the difference in 
wavelength between two adjacent channels is preferably 
minimized. Current transmission Standards require accom 
modation of 100 GHz, corresponding to 0.8 nm, separation 
between adjacent channels, and in Some applications, chan 
nel separation is preferably reduced to 50 GHz. 

This desire for closely-spaced optical transmission chan 
nels results in the need for fine wavelength resolution and 
thereby complicates the wavelength-selective WDM and 
WDD operations required for simultaneous transmission of 
the channels. Historically, the well-known Dragone filter 
design has been employed to perform wavelength-Selective 
WDM and WDD operations with a reasonable degree of 
wavelength resolution. The Dragone filter functions in the 
manner of a discrete prism to resolve all transmission 
channel wavelengths incident at its input into Spatially 
Separated transmission channels. Once Spatially Separated, 
one or more of the transmission channels can then be 
extracted, or dropped, from the Set of channels. Two Drag 
one filters can be configured in back-to-back fashion to 
enable resolution of all transmission channels, dropping of 
a Selected one or more channels, and then injection of 
Substitute channels and recombination for Simultaneous 
transmission. 

The use of Dragone filters in this manner for wavelength 
specific, single channel WDM and WDD operations is 
problematic in that the size of the filter structure, which is 
microfabricated, typically exceeds about 2 cm, a size that is 
increasingly becoming hard to accommodate as overall 
optical transmission System componentry size shrinkS in 
response to cost considerations. Inter-channel crosstalk can 
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2 
also occur during the resolution and recombination 
operations, resulting in echoes of a removed channel at the 
recombined output. 

Use of a Dragone filter for wavelength-Specific, Single 
channel operations at, e.g., a wavelength-Specific user node 
on an optical communications network, is inefficient in that 
all copropagating channels must be spatially Separated to 
extract only the Single channel of interest to the node. AS 
new wavelengths are added to the communications network, 
the Dragone filters employed at each of the nodes must 
accordingly be replaced to accommodate Spatial Separation 
of added wavelengths. These limitations of the Dragone 
filter generally characterize the insufficiency of conventional 
all-optical wavelength-Selective routing techniques in meet 
ing the increasingly complex requirements of optical net 
WorkS. 

SUMMARY OF THE INVENTION 

The invention overcomes limitations of prior optical 
filters by providing a wavelength-Selective optical Switch. 
The optical Switch includes a first input port for accepting a 
plurality of copropagating optical channels, each of the 
channels has a distinct wavelength band. The optical Switch 
further includes a first output port and a Second output port. 
A wavelength-Selective optical filter is connected to receive 
the copropagating optical channels from the first input port 
to extract a Selected one of the channels while allowing 
remaining channels to copropagate to the first output port. 
An interferometric Switch is connected to receive the 
Selected extracted channel; the interferometric Switch 
includes a controller for controlling propagation of the 
Selected extracted channel to either the Second output port, 
the optical filter, or both. The optical filter is connected to 
receive from the interferometric Switch an optical channel to 
combine the received channel with the remaining copropa 
gating channels and direct the combined channels to the first 
output port. 

In a first control state of the controller, the interferometric 
Switch is adapted to direct the Selected extracted channel to 
the optical filter, while in a Second control State of the 
controller, the interferometric Switch is adapted to direct the 
Selected extracted channel to the Second output port. 

This optical Switch configuration and operation enables 
wavelength-Selective extraction of a Single optical channel 
of interest while enabling other optical channels of interest 
to continue propagating, i.e., without the need for Spatial 
Separation of each and every channel. The Selected channel 
of interest can be extracted and controllably directed either 
back with the other copropagating channels, or to a Second 
output of the Switch. 

In one embodiment of the invention, a Second input port 
is provided for accepting an injected optical channel having 
a wavelength band corresponding to the wavelength band of 
the Selected extracted channel. This Second input port is 
connected to direct the injected optical channel to the 
interferometric Switch. In this Scenario, the interferometric 
Switch is adapted, in the Second control State of the 
controller, to direct the injected channel to the optical filter, 
and is adapted to direct the injected channel, in a first control 
State of the controller, to the Second output port. 

In one example implementation, the first input port and 
the first output port each provide a connection to a first 
optical communication bus on which the plurality of optical 
channels copropagate and from which a first data Stream at 
the Selected channel is to be alone extracted. In addition, the 
Second input port and the Second output port can here each 
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provide a connection to a Second optical communication bus 
on which a Second plurality of optical channels copropagate 
and from which a Second data Stream at the injected optical 
channel is to be extracted. 

In preferred embodiments, the interferometric Switch 
includes a first waveguide coupling region and a Second 
waveguide coupling region, with first and Second interfer 
ometer arms connected between the first and Second 
waveguide coupling regions. The first waveguide coupling 
region has a first waveguide connected to accept the Selected 
extracted channel from the optical filter and a Second 
waveguide connected to accept an injected channel from the 
Second input port. The Second coupling region has a third 
waveguide connected to direct one of either the injected 
channel and the Selected extracted channel to the optical 
filter and a fourth waveguide connected to direct one of 
either the injected channel and the Selected extracted chan 
nel to the Second output port. 

In further embodiments, the controller is an optical phase 
controller that is in communication with at least one of the 
first and second interferometer arms. Here the controller is 
adapted to impose, in the first control State, a first Selected 
relative phase shift between optical channels propagating on 
the first and second interferometer arms. This first relative 
phase shift is Selected to result in directing of the Selected 
extracted channel to the optical filter from the interferometer 
Switch. The phase controller is further adapted to impose, in 
the Second control State, a Second Selected relative phase 
shift between channels propagating on the first and Second 
interferometer arms. The Second relative phase shift is 
Selected to result in directing of the Selected extracted 
channel to the Second output port from the interferometer 
Switch. 

In preferred embodiments, the optical filter includes a first 
optical filter connected to receive the copropagating optical 
channels from the first input port to extract the Selected 
channel and direct the extracted Selected channel to the first 
waveguide of the first interferometric Switch coupling region 
while allowing the remaining channels to copropagate 
through the first optical filter. The filter also includes a 
Second optical filter connected to receive the remaining 
channels that copropagate through the first optical filter. This 
Second optical filter is also connected to receive from the 
third waveguide of the Second interferometric Switch cou 
pling region one of the Selected extracted channel and the 
injected channel to be combined with the remaining 
copropagating channels. It is also connected to direct the 
combined channels to the first output port. 

Preferably, the first optical filter includes a first center 
waveguide connected to the first input port, with a first 
optical receiver resonator located in Side-by-side evanescent 
coupling proximity to the first center waveguide. The first 
optical receiver resonator is connected to the first waveguide 
of the first interferometric Switch coupling region. A first 
optical reflector resonator is also located in Side-by-side 
evanescent coupling proximity to the first center waveguide 
but following the first optical receiver resonator. An optical 
path length along the first center waveguide is defined to be 
an integral multiple of half-resonant wavelengths plus one 
quarter resonant wavelength; this path length is defined 
between a phase reference point on the first receiver reso 
nator and an equivalent phase reference point on the first 
reflector resonator. 

Similarly, the Second optical filter preferably includes a 
Second center waveguide connected at a first end to receive 
the remaining copropagating channels from the first center 
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4 
waveguide, as well as being connected at a Second end to the 
first output port. A Second optical reflector resonator is 
located in Side-by-Side evanescent coupling proximity to the 
Second waveguide, and an optical transmitter resonator is 
connected to the third waveguide of the Second interfero 
metric Switch coupling region and located in Side-by-side 
evanescent coupling proximity to the Second waveguide, 
following the Second optical reflector resonator. An optical 
path length is defined along the Second center waveguide to 
be an integral multiple of half-resonant wavelengths plus 
one quarter resonant wavelength; this path length being 
defined between a phase reference point on the Second 
reflector resonator and an equivalent phase reference point 
on the transmitter resonator. 

In preferred embodiments, the first and Second optical 
reflector resonators, the first receiver resonator, and the 
transmitter resonator all are Bragg gratings that are each 
characterized by a grating period and a Bragg wavelength 
that is Selected to correspond to the wavelength band of the 
Selected extracted channel. Here the phase reference point of 
each of the Bragg gratings is a Spacer portion at a point along 
that grating for producing a quarter-wave shift in an optical 
phase of an optical channel that propagates along that 
grating. The Bragg gratings are preferably each character 
ized by a resonant spectral line width that is at least as wide 
as the wavelength band of the Selected extracted channel but 
that does not substantially overlap with the wavelength band 
of each optical channel adjacent to the Selected extracted 
channel in the plurality of channels. Preferably, the prox 
imity of each of the gratings to the corresponding center 
waveguide is characterized by a minimum proximity for that 
grating, with the minimum proximity corresponding to the 
point along that grating at which the quarter-wave shift 
Spacer portion is located. 

In other embodiments, an optical loSS resonator Bragg 
grating is provided in Side-by-side evanescent coupling 
proximity to the Second center waveguide between the first 
reflector resonator and the Second reflector resonator. Like 
the other gratings, the loSS resonator Bragg grating has a 
Bragg period corresponding to the wavelength band of the 
Selected extracted channel and has a Spacer portion at a point 
along that grating for producing a quarter-wave shift in an 
optical phase of an optical channel that propagates along that 
grating. Each grating length on either Side of the Spacer 
portion is characterized by a grating arm length that is 
Sufficiently short to enable optical energy coupled to the 
grating arms to escape from an outer end of the arm. 
A third optical filter is provided in other embodiments; 

this third optical filter includes a Second optical receiver 
resonator located in Side-by-side evanescent coupling proX 
imity to the Second center waveguide between the first and 
Second optical reflector resonators, and includes a third 
optical reflector resonator located in Side-by-side evanescent 
coupling proximity to the Second center waveguide follow 
ing the Second optical receiver resonator and before the 
Second optical reflector resonator. An optical path length is 
defined along the Second center waveguide to be an integral 
multiple of half-resonant wavelengths plus one quarter reso 
nant wavelength, the path length extending between a phase 
reference point on the Second receiver resonator and an 
equivalent phase reference point on the third reflector reso 
nator. Preferably, the second receiver resonator and the third 
reflector resonator each are Bragg gratings characterized by 
a grating period and a Bragg wavelength that is Selected to 
correspond to the wavelength band of the Selected extracted 
channel. The phase reference point of each of the Bragg 
gratings preferably is a Spacer portion at a point along that 
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grating for producing a quarter-wave shift in an optical 
phase of an optical channel that propagates along that 
grating. 

In another embodiment, the third optical filter includes a 
Second optical receiver resonator located in Side-by-side 
evanescent coupling proximity to the Second center 
waveguide between the first and Second optical reflector 
resonators, and the Second optical reflector resonator. Here 
an optical path length is defined along the Second center 
waveguide to be an integral multiple of half-resonant wave 
lengths plus one quarter resonant wavelength and extending 
between a phase reference point on the Second receiver 
resonator and an equivalent phase reference point on the 
Second reflector resonator. AS in the other third optical filter 
embodiment, it is here preferred that the Second receiver 
resonator be a Bragg grating characterized by a grating 
period and a Bragg wavelength Selected to correspond to the 
wavelength band of the Selected extracted channel, with the 
phase reference point of the Bragg grating being a Spacer 
portion at a point along that grating for producing a quarter 
wave shift in an optical phase of an optical channel that 
propagates along that grating. 

In other embodiments, there is provided an amplifying 
element connected to at least one of the first, Second, third, 
and fourth coupling waveguides of the interferometric 
Switch coupling regions. In other embodiments there is 
provided a first detector waveguide located in Side-by-side 
evanescent coupling proximity to the third coupling 
waveguide of the Second coupling region of the interfero 
metric Switch. A corresponding first photodetector is con 
nected to the first detector waveguide for producing a first 
Signal corresponding to intensity characteristics of light 
coupled to the first detector waveguide. Similarly, there is 
provided a second detector waveguide located in side-by 
Side evanescent coupling proximity to the fourth coupling 
waveguide of the Second coupling region of the interfero 
metric Switch. A corresponding Second photodetector is 
connected to the Second detector waveguide for producing a 
Second Signal corresponding to intensity characteristics of 
light coupled to the Second detector waveguide. A Second 
controller is provided for controlling the phase controller of 
the interferometric Switch based on the first and second 
photodetector Signals. 

In other embodiments, the optical filter is a Single-channel 
interferometric reflection filter and includes a first 
Waveguide coupling region, a Second Waveguide coupling 
region, and first and Second interferometer arms connected 
between the first and Second waveguide coupling regions. 
Each of the arms has an identical Bragg reflector that is 
characterized by a Selected Bragg period corresponding to 
the wavelength band of the Selected channel to be extracted. 
The first waveguide coupling region has a first waveguide 
connected to accept from the first input port the copropa 
gating channels and a Second waveguide connected to 
deliver the Selected extracted channel to the first waveguide 
of the first coupling region of the interferometric Switch. The 
Second coupling region has a third waveguide connected to 
accept one of the Selected extracted channel and the injected 
channel from the third waveguide of the Second coupling 
region of the interferometric Switch and a fourth waveguide 
connected to direct the copropagating channels and one of 
the injected channel and the Selected extracted channel to the 
Second output port. The first waveguide of the reflection 
filter first coupling region and the fourth waveguide of the 
reflection filter Second coupling region are connected by one 
of the two reflection filter arms. 

In a further embodiment, the optical filter includes a 
length of optical waveguiding fiber having a Bragg reflector 
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along the fiber length. The reflector is characterized by a 
Selected Bragg period corresponding to the wavelength band 
of the Selected channel to be extracted. A first optical 
circulator is provided having a first port connected to receive 
the copropagating channels from the first input port, a 
Second port connected to a first end of the optical fiber 
length, and a third port connected to the first waveguide of 
the first coupling region of the interferometric Switch. A 
Second optical circulator is correspondingly provided, hav 
ing a first port connected to the first output port, a Second 
port connected to a Second end of the optical fiber, and a 
third port connected to the third waveguide of the Second 
coupling region of the interferometric Switch. For each of 
the first and Second optical circulators, optical input to the 
first port and optical input to the third port is directed to the 
Second port, while reflection at the Second port of an optical 
input from the first port is directed to the third port, and 
reflection at the Second port of an optical input from the third 
port is directed to the first port. As a result, the plurality of 
copropagating channels from the first input port are directed 
to the fiber first fiber end by the first circulator, and the 
Selected channel to be extracted is reflected to the first fiber 
end and directed by the first circulator to the first waveguide 
of the first interferometric Switch coupling region. A channel 
from the third waveguide of the interferometric Switch 
Second coupling region is directed by the Second circulator 
to the Second fiber end, reflected with the remaining 
copropagating channels to the Second circulator, and 
directed by the Second circulator to the first output port. 
The invention provides a proceSS for fabricating each of 

the Bragg gratings and corresponding Bragg grating 
waveguides on which the gratings are located. In the 
fabrication, a lower cladding dielectric layer is first formed 
on a Substrate, and then a core dielectric layer is formed on 
the lower cladding dielectric layer. The Selected core dielec 
tric layer having a higher refractive index than the lower 
cladding dielectric layer. On the core dielectric layer is 
formed a lithographically-defined pattern corresponding to 
the Bragg gratings. Then is formed on the patterned core 
dielectric layer a first hard mask layer having a 
lithographically-defined pattern corresponding to the Bragg 
grating pattern. Next, a Second hard mask layer is formed on 
the patterned first hard mask layer. The first and second hard 
mask layers are of materials that are each characterized as 
being etchable by an etching process that does not etch the 
other hard mask material or the core layer. The Second hard 
mask layer is then lithographically patterned in a pattern that 
corresponds to the grating waveguides and that is aligned to 
the Bragg grating pattern on the first hard mask layer. The 
first hard mask layer is etched, using the Second hard mask 
layer mask pattern, to expose an upper Surface of the core 
layer in regions of the core layer not covered by a waveguide 
pattern of the Second hard mask while preserving the first 
hard mask layer in all regions of the first hard mask layer 
covered by the waveguide pattern of the Second hard mask. 
Then the core dielectric layer is etched to produce grating 
waveguides under the layered first and Second patterned 
hard mask layers. The Second hard mask layer is Stripped, 
and then the core layer waveguides are etched to produce 
Bragg gratings on the waveguides. The first hard mask layer 
is Stripped, and then an upper cladding dielectric layer is 
formed on the etched core layer. The upper cladding dielec 
tric layer having a lower index of refraction than the core 
dielectric layer. 

In preferred fabrication processes, the Step of forming on 
the core layer a lithographic pattern corresponding to the 
Bragg gratings is accomplished by first forming a photore 



5,915,051 
7 

sist layer on the core layer and then exposing the photoresist 
layer to X-rays through an X-ray or a phase mask having a 
grating pattern produced on the mask by Spatial-phase 
locked e-beam lithography. 

Preferably, the upper and lower cladding dielectric layers 
each are formed of a layer of indium phosphide and the core 
layer is formed of at least one layer of indium gallium 
arsenide phosphide. Alternatively, the Substrate is preferably 
formed of a material Selected from the group of Silicon, 
quartz, and Sapphire, the upper and lower cladding dielectric 
layers each are formed of a layer of material of Substantially 
Silicon dioxide, and the core dielectric layer is formed of a 
layer of material Selected from phosphorus-doped and 
germanium-doped Silicon dioxide. 

