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(57) ABSTRACT 

An optical router and its method of use. The router is 
integrated in an InP-based Substrate bonded to a single 
thermo-electric cooler for packet-based networks utilizing 
wavelength-division multiplexing (WDM) on silica fibers. 
Input and output arrayed waveguide gratings (AWGs) 
respectively demultiplex and multiplex the WDM signals to 
and from multiple transmission fibers. Input and output 
wavelength converters are connected between the input and 
outputs AWGs and a Switching AWG. The output converts 
may include a tunable laser and interferometer formed in the 
Same Substrate. The header information is preferably carried 
out-of-channel from the WDM data signals, either in the 
same fiber band or a different one. Photodetectors and laser 
diodes are formed in the same Substrate. Fast RF electronics 
are formed in GaAS chips and Slower electronics formed in 
a silicon chip are bonded to the InP wafer. 
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OPTICAL ROUTING METHOD 

RELATED APPLICATION 

0001) This application is a division of Ser. No. 10/081, 
396, filed Feb. 22, 2002, which claims benefit of provisional 
application 60/349,090, filed Jan. 16, 2002. 

BACKGROUND OF THE INVENTION 

0002) 1. Field of the Invention 
0003. The invention relates generally to switches used in 
communications networks. In particular, it relates to optical 
rOuterS. 

0004 2. Background Art 
0005 The advancement of telecommunications technol 
ogy over the past two decades has included two significant 
developments: (1) large, high-capacity networks based on 
packet Switching; and, (2) optical fiber transmission media 
and in particular Silica fiber and the use of wavelength 
division multiplexing to further increase the fiber band 
width. Combining the two has presented some difficulties. 
0006 There are several types of commercially important 
packet networks. Asynchronous transfer mode (ATM) was 
developed in the telephone industry and is based on ATM 
cells having a fixed length of 53 bytes. Multiple ATM cells 
are identified to a virtual communications circuit. 

0007 Another type of network assuming greater impor 
tance and being implemented in many environments is 
related to the Internet communications network based on the 
TCP/IP protocol. The TCP/IP protocol applies to many 
levels of communications networks, but Some of the most 
challenging applications involve the Switched connections 
between different computer networks. An Internet-type of 
communications network 10, as Schematically illustrated in 
FIG. 1, connects multiple terminals 12 through nodes 14 
interconnected by bi-directional communications links 16. 
The terminals 12 can be considered to be ports to other, 
perhaps different, types of computer networks. The nodes 14 
are based on routers which can route Sequentially received 
frames in different directions as the frame propagates 
through the network 10 from the source terminal 12 to the 
destination terminal 12. The preferred term for packets is a 
frame 18, which as illustrated in FIG. 2, is composed for a 
serial link of a header 20 and an immediately following data 
payload 22. That is, the header 20 and payload 22 are time 
multiplexed. The header 20 contains among other items a 
destination for the frame 18. The data payload 22 is often of 
variable length, in which case the header 20 includes an 
indication of the length, but the overall frame is relatively 
short, on the order of a few hundred bytes. Sometimes a 
trailer is included to mark the end of the frame. 