The optical Switch design and operation, and the optical 
Switch fabrication processes, all provided by the invention, 
enable a compact, cost-effective wavelength-Selective all 
optical Switch that advances the potential for wavelength 
Selective optical communication networks which rely on 
efficient and cost-effective routing and Switching of Selected 
multiplexed channels at various nodes in the network. Other 
features and advantages of the optical Switch of the inven 
tion will be apparent from the claims, and from the follow 
ing description and accompanying figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a Schematic diagram of an optical ring local area 
network including wavelength-Selective user nodes at each 
of which the add/drop switch of the invention can be 
employed; 

FIG. 2 is a Schematic diagram of a first class of add/drop 
Switches provided by the invention; 

FIG. 3 is an example implementation in accordance with 
the invention of the class of add/drop switches of FIG. 2; 

FIG. 4A is a Schematic diagram of the Switch implemen 
tation of FIG. 3 in a first control state; 

FIG. 4B is a schematic diagram of the Switch implemen 
tation of FIG. 3 in a second control state; 

FIG. 5A is a top-down Schematic diagram of a channel 
dropping filter employed in the Switch implementation of 
FIG. 3; 

FIG. 5B is a cross sectional view of the channel-dropping 
filter of FIG. 5A taken at B-B'. 

FIG. 6 is a Schematic diagram of the example Switch 
implementation of FIG. 3 adapted with a tapered waveguide 
configuration; 

FIG. 7A is a schematic perspective view of two side-by 
Side waveguides having the same propagation constant; 

FIG. 7B is a schematic perspective view of the 
waveguides of FIG. 7A with the second waveguide here 
including a Bragg grating; 

FIG. 8A is a Schematic cross-sectional representation of 
the dimensions and Stack refractive indices of the 
waveguides of FIG. 7B; 

FIGS. 8B-8C are two plots of stack refractive indices for 
the six stack locations identified in FIG. 8A: 

FIG. 9 is a plot of b factor as a function of V for 
determining waveguide widths in a design for which a 
Synchronized operation is imposed; 

FIG. 10A is a detailed schematic diagram of the geometric 
parameters of an optical coupling region of an interferomet 
ric Switch employed in the add/drop Switch implementation 
of FIG. 3; 

FIG. 10B is a schematic diagram of an S-bend section of 
the coupling region of FIG. 10A; 
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8 
FIGS. 11A-11G are masking patterns and corresponding 

waveguide and grating patterns produced by an add/drop 
Switch fabrication Sequence provided by the invention; 

FIGS. 12A-12F are masking patterns to be employed in 
an X-ray mask fabrication Sequence provided by the inven 
tion; 

FIG. 13 is a schematic diagram of an add/drop Switch 
including a loSS resonator in accordance with the invention; 

FIG. 14 is a schematic diagram of an add/drop Switch 
including multiple channel-dropping filters in accordance 
with the invention; 

FIG. 15 is a schematic diagram of an add/drop Switch 
including one or more gain elements in accordance with the 
invention; 

FIG. 16 is a schematic diagram of an add/drop Switch 
including detector waveguides and corresponding photode 
tectors and a feedback phase control loop for controlling the 
State of an interferometric Switch in accordance with the 
invention; 

FIG. 17 is a schematic diagram of an add/drop Switch 
including an integrated laser/modulator at a Second input 
port and an integrated photodetector at a Second output port, 
in accordance with the invention; 

FIG. 18 is a schematic diagram of a dual-bus add/drop 
Switch channel eXchange configuration in accordance with 
the invention; 

FIG. 19 is a schematic diagram of a second class of 
add/drop Switches provided by the invention; 

FIG. 20 is a Schematic diagram of a first example imple 
mentation of the second class of add/drop switches of FIG. 
19; and 

FIG. 21 is a Schematic diagram of a Second example 
implementation of the Second class of add/drop Switches of 
FIG. 19. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Referring to FIG. 1 there is shown an example optical 
network, namely, a multi-wavelength optical ring local area 
network (LAN) 2, in which the wavelength-selective add/ 
drop optical Switch of the invention can be employed. The 
optical LAN is configured, as is conventional, using an 
optical fiber 3 connected between a hub, or administrative, 
node 4 and a plurality of distributed user nodes 5, 7, 9, in a 
ring formation. Each user node is assigned a distinct and 
narrow optical wavelength band, hereinafter referred to as a 
channel, for transmission of data over the network at the 
assigned wavelength channel. With WDM and WDD admin 
istrative operations provided by the hub node, each user 
node can then tap into the optical fiber multi-wavelength 
transmission Stream to extract as well as inject data with the 
assurance of a channel that is dedicated to that node's 
transmission. 
AS Shown in the figure, at the hub node 4 all optical 

wavelength channels transmitted by the fiber, i.e., wave 
length channels of 2 to ), may be resolved and extracted 
to undertake various administrative, WDM, and WDD 
operations. But at each user node, e.g., a first user node 5, 
only the corresponding wavelength channel assigned to that 
user node, here 2, is of interest to the user node. In 
accordance with the invention, the optical add/drop Switch 
10 of the invention is configured with the user node to enable 
extraction of the wavelength channel of interest at the node 
without requiring resolution of the other wavelength chan 
nels also being transmitted. For example, at the first user 
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node 5 the optical add/drop Switch 10 enables extraction of 
the optical transmission channel at the 2 wavelength and 
injection of new or additional data back into the LAN for 
transmission at the 2 wavelength. Similarly, at the Second 
user node 7 the optical add/drop Switch 10 enables extrac 
tion of the optical transmission channel at the 2 wavelength 
and injection into the LAN of data at the 2 wavelength, and 
so on, extending to the last, or N', user node, for which the 
optical add/drop Switch 10 enables extraction of the optical 
transmission channel at the wavelength and injection of 
data at the wavelength. 

The wavelength selectivity enabled by the optical Switch 
of the invention is provided, as explained in detail below, in 
a compact and correspondingly low-cost device that 
advances the practical realization of very large multi 
wavelength LANs, or even multi-wavelength wide area 
networks (WANs) in which distributed network user com 
munication is wavelength-Specific to the user and thus in 
which full resolution of transmission wavelengths at each 
user node is unnecessary and inefficient. Various embodi 
ments of the optical add/drop Switch of the invention will be 
discussed below, along with operational and design 
parameters, as well as fabrication considerations. 

Referring to FIG. 2, a first class of wavelength-Specific 
add/drop optical Switches provided by the invention is 
characterized as a four port device that can both extract a 
Specific channel as well as inject that channel using 
wavelength-Selective optical filters. The Schematic represen 
tations of the Switch components as shown in the figure are 
provided to indicate the components functionality and are 
not literal representations. The first of the Switch ports is a 
multi-wavelength input 9; in the LAN just described, such 
an input would be interfaced with the network fiber 3 at a 
user node. The multi-wavelength input 9 is connected to a 
first input waveguide 12 capable of Supporting all channels 
input to it. At a point along the input waveguide 12 is located 
a wavelength-Selective filter 14 which is preconfigured to 
couple one channel, of a Selected wavelength band, from the 
input waveguide to a branching waveguide 16 while at the 
Same time enabling all of the remaining channels to 
copropagate along a next waveguide Section 15. The 
wavelength-Selective filter 14 thus functions as a Spatial 
filter that drops a preselected channel from the waveguide 
while continuing to transmit all other channels. 

The dropped channel is directed to a spatial Switch 18 
which is configured to additionally accept from a Second 
input 19 and Second input waveguide 20 a Second optical 
channel, which in most applications is preferably of a 
wavelength band having a center frequency identical to that 
of the dropped channel. The spatial Switch 18 is controllable 
between two Switch States that Set the output of the Spatial 
Switch 18 in one of two possible configurations. Specifically, 
in a first controllable switch state, the spatial Switch 18 
directs the dropped channel to a branching waveguide 24 
and on to a Second filter 26 that injects, or adds, the dropped 
channel back with the copropagating channels for copropa 
gation in a first output waveguide 30 and a first output 31, 
connected to, e.g., an optical fiber in a LAN, while the 
Switch input originating at the Second waveguide 20 is here 
directed by the Spatial Switch to a Second output waveguide 
22 and second output 29. 

In a Second controllable Switch State, the Switch spatially 
reverses the two outputs; here, the dropped channel is 
directed to the Second output waveguide 22 and Second 
output 29, while the Switch input originating at the Second 
input waveguide 20 is directed via the branching waveguide 
24 to the Second filter 26 for injection with the copropagat 
ing channels and output at the first output 31. 

15 

25 

35 

40 

45 

50 

55 

60 

65 

10 
Turning to FIG.3, in an example microfabricated embodi 

ment of this class of wavelength-Specific add/drop Switches, 
shown in a planar top view, the Switch components are 
formed as monolithic structures on a Substrate 21. The first 
input waveguide 12 of the Switch here is fabricated on the 
Substrate to confine the input channels via total internal 
reflection, and is configured as an integral component of the 
first filter 14, here embodied as a microfabricated resonant 
channel-dropping filter 32 employing a resonant optical 
reflector Bragg grating 33 and a resonant optical receiver 
Bragg grating 35. The channel-dropping filter (CDF) 32, 
described in detail below, directs the dropped channel from 
the first input waveguide 12, also referred to hereinafter as 
the center waveguide between the two resonators, to the 
branching waveguide 16 for input to the spatial Switch 18. 
Here, the spatial Switch 18 is embodied as a microfabricated 
interferometric Switch 34 including two 50/50 evanescent 
coupling regions 37, 38, Separated by two interferometer 
arms 40, 42, one or both of which include a phase controller 
44, 46, for controlling the relative phase difference between 
optical modes that propagate along the interferometer arms. 
The first coupling region 37 splits the optical energy from 
the two waveguides, 16, 20, onto the two interferometer 
waveguides 40, 42. 

It is the interferometer phase controllers 44, 46, that set 
the State of the Spatial Switch output configuration. Based on 
the State of the phase controllers, the Second coupling region 
38 splits the optical energy from the two interferometer 
waveguides 40, 42, between the Second output waveguide 
22 and the second filter 26, here embodied as a microfab 
ricated channel-adding filter (CAF) 36. The CAF configu 
ration is the reverse of that of the CDF, here including a 
resonant optical transmitter Bragg grating 41 and a resonant 
optical reflector Bragg grating 43. The CAF adds a channel 
from the branching waveguide 24 to those channels 
copropagating in the first output waveguide 30, also referred 
to hereinafter as the center waveguide between the two 
gratings. 
The operation of the add/drop Switch is more fully 

described with reference to FIGS. 4A and 4.B. In the first 
state described above for the spatial Switch 34, hereinafter 
referred to as the line state, shown in FIG. 4A, the phase 
controllers 44, 46, of the interferometer arms 40, 42, are set 
Such that the phase difference, A?p, between optical modes 
propagating along the two arms is (2nt--IL), wherein n is any 
integer, including Zero. The Bragg gratings of the CDF and 
CAF are fabricated Such that the Bragg period characteristic 
of the gratings corresponds to the center frequency of the 
channel of interest. 

In operation, the CDF 32 drops from the first input 
waveguide 12 the channel of interest, e.g., a channel of 2. 
wavelength, out of N distinct channels input on the first 
input waveguide. The 2 channel is directed to the inter 
ferometric Switch 34, while the other channels, i.e., the 2, 
23, . . . . A channels, copropagate along the next Waveguide 
Section 15. Along the Second input waveguide 20 can be 
introduced a 22' channel, here identified with nomenclature 
to indicate that it may be of differing data from the dropped 
2 channel but that, as explained earlier, it is preferably of 
a wavelength band center frequency identical to that of the 
dropped channel. 

In this line State of the Switch, the optical energy of the 
dropped a channel and the input 2' are split by the input 
coupling region 37 to propagate channel propagate along 
arms 40, 42. The interferometric Switch imparts a difference 
in phase of it between the two arms 40, 42. After combina 
tion through the Second coupling region 38, this results in 
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the 2 dropped channel being directed to the CAF 36 to 
rejoin the copropagating channels, albeit with a time delay. 
The input a channel here is directed to the Second output 
waveguide 22. 

In the cross state of the add/drop Switch, shown in FIG. 
4B, the phase controllers 44, 46, of the interferometer arms 
are Set Such that the phase difference, Aqp, between optical 
modes propagating along the arms is (2nt), where n is any 
integer, including Zero. In this Second State, as in the first, a 
Selected channel, e.g., the 2 channel, is dropped by the CDF 
32 while the remaining 2,2,..., xy channels copropagate 
undisturbed along the waveguide 15. With the spatial Switch 
Set in this Second State, a 22' channel that is introduced at the 
Second input waveguide 20 is Switched with the dropped ), 
channel at the output of the spatial Switch 34, with the 2' 
channel being directed to the CAF 36 for adding with the 
copropagating channels and the dropped a channel being 
directed to the Second output waveguide 22. 

This controllable, dual-state switch operation provided by 
the invention enables the wavelength-Specific user channel 
configuration of the optical ring LAN described earlier and 
shown in FIG. I to be facilitated in a particularly elegant 
manner; in the line State, the Switch is Substantially trans 
parent to all channels of the LAN, and only in the croSS State 
is the user channel of interest tapped from the LAN, remain 
ing transparent to the other channels. This efficient user node 
channel control eliminates the need for continuous spatial 
Separation of every channel on the LAN at every user node. 
Other advantages of the Switch will be discussed below. 

Turning now to Specific design and fabrication consider 
ations for the add/drop Switch of the invention, first the 
design of the CDF and CAF will be discussed. The cross 
Sectional design of these components should preferably 
include considerations for waveguide-grating evanescent 
coupling strength, Bragg grating Strength, Waveguide 
grating phase-Velocity Synchronism, and Single-mode trans 
mission characteristics, the planar design should preferably 
include considerations for obtaining desired channel lin 
ewidth transmission, as well as reception, and crosstalk 
behavior, and insertion and propagation losses. In addition, 
the design preferably accounts for fabrication error toler 

CC. 

FIG. 5A identifies the relevant geometric parameters for 
the channel-dropping filter 32. First reviewing the CDF 
operational details, the CDF enables Single-channel filtering 
using two Side-coupled quarter-wave shifted Bragg resona 
tors that act in concert to remove from the input waveguide 
12 that channel for which the resonators were designed to 
evanescently couple from the input waveguide 12. The 
Bragg resonators are provided as a reflector Bragg grating 
33 and a receiver Bragg grating 35, each formed as a 
waveguide that is provided with a grating Structure having 
an identical grating period, that period being one which 
corresponds to the Bragg wavelength, Set as the center 
frequency of an optical channel to be dropped from the input 
waveguide 12, e.g., the 2 channel, as shown in the figure. 
The Bragg gratings act to vary the effective refractive indeX 
of the grating waveguides in a periodic fashion, resulting in 
a grating resonator functionality with the ability to evanes 
cently couple optical energy to and from the adjacent input 
waveguide 12, only the energy of a frequency band that is 
centered at the Bragg wavelength and whose width is equal 
to the width of the grating resonance can be coupled. 
A Spacer portion, hereinafter referred to as a quarter-wave 

shift (QWS), that corresponds to the Bragg wavelength for 
the dropped channel, i.e., at 2/4 in this example, located at 
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a point along each of the gratings, Supports a Single high 
efficiency coupling response at the Bragg wavelength; the 
wave shift imposes a net one-quarter wavelength shift of the 
Bragg wavelength along the grating. The location of the 
quarter-wave shift distinguishes the operation of the reflec 
tor and receiver Bragg gratings. A wave shift centered along 
the length of a grating results in balanced resonator func 
tionality and enables reflection of a Selected channel back 
toward the input of the input waveguide. An off-center 
location of the quarter-wave shift results in an unbalanced 
resonator functionality, whereby significant optical energy 
can escape from the short "arm' of the grating. Location of 
a "tap-off” waveguide, at the end of this short arm enables 
capture and guiding of the escaped light. 
With this configuration, the reflector and receiver Bragg 

gratings 33, 35, can cooperate to drop a Selected channel, 
e.g., the 2 channel, from the input waveguide 12 and 
capture it with the branching waveguide 16, if the two 
gratings are located in proximity to the input waveguide 12 
with a net quarter-wave shift Separation, as Seen along the 
center waveguide, between the gratings at the Bragg wave 
length. In the example design for dropping the 2 channel, 
the reflector Bragg grating 33 resonates in response to the 2. 
channel and evanescently couples to the input waveguide 12 
to reflect the 2 channel back to the waveguide input (to the 
left), while allowing the other channels to transmit (to the 
right) along the waveguide 12 undisturbed. Simultaneously, 
the receiver Bragg grating resonates in response to the 2. 
channel and due to its unbalanced arm lengths, allows the 
channel to escape from the end of its short arm, L, where 
the 2 channel is captured by a branching waveguide 16. 
With this cooperating action, the two gratings act to drop the 
2 channel from the input waveguide 12 but transmit it on 
the branching waveguide 16. 

Considering the complementary operations of the CAF, in 
an example channel-adding configuration for the 2 channel, 
the CAF transmitter Bragg grating 41, FIG. 3, transmits the 
2 channel to the first output waveguide 30, with the CAF 
reflector Bragg grating 43 cooperating to enforce this trans 
mission action. It is to be recognized that the considerations 
discussed below for the CDF design are equally applicable 
to the CAF design. 
The following parameters are to be Selected for tuning the 

CDF operation for Selected channel dropping. AS shown in 
the figure, the Bragg grating period, A, of the gratings 33, 
35, is selected to correspond to the channel wavelength of 
interest. In the receiver grating 35, the length of each 
resonator "arm, i.e., the length of the grating on each side 
of the location of the quarter-wave shift (QWS), is selected 
with the short arm, L, being that arm on the Side to which 
the dropped channel is to be transmitted (to the right in the 
figure); the long arm is then Scaled as a function of the short 
arm, i.e., all, where a is greater than one. The arms of the 
reflector grating 33 are equal, each Set as L. The optical path 
length of the input waveguide 12 between the OWS of the 
receiver and reflector gratings is set to be an integral number 
of one-half Bragg wavelengths plus one quarter Bragg 
wavelength. The receiver grating 35 is separated a first 
Specified distance, S, from the input waveguide 12, and the 
reflector grating 33 is separated a Second Specified distance, 
S., from the input waveguide 12. 

FIG. 5B provides a cross-sectional view of one example 
implementation of the CDF of FIG. 5A, taken at B-B'. The 
input waveguide 12 and reflector and receiver gratings 33, 
35, respectively, all are in this example implementation 
formed of a common core layer 50 in which optical trans 
mitted energy is vertically confined due to an upper con 
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finement cladding layer 52 and a lower confinement clad 
ding layer 54. This confinement can be accomplished by, 
e.g., employing cladding materials having a lower refractive 
indeX than the core material, as is conventional. The clad 
ding and core layer “Sandwich' thus formed is Supported on 
an underlying substrate 56. 

Optical transmitted energy is horizontally confined to the 
waveguide and grating regions of the core layer by rib 
shaped Steps that define each of the grating waveguides 33, 
35, and the other waveguides, e.g., the first input waveguide 
12, in the core layer. The periodic grating Structure etched 
into the grating ribs, shown in FIG. 5A, acts to Spatially vary 
the effective index of refraction along the gratings, as 
explained earlier. It is to be recognized that Such gratings can 
be formed directly on the core layer or alternatively on the 
top of the upper cladding layer 52, aligned to the corre 
sponding underlying ribs in the core layer. Alternatively, the 
periodic grating can be produced by an optically-induced 
refractive index variation Such as a photo-refractive varia 
tion produced by irradiation by UV radiation of a hydrogen 
loaded, germanium-doped, Silicon dioxide core layer. 

Table I below Summarizes the physical parameters of the 
CDF illustrated in FIGS. 5A-B, along with optical, spectral, 
and additional parameters for designing the CDF. Physical 
parameters that are Specific to the croSS-Sectional waveguide 
geometries will be presented later in the discussion 

TABLE I 

Optical Parameters Definition 

K Grating strength (cm) 
it. Waveguide-waveguide coupling strength (cm) 

Waveguide effective index 
Waveguide group index 

Physical Parameters Definition 

L1 Resonator arm length from QWS (short) 
C. Scailing between arm lengths (L2 = C.L.) 
L2 Resonator arm length from QWS (long) 
A Grating period 
S12 Waveguide-waveguide separation 

Spectral Parameters Definition 

WB Wavelength of resonance peak 
Is It. It Peak resonance intensities, signal, transmission, 

reflection 
Av Resonance linewidth 
BL In-band baseline level 
BL-out Out-of-band baseline level 

Additional Parameters Definition 

p Ratio of power escape mechanisms, and R = pZ. 

Of the physical parameters given above, the grating 
period, , is set based on the Selected Bragg wavelength, 2., 
corresponding to a Selected channel to be dropped by the 
CDF. The Bragg wavelength, 2, is defined as: 

B 
2noff 

A (1) 

and where is the period of the grating and n is the 
effective refractive index of the optical mode. 

Turning to the other geometric parameters, consideration 
of the Q-parameter of the Bragg gratings must be made. Any 
resonator which is coupled to external Sources is described 
by a Q-parameter. The Q-parameter of a resonator is in 

5 

15 

25 

35 

40 

45 

50 

55 

60 

65 

14 
general given as the ratio between the total energy contained 
within the resonator divided by the net power which escapes 
the resonator per resonant cycle. In the case of the Side 
coupled resonators of the add/drop filter, there are two 
primary energy-escape mechanisms: energy which escapes 
from the two ends of the finite-length grating resonator, and 
energy which escapes from the resonator by evanescent 
Side-coupling to the input waveguide. The inverse 
Q-parameter associated with energy escape from one reso 
nator end is given by: 

(2) 

while the inverse Q-parameter associated with energy 
escape to the center waveguide in both directions is given 
by: 

(3) 1. 4Kvg 
Qe (uf K); (0 

where in both equations, coo is the Bragg frequency, V is the 
group Velocity of the optical mode, K is the grating Strength, 
tl is the evanescent coupling Strength, and L is the length of 
the waveguide between the quarter-wave shift to the grating 
end. The grating Strength will be determined by the 
waveguide design as given by the following. 

The total inverse 0-parameter of a resonator then given as 
the Sum of the constituent inverse Q components: 

(4) 

where AV is the FWHM of the Lorentzian-like resonance 
and Vo is the center frequency. A useful variable change to 
convert between v/coo to more directly available design 
quantities is V/coo-ho?2 tn: 

Next, the balance between the two inverse-Q components 
is defined using the p parameter as: 

(5) 

It can be shown that the power, transferred to the receiver 
port of the receiver grating, I, the power transmitted along 
the input waveguide, I, and the power reflected along the 
input waveguide, I, are given by the following relations, 
respectively: 

I = - (6) 
* (p + 2) 

4 

i (, ; 22 
p 

I = (p + 2) 

The balance between the two energy escape mechanisms 
determines the degree of transmission, reflection, and 
reception, while the Sum of the energy escape mechanisms 
dictates the Spectral line width of the resonance. 

Considering first the design for the receiver resonator, by 
design, in order for a resonant channel-drop filter to tap off 
100% of the on-resonant light from the center waveguide, 
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the receiver resonator, as it stands alone, must transmit, 
receive, and reflect 4/9, 4/9, and 1/9, respectively, of the 
incident optical power on the center waveguide. Referring to 
the above equations, the p parameter must equal unity to 
achieve the proper energy escapement balance. AS Such, the 
total inverse Q parameter for the receiver resonator is three 
times the inverse Q parameter associated with the energy 
which escapes the resonator via evanescent Side coupling. 
Using the above equations, the u/K ratio for the receiver 
resonator is then given as: 

(7) 1$2. 

TA) 12. s 

where c is the Speed of light in vacuum. This relation gives 
the Strength of the evanescent Side-coupling required for a 
fixed resonance line width, grating Strength, and group indeX 
of the optical mode. The actual physical Separation between 
the receiver resonator center waveguide, given as S. in 
FIGS. 5A-B, is approximately determined in general as: 

where to and C. are determined once the particular 
waveguide geometries are fixed. 

The length L between the quarter-wave shift and the 
short end of the receiver resonator is found from the balance 
between the two aforementioned energy escape mecha 
nisms. Using Eqns. (2-3) in combination with Eqn. (4), and 
assuming insignificant energy loSS from the long end of the 
grating, the KL product for the Short grating end is given as: 

KL1 a nick up (9) 

The length of the long arm is then Set to be long enough So 
that only a Small amount of light escapes from this end. For 
example, the long grating arm can be twice as long as the 
Short grating arm. 

Considering next the reflector resonator, by design, the 
reflector resonator is to reflect most of the incident light back 
along the center waveguide. For example, 99% or more of 
the light is optimally reflected. In this case, the p value for 
the reflector would be ps397. In general, transmission past 
the reflector resonator is preferably as low as possible So as 
to completely extinguish the on-resonator energy of the 
Selected channel from the center waveguide. Nearly com 
plete extinction is preferred in order to avoid interference 
with other data Streams which share the Same center wave 
length. 

By design, then, the reflector resonator is to return to the 
center waveguide nearly all of the optical energy of the 
Selected channel wavelength band which comes along the 
waveguide. The only energy escape mechanism from the 
reflector resonator is coupling back to the center waveguide; 
recall that the two arms of the reflector resonator are of equal 
length, and here, by design, the arms are made long enough 
So that any energy leakage from the ends is insignificant. 
Also by design, the Q-parameter of the reflector should 
match that of the receiver; a difference in the two Q 
parameters would create Spurious transmission or reflection 
along the center waveguide for wavelengths slightly off 
from the Bragg frequency. While these Spurious transmis 
Sions or reflections can have Some practical use in a par 
ticular application, in the general design provided here they 
are avoided. 
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To match the Q-parameters between the reflector and 

receiver resonators, the coupling Strength between the 
reflector waveguide and the center waveguide must be 
greater than the receiver-to-center waveguide coupling 
Strength. The receiver resonator, as designed above, loses a 
total of three times the energy which couples to the center 
waveguide every resonant cycle. The energy loSS to the 
center waveguide must be increased for the reflector reso 
nator to correspondingly decrease its Q value to match that 
of the receiver resonator. The result is that, approximately, 
the ratio of reflector to receiver coupling Strengths is given 
S. 

(10) il2 a. V3 ul. 

The KL product for the reflector arms centered at the quarter 
wave shift is then given by: 

KL2 sin | (k/a) 

While this discussion of the design of the two side 
coupled resonators has presented the necessary design 
equations, there are practical limits to the range of values of 
grating Strength and waveguide-waveguide coupling 
Strength, which in turn limit the range of resonant linewidths 
and degree of crosstalk between the center waveguide and 
grating waveguides. Specifically, when the gratings are 
formed as physical corrugation patterns in corresponding 
waveguides, the grating Strength is a function of the depth of 
the grating pattern and the core-to-clad refractive index 
difference. A deep grating and high core-to-clad index 
difference is necessary for a large grating Strength, which in 
turn can yield a wide resonant linewidth. However, Such a 
grating will likely be highly polarization-dependent, have a 
high aspect ratio, as defined as the grating height divided by 
half the grating period, have a Small mode size, and exhibit 
large radiation loSS due to coupling the grating induces 
between the bound and radiation modes of the structure. 
Thus, moderation in the grating Strength is necessary. 

Similarly, moderation is necessary for the waveguide 
waveguide coupling Strength. If the coupling Strength 
required by the equations above is excessively large, where, 
for example, the transverse-direction evanescent field decay 
between waveguides is only a few e-folds down, then higher 
order coupling effects become important. These effects loose 
the distinction in which one bound mode is associated with 
only one waveguide. Such a loSS of distinction creates 
inherent crosstalk between the two waveguides, which in 
turn produces a deleterious effect in the overall filter 
response. 

Finally, as one tries to decrease the resonance line width, 
inherent waveguide loSS becomes a significant effect. 
Waveguide loSS introduces a third energy escape mechanism 
to the resonator. If the energy which escapes the resonator 
from the grating ends or via coupling to center waveguide is 
less than the energy which is lost per cycle due to loSS, then 
the Q-parameter of the resonator is dominated by the loSS. 
Such dominance of the loSS at narrow resonant linewidths 
creates a practical lower bound on the line width these 
resonant add/drop filters can achieve. 

In a preferred embodiment of the CDF and CAF designs, 
the coupling Strength between the center waveguide and 
each of the CDF and CAF gratings is tapered at the location 
of each of the CDF and CAF resonator gratings to provide 

(11) 
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a distance of closest proximity at the location of the OWS of 
each resonator. The purpose of the taper is to reduce the 
optical power which is exchanged between each of the 
resonator waveguides and the center waveguides for input 
optical frequencies outside the Selected channel, i.e., outside 
of the Bragg Stopband. Such a taper is preferably designed 
So that at the Selected Bragg frequency, the Q-parameter of 
each resonator is the same as the case where the center 
waveguide-resonator waveguide pair has no taper accounted 
for in the coupling parameter. 

Referring to FIG. 6, there are Several taper configurations 
that can be employed. In a first example taper configuration, 
shown in the figure, the center waveguide can take the shape 
of an arc in the areas of the resonators. In this case, the input 
waveguide Section 12 first arcs toward the receiver resonator 
35 of the CDF32, then arcs toward the reflector resonator 33 
of the CDF; in the area of the CAF 36 the output waveguide 
Section arcs toward the reflector resonator 43 and then arcs 
toward the transmitter resonator 41. The closest approach 
between the center waveguide and each resonator is located 
at the quarter-wave shift of the resonator. 

In an alternative configuration, the center waveguide can 
take the shape of a 'V' where an approaching Segment and 
withdrawing Segment, toward and away from, a resonator 
are both Straight waveguide Sections but each is at an angle 
with respect to the resonator; at the quarter-wave shift the 
waveguide abruptly changes angle from approach to with 
drawal. Alternatively, the center waveguide can take a shape 
similar to a 'V' shape but with the addition of a waveguide 
Section parallel to each resonator between the two angled 
Sections. Other center waveguide layout configurations can 
be employed, as can be recognized based on this discussion. 

Considering Specific design parameters for an arcing 
waveguide design as shown in FIG. 6, the two geometric 
parameters to be determined are the radius of curvature, R, 
and the decrease in Separation between the center waveguide 
and resonator waveguides. 

Recall that the Q-parameter related to energy escape from 
a resonator to the center waveguide is given as: 

1. 4ky 

= (a/), (12) 

where the coupling strength is here written as ulo' 
to indicate that u is constant across the resonator length and 
that the waveguide shape is linear, (I). 
A new Q-parameter that is associated with the tapered 

coupling center waveguide can be calculated and then 
equated to the above Q expression. Using a model where the 
center waveguide shape is characterized as having a para 
bolic shape in the area of a given resonator's quarter-wave 
shift and where the maximum angle of the parabolic arc is 
less than 15, the separation between center waveguide and 
resonator waveguides, y, as a function of length, Z, is 
approximately given as y(z)=zf/2R. Application of the para 
bolic shape to the coupling equations then yields a new 
Q-parameter associated with the arc-waveguide as: 

1. 4Kvg (c) (13) 
= - 8 (it 2. 

Qe Coo f Koff); 

where uo" is the maximum coupling strength of the circular 
waveguide, (c), shape, and Kris the effective resonator field 
growth/decay as experienced on the center waveguide. The 
effective K is given as: 
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-1 (14) Rs sa-l. Re-e?, 
where 

R = RKf a 

RS = WRA a ; 

and where C. is the transverse decay rate of the bound optical 
mode. 

In order to maintain the total Q-value of the resonator, 
Eqns. (12) and (13) are equated to each other. The result is 
the identity given as: 

Because K2K, then Alo’euo; in other words, the closest 
approach of the center waveguide to the resonator guide 
must be closer than in the case of a Straight center waveguide 
shape. The decrease in Separation between the center and 
resonator guides is given as: 

(c) HS = e^y; plS 

So that 

1. Ke 16 Ay = In t (16) 
C K 

The remaining geometric parameter to be selected is the 
radius of the arc, R. There are a variety of Selection criteria 
that can be used, depending on the application to be con 
sidered for this parameter. One example criteria is simply 
that at Z=L, the end of the resonator, the Sweep of the arc is 
Some fixed angle, Say 15 degrees. In this case, the arc radius 
is given as: 

R=Lisine. (17) 

A Second criteria is one based on the degree of evanescent 
power coupling between the center waveguide and the 
resonator waveguides for light whose wavelength is outside 
of the Selected Bragg Stopband. The power that is exchanged 
is related to first order by the phase integral of the coupling 
parameter as: 

The actual croSStalk from the center waveguide to a given 
resonator is given as: 

(18) 

BLo=sin (cp). (19) 

A convenient normalized notation is introduced here, where 
R=CL/2d, where L is the resonator length from the quarter 
wave shift to the end, and where d is defined as Cy(Z=L)=d, 
which is the number of e-folds the transverse center 
waveguide field has decayed at the end of the resonator. The 
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integrated phase for the arc-shaped tapered-waveguide is 
given as: 

(b. = (24/k)f(KL; d); (20) 

where 

-(KL/4d (21) 

f = . - e 

2 Vd 

and 1<fsKL. 
In practice, a realistic f-value can be in the range of 

between about 1.25-1.35. Given Some desired decrease in 
the power coupled between the center waveguide and reso 
nator waveguides, an f-value can be found which in turn 
yields a radius for the arc. The bend-loSS associated with any 
radius of curvature, R, should preferably not be large enough 
to interfere with various other design criteria, Such as total 
insertion loSS. 