0008 Although much of the following description is 
based on the multiply connected fiber network of FIG. 1 and 
with the routers being based at the nodes 14, the invention 
can be used with other types of networks, and routers are 
used in yet other configurations. In one example, the linkS 
may be of different forms linking different types of nodes, 
including Satellites, airplanes, and complexly connected 
Systems of multiple computers. In a Second type of net 
works, as illustrated in the network diagram of FIG. 3, an 
inter-connected ring network 26 includes multiple bidirec 
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tional rings 28a, 28b, 28c, each including two counter 
propagating optical fibers 30, 32, which provide redundant 
paths in case the pair of fibers 30, 32 is cut at any one point. 
That is, the rings 28 are survivable. Terminals 34 are 
connected to the respective rings 28 through nodes 36. CroSS 
connects 38 link different ones of the rings 28. In a more 
realistic telephone or data network, a croSS connect 38 may 
link more than two rings at a central communications hub. 
0009. Each of the rings 28 is typically controlled fairly 
tightly. A ring network which uses optical fiber for the 
transmission medium may employ wavelength division mul 
tiplexing (WDM), in which a single fiber conveys multiple 
optical carriers impressed with different data Signals. In a 
WDM environment, packets between different pairs of ter 
minals 34 on the same ring 28 may be identified and 
Switched according to optical wavelength. However, Such 
tight control becomes difficult for Switching Signals through 
the cross connects 38 between different rings 28. A packet 
Switched System typically then requires that the croSS con 
nects 38 interrogate the frame header and Switch only those 
frames destined to go outside of the originating ring 28. That 
is, the inter-ring croSS-connects 39 are advantageously based 
on routers. For a WDM environment, the cross-ring Switch 
ing also strongly needs translation between WDM wave 
lengths to allow reuse of wavelengths and prevent undue 
constraints on routing and timing. It is also possible that the 
intra-ring nodes 36 are based on routers which extract from 
the ring 28 only those frames destined for the associated 
terminal 34. Further, the terminals 34 (or terminals 12 of 
FIG. 1) may represent an interface to a local network, Such 
as an Ethernet network, in which only Some of the packets 
need to be transferred from the local network onto the ring 
28, for possible retransmission to yet other rings. Thus, the 
terminals 34 may additionally incorporate a router to trans 
fer only Selected ones of the packets that it receives from 
within the local network. 

0010 Returning to FIG. 1, the original TCP/IP networks 
were based on high-Speed digital electrical linkS 16, on 
which the frames 18 are transmitted in sequential fashion. A 
router receives a frame 18 on an incoming link 16, deter 
mines from the header 20 where the frame 18 should go, and 
accordingly retransmits the entire frame 18 onto the desired 
outgoing link 16. Typically, the received frame is Stored in 
a memory, called a buffer, which allows time for the router 
to determine from lookup tables which outgoing link cor 
responds to the destination address. The robustness of the 
Internet derives from the fact that the nodes 14 are nearly 
autonomous with very little central control and from the 
further fact that multiple paths usually exist between the 
Source and destination terminals. In Such a loosely con 
trolled network, frames arrive at a node 14 at nearly random 
times with nearly arbitrary destinations. In particular, two or 
more frames may arrive nearly simultaneously on different 
incoming linkS and require Switching to the same outgoing 
link. The buffer allows for temporary storage of frames 
awaiting retransmission on a busy link. 
0011. The data rate for a network based on electrical links 
is typically determined by the operating frequency of the 
electronic routers and their associated electronic receivers 
and transmitters. At present, the maximum data rate for 
commonly used electronic Systems is about 10 gigabits per 
second (Gb/s) although 40 Gb/s systems are being devel 
oped. Further increases will prove difficult. A 10 Gb/s 
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transmission link conveys a 500 byte frame (each byte being 
8 bits) in 400 ns. Since packets need to be individually 
Switched, packet Switching times should be Substantially 
less than this time in order to not impact transmission 
capacity. 

0012 Optical fiber presents many advantages in commu 
nications network including Speed, cost, Security, and noise 
immunity. AS originally applied to networks, a fiber was 
used to carry in one of the fiber transmission bands a single 
optical signal that had been modulated by an electronic data 
Signal. In a point-to-point System, each link of the network 
included optical receivers and transmitters including electro 
optical (E/O) converters at the respective nodes intercon 
nected by an optical fiber. Three commonly used transmis 
Sion bands extend over wavelengths in the neighborhoods of 
850 nm, 1310 nm, and 1550 nm. The 1310 nm band is 
typically interpreted as extending from 1290 to 1330 nm, 
and the 1550 nm band extends from 1520 to 1580 nm. The 
1310 nm band is usually used in local networks because of 
its low frequency dispersion and hence high data rates while 
the 1550 nm band is favored in long distance networks 
because of its lower absorption. The 850 nm band extending 
from 800 to 900 nm is also available for less extended 
networks. The wavelengths between the bands are generally 
not usable because of excessive fiber absorption. Efforts are 
continuing to expand the widths of these bands. Optical 
fibers of other compositions have other transmission bands, 
but non-Silica fibers have little commercial importance at 
this time. 