The expression for p in Eqn. (20) indicates that there is 
an inherent lower-bound on the out-of-band croSStalk, given 
a specific filter linewidth. Out-of-band crosstalk reduction 
below that in Eqn. (20), even with f=1, can be realized only 
via pre- or post-filtering Spectral components which lie 
outside of the stopband. 
A further design criterion for the center waveguide taper 

is based on the fact that, as explained above, the reflector and 
receiver resonators of the CDF, like the reflector and trans 
mitter resonators of the CAF, must be separated length-wise 
by one quarter of the Selected Bragg wavelength, as accrued 
along the center waveguide. The arc introduced into the 
center waveguide shape in the taper design presented above 
requires a correction to the design radius value to produce 
this net quarter-wave shift. Given that the two resonators of, 
e.g., the CDF, are themselves preferably produced on a 
globally coherent grid System, meaning the that the grating 
“teeth" periodicity does not fall out-of-step from one reso 
nator to the next along the longitudinal axis, then the center 
waveguide arc radius and Sweep angle must Satisfy an 
equality given as: 

(R, A)0 = n, (22) 

where n is any integer and ) is the Selected Bragg wave 
length. This relationship expressed in relation (22) was not 
Specifically enforced by the taper design criteria given 
previously. This relationship adds a Small correction to the 
radius R, or equivalently the Sweep angle 0, to meet the 
quarter-wave shift requirement of the resonators. 

For clarity, the radius R from the preceding analysis will 
now be referred to as Ro. The adjusted value of the radius is 
then given as R, where R=R-AR, the amount of radius 
adjustment. Relating these parameters as: 

R fA)0 = n + e (23) 

where e is the remainder from the non-integral value on the 
left-hand Side of Eqn. (23), a radius that achieves a quarter 

15 

25 

35 

40 

45 

50 

55 

60 

65 

20 
wave shift between the two resonators along the center 
waveguide is then given as: 

R = R - (a f6)e. (24) 

With this formulation, an accuracy of the radius Specifica 
tion to about 1 um is Sufficient to achieve an accuracy of 
about 0.05% in the net quarter-wave shift. 

Both the Straight- and tapered-center waveguide designs 
just discussed are based on an assumption that the phase 
Velocities of the center waveguide and each of the resonator 
waveguides are matched. However, without Specific 
waveguide design criteria that impose a phase-Velocity 
matching requirement, this requirement is not necessarily 
automatically met. The condition to be compensated for is 
illustrated in FIG. 7. Referring to FIG. 7A, there is shown a 
core layer 21 on which two waveguide ribs 23, 25, have been 
produced with Substantially identical dimensions. In this 
Scenario, the two waveguide ribs 23, 25, are both charac 
terized by the same propagation constant, ko. Turning to 
FIG. 7B, if the second waveguide rib 25 is modified to 
include a periodic grating 27, then the propagation constant 
of the modified rib is correspondingly shifted to a new 
propagation constant value, k, that is different from the 
propagation constant ko, of the first waveguide rib 23. 
The origin of this shift in propagation constant, and 

correspondingly, the phase Velocity, of a grating waveguide, 
can be understood as follows. When a waveguide mode at a 
Selected Bragg wavelength is coupled to a corresponding 
Bragg resonator grating, the mode is reflected to Some extent 
back along the grating waveguide, as explained earlier. 
Using perturbation theory, the grating Strength of a first 
order Square-wave grating is given by 

Along 
(25) 

K T.T. sin(it D); 

where K is the grating strength, Jo, is the Bragg wavelength, 
n is the group index of the bound mode, D is the grating 
duty cycle, and T. and T are the Overlaps of the transverse 
field profile with the grating lateral and Vertical croSS 
section, respectively. In general, T. and T, can be combined 
into one overlap factor, depending on the geometry of a 
given waveguide. 
The reflection Strength of the grating is that grating 

characteristic which impacts the phase Velocity Supported by 
the grating. Specifically, the introduction of the grating to a 
rib waveguide necessarily changes, and in this case reduces, 
the effective modal index of the grating waveguide because 
Some fraction of the core region is now modulated with a 
lower-indeX cladding region that is deposited on top of the 
grating and thus that fills the Space between each grating 
tooth. The change in propagation constant, k, for a slab mode 
due to the presence of a grating is found from perturbation 
theory to be given as: 

2ft Y2 (26) k-k’ = () (1-D)Aely: 

where Ae is the difference in material dielectric constants 
between the core layer and a cladding layer on top of the 
core layer, and T, is the same overlap integral that appears 
in the grating Strength expression. 
The difference in refractive index, and corresponding 

differences in propagation constant and phase Velocity 
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between a waveguide with no grating and one having a 
grating are generally compensated for by varying the shape 
of the waveguides. The following analysis for enabling Such 
variation assumes the geometric configuration of FIG. 7B, 
namely, that a core layer is provided that is patterned with 
the waveguide ribs, with a grating patterned directly on top 
of the waveguide rib. After the intended etching, an upper 
cladding layer is then deposited on the core layer. 
To maintain clarity and distinction between the many 

waveguide parameters involved in this analysis, in the 
following discussion the notation for the refractive indeX is 
almost exclusively replaced by the dielectric constant, in 
order to remove unnecessarily cumberSome Squared quan 
tities from the equations. The Symbols e, e, and , are 
intended to represent the material dielectric constant, the 
effective slab dielectric constant as used in the effective 
index method, and the full effective modal dielectric 
constant, respectively. All dielectric constants are relative to 
the permittivity of free-space. The Subscripts to these three 
symbols indicate the associated waveguide, e.g., e, refers to 
the effective dielectric constant of the slab mode under the 
grating rib waveguide. Dual Subscripts refer to differences 
between quantities, e.g., Ae, refers to the e-el. Where 
refractive indices are used, n represents a material index, n, 
represents the group refractive index of the full mode, and 
m is the effective index of the full mode. 

Secondly, in order to distinguish between normalized slab 
waveguide parameters for the vertical and lateral directions, 
the normalizing variables b and V, as first adopted by 
Kogelnik and Ramaswamy, are used exclusively for the 
lateral direction and the symbols g and Ware exclusively 
used for the vertical direction. Nonetheless, g and W have 
the same functional forms as b and V, respectively. 

FIG. 8A shows a cross-section of the resonator grating 
center waveguide pair of FIG. 7B and the relevant optical 
and physical parameters for their design. The widths of the 
two waveguides 23, 25, are not necessarily equal, with the 
width of the Straight waveguide rib 23, i.e., the waveguide 
rib that is unetched with a grating, given as w, and the width 
of the waveguide rib 25 etched with a grating 27 given as W. 
The total height of the unetched waveguide rib 23 is given 
ash, and the height of the grating waveguide rib 25 is given 
as h+h, i.e., the Sum of the heights of the rib and the 
grating, respectively. 

FIG. 7B is a bar chart of the effective stack indices under 
the unetched waveguide rib 23, and to either side of the rib; 
and FIG. 7c is a bar chart of the effective stack indices under 
the etched waveguide rib 25, and to either side of the rib. The 
effective Stack indices of the unetched waveguide, the grat 
ing waveguide, and the adjacent etched cladding regions, are 
e, e, and e, respectively. The presence of the grating on the 
left waveguide reduces the effective stack index by the 
amount Ae, or using Eqn. (26): 

Ae=(1-D)AeT. (27) 
That is, the effective Stack indices of the center waveguide 
and grating guides are related by e=e-Ae, 
With the definition of the lateral normalized modal dielec 

tric constant (or lateral dielectric factor for Short) b given as: 

(28) 

where is the effective modal dielectric constant, then the 
modal dielectric constants of the unetched and grating 
guides, , and , respectively, are given as: 
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C=bAete. (29) 

To insure phase-Velocity matching between the two 
waveguides, the effective modal dielectric constants must be 
equal: = This condition generates a relation between the 
unetched waveguide and grating lateral dielectric factors 
that must be satisfied: 

(31) 

Clearly, Ae, must always be less than or equal to Ae, to 
have two guiding waveguides. 

In order to expand the analysis from Eqn. (31) to one 
where the widths of the two waveguides can be determined, 
the universal transverse-electric (TE) three-layer slab 
waveguide equations are employed. In the usual notation, 
the eigenvalue equation for the first Symmetric bound mode 
is given as: 

2 b (32) 
W = tan , 

1 - b 1 - 

where b is defined as before and V is defined as 

V = 2 (w/ Ao) Ve-e: (33) 

where e is the effective dielectric constant of the center 
Stack. For maximal lateral confinement without Striking a 
second lateral mode, V=TL and b-0.6464. Equation (33) is 
next rewritten for the normalized grating and center 
waveguide widths: 

V fit 34 wg flo = (34) 

and 

V, fit wfo = (35) 

Eqns. (32), (34), and (35) provide a vehicle to translate 
between the lateral confinement factor and the guide width 
for either waveguide, given values for Ae, and Ae, 

FIG. 9 plots the normalized dielectric factor b for first and 
Second order Symmetric modes as a function of V in Eqn. 
(32). The procedure that is adopted in the following analysis 
to find the widths of the grating and center waveguides, 
under the condition of phase-Velocity matching, is shown 
graphically on the figure. Point (a) on the plot indicates the 
V-value that is related to the width of the grating guide. Eqn. 
(32) is used to calculate the lateral dielectric factor b, 
indicated as point (b) on the plot. Then, Eqn. (31) is used to 
find the lateral dielectric factor of the center waveguide, b, 
under the constraint that the two guides are Synchronous, 
that being indicated by point (c) on the plot. Finally, Eqn. 
(32) is again used in reverse to find the V-value, and hence 
the width, of the waveguide, as indicated by point (d) on the 
plot. 
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For design cases where the grating Strength needs to be 
maximized, an abbreviated approach can be used. Here, the 
b can be defined at the outset, say to b-0.64, and then V, 
b, and V, can be calculated. 

In order to find waveguide widths w, and w that result in 
a Synchronous waveguide pair, first Eqns. (32-33) are com 
bined to give the governing determinantal equation: 

36 bu (36) 2 t 
al 1 -b, 27 (w flo) v Aec = 

However, the values of b, are not arbitrary, but rather follow 
from the Synchronization condition, Eqn. (31), and a given 
b. With the independent variable b given, the two values 
in the system which must be determined are Ae, and Ae. 
Maximizing Ae, with respect to Ae, in order to maximize 
the grating strength, the relation between b, and b is given 
S. 

(37) 

Once values for b and b, are determined, the ratio of 
center waveguide to grating waveguide width is found by a 
relation given as: 

W, flo (38) 

Given a full single-mode range of values for b, 
0<b.<0.6464, the ratio ingrating to center waveguide-width 
for a maximized value of grating Strength is nearly 2.0 to 
within a few percent. Thus, a general rule, the ratio of 
waveguide widths should be a factor of two, while the 
absolute waveguide width is determined by the degree of 
core-to-clad indeX contrast the particular waveguide System 
can provide. 
An alternative means to design Synchronous waveguide 

pairs is available when it is not desired to maximize the 
grating Strength for a particular core-to-clad indeX contrast. 
One reason a reduced grating Strength design can be desir 
able is its ability to enable reduction of the aspect ratio of the 
grating teeth, as defined by the grating height divided by half 
the grating width. High aspect-ratio gratings can in Some 
fabrication processes be difficult to lithographically define 
and fabricate and thus are generally not desirable. 
To design a Synchronous waveguide pair with a reduced 

grating strength, Eqn. (38) is first considered, with the width 
ratio being Set to less than about 2:1, e.g., Set to about 1.5:1. 
Then, those values of b, and b are found which satisfy Eqn. 
(38). Finally, the corresponding values of Ae, and Ae, are 
determined So that the grating Strength can be calculated. 
To complete the waveguide design, the core layer 

thickness, the waveguide etch depths, and the grating etch 
depth are determined. While there are many geometric and 
optical parameters to be determined in a full design, only 
three variables are free to be defined by the waveguide 
designer: the core-to-clad dielectric difference Ae, the nor 
malized center waveguide-stack dielectric constant g, and 
the grating duty cycle D. The remaining parameters are 
found using these three variables and the variables previ 
ously given, with all variable values taking into account for 
material and fabrication limitations, as is conventional. 

The effective stack dielectric constants of the unetched 
and etched waveguide rib regions, corresponding, 
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respectively, to the waveguide having no grating and that 
having a grating, are given as: 

where e and eo are the core and clad material dielectric 
constants, and g, and g are the normalized unetched and 
etched Stack dielectric constants. Given that Ae=e-eo, then 
the normalized etched dielectric constant, g, is found from 
the difference of Eqns (39-40) as: 

Aeuc 
As 

(41) 
Sc F3 

Because the value of g. must be Zero or positive, a lower 
bound on the gAe product is found as: 

gA€2Ae. (42) 

Next, Eqn. (42) is manipulated to place a lower bound on the 
center waveguide width, w/oo, for a given Ae as: 

The heights of the unetched and etched waveguide Sec 
tions are found using the expression for the normalized 
variable W (compare Eqn. (33)): 

(43) 

(44) 

(45) 

where the variable W is the vertical equivalent of lateral 
variable V, and is determined by Eqn. (32). 

It is a more complicated matter to find the appropriate 
grating depth, hi? o. In order to do so, the expression that 
relates the change in dielectric constant to the presence of a 
grating, Eqn. (27), is used. Here the relation to be satisfied 
is given as: 

(46) Ty 

under the condition that h=h1+h. The functional depen 
dencies of the vertical-slab field grating-overlap, T., are 
expressed as: 

where h/?o-f(gAe). Because g, D, and Ae are indepen 
dent variables, h/2 is a function of these independent 
variables, and Ae, is determined from the lateral design 
methods, the only remaining dependent variable is h/?o. 
The full expression for the Overlap integral T, can be found 
by using multilayer dielectric Stack theory, where the top and 
bottom dielectrics are the upper and lower cladding, 
respectively, the inner two dielectrics are the core and 
average grating dielectrics, and the Slab mode is the funda 
mental bound mode. 
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Turning to design of the remaining component of the 
add/drop Switch, namely, the interferometer Switch, in one 
example embodiment in accordance with the invention, the 
interferometer Switch is a Mach-Zehnder Switch. As 
explained earlier and shown in FIGS. 3-4, the interferometer 
Switch 34 includes an input evanescent coupling region 37 
having two input waveguides 16, 20, and an output coupling 
region 38 having two output waveguides 22, 24, for pro 
ducing a 2x2 Spatial Switch. 

In design of the interferometric Spatial Switch, the two 
arms that Separate the input and output coupling regions are 
each designated to be of an identical arm length, L. On at 
least one of the two interferometric arms a control is placed 
to impart a phase shift on the effective refractive index of the 
optical mode guided by each of the arms. The control can be 
provided as, e.g., a thermal heating pad, to induce a thermo 
optic phase shift, alternatively as, e.g., an electrode, to 
induce an electro-optic phase shift, or as another other type 
of phase control. In general, a phase controller can be placed 
on both arms for either redundancy or more complex con 
trol. 

Considering the design of the interferometer coupling 
regions, FIG. 10A shows details of one of the couplers, 
namely, the input coupling region37. The dimensions of the 
coupler to be determined, given known values for d and d, 
the farthest distance of Separation of the two input 
waveguides 16, 20, and the farthest distance of Separation of 
the two interferometer arms 40, 42, respectively, are do, the 
distance between the waveguides in the coupling region 37; 
R, the radius of curvature of the waveguides as they make 
the transition to and away from the coupling region; 0, the 
input angle of curvature of the waveguides to the coupling 
region; 0, the output angle of curvature of the waveguides 
out of the coupling region; and L, the length of the coupling 
region. Preferably, the couplers are designed Such that each 
is a 50/50 coupler, i.e., that 50% of the optical power on one 
waveguide is transferred to the other at the end of the 
coupling region, and that the total loSS through the coupler 
is minimized. The two Sources for loSS are radiation loSS 
around the bends and propagation loSS along the length. 
To begin the coupler design analysis, consider two 

individually-identifiable forward-traveling optical modes, a 
and aga, and a are given as the modes normalized to 
optical power. These modes are brought in Spatial proximity 
by the evanescent coupler waveguides So as to evanescently 
eXchange optical power. The optical amplitudes of the two 
modes at the output of the coupler are related to the input 
amplitudes, given that an adiabatic approximation is valid 
where the movement of the two waveguides is assumed slow 
compared with the wavelength of the light, as: 

cosis 
-ising 

(48) 
s E. cosis 

where f3 is the propagation constant of the two waveguides, 
assumed here to be the same for the two waveguides, and the 
integrated coupling phase, is defined as 

and where the waveguide-waveguide coupling Strength is 
denoted by u. Note that mode orthogonality is strictly 
enforced in this equation and corrections must be made to 
very Strongly coupled waveguide pairs. The waveguide 
coupling Strength is a function of the waveguide Separation, 

(49) 
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which itself is a function of length for the coupler geometry 
being discussed. It is often possible to approximate the 
coupling Strength as: 

where the values uo and d are evaluated from a best-fit 
estimate to the theoretically-calculated values. 

Consider a coupler in which the input and output 
waveguide Separations are equal. In this case, the coupler is 
composed of three distinct Sections: two linear approach/ 
withdraw segments, two quadratic approach/withdraw 
Segments, and one parallel Segment. Each Segment contrib 
utes to the total integrated coupling. The contribution from 
the parallel Segment is denoted as (po, the contribution from 
each quadratic segment is given as (p/2, and the contribution 
of each linear Section is given as (p/2. The total coupling 
phase is then given as (p=(po--(p+qp. 
The Separation function between the two guides, y, as a 

function of Z is given by 

do z < Lof 2 

do +2R(1 - cosé) + Lof 2 + Rsiné < z 
2(z-Lof 2 - Rsin8)tane 

(51) 

In principle, the waveguides need not separate to infinity 
away from the coupler; once the waveguides have attained 
a Sufficient Separation, the waveguide coupling becomes 
negligible and therefore the exact functional for the y(Z) 
Outside of the primary coupling region is not important. 

Integration of the coupling phase across the three main 
regions, linear, curved, and parallel, results in distinct con 
tributions from each Segment. For most cases, the optical 
parameters of the coupler are Such that only contributions 
from the parallel and curved regions are significant. In this 
case, the total coupling simplifies to: 

(52) (bot = ado L. F Vidr 
kt (do) Leif. 

The simple form of Eqn. (52) indicates that under the above 
conditions, the coupling between two non-parallel 
waveguides can be treated as if the coupler were formed of 
two parallel waveguides Separated by do and with effective 
coupling length L. In order to find the correct effective 
coupling length for a 50/50 coupler, one sets (p=TL/4. Then, 
given R and d, the length L. can be determined. 
To Summarize this coupler design process, the length L., 

radius R, and total coupling phase are related to each other. 
The additional terms u(do) and d are then found from the 
Specific waveguide geometries. A value of do should pref 
erably be chosen So as to avoid non-Orthogonality between 
the two optical modes. 

FIG. 10B shows one segment of the coupler in FIG. 10A, 
that Segment being the output of the coupler leading to the 
first interferometer arm 40. This segment is called an 
S-bend. Both arc sections 41, 43, of the S-bend have a radius 
R and Sweep an angle 0. The vertical displacement is given 
as Ad. There are two forms of optical loss from the S-bend 
that are preferably considered, namely, radiation loSS from 
the arcs, and pathlength loSS along the entire length. C., and 
C, are denoted as the loSS per unit length for the radiation 
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and propagation loSS components, respectively. The total 
loSS is then given as: 

G(0, R. C., Cp)-O, Sbend{casionai; (53) 

where S, and S are the path lengths given by 

Sbend = 2RG (54) 

Ad-2R(1 - cosé) 
2R8 -- sine Stotal F 

If the path-length loss term, C, is Zero, then G is minimized 
by choosing a very large radius R. Conversely, if the 
radiation loss term, C., is Zero, then G is minimized with 
very Small values of R. Because, as a practical matter, 
neither C, nor C, are Zero, Some intermediate values of R 
and 0 yields a minimum in G. 
To find that minimum, G is first minimized with respect 

to 0 by taking dG/d0 from Eqn. (53). Setting dG/d0=0, 
expanding cos0 to Second order, and dropping terms of order 
(Ad/R) and higher, the optimal bend angle for a given value 
for R and given values for C, and C is then given as: 

(55) 

Next, G must be minimized with respect to radius, R. 
Because the value of C is itself a function of R, and possibly 
a non-trivial function, G(0o, R., C.(R); C is best minimized 
numerically. 

Considering the preferred length of the interferometer 
arms, it is noted that the phase controller placed on one or 
both of the interferometer arms must be able to impart a 
relative at phase shift of one mode with respect to the other 
over the arm length between the two evanescent couplers. 
Given that the controller in one arm can induce an effective 
refractive indeX change An, then the length of the two 
interferometer arms is given as: 

Opt 

A0 
2An. 

La (56) 

where to is the operating wavelength. In one example, the 
relative change in effective refractive index is 0.001. The 
length L at 1.55 um is then approximately 775 um. As a 
practical matter, one must ensure as large as possible a 
degree of isolation between the two interferometer arms. So 
that a thermally- or electrically-induced phase shift on one 
arm does not impart a nearly equal phase shift of the other 
a. 

With this understanding of the add/drop Switch design 
criteria, next is presented a discussion of one example 
fabrication proceSS for producing the Switch. It is to be 
understood that a range of fabrication processes can be 
employed and that the one described is presented as an 
example of this range. 

First referring back to FIG. 5B, the add/drop Switch is 
fabricated with waveguide Sections 12 and Bragg grating 
waveguide sections 33,35, to form the CDF, and similarly, 
the CAF; and is fabricated with other suitable configured 
waveguide Sections to form the interferometric Switch and 
branching waveguides. As shown in FIG. 5B, in one 
example configuration, the waveguides are produced as a 
core dielectric layer 50 that is “sandwiched” between upper 
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and lower cladding dielectric layers 52, 54, respectively, all 
Supported on a Substrate 56. The cladding layers are Selected 
to have a lower effective index of refraction than the core 
layer for Vertically confining optical energy in the core layer. 

In one example material System, the cladding layers as 
well as the substrate are indium phosphide (InP), with the 
lower cladding layer of a thickness of at least about 6 um and 
the upper cladding layer of a thickness of at least about 4 um. 
The core layer here is indium gallium arsenide phosphide 
(InGaAsP) and is of a thickness of between about 0.8 
tum-1.5um. In a Second example material System, both the 
cladding layers and the core layer are Silicon dioxide; the 
core layer is defined by a germanium- or phosphorus-doped 
layer of at least about 2 um in thickness. The lower cladding 
layer is then defined as having a thickness of at least about 
15 lum, and the upper cladding layer is defined as having a 
thickness of at least about 5 um. The upper cladding layer 
can be doped with, e.g., boron, as long as the refractive index 
of the doped layer nearly matches that of the lower cladding 
layer, to decrease the doped layer's melting point below that 
of the lower cladding layer, as is conventional. 
Whatever material system is employed, the add/drop 

Switch fabrication primarily requires patterning and etching 
of a core layer to define waveguide ribs in the layer and to 
define gratings on selected of the ribs. The depth of the 
waveguide ribs exceeds that of the grating patterns on the 
ribs. Such that guided mode operation is enabled. A multi 
Step lithography and etching process is required to achieve 
this geometry. It has been recognized that the fabrication of 
waveguide ribs and gratings at the dimensions required for 
typical Bragg grating operation is quite difficult. In 
particular, it is difficult to produce a grating of Sufficient 
length that exhibits the requisite optical coherence for 
intended grating functionality. 
The invention provides a particularly elegant fabrication 

Sequence for enabling the production of gratings on a 
waveguide rib in a Self-aligned manner, and further provides 
a process for producing requisite lithographic masks 
employed in the fabrication Sequence. In the fabrication 
process of the invention, the waveguide rib pattern and the 
grating patterns are provided in Separate lithographic masks, 
with the waveguide rib pattern on an optical mask and the 
grating pattern on an X-ray mask. Alternatively, a phase 
mask can be employed for the grating patterns, but in either 
case, e-beam lithography (EBL) is preferably employed, as 
explained below, to produce the grating maskS. 
The fabrication proceSS enables performing both the opti 

cal and the X-ray or phase mask lithography on a planar 
Surface, with the grating patterns residing exclusively on top 
of the waveguide ribs. This enables greatly enhanced mis 
alignment tolerance and etch precision. Misalignment tol 
erance is further enhanced using a Self-aligned mask pattern 
described below. In combination with the fabrication 
processes, the mask production technique provided by the 
invention results in gratings that exhibit a long-range optical 
coherence of better than about 2/60. 

In a first Step of an example fabrication process, a lower 
cladding layer of InP is produced having the requisite 
thickness on a Substrate, e.g., an InP Substrate. Then the core 
layer, e.g., an InGaAsP layer, of the requisite thickness, is 
produced on the lower cladding layer. Referring to FIG. 
11A, the core layer is then coated with photoresist, e.g., a 
resist that is sensitive to both UV and X-ray irradiation, such 
as polymethylmethacrylate (PMMA), or other suitable 
resist, and is lithographically patterned, using an optical 
mask, to produce for each device field four inner alignment 
reference patterns 72a-72d and four outer alignment refer 
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ence patterns 74a–74d. The photoresist is patterned such 
that the core layer 50 is exposed in the field and photoresist 
remains only in the areas 76a–76fat which gratings are to be 
formed. The figure illustrates an example SubSection of the 
full add/drop Switch pattern, here showing only three pairs 
of grating areas, each pair corresponding to one CDF, for a 
proceSS in which multiple copies of each device are pro 
duced for redundancy. The photoresist areas 76a–76f dupli 
cate the intended grating lengths but are preferably wider 
than the intended waveguide rib width on which the gratings 
are to reside, to increase tolerance for lithographic misalign 
ment in later Steps. 

In a next process Step, the patterned core layer is then 
patterned using, e.g., an X-ray mask like that of FIG. 11B, 
with the X-ray mask 80 having four alignment patterns 
82a–82d that correspond to the inner alignment reference 
patterns 72a-72d already formed on the core layer. This 
mask provides grating patterns 84a–84f that correspond to 
the photoresist areas 76a–76f The mask also includes fidu 
cial grating patterns 86a–86f that are employed during the 
mask production process. The mask production proceSS 
provided by the invention will be described below. 

With the X-ray mask 80 aligned to the core layer align 
ment reference patterns, exposure at 1.3 nm X-rays through 
the mask is completed. After development of the exposed 
photoresist, a layer of metal or another Suitable material is 
deposited on the patterned core layer and patterned using, 
e.g., a conventional lift-off process, to produce a hard grating 
mask. As shown in FIG. 11C, the hard mask 88 provides a 
planar Surface having a periodic aperture pattern corre 
sponding to an inverse of the intended grating pattern 84. 
At this point, a Second hard mask material is deposited on 

the first patterned hard mask. The hard mask materials are 
preferably Selected Such that either mask can be removed by 
way of wet or dry etching without damaging the other mask 
or the underlying core layer. One example mask material 
System employs tungsten or Silicon as the first mask layer 
material and Silicon dioxide as the Second mask layer 
material. A layer of photoresist is then applied over the 
Second hard mask, and as shown in FIG. 11D, an optical 
mask 81 including waveguide rib patterns and having align 
ment patterns 83a–83d corresponding to the outer alignment 
reference patterns 74a–74d is aligned not to the grating 
mask 80, but rather, to the core layer 50. 
Once aligned, exposure through the grating mask 81 is 

completed using visible or near-UV light to produce 
waveguide rib patterns 85a-85c in the photoresist. Referring 
to FIG. 11E, after developing the exposed resist, the pho 
toresist is employed as an etch mask for reactive-ion etching 
of the second hard mask layer 89, whereby a waveguide rib 
pattern is formed over the inverse grating pattern in the first 
hard mask 88. Then, after Stripping the photoresist, as shown 
in FIG. 11F, the first hard mask layer is stripped in the field 
areas, with the Second hard mask layer masking the first hard 
mask layer area under it. This results in a patterned 
waveguide rib mask layer 89 over a patterned grating mask 
layer 88. 

With this last lithography Step completed, the grating and 
waveguide rib patterns are etched into the core layer. First, 
the waveguide rib pattern is etched using the upper Second 
hard mask 89 as the etch mask for etching the core layer. The 
Second hard mask is then Stripped, as shown in FIG. 11G, 
revealing the patterned first hard mask 88, now located on 
top of the waveguide rib core 50. If a channel guide design 
is employed, then the waveguide pattern etch can be 
extended through the thickness of the core layer to expose 
the lower cladding layer 54 as shown in the figure. If instead, 
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a waveguide rib design like that in FIGS. 7A-B is employed, 
then the waveguide pattern etch preferably extends to a 
depth in the core layer that is less deep than the intended rib 
depth to accommodate the next grating etch Step. 

In this grating etch Step, which is the final etch Step, the 
first hard mask 88 is employed as an etch mask for etching 
the grating into the waveguide ribs. In this etch, the 
waveguide rib depth is increased; in the rib design, this 
increased etch depth is accommodated for by a reduced etch 
depth in the prior waveguide etch Step. If a channel 
waveguide design is employed, whereby the grating etch 
will etch into the lower cladding layer, no special precaution 
need be taken because etching into the cladding layer has no 
Substantial impact on optical mode operation. If, however, 
Such extra etching is undesired, the etch depth of the 
waveguides can be reduced by the grating depth. Once the 
grating pattern is etched in the waveguide ribs, the first hard 
mask is Stripped and the core fabrication is complete. An 
upper cladding layer is then deposited on the core layer and 
final packaging of the Switch is undertaken. 

It is here noted that this fabrication Sequence overcomes 
many of the obstacles encountered in conventional fabrica 
tion processes that attempt to pattern gratings on nonplanar 
Structures. Nonplanar lithography is eliminated in the pro 
ceSS provided by the invention, resulting in lithography and 
etch Steps that are not encumbered by topological features. 
The initial patterning of the core layer with alignment 
patterns and with grating area patterns enables a Self-aligned 
process in which the waveguide rib and grating masks do not 
need to be aligned to each other. The grating pattern is then 
inherently aligned to the shape and location of the 
waveguide rib patterns within a relatively large proceSS 
latitude. 
The invention provides a particularly elegant technique 

for producing an X-ray mask for the grating pattern. AS 
explained above, the optical coherency of the grating along 
the length of the grating is directly impacted by the precision 
with which the grating mask is produced. The mask pro 
duction is limited in that to produce a 240 nm period grating 
for an InP add/drop switch, or to produce a 530 nm period 
grating for a Silicon dioxide add/drop Switch, EBL is 
required for requisite pattern resolution. Moreover, EBL is 
preferably employed to enable production of arbitrary 
patterns, Such as the abrupt quarter-wave shift in the Bragg 
gratings, and to enable production of gratings with arbitrary 
periods; EBL is characterized by a degree of flexibility that 
can accommodate Such patterns. However, EBL is limited in 
that a long pattern, e.g., a 1 mm-long grating, cannot be 
written in one unitary Segment without Significant intra-field 
distortion, and thus Several Segments, each, e.g., about 0.1 
mm-long, must be instead Separately produced. AS the 
Separate grating Segments are written, they must be aligned 
to each other at the field boundaries. Any positional error at 
a field boundary can produce a corresponding phase error 
along the produced gratings, resulting in degrading of the 
optical coherence acroSS the grating length. 

In the mask production of the invention, Spatial-phase 
locked e-beam lithography (SPLEBL) is employed. 
SPLEBL requires coherent fiducial grating reference pat 
terns for deriving a direct positional reference between the 
e-beam and the Surface of a wafer or mask. With fiducial 
references available, SPLEBL can be employed to write 
gratings of arbitrary period and having arbitrary phase shifts 
while maintaining field-boundary misalignments to less than 
about 10 nm. In the invention, a combination of optical and 
EBL is employed to produce the fiducial references, with 
SPLEBL then employed to produce the gratings. 
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The X-ray mask fabrication process is begun by coating a 
blank X-ray mask, having a conductive plating base, with a 
photoresist layer. Referring to FIG. 12A, a grating pattern 90 
is then replicated in the photoresist using interferometric 
lithography, whereby a latent image of the grating is pro 
duced in the photoresist. The period of the grating is 
approximately, but not necessarily exactly, that of the 
intended grating period. The k-vector 91 of the patterned 
grating is approximately aligned to the flat 92 of the X-ray 
mask 93. A dark-field optical mask having alignment marks 
corresponding to the X-ray mask flat 92 is then overlaid prior 
to development of the photoresist. The dark-field mask 
includes four open areas 94a–94d, each, e.g., about 200x200 
tim Square. The mask is then exposed a Second time. After 
development, the grating 90 patterned in the photoresist 
exists everywhere on the face of the X-ray mask except the 
in the four open areas. The X-ray mask is then electroplated 
with gold or other Suitable metallic absorber, Such as 
tungsten, and the photoresist is removed, whereby gold 
gratings exist everywhere except in the open areas, where a 
Solid layer of gold now exists. 
At this point, the X-ray mask is then daughtered to a 

Second X-ray mask. The latter mask is Subsequently elec 
troplated to reverse the mask polarity. With the polarity 
reversal, the open areas 94a–94d are free of the opaque gold 
layer, although a gold plating base remains. The Second 
X-ray mask is then coated with photoresist and configured in 
the EBL system. The EBL system is employed to write an 
alignment mark in each of the open areas 94a–94d; these 
marks are employed in a later Step for alignment with a third 
X-ray mask. Importantly, the alignment patterns are here 
provided as themselves being aligned to the grating already 
on the mask by location of a Single grating line and align 
ment to that one line as all four alignment patterns are 
produced; this ensures a high degree of alignment accuracy 
of the grating k-vector to the patterns in the third X-ray mask. 
Solid blocking patterns are also produced adjacent to the 
alignment marks So that alignment marks to be Subsequently 
added are not patterned over. 