0013 Although the intrinsic transmission bandwidth of 
Silica fiber in any of these bands is vast, often measured in 
hundreds of terahertz, the system speed is limited by the 
Speed of the electronics associated with the routers and its 
transmitters and receivers, that is, about 10 Gb/s. However, 
the network data rates can be significantly increased by the 
use of wavelength division multiplexing (WDM) in which a 
Single fiber conveys multiple optical carriers of different 
optical wavelengths w-ww in one or more of its transmission 
bands, and each wavelength carrier is impressed with a 
different data signal. An example of a WDM communication 
system includes forty or more wavelength channels (W240) 
with wavelength spacings at 1550 nm of about 1 nm or less. 
Thereby, the fiber transmission capacity is increased by a 
factor of forty. 

0.014. The technology for the optical receivers and trans 
mitters is readily available. Multiple semiconductor lasers of 
different emission wavelengths can be fabricated on one 
chip to have different emission wavelengths, the outputs of 
which are modulated according to the different respective 
data Signals. An optical multiplexer combines the multiple 
optical Signals and couples the multi-wavelength Signal onto 
the fiber. At the receiver, the typically passive optical 
demultiplexer Separates the different wavelength compo 
nents, which respective optical detectors then convert to 
electrical form at data rates of no more than 10 Gb/s and 
ready for electronic Switching. Optical multiplexers and 
demultiplexers are available that are essentially insensitive 
to data rate. 

0.015 However, an electronically based router applied to 
the WDM fiber environment with E/O conversion between 
the fiber and the electronics does not Scale well. ASSume that 
K multi-wavelength router input ports are connected to K 
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multi-wavelength router output ports and that there are 
WWDM wavelengths. For a system with 4 input ports and 
32 wavelengths operating at 10 Gb/s, the total aggregate 
Switching capacity needs to be 1.28 terabits per Second 
(Tb/s). In the above design, each node or router requires KW 
electronically based optical transmitters and KW electroni 
cally based optical receivers. Further, a non-blocking elec 
tronic Switch needs to connect any input port to any output 
port, for example, as implemented in a Clos Switching 
network having multiple stages of parallel routers. AS a 
result, its power and complexity increase as (KW) . It has 
been estimated that an electronic router incorporating the 
current state of the art in the above 1.28 Tb/s Switch would 
require 54 bays of electronicS weighing over 4000 kg and 
consuming 400 kW of power, including more than 1200 
thermoelectric coolers for the very temperature-Sensitive 
optoelectronics. 
0016 Electronically based routers suffer the further dis 
advantage that the optical-to-electronic conversion and 
complementary electronic-to-optical conversion are based 
on a particular format, for example, either TCP/IP or ATM 
with a digital payload. There are applications in which it is 
desired to have different formats on different channels, for 
example, different digital format on different channels, or 
digital payloads on Some channels and analog or mixed 
analog/digital payloads on other channels. Even within a 
single WDM channel, it is desirable that the format of 
different packets be freely chosen. While it is conceivable to 
design an electronic router with this flexibility, it is advan 
tageous that the router be concerned only with the packet 
routing and not with the format of the payload. Insensitivity 
to the payload format allows proprietary formats to be used 
on a public network without knowledge at the router of the 
payload format. As a result, it is desirable that a router not 
decode the payload portion of a Switched packet. 
0017 All-optical WDM communication networks have 
been proposed in which Signals are Switched at each of the 
nodes according to the wavelength of the optical carrier. 
Such a network is largely passive away from the terminals 
and can thus be made relatively Small and inexpensively. 
The network is transparent from transmitter to receiver and 
is thus insensitive to protocol. However, while components 
are available which can reconfigure the wavelength connec 
tions, the reconfiguration typically requires hundreds of 
milliseconds and thus is clearly incompatible with the very 
short TCP/IP and ATM frames. Furthermore, the wave 
lengths need to be allocated for the System as a whole 
depending upon traffic. Such centralized control runs 
counter to the autonomous nature of the many nodes of the 
Internet. 

0018) I have described the use of wavelength conversion 
for WDM networks in “Wavelength conversion technologies 
for WDM network applications,’ Journal of Lightwave Tech 
nology, vol. 14, no. 5, June 1996, pp. 955-966. However, the 
article emphasizes transparent networks in which channels 
are Switched according to wavelength and does not explore 
optical packet Switching. 

SUMMARY OF THE INVENTION 

0019. An optical router for wavelength-division multi 
plex (WDM) signals allows the Switching of payloads 
without their conversion to electrical form. The headers are 
decoded and processed to determine the optical Switching 
rOute. 
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0020. A multi-wavelength optical router may be imple 
mented by input and output array waveguide gratings 
(AWGs) acting as demultiplexers and multiplexers. The 
signals from the input AWG have their wavelengths con 
verted to reflect a routing path to the outputs. Output 
wavelength converters may be used to readjust the wave 
lengths for transmission over the network. 

0021 A preferred embodiment includes a Switching 
AWG positioned between the input and output AWGs. Input 
wavelength converters are positioned on Single-wavelength 
channels between the input and Switching waveguides and 
the degree of wavelength conversion is Set by a control 
Section reading the headers of arriving packets. Output 
wavelength converters are positioned between the Switching 
AWG and the output AWG to convert the wavelengths for 
transmission. Multiple input and output AWGs with associ 
ated wavelength converters may be connected through a 
single Switching AWG. 

0022. The AWGs and waveguides linking the optical 
element may be formed in a Single Substrate, for example of 
InP. Additional opto-electronics may also be included in the 
Same Substrate. Alternatively, a few Substrates may be 
formed with the different stages of the router and mounted 
on a common Substrate carrier providing optical coupling 
between the Substrates. In either case, the router may be 
mounted on a Single thermoelectric cooler. 

0023 The wavelength converters may be implemented as 
Mach-Zehnder interferometers with controllable active 
regions, preferably reversed biased into avalanche, and 
tunable lasers. Preferably the Mach-Zehnder interferometer 
and tunable lasers are fabricated in the same Substrate as the 
AWGs and waveguides. 

0024. The size of the Switching AWG may be reduced by 
a multiple levels of AWGs of lesser size. Two stages of Such 
multi-level routerS reduce contention. 

0.025 The packet header information is preferably carried 
out-of-channel on an optical carrier of differing wavelength 
than any of the carriers of the packet payload. Headers for 
Some or all of the WDM channels may be carried on one 
Signaling carrier by the use of multiple RF Subcarriers 
impressed on the Signaling optical carrier. However, two or 
more Signaling carrier wavelengths may be use. 

0026. The out-of-channel signaling carrier may be in the 
same fiber band as the data carriers, for example, the 1550 
nm band, or may be in a different fiber band, for, example, 
the 1310 nm band. A simple demultiplexer Such as a 
multi-mode interference filter can Separate out-of-band Sig 
naling from the data carriers. The input AWG may be used 
to Separate in-band, out-of-channel Signaling from the data 
carriers. 

0.027 Out-of-channel signaling may be sent in advance of 
the corresponding payload to allow time for header recep 
tion and processing to immediate Switch the payload when 
it arrives. 

0028. Alternatively, the payload may be optically stored 
or delayed while the header is being processed. Preferably, 
optical delay elements are interposed on the wavelength 
separated optical paths between the input AWGs and the 
input wavelength converters. 
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0029. One type of fixed or selective and controllable 
optical delay is implemented by a waveguide Structure 
including multiple quantum wells and a photonic bandgap 
arrangement of periodically arranged holes and isolated 
defects, thereby providing extended optical trapping at the 
defects by electromagnetically induced transparency. Such a 
Structure may be formed in the same Substrate as the rest of 
the router, but it may be used for other purposes than optical 
routing. 

0030 Photodetectors and laser diodes for the out-of 
channel Signaling may be formed in the same Substrate, for 
example of InP, as the AWGs. High-speed receiver and 
transmitter electronics may be formed in Separate chips, for 
example, of GaAs and bonded to the InP substrate. Multiple 
receiver and transmitter chips may be closely positioned to 
their respective opto-electronics. Slower control electronics 
may be formed in a silicon chip that is bonded also to the InP 
chip. The bonding is preferably performed with flip-side 
Solder bumps that additionally provide electrical contacts, or 
wire bonding may alternatively be used. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0031 FIG. 1 is a network diagram of a multiply con 
nected communications network. 