Referring to FIG. 12B, a third X-ray mask 95 is coated 
with photoresist and a dark-field optical mask is employed 
to produce a series of fiducial rectangles 96 in the region 97 
of the waveguides, Suitable fiducial rectangles can be 
between about 4-10 lim-wide and preferably as long as the 
gratings to be written using SPLEBL. The fiducial rectangles 
preferably are provided in a pattern that forms parallel pairs, 
with the Separation between two rectangles in a pair not 
exceeding the field of the view of the e-beam System, e.g., 
about 100 um. The dark-field mask also produces alignment 
patterns 98 for Subsequent alignment of the Second X-ray 
mask to the third X-ray mask, as well as for aligning to the 
core layer alignment reference pattern, shown in FIG. 11A. 

The Second X-ray mask is then overlayed and aligned to 
the third x-ray mask 95. An X-ray source is employed to 
expose the resist remaining on the third X-ray mask through 
the Second X-ray mask. After exposure and development of 
the third X-ray mask, the waveguide area is clear of resist 
except in the fiducial rectangle pair areas, where gratings 
have now been patterned. Note that the gratings in the 
fiducial rectangles are each highly coherent, as guaranteed 
from the interferometric lithography Step, and are further 
mutually coherent. 

The third X-ray mask 95 is then electroplated with gold, 
and then is daughtered to a fourth X-ray mask. This latter 
mask 99 is then developed and plated, as shown in FIGS. 
12C and 12D, and whereby the fourth X-ray mask provides 
fiducial reference gratings 86a–86f The fourth X-ray mask 

15 

25 

35 

40 

45 

50 

55 

60 

65 

32 
is at this point ready for SPLEBL writing of the device 
gratings. Referring to FIGS. 12E and 12F, the device grat 
ings 84a–84fare written using the fiducial gratings 86a–86f 
as reference marks. The device gratings can have arbitrarily 
Selected OWS locations, grating period, and grating 
placement, given that the device gratings are limited to the 
mask regions between the fiducial gratings. Details of the 
use of the fiducial reference marks in the SPLEBL process 
are given by Smith et al. in U.S. Pat. No. 5,136,169, issued 
Aug. 4, 1992, and entitled “Energy Beam Locating,” the 
entirety of which is hereby incorporated by reference. Once 
the SPLEBL-written gratings are completed, the mask is 
replaced and cleaned for used as the grating mask 80 in the 
Switch fabrication Sequence outlined above. 

Considering the design and corresponding operational 
performance parameters of an add/drop Switch in accor 
dance with the invention and implemented based on the 
preceding design and fabrication discussion, the example 
Switch implementation assumes use of resonant add/drop 
filters and an interferometric Switch. The material system of 
the example Switch is the indium gallium arsenide phos 
phide (InGaAsP) on indium phosphide (InP) compound 
semiconductor material system. The Switch fabrication with 
this material System employs crystalline deposition of InP, 
the lower dielectric cladding, on an InP Substrate, by means 
of gas-Source molecular-beam epitaxy, metal-organic 
chemical-vapor deposition, or other Suitable processes. 
Because in this System the first epilayer is the same material 
as the Substrate, it is not essential to deposit Several microns 
to define the lower cladding; rather, a thin buffer layer to 
create an atomically Smooth and clean Surface is all that is 
necessary. Next, without removal of the substrate with InP 
epitaxial lower cladding layer from the deposition system, a 
quaternary InGaAsP compound Semiconductor core dielec 
tric layer of about 1.1 um in thickness is deposited in 
lattice-matched fashion on the InP and with an AS mole 
fraction of about 18%. This core layer is designed to have a 
core-to-clad optical refractive index contrast of about 2% for 
light at a wavelength of about 1.55 um. 

In the design of this example implementation, the 
resonator-waveguide to center-waveguide width ratio is 
Selected to result in a reduced grating Strength Such that the 
aspect ratio of the grating teeth can be reduced. Where a 
higher grating Strength corresponds to 2:1 width ratio yields 
and 5.6:1 aspect ratio for the grating teeth, a 1.15:1 width 
ratio yields an aspect ratio of about 1.64:1. The center 
waveguide and resonator waveguide widths for this lower 
width ratio are 1.3 and 1.5 tim, with corresponding lateral 
normalized effective refractive indices, b, of 0.600 and 
0.564, respectively. The vertical dimensions of the 
waveguides are given in accordance with the previous 
discussion of Synchronous waveguide design where, for the 
design presented here, a channel-waveguide geometry is 
preferred. The channel geometry differs from the rib 
waveguide geometry in that the waveguide depth is the full 
depth of the core layer, rather than Some fractional depth. 
There are fabrication-related as well as optically related 
advantages of the channel configuration. First, without a 
channel geometry, both the rib etch depth and the grating 
etch depth are preferably controlled to within a few percent 
of the target depth. However, with a channel geometry, the 
only nominal requirement on the 'rib etch depth is that the 
entire core layer be etched through. Any further etching into 
the lower cladding, in principle, does not effect the optical 
performance of the waveguide, as explained above. Thus 
only the grating etch depth need be controlled precisely in 
this configuration. 
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Second, the channel geometry results in a modal confine 
ment that is greater than that resulting from a rib geometry, 
allowing smaller bend radii for the same bend loss, which in 
turn reduces the necessary add/drop Switch chip size. 
Moreover, the optical mode of the channel geometry is 
relatively more round So as to increase mode-profile overlap 
with an optical fiber mode and So as to reduce the 
polarization-dependence of the waveguide. 

Using a channel geometry, the waveguide depth in the 
example implementation is the full 11 um depth of the core 
layer thickness. The grating depth to achieve a Synchronous 
center-waveguide and resonator-waveguide pair operation is 
approximately 0.2 lim. The effective refractive indices of the 
center waveguide and resonator waveguide modes are cal 
culated with a semi-vectorial mode solver to be 3.185662 
and 3.185494, respectively, with a difference in effective 
indices of 0.00017. The corresponding group effective 
refractive indices are estimated to be 3.235670 and 
3.227742, respectively. ASSuming a rectangular grating cor 
rugation pattern and a grating duty cycle of 50%, the grating 
Strength is estimated from the Semi-vectorial mode Solver 
and applicable coupled-mode theory to be about 58.5 cm', 
yielding a Bragg stopband width of about 173 GHZ, or 1.40 
nm, at 1.557 micron operating wavelength. The grating 
period to match a 1.557 micron operating wavelength is 
244.39 mm. The aspect ratio of the grating teeth, as defined 
by the tooth depth divided by one half the grating period, is 
then given as about 1.64. 

Using Eqn. (8) as a functional form of the waveguide 
waveguide evanescent coupling Strength between a center 
waveguide and a resonator waveguide located in Side-by 
Side evanescent coupling proximity, as a function of Sepa 
rations, where S is the inner-Wall to inner-Wall distance, to 
and C. are estimated from a Semi-vectorial mode Solver and 
applicable coupled-mode theory to be 330.0 cm and -1.52 
micron', respectively. For example, an inner-wall to inner 
wall Separation of 2.0 um yields an estimated coupling 
strength of 15.8 cm. 

The radiation loSS along a bend region of radius R as 
given in decibels per degree of arc is functionally approxi 
mated by the expression: a exp(b R). The coefficients a and 
b for the center waveguide, as estimated from a resonant 
scattering method, are 1.4711 dB/deg and -0.0117 um'. For 
example, an arc radius of 400 microns gives an estimated 
loss of 0.012 dB per degree of arc. 
With these Specific implementation criteria, resonant 

channel-add and channel-drop filters can then be given for 
the example implementation. A resonant optical receiver, or 
resonant optical transmitter, as designed to have a resonance 
bandwidth of approximately 1.2 GHZ, will have a grating 
arm length L of about 461 microns, yielding a KL product 
of about 2.69. For a ratio of optical energy escape from the 
Short grating arm of this resonator to the optical energy 
escape from the long arm of this resonator of about 200:1, 
the length of the long arm of this resonator is about 913 
microns, which corresponds to an a factor of 1.98. The 
evanescent coupling Strength between this resonator and the 
center waveguide, here specified as being Straight and run 
ning parallel to the resonator, must be 1.95 cm. The 
corresponding inner-wall to inner-wall Separation between 
waveguides is thus about 3.30 microns. 
A design of the resonant optical reflector having this same 

resonance linewidth is then given as follows. The evanescent 
coupling Strength between this reflector resonator and the 
center waveguide, again which is Straight and runs parallel 
to this resonator, must be about 3.38 cm. The correspond 
ing inner-wall to inner-wall Separation between waveguides 
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is thus about 2.95 um. In order that the p-parameter of the 
reflector resonator be 250, as chosen to return most of the 
optical energy of the resonator to the center waveguide, the 
grating arm lengths from the quarter-wave-shift to the grat 
ing end, L, must each be about 898 um long. 
To implement an arc-shape tapered bus waveguide with a 

Sweep angle of approximately 15 degrees between the 
quarter-wave shift and the end of the grating of the reflector 
resonator, a radius R of 3469 microns is chosen. The 
estimated radiation loSS over the arc length is essentially 
Zero. The arc radius is corrected to a length of 3514 So as to 
ensure that at 1.557 microns wavelength an integral multiple 
of half-wavelengths plus one quarter of a wavelength is 
accrued between the quarter-wave shifts of the receiver 
(transmitter) and reflector resonators, and moreover So that 
the grating corrugations of the two resonators remain in 
lock-Step to within one-half of a grating period. 

In order to maintain the linewidth of the resonances of the 
receiver (transmitter) and reflector grating resonators in light 
of the tapered center waveguide, the resonator waveguides 
must be moved closer to the center bus waveguide So as to 
couple more Strongly. The new required peak coupling 
Strengths for the receiver (transmitter) and reflector grating 
resonators are 6.46 and 11.12 cm, respectively, as calcu 
lated using Eqns. (14) and (15) above. The corresponding 
inner-wall to inner-wall separations are 2.50 and 2.15 
microns, respectively, as calculated using Eqn. (16) 

It is estimated from the tapered-bus design of the channel 
add or channel-drop filter above that the CDF will cause an 
approximately 0.12 dB loSS in transmission intensity of all 
non-resonant channels through the filter as the non-extracted 
channels propagate along the center waveguide, and at the 
receiver output waveguide will have approximately a 21.5 
dB contrast between the peak intensity level of the received 
Signal power and the out-of-stopband optical power which 
couples to the receiver output waveguide via normal eva 
neScent waveguide-waveguide coupling. 

Turning to the example interferometric Switch design, in 
this example implementation the interferometric Switch is 
designed with an assumption that waveguide design for the 
interferometer is the same as the design of the center 
waveguides. One means to create a phase controller is to 
pattern a resistive metallic Strip on the upper cladding layer 
of an otherwise completed device, placed directly above one 
of the two waveguide interferometer arms between the two 
coupler regions. By injecting electric current through the 
resistive metallic Strip, the Strip can be heated to thereby 
induce a Small relative change in the effective refractive 
index of the underlying optical mode. One can reasonably 
assume that the relative change in effective refractive index 
between the two interferometric waveguide arms is about 
0.00025. The length of the interferometric arms to induce a 
It phase relative phase shift must therefore be at least about 
3100 um-long. To avoid any coupling between these two 
waveguides acroSS this distance, the waveguide-waveguide 
Separation in the interferometric region should be in exceSS 
of about 10 um. In practice, a separation in exceSS of about 
50 um can be preferable to ensure that the heating of one 
waveguide can be performed without Significant heating of 
the Second waveguide. Consider for the following remaining 
design considerations that the waveguide-waveguide Sepa 
ration at both the input and output of either 50/50 evanescent 
coupler is about 200 um. 

For the example implementation design of the 50/50 
coupling regions, the coupling separation (inner-wall to 
inner-wall) is chosen to be 2.50 um, which gives an esti 
mated mode admixture of about 2%, as calculated from 
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transverse field profiles and non-Orthogonal coupled mode 
theory. A wider Separation than this requires a longer cou 
pling region while a shorter Separation SufferS more mode 
admixture. One might reasonably take the propagation loSS 
of the optical mode as it transverses the waveguides is about 
0.2 dB/cm. Moreover, the dparameter of Eqn. (50) above is 
approximately 1.98 micron', as calculated based on the 
effective Stack refractive indices of the bus waveguide. 
Combining the path-length loSS immediately above with the 
radiation loSS along the bend as given functionally in a 
preceding paragraph, and using Eqns. (52–55) above, one 
finds that the least total loss through the coupler for the 2.50 
tum coupling Separation is with a radius of about 950 um. 
The optimal bend angle is then 17.5 degrees with a parallel 
coupling length L of about 1025 um-long. The total path 
length through the coupler is about 3427 um, giving a total 
estimated loss of 0.72 dB. 

Turning now to various optional features of the add/drop 
Switch design provided by the invention, it is to be under 
stood that Such features may be preferable for Specific 
applications of the Switch and its operation. In all cases, it is 
preferable that the waveguides which thread through the 
Bragg gratings be tapered. The figures referred to in the 
following discussion illustrate Straight, rather than tapered, 
waveguides only for clarity. 
A first additional feature of the Switch provided by the 

invention, shown in FIG. 13, is embodied as an additional 
Bragg grating 100 located adjacent to a section 15 of the first 
waveguide beyond the CDF 32. The additional Bragg reso 
nator 100 functions as an optical loss resonator, tuned to the 
dropped channel, for coupling from the waveguide Section 
15 any incidental optical energy corresponding to the 
dropped channel and dissipating that energy to the Substrate 
21 on which the Switch is fabricated. This is achieved by 
purposefully designing the grating arms to be Sufficiently 
Short in length that Substantial optical energy can escape 
from the ends of the arms. With this design, it is ensured that 
any unintended nonideal performance of the CDF is com 
pensated for and that the waveguide Section 15 preceding the 
CAF 36 is truly free of the dropped channel. 

In an alternative configuration, shown in FIG. 14, the 
additional Bragg grating 100 is replaced with a full Second 
CDF 104, including a reflector Bragg grating 106 and a 
receiver Bragg grating 108. The two gratings here are 
designed to each be identical to the corresponding grating of 
the first CDF 32. A branching waveguide I 10 connected to 
the receiver Bragg grating 108 enables “dumping of any 
collected incidental dropped-channel energy to an additional 
port of the switch (not shown), or to the substrate. This 
additional CDF configuration ensures full extinction of the 
dropped channel and may be preferable in applications were 
any interference between the dropped channel and a new 
data Stream to be added would be particularly deleterious. AS 
can be recognized, in an alternative configuration, the reflec 
tor resonator 43 of the CAF 36 can be employed with an 
additional receiver resonator 108 to form a second CDF as 
long as the optical path length between the reflector reso 
nator 43 and the receiver 108 is equal to a net quarter wave 
shift., without the need for an additional reflector resonator. 
More than one additional CDF can be provided between the 
first CDF and the CAF for ensuring full extinction of the 
dropped channel. 

In a further configuration in accordance with the 
invention, shown in FIG. 15, one or more optical gain 
elements 112, 114, 116, 118, can be included in the first 
branching waveguide 16, the Second input waveguide 20, 
the Second output waveguide 22, and the Second branching 
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waveguide 24. Any combination of the four gain elements 
can be employed. In an example application for use with 
only the first gain element 112, that gain element is Set to 
produce again factor of 2. This is particularly useful in a 
network application of the add/drop Switch where it is 
desired to tap a selected channel off of the network while at 
the same time maintaining that channel's transmission in the 
network. 

This can be accomplished when the first gain element 112 
is Set to produce again factor of 2 and the phase controllers 
44, 46 of the interferometric Switch are adjusted such that a 
channel dropped by the CDF 32 is split by the interfero 
metric Switch to produce equal optical outputs on the Second 
output waveguide 22 and the Second branching waveguide 
24. This results in full-intensity adding of the dropped 
channel back with the copropagating channels in the first 
output waveguide 30 as well as tapping of the dropped 
channel, at Substantially full-intensity, out of the Second 
output waveguide 22. 