0032 FIG. 2 displays the part of a TCP/IP frame. 
0033 FIG. 3 is a network diagram of an interconnected 
ring network. 
0034 FIG. 4 is a functional diagram of the Switching 
elements in an optical router of the invention. 
0035 FIG. 5 is a functional diagram related to FIG. 4 but 
which additionally contains Some Switching control ele 
mentS. 

0036 FIG. 6 is a schematic diagram of an optical splitter 
for closely spaced wavelengths. 
0037 FIG. 7 is a schematic diagram of an optical splitter 
for widely Separated wavelengths. 

0038 FIG. 8 is a layout of an embodiment of an inte 
grated optical router of the invention. 
0039 FIG. 9 is a plan view of a conventional arrayed 
Waveguide grating. 
0040 FIG. 10 is a circuit diagram of a multiplexed RF 
Subcarrier receiver. 

0041 FIG. 11 is a circuit diagram of a multiplexed RF 
Subcarrier transmitter. 

0042 FIG. 12 is a circuit diagram of a wavelength 
converter usable with the invention. 

0043 FIG. 13 is a schematic diagram of a wavelength 
conversion based on parametric difference frequency gen 
eration 

0044 FIG. 14 is a circuit diagram of a receiversector of 
an optical router including a delay element. 
004.5 FIG. 15 is a timing diagram illustrating a useful 
time delay between the header and data payloads. 
0046 FIG. 16 is a circuit diagram of a receiversector of 
an optical router employing delayed out-of-channel, in-band 
Signaling. 
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0047 FIG. 17 is a circuit diagram of a transmitter sector 
corresponding to the receiver sector of FIG. 16. 
0.048 FIG. 18 is a circuit diagram of a receiversector of 
an optical router employing optical memory with out-of 
band Signaling. 
0049 FIG. 19 is a circuit diagram of a receiver sector 
similar to that of FIG. 18 but employing in-band, out-of 
channel Signaling. 
0050 FIG. 20 is a plan view of a photonic trap formed 
in a waveguide. 
0051 FIG. 21 is a cross-sectional view of the waveguide 
of FIG. 18. 

0.052 FIG. 22 is an exploded cross-sectional view of the 
active area of the waveguide of FIG. 21. 
0.053 FIG. 23 is a schematic illustration of the energy 
levels in coupled quantum well. 
0.054 FIG. 24 is a circuit diagram for a receiversection 
of an optical router employing optical delay elements in the 
wavelength separated channels with out-of-band Signaling. 
0055 FIG. 25 is a circuit diagram of a receiver sector 
similar to that of FIG. 25 but employing in-band, out-of 
channel Signaling. 
0056 FIG. 26 is a cross-sectional view of a substrate in 
which an integrated optical router can be formed. 
0057 FIGS. 27 through 29 are plan views of the sub 
strate of FIG. 26 in sequential steps as the optical router is 
being formed. 
0.058 FIG.30 is an orthographic view of the substrate of 
FIGS. 27-29 mounted on a base. 

0059 FIG. 31 is an orthographic view of the substrate 
and base of FIG. 30 with further wire bonding and connec 
tion to fibers. 

0060 FIG. 32 is a schematic diagram of an optical router 
utilizing multiple parallel arrayed waveguide wavelength 
routers of reduced size. 

0061 FIG.33 is a schematic diagram of an optical router 
utilizing multiple Stages of the parallel arrayed waveguide 
wavelength routers of FIG. 32. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