In a further example application of gain elements, here the 
gain element 116 in the Second output waveguide 22 and the 
gain element 118 in the Second branching waveguide 24 are 
employed. When the interferometric switch is set to the line 
State for enabling Switch operation Such that a dropped 
channel is added back to the first output waveguide 30, the 
branching gain element 118 can be set at Some amplification 
factor to amplify the dropped channel, for, e.g., boosting the 
level of the dropped channel for further transmission. The 
Second output waveguide gain element 116 can here be 
turned “off” in which state this element functions as an 
absorber and absorbs any incidental optical energy corre 
sponding to the dropped channel that might undesirably be 
output to the Second output waveguide 22. Similarly, in the 
croSS State of the add/drop Switch, the Second output 
waveguide gain element 1 16 can be set to Some amplifi 
cation factor for amplifying the dropped channel, and the 
Second branching waveguide gain element 118 can be turned 
“off” to ensure that no optical energy from the dropped 
channel is added back to the first output waveguide 30. 
AS can be recognized, these example amplification Sce 

narios can be accomplished with other combinations of the 
four gain elements shown in FIG. 15, and the invention 
contemplates employing these gain elements, as well as 
others, in other locations of the add/drop Switch. In general, 
the gain elements facilitate the line and croSS State capabili 
ties of the add/drop Switch. 
A further configuration for the add/drop Switch is pro 

vided by the invention for closed-loop control of the state of 
the interferometric Switch, as shown in FIG. 16. Here a 
Switch State monitor configuration 120 is included to moni 
tor the intensity of optical energy output by the interfero 
metric Switch 34 to the branching waveguide 24 relative to 
the output to the Second output waveguide 22. This is 
accomplished, in one example, using two additional, 
weakly-coupled waveguides, a first 122 located to evanes 
cently couple optical energy from the branching waveguide 
24 and deliver that energy to a first photodetector 124. 
Similarly, a Second waveguide 126 is located to evanes 
cently couple optical energy from the Second output 
waveguide 22 and deliver that energy to a Second photode 
tector 128. Metal-semiconductor-metal photodetectors can 
be employed when the substrate of the add/drop Switch is a 
direct bandgap Semiconductor material. 
The photodetectors convert the coupled optical energy to 

corresponding electrical Signals, and deliver those signals to 
a controller 130, shown only schematically, and which, like 
the photodetectors, can be a distinct component that is not 
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integrated with the add/drop Switch Substrate. The controller 
130 compares the two photodetector Signals to measure the 
State of the coupling balance between the two spatial inter 
ferometer outputs, and correspondingly, its two arms 40, 42, 
and based on this measured coupling State, controls the 
phase controllers 44, 46, respectively, of the two arms, to 
maintain a specified desired coupling State for a given 
add/drop Switch application. AS can be recognized from the 
previous description of Switch operation, the State of the 
Switch can be changed over time for various network 
operations and configurations, and thus the coupling balance 
controller 130 is accordingly preferably provided with tem 
poral input control to accordingly adjust the State of inter 
ferometric Switch. 

Turning to other alternative components of the add/drop 
Switch, and referring to FIG. 17, there is shown an integrated 
laser/modulator 130 connected at the input to the second 
input waveguide 20 for introducing a Substitute data Stream 
for a dropped channel in the manner previously described. 
At the output of the Second output waveguide 22 is provided 
an integrated photodetector 132, e.g., a metal 
Semiconductor-metal photodetector. The integration of a 
laser/modulator and photodetector for the Second input and 
output waveguides circumvents the need for external fiber 
alignments and proceSS control for coordinating the input 
and detection of the Secondary data Stream. The laser/ 
modulator and photodetector can otherwise be located exter 
nal to the add/drop Switch Substrate with appropriate inter 
connections to the Substrate waveguides. 

It is here noted that any of the various add/drop Switch 
features and components described above, as well as a 
waveguide taper design, can be combined to produce an 
add/drop Switch having Selected functionality for a given 
application. The add/drop Switch configuration can further 
be expanded to enable more extensive optical network 
operations. For example, turning to FIG. 18, there is shown 
a dual-line add/drop Switch 134 in accordance with the 
invention. This dual-line Switch enables exchanging of two 
different data Streams of a common wavelength channel 
between two independent optical networkS. Such data 
Stream exchange can be employed, for example, between 
two optical LANs in a multi-LAN network having 
wavelength-Selective user nodes on various of the LANs. 
AS shown in the figure, the dual-line Switch includes two 

add/drop Switches, the first including a first input waveguide 
12, first output waveguide 30, first CDF 32, and first CAF 
36. AS in the previous embodiments, branching waveguides 
16, 24, connect the output of the CDF 32 and the input to the 
CAF 36, respectively, to an interferometric Switch 34. The 
Bragg gratings of the first CDF 32 and CAF 36 all corre 
spond to an optical channel of interest. The Second add/drop 
Switch includes a Second input waveguide 135, Second 
output waveguide 136, second CDF 137, and second CAF 
140. Branching waveguides 142,144, connect the output of 
the CDF 137 and the input to the CAF 140, respectively, to 
the interferometric Switch 34. The Bragg gratings of the 
second CDF 137 and CAF 140 also correspond to the 
wavelength band of the optical channel of interest. 

In operation, the first CDF 32 drops a first data stream at 
the Selected channel from the first input waveguide 12, 
corresponding to, e.g., a first LAN bus. Based on the State of 
the interferometric Switch 34, the dropped channel is either 
added back to the first output waveguide 30 for transmission 
back on the first LAN bus, or is directed by way of the 
Second add/drop Switch branching waveguide 144 to the 
Second output waveguide 136 for transmission on a Second 
LAN bus. Similarly, the second CDF 13.7 drops a second 
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data Stream at the Selected channel from the Second input 
waveguide 135, corresponding to the second LAN bus. 
Again based on the state of the interferometric Switch 34, the 
Second dropped channel is either added back to the Second 
output waveguide 136 for transmission back on the Second 
LAN bus, or is directed by way of the first add/drop switch 
branching waveguide 24 to the first output waveguide 30 for 
transmission on the second LAN bus. With this controllable 
shifting capability, a channel from the first LAN bus can be 
shifted to the second LAN bus and if desired, replaced on the 
first LAN bus by a data stream at the same channel from the 
Second LAN bus. 

It is to be recognized that the add/drop Switch of the 
invention can be implemented in a wide range of configu 
rations different from the CDF/CAF-based configurations 
described above. All that is required is an ability to extract 
one channel of interest from a plurality of copropagating 
channels without requiring Spatial Separation of the full 
range of channels, and an ability to Spatially Switch the 
extracted channel between more than one output port based 
on the condition of the spatial Switch control which is 
controlled, e.g., in relation to injection of a Second data 
Stream at the Same channel. 

Turning to FIG. 19, in an example class of alternative 
add/drop Switch configurations in accordance with the 
invention, the add/drop Switch 150 is here configured with 
one four-port reflection filter 152 that replaces the CDF and 
CAF of the previous configurations. Input to the add/drop 
Switch of a plurality of channels, 2, ..., ), along the input 
waveguide 12 is directed to the reflection filter 152, which 
preferably is a single-channel reflection filter, i.e., a filter 
that reflects and Spatially Separates a Selected channel from 
the input while allowing the remaining input channels to 
continue copropagation. Given an example where the 2. 
channel is the channel of interest, the reflection filter is 
adapted to reflect the 2 channel and transmit the other 
channels. The reflected), channel is directed by a branching 
waveguide 16 to the input of a spatial Switch 18. 

In a manner like that previously described, the Spatial 
Switch 18 is configured to accept from a Second input 
waveguide 20 a Second data Stream o', indicated here to be 
of the same wavelength as the reflected channel but option 
ally of a differing data Stream. The two channels are con 
figured by the spatial Switch to be output from that Switch in 
either a line State, in which the 22' channel is directed to a 
Second output waveguide 22 and the 2 channel is directed 
back to the reflection filter 152 by way of a second branching 
waveguide 24, or a croSS State, as shown in the figure, in 
which the 2 channel is directed to the Second output 
waveguide 22 and the 2' channel is directed via branching 
waveguide 24 to the reflection filter 152. In either state, that 
channel which is directed by the spatial Switch to the 
reflection filter 152 is reflected by the filter to the first output 
waveguide 30 where it is added to the copropagating chan 
nels. 
A first embodiment of this class of add/drop Switches is 

shown in FIG. 20. Here the single-channel reflection filter 
152 is realized as a two-arm interferometer 154. Each of the 
arms 156, 158, of this interferometer includes a Bragg 
grating 160,162, respectively, that is each designed based on 
the channel of interest to be Switched, in the example shown 
in the figure that being the 2 channel. Coupling regions 164, 
166, are provided at the ends of the two interferometer 
grating arms. The first branching waveguide 16 connects the 
upper arm 156 to the input of an interferometer Switch 34, 
while the Second branching waveguide 24 connects the 
output of the interferometer Switch 34 to the lower arm 158. 
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When a plurality of channels 2, . . . , ), is input at the 
input waveguide 12, the optical energy in the channels is 
split by the first coupler 164 to the interferometer waveguide 
arms 156 and 158. The selected channel, e.g., the 2 channel, 
is reflected by both gratings 160 and 162, and is recombined 
through the first coupling region 164 to the branching 
waveguide 16. The remaining channels travel through the 
grating 160, 162, to be recombined by the second coupler 
166 to the first output waveguide 30. The reflected channel 
is then directed via the branching waveguide 16 to the 
interferometer switch 34. As explained above, the interfero 
metric Switch 34 can direct the reflected a channel and a 
Second data Steam to either a Second output waveguide 
22 or a Second branching waveguide 24. The channel that is 
directed to the Second branching waveguide 24, e.g., the )." 
channel, as shown in the figure, is directed to the Second 
coupling region 166 of the grating interferometer 154. The 
channel energy is split by the Second coupling region 166 
onto the two interferometer waveguides 156, 158, reflected 
by the Bragg gratings 160,162, and recombined through the 
Second coupling region 166, to copropagate with the remain 
ing channels to the first output waveguide 30. 

This dual-interferometer configuration can be adapted for 
ease of device processing by fabricating each interferometer 
on a separate Substrate and interfacing the waveguide Sec 
tions on each Substrate with appropriate couplers. Such a 
hybrid configuration can be employed where, e.g., it is 
preferable to fabricate the interferometer arm gratings in a 
distinct fabrication process flow from that of the interfer 
ometer Switch. 
A second embodiment of the alternative add/drop Switch 

class is shown in FIG. 21. Here the grating interferometer is 
replaced with a length of optical fiber 170 along a portion of 
which a Bragg grating 172 is patterned. The Bragg grating 
is designed to correspond to a channel of interest, e.g., the 
2 channel. The first end 174 and second end 176 of the fiber 
170 are each terminated at corresponding optical circulators 
178, 180, respectively. The first branching waveguide 16 
here includes a fiber section 182 coupled to the first circu 
lator 178 and a second section 184 that can be integrated on 
a Substrate with its interconnection to the interferometric 
Switch 34. Similarly, the second branching waveguide 24 
here includes a section 186 interconnected with an output of 
the interferometric Switch 34 and a fibersection 188 coupled 
to the second circulator 180. 

In operation of the add/drop Switch, input of a plurality of 
channels, 2, . . . , ), along the input Waveguide 12, here 
a length of fiber, is directed by the first circulator 178 to the 
grating fiber 170. The grating 172 of that fiber 170 reflects 
the Selected channel, e.g., the 2 channel, back toward the 
first circulator 178. The remaining channels propagate 
through the grating 172 to the second fiber end 176. The first 
circulator 178 Spatially Separates forwardly transmitting and 
backwardly reflecting channels Such that the reflected a 
channel is directed to the branching waveguide 16 while the 
other channels transmit through the fiber length 170. 

The reflected 2 channel is directed to the interferometric 
Switch 34 which operates in the manner already described, 
enabling Switching between the output waveguide 22 and 
the branching waveguide 24 for the reflected a channel and 
a Second, 2 channel, input on a second input waveguide 20. 
The channel that is directed to the branching waveguide 24, 
e.g., the 2' channel, in the Scenario shown in the figure, is 
directed to the second circulator 180, which in turn directs 
it back to the fiber length 170. The grating 172 reflects the 
2 channel back to the second circulator 180, which adds it 
to the copropagating channels on the output waveguide 30. 
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An example design of a Bragg reflector formed on a fiber 

length is given here. A Bragg reflector, unlike the receiver, 
transmitter, and reflector resonators described above, 
employs no phase shifts along its length; the grating period 
is instead uniform acroSS the extend of the grating. Recall 
that a Bragg grating is characterized by its period, , its 
grating Strength, K, and its duty cycle, D, the last being 
defined by the corrugation length divided by the grating 
period length. Additionally, the waveguide that Supports the 
grating has an effective modal refractive indeX and an 
effective modal group refractive index, corresponding to the 
phase and group Velocities of the light in the waveguides, 
respectively. The grating period is chosen to correspond to 
the center wavelength of the wavelength band to be 
extracted by the reflector, using Eqn. (1) given above. 
The Bragg grating of grating Strength K is reflective over 

a band of wavelengths, called the stopband width. The 
Stopband width in frequency, Av, is given by the equation 
Av=KV/t, where v is the optical group velocity. The 
necessary grating Strength to reflect only one wavelength 
band out of a plurality of wavelength bands depends on the 
bandwidth of the channel. For example, the channel band 
width may be 10 GHz, in which case the grating stopband 
might be 15 GHZ wide. Using the preceding equation, a 
grating strength of about 5 cm is given as being necessary. 
The grating waveguide design must be revamped from the 
previous implementation example to ensure phase-Velocity 
matching to the waveguides of the interferometer arms. It 
can be noted, however, that with Such a low grating Strength, 
almost no correction to waveguide width is necessary. 
Moreover, a fiber grating as fabricated in the usual manner 
does not usually allow for Specific control of the average 
effective refractive indeX in the grating region. 
The intensity reflectivity of a Bragg grating of length L is 

given by T=tanhkL, where T is the reflection amplitude. 
To enable a 99.5% reflection at the Bragg wavelength, given 
a grating strength of 5 cm, the corresponding grating 
length is preferably about 6682 um. Side-lobe reduction can 
be achieved as the grating Strength is varied across the length 
of the grating, where maximum grating Strength appears at 
the center and minimum grating Strength appears at the 
grating ends. The grating depth and/or grating duty cycle can 
be varied to achieve this result. The grating length, however, 
must be increased accordingly, to maintain the reflectivity at 
the Bragg wavelength. 
A fiber grating reflector can be designed using the pre 

ceding criteria. AS is conventional, the grating image is 
patterned directly onto, e.g., a germanium-doped fiber core 
by exposure to UV light. Usually, the fiber core is first 
loaded with hydrogen to catalyze a UV-induced photore 
fractive indeX shift. The grating pattern is created via 
interferometric lithography where a Standing-wave grating 
pattern is created at the core Surface by either exposure 
through an appropriately design phase mask or direct expo 
Sure to two interfering beams of light incident at the appro 
priate angles. The grating reflectivity can be monitored 
during exposure to ensure proper Spectral performance. 
After exposure, the excess hydrogen can be removed by 
heating the fiber. 

This add/drop switch embodiment employs several modu 
lar components that are not integrally fabricated, and accord 
ingly illustrates the breadth of fabrication embodiments 
contemplated by the invention. Indeed, it is to be recognized 
that beyond the alternative add/drop Switch class just 
described, many other implementations of the Switch can be 
realized. 
While the various add/drop Switch configurations dis 

cussed above are generally directed to routing of one optical 
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channel, the configurations can also be adapted for multi 
channel routing. For example, a cascade of add/drop 
Switches, each dedicated to a distinct wavelength, can be 
interconnected hybrid-wise or integrally fabricated on one 
Substrate to enable local dropping and adding of more than 
one optical channel. In an alternative configuration, multiple 
add/drop Switches, each dedicated to a distinct channel, can 
be together fabricated in a nested fashion to enable dropping 
and adding of the multiple channels within one large multi 
channel device. Such cascade and nested configurations 
enable a custom multi-channel routing where, e.g., a Single 
user node on an optical LAN is interested in access to 
several, but not all, of the channels transmitted on the LAN, 
only the channels of interest need be considered for the 
configuration, whereby the Switch is more efficient than 
conventional Switches that resolve all transmitted channels. 
AS can be recognized, there are many applications for the 

add/drop Switch of the invention beyond the optical ring 
LAN explicitly shown in FIG.1. Indeed, the add/drop Switch 
of the invention can be employed in any WDM optical 
network configuration, e.g., LAN, WAN, or other 
configuration, for wavelength-Selective channel extraction. 
From the foregoing, it is apparent that the wavelength 

Selective, add/drop optical Switch of the invention and 
described above not only provides reliable and adaptable 
wavelength-Selective channel routing and Switching, but can 
do So with any in a range of equally efficient implementa 
tions that all enable a compact and correspondingly cost 
effective device. This in turn furthers the practical realiza 
tion of wide-range optical communications networks that 
employ user-specific wavelength channel transmission. The 
invention also provides a particularly elegant fabrication 
proceSS for producing the add/drop Switch implementations. 
It is recognized, of course, that those skilled in the art may 
make various modifications and additions to the embodi 
ments described above without departing from the Spirit and 
Scope of the present contribution to the art. Accordingly, it 
is to be understood that the protection sought to be afforded 
hereby should be deemed to extend to the subject matter 
claims and all equivalents thereof fairly within the Scope of 
the invention. 
We claim: 
1. A wavelength-Selective optical Switch comprising: 
a first input port for accepting a plurality of copropagating 

optical channels, each channel of a distinct wavelength 
band; 

a first output port; 
a Second output port; 
wavelength-Selective optical filter means connected to 

receive the copropagating optical channels from the 
first input port to extract a Selected one of the channels 
while allowing remaining channels to copropagate to 
the first output port; and 

an interferometric Switch connected to receive the 
Selected extracted channel and comprising control 
means for controlling propagation of the Selected 
extracted channel to at least one of the Second output 
port and the optical filter means, 

the optical filter means being connected to receive from 
the interferometric Switch an optical channel to com 
bine the received channel with the remaining copropa 
gating channels and direct the combined channels to the 
first output port. 

2. The optical Switch of claim I wherein the interferomet 
ric Switch is adapted, in a first control State of the control 
means, to direct the Selected extracted channel to the optical 
filter means, and 
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wherein the interferometric Switch is adapted, in a Second 

control State of the control means, to direct the Selected 
extracted channel to the Second output port. 

3. The optical Switch of claim 2 further comprising a 
Second input port for accepting an injected optical channel 
having a wavelength band corresponding to the wavelength 
band of the Selected extracted channel, the Second input port 
connected to direct the injected optical channel to the 
interferometric Switch; and 

wherein the interferometric Switch is adapted, in the 
Second control State of the control means, to direct the 
injected channel to the optical filter means, and wherein 
the interferometric Switch is adapted to direct the 
injected channel, in a first control State of the control 
means, to the Second output port. 

4. The optical Switch of claim 3 wherein the interfero 
metric Switch comprises a first waveguide coupling region, 
a Second waveguide coupling region, and first and Second 
interferometer arms connected between the first and Second 
waveguide coupling regions, with the first waveguide cou 
pling region having a first waveguide connected to accept 
the Selected extracted channel from the optical filter means 
and a Second waveguide connected to accept an injected 
channel from the Second input port, and with the Second 
coupling region having a third waveguide connected to 
direct one of the injected channel and the Selected extracted 
channel to the optical filter means and a fourth waveguide 
connected to direct one of the injected channel and the 
Selected extracted channel to the Second output port. 

5. The optical Switch of claim 4 wherein the control means 
comprises an optical phase controller in communication 
with at least one of the first and Second interferometer arms. 

6. The optical Switch of claim 5 wherein the phase 
controller is adapted to impose, in the first control State, a 
first Selected relative phase shift between optical channels 
propagating on the first and Second interferometer arms, the 
first Selected relative phase shift resulting in directing of the 
Selected extracted channel to the optical filter means from 
the interferometer Switch, and wherein the phase controller 
is adapted to impose, in the Second control State, a Second 
Selected relative phase shift between channels propagating 
on the first and Second interferometer arms, the Second 
Selected relative phase shift resulting in directing of the 
Selected extracted channel to the Second output port from the 
interferometer Switch. 

7. The optical Switch of claim 4 wherein the optical filter 
means comprises: 

a first optical filter connected to receive the copropagating 
optical channels from the first input port to extract the 
Selected channel and direct the extracted Selected chan 
nel to the first waveguide of the first interferometric 
Switch coupling region while allowing the remaining 
channels to copropagate through the first optical filter; 
and 

a Second optical filter connected to receive the remaining 
channels that copropagate through the first optical filter, 
the Second optical filter also connected to receive from 
the third waveguide of the second interferometric 
Switch coupling region one of the Selected extracted 
channel and the injected channel to combine the 
received channel with the remaining copropagating 
channels, and connected to direct the combined chan 
nels to the first output port. 

8. The optical Switch of claim 7 wherein the first optical 
filter comprises: 

a first center waveguide connected to the first input port; 
a first optical receiver resonator located in Side-by-side 

evanescent coupling proximity to the first center 
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waveguide, and connected to the first waveguide of the 
first interferometric Switch coupling region; and 

a first optical reflector resonator located in Side-by-side 
evanescent coupling proximity to the first center 
waveguide following the first optical receiver 
resonator, an optical path length along the first center 
waveguide of an integral multiple of half-resonant 
wavelengths plus one quarter resonant wavelength 
being defined between a phase reference point on the 
first receiver resonator and an equivalent phase refer 
ence point on the first reflector resonator; and 

wherein the Second optical filter comprises: 
a Second center waveguide connected at a first end to 

receive the remaining copropagating channels from the 
first center waveguide and connected at a Second end to 
the first output port; 

a Second optical reflector resonator located in Side-by-side 
evanescent coupling proximity to the Second 
waveguide; and 

an optical transmitter resonator connected to the third 
waveguide of the Second interferometric Switch cou 
pling region and located in Side-by-side evanescent 
coupling proximity to the Second waveguide following 
the Second optical reflector resonator, an optical path 
length along the Second center waveguide of an integral 
multiple of half-resonant wavelengths plus one quarter 
resonant wavelength being defined between a phase 
reference point on the Second reflector resonator and an 
equivalent phase reference point on the transmitter 
reSOnator. 

9. The optical Switch of claim 8 wherein the first and 
Second optical reflector resonators, the first receiver 
resonator, and the transmitter resonator each comprises a 
Bragg grating characterized by a grating period and a Bragg 
wavelength Selected to correspond to the wavelength band 
of the Selected extracted channel, with the phase reference 
point of the Bragg grating comprising a Spacer portion at a 
point along that grating for producing a quarter-wave shift in 
an optical phase of an optical channel that propagates along 
that grating. 

10. The optical Switch of claim 9 wherein the Bragg 
grating of each of the first and Second optical reflector 
resonators, the first receiver resonator, and the transmitter 
resonator is characterized by a resonant spectral linewidth 
that is at least as wide as the wavelength band of the Selected 
extracted channel but that does not Substantially overlap 
with the wavelength band of each optical channel adjacent 
to the Selected extracted channel in the plurality of channels. 

11. The optical Switch of claim 10 wherein the proximity 
of each of the first optical reflector resonator and the first 
receiver resonator Bragg gratings to the first center 
waveguide is characterized by a minimum proximity for that 
grating corresponding to the point along that grating at 
which the quarter-wave shift Spacer portion is located; and 
wherein the proximity of each of the Second optical reflector 
resonator and the transmitter resonator Bragg gratings to the 
Second center waveguide is characterized by a minimum 
proximity for that grating corresponding to the point along 
that grating at which the quarter-wave shift Spacer portion is 
located. 

12. The optical Switch of claim 9 wherein the first and 
Second reflector resonator Bragg gratings, the first receiver 
resonator Bragg grating, and the transmitter Bragg grating 
each comprises a periodic grating located on a top Surface of 
a corresponding grating waveguide, and wherein each Bragg 
grating and each corresponding Bragg grating Waveguide is 
fabricated in a proceSS comprising the Steps of: 
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forming a lower cladding dielectric layer on a Substrate; 
forming a core dielectric layer on the lower cladding 

dielectric layer, the core dielectric layer having a higher 
refractive indeX than the lower cladding dielectric 
layer; 

forming on the core dielectric layer a lithographically 
defined pattern corresponding to the Bragg gratings, 

forming on the patterned core dielectric layer a first hard 
mask layer having a lithographically-defined pattern 
corresponding to the Bragg grating pattern; 

forming a Second hard mask layer on the patterned first 
hard mask layer, the first and Second hard mask layers 
being formed of materials that are each characterized as 
being etchable by an etching process that does not etch 
the other hard mask material or the core layer; 

lithographically patterning the Second hard mask layer in 
a pattern that corresponds to the grating waveguides 
and that is aligned to the Bragg grating pattern on the 
first hard mask layer; 

etching the first hard mask layer, using the Second hard 
mask layer mask pattern, to expose an upper Surface of 
the core layer in regions of the core layer not covered 
by a waveguide pattern of the Second hard mask while 
preserving the first hard mask layer in all regions of the 
first hard mask layer covered by the waveguide pattern 
of the Second hard mask, 

etching the core dielectric layer to produce grating 
waveguides under the layered first and Second pat 
terned hard mask layers, 

Stripping the Second hard mask layer; 
etching the core layer waveguides to produce Bragg 

gratings on the Waveguides, 
Stripping the first hard mask layer; and 
forming an upper cladding dielectric layer on the etched 

core layer, the upper cladding dielectric layer having a 
lower index of refraction than the core dielectric layer. 

13. The optical Switch of claim 12 wherein in the process 
for fabricating waveguides and gratings the Step of forming 
on the core layer a lithographic pattern corresponding to the 
Bragg gratings comprises the Steps of: 

forming a photoresist layer on the core layer; and 
exposing the photoresist layer to X-rays through an X-ray 
mask having a grating pattern produced on the mask by 
Spatial-phase-locked e-beam lithography. 

14. The optical Switch of claim 12 wherein in the process 
for fabricating waveguides and gratings the Step of forming 
on the core layer a lithographic pattern corresponding to the 
Bragg gratings comprises the Steps of: 

forming a photoresist layer on the core layer; and 
exposing the photoresist layer to optical energy of at least 

optical wavelengths through an optical phase mask 
having a grating pattern produced on the mask by 
Spatial-phase-locked e-beam lithography. 

15. The optical Switch of claim 12 wherein the upper and 
lower cladding dielectric layers each comprises a layer of 
indium phosphide and wherein the core layer comprises at 
least one layer of indium gallium arsenide phosphide. 

16. The optical Switch of claim 12 wherein the substrate 
comprises a material Selected from the group of Silicon, 
quartz, and Sapphire; wherein the upper and lower cladding 
dielectric layers each comprises a layer of material of 
Substantially Silicon dioxide; and wherein the core dielectric 
layer comprises a layer of material Selected from 
phosphorus-doped and germanium-doped Silicon dioxide. 
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17. The optical switch of claim 9 further comprising an 
optical loSS resonator Bragg grating located in Side-by-side 
evanescent coupling proximity to the Second center 
waveguide between the first reflector resonator and the 
Second reflector resonator, the loSS resonator Bragg grating 
having a Bragg period corresponding to the wavelength 
band of the Selected extracted channel and having a Spacer 
portion at a point along that grating for producing a quarter 
wave shift in an optical phase of an optical channel that 
propagates along that grating, each grating length on either 
Side of the Spacer portion being characterized by a grating 
arm length that is Sufficiently short to enable optical energy 
coupled to the grating arms to escape from an outer end of 
the arm. 

18. The optical Switch of claim 9 further comprising a 
third optical filter comprising: 

a Second optical receiver resonator located in Side-by-side 
evanescent coupling proximity to the Second center 
waveguide between the first and Second optical reflec 
tor resonators, and 

a third optical reflector resonator located in Side-by-side 
evanescent coupling proximity to the Second center 
waveguide following the Second optical receiver reso 
nator and before the Second optical reflector resonator, 
an optical path length along the Second center 
waveguide of an integral multiple of half-resonant 
wavelengths plus one quarter resonant wavelength 
being defined between a phase reference point on the 
Second receiver resonator and an equivalent phase 
reference point on the third reflector resonator, 

the Second receiver resonator and the third reflector 
resonator each comprising a Bragg grating character 
ized by a grating period and a Bragg wavelength 
Selected to correspond to the wavelength band of the 
Selected extracted channel, with the phase reference 
point of the Bragg grating comprising a Spacer portion 
at a point along that grating for producing a quarter 
wave shift in an optical phase of an optical channel that 
propagates along that grating. 

19. The optical Switch of claim 9 further comprising a 
third optical filter comprising: 

a Second optical receiver resonator located in Side-by-side 
evanescent coupling proximity to the Second center 
waveguide between the first and Second optical reflec 
tor resonators, and 

the Second optical reflector resonator, an optical path 
length along the Second center waveguide of an integral 
multiple of half-resonant wavelengths plus one quarter 
resonant wavelength being defined between a phase 
reference point on the Second receiver resonator and an 
equivalent phase reference point on the Second reflector 
reSonator, 

the Second receiver resonator comprising a Bragg grating 
characterized by a grating period and a Bragg wave 
length Selected to correspond to the wavelength band of 
the Selected extracted channel, with the phase reference 
point of the Bragg grating comprising a Spacer portion 
at a point along that grating for producing a quarter 
wave shift in an optical phase of an optical channel that 
propagates along that grating. 

20. The optical Switch of claim 9 further comprising 
amplifying means connected to at least one of the first, 
Second, third, and fourth coupling waveguides of the inter 
ferometric Switch coupling regions. 

21. The optical switch of claim 5 further comprising: 
a first detector waveguide located in Side-by-side evanes 

cent coupling proximity to the third coupling 
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waveguide of the Second coupling region of the inter 
ferometric Switch; 

a first photodetector connected to the first detector 
waveguide for producing a first signal corresponding to 
intensity characteristics of light coupled to the first 
detector waveguide; 

a Second detector waveguide located in Side-by-side eva 
neScent coupling proximity to the fourth coupling 
waveguide of the Second coupling region of the inter 
ferometric Switch; 

a Second photodetector connected to the Second detector 
waveguide for producing a Second Signal correspond 
ing to intensity characteristics of light coupled to the 
Second detector waveguide, and 

Second control means for controlling the phase controller 
of the interferometric Switch based on the first and 
Second photodetector Signals. 

22. The optical Switch of claim 4 wherein the optical filter 
means comprises a single-channel interferometric reflection 
filter comprising a first waveguide coupling region, a Second 
waveguide coupling region, and first and Second interfer 
ometer arms connected between the first and Second 
waveguide coupling regions, each arm having an identical 
Bragg reflector characterized by a Selected Bragg period 
corresponding to the wavelength band of the Selected chan 
nel to be extracted, with the first waveguide coupling region 
having a first waveguide connected to accept from the first 
input port the copropagating channels and a Second 
waveguide connected to deliver the Selected extracted chan 
nel to the first waveguide of the first coupling region of the 
interferometric Switch, and with the Second coupling region 
having a third waveguide connected to accept one of the 
Selected extracted channel and the injected channel from the 
third waveguide of the Second coupling region of the inter 
ferometric Switch and a fourth waveguide connected to 
direct the copropagating channels and one of the injected 
channel and the Selected extracted channel to the Second 
output port, with the first waveguide of the reflection filter 
first coupling region and the fourth waveguide of the reflec 
tion filter Second coupling region being connected by one of 
the two reflection filter arms. 

23. The optical Switch of claim 4 wherein the optical filter 
means comprises: 

a length of optical waveguiding fiber having a Bragg 
reflector along the fiber length, the reflector character 
ized by a Selected Bragg period corresponding to the 
wavelength band of the selected channel to be 
extracted; 

a first optical circulator having a first port connected to 
receive the copropagating channels from the first input 
port, a Second port connected to a first end of the optical 
fiber length, and a third port connected to the first 
waveguide of the first coupling region of the interfero 
metric Switch; 

a Second optical circulator having a first port connected to 
the first output port, a Second port connected to a 
Second end of the optical fiber, and a third port con 
nected to the third waveguide of the Second coupling 
region of the interferometric Switch; 

wherein for each of the first and Second optical 
circulators, optical input to the first port and optical 
input to the third port is directed to the Second port, 
while reflection at the Second port of an optical input 
from the first port is directed to the third port, and 
reflection at the Second port of an optical input from the 
third port is directed to the first port, whereby the 
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plurality of copropagating channels from the first input 
port are directed to the fiber first fiber end by the first 
circulator, the Selected channel to be extracted is 
reflected to the first fiber end and directed by the first 
circulator to the first waveguide of the first interfero 
metric Switch coupling region, and a channel from the 
third waveguide of the interferometric Switch second 
coupling region is directed by the Second circulator to 
the Second fiber end, reflected with the remaining 
copropagating channels to the Second circulator, and 
directed by the Second circulator to the first output port. 

24. The optical Switch of claim 3 wherein the first input 
port and the first output port each comprises a connection to 
a first optical communication bus on which the plurality of 
optical channels copropagate and from which the Selected 
channel is extracted. 

25. The optical Switch of claim 24 wherein the second 
input port and the Second output port each comprises a 
connection to a Second optical communication bus on which 
a plurality of optical channels copropagate and from which 
the injected optical channel is extracted. 

26. A method for Switching a Selected optical channel on 
a waveguide on which a plurality of optical channels are 
copropagating, each of the copropagating optical channels 
of a distinct wavelength band, the method comprising: 

directing the copropagating optical channels to 
wavelength-Selective optical filter means adapted to 
extract the Selected channel while allowing remaining 
channels to copropagate on the waveguide, and 

directing the extracted Selected channel to an interfero 
metric Switch comprising control means that adapts the 
interferometric Switch, in a first control State of the 
control means, to direct the Selected extracted channel 
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to the optical filter means for recombining with the 
copropagating optical channels on the waveguide, and 
that adapts the interferometric Switch, in a Second 
control State of the control means, to direct the Selected 
extracted channel to a Second waveguide. 

27. The method of claim 26 further comprising the steps 
of: 

extracting an optical channel from the Second waveguide; 
directing the optical channel extracted from the Second 

waveguide to the interferometric Switch; and 
enforcing the first control State of the control means of the 

interferometric Switch to direct the optical channel 
extracted from the Second waveguide back to the 
Second waveguide and to direct the Selected extracted 
channel to the optical filter means for recombining with 
the copropagating optical channels on the first 
waveguide. 

28. The method of claim 26 further comprising the steps 
of: 

extracting an optical channel from the Second waveguide; 
directing the optical channel extracted from the Second 

waveguide to the interferometric Switch; and 
enforcing the Second control State of the control means of 

the interferometric Switch to direct the selected 
extracted channel to the Second waveguide and to direct 
the optical channel extracted from the Second 
waveguide to the optical filter means for combining 
with the copropagating optical channels on the first 
waveguide. 