0062) The size, complexity, and cost of routers used in 
optical networks can be greatly decreased by the use of 
optical routers in which most of the transmitted frame, in 
particular, all the data payload, is maintained in optical form. 
Further, the optical Switching required in a wavelength 
division multiplexing (WDM) network is advantageously 
accomplished by Selective wavelength conversion of optical 
carriers and by relying upon passive wavelength dependent 
optical Switching elements. Further advantages are obtained 
when the major portions of the optical router are integrated 
on a single Substrate. 
0063. In U.S. patent application Ser. No. 09/654,384 
(hereinafter 384 application), filed Sep. 1, 2000 and now 
issued as U.S. Pat. No. 6,519,062, incorporated herein by 
reference in its entirety, I describe an optical router 40, 
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schematically illustrated in the circuit diagram of FIG. 4, 
which is based on wavelength conversion. A plurality K of 
input fibers 42 or other types of optical communication paths 
carry respective multi-wavelength WDM signals having 
optical carriers of W respective wavelengths w-ww. The 
input fibers 42 are connected to respective optical demulti 
plexers 44 which separate the W wavelength components of 
each multi-wavelength WDM signal into W spatial paths 
according to wavelength. In the Simplest embodiments, all 
the illustrated links are either optical fibers or planar optical 
waveguide formed in a Substrate A Selective, tunable input 
wavelength converter 46 receives a respective one of the 
Separated wavelength components and converts its optical 
carrier to a Selected and variable wavelength while main 
taining the modulation of the optical Signal. It is understood 
that in Some Switching States, the wavelength converter may 
effectively maintain the wavelength of the Switched optical 
Signal. The wavelength conversion is insensitive to the data 
being carried, and the modulation of the wavelength-con 
verted Signal can be digital, analog, or a combination 
thereof. The outputs of the wavelength converters 46 are 
connected to respective input ports of a WKXWK wave 
length router 48, that is, one having WK input ports Selec 
tively connected to preferably any of WK output ports. The 
wavelengths of the input Signals, as Set by the input wave 
length converters 46, are used to determine the Switching 
paths through the wavelength router 48 to respective output 
ports. The wavelength router 48 is advantageously imple 
mented as a passive optical device in an arrayed waveguide 
grating (AWG). A second set of output wavelength convert 
ers 50 receive the optical signals from the wavelength router 
outputs and convert them to wavelengths determined by 
output WDM signals. Optical multiplexers 52 receive the 
twice wavelength-converted optical Signals and multiplex 
them onto respective output fibers 54 as W-wavelength 
WDM signals. 
0064. The Switching system of FIG. 4 is overly simpli 
fied in that it emphasizes the Switching fabric and ignores the 
control System necessary to Switch individual packets. In a 
more complete system 58 illustrated in FIG. 5, received 
Signaling information related to the desired spatial Switch 
direction of a packet is carried on an out-of-channel Sub 
carrier Signal at a control wavelength W rather than in the 
same wavelength channels as the data at the WDM wave 
lengths w-ww. This is Sometimes referred to as the Data 
Communications Channel (DCC). The out-of-channel sig 
naling is distinguished over the in-channel Signaling 
described in the 384 patent application. For an implemen 
tation based on Subcarrier multiplexing (SCM), each of the 
WDM headers for a fiber 42 are impressed on the single 
optical control wavelength by modulating the control 
optical carrier at W by multiple RF signals at RF frequencies 
f-fw each identified with respective WDM channels. Other 
RF allocations are possible. The subcarrier modulation may 
be accomplished by mixing a 155 Mb/s digital header signal 
with a 14 GHz local oscillator. The mixed signal controls an 
electro-optical modulator at the output of a laser. RF Sub 
carriers spaced at 500 MHZ Supports 200 Mb/s signaling per 
WDM channel. Subcarrier frequencies are spaced by fixing 
the controlled local oscillator (LO) frequencies, and then the 
multiple Subcarrier Signals containing multiple header infor 
mation on multiple wavelength are electrically multiplexed 
before modulating a CW laser output. Other LO frequencies 
from 5 to 50 GHz are easily achievable to enable 200 to 500 
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MHz. Subcarrier spacing. Since each RF Subcarrier carries 
relatively little information content, for example, a 50 bit 
header, a Subcarrier bit rate of about 155 Mb/s may be 
Sufficient to achieving low latency in the Switch as limited by 
the reading of the header content. All RF signals Simulta 
neously modulate the optical carrier at the control wave 
length W. That is, an RF Subcarrier f on an optical carrier 
at We provides out-of-band header Signaling information for 
WDM data carried on the optical carrier, there being a 
one-to-one correspondence between RF f and optical wi. AS 
a result, the header 20 of FIG. 2 is separated from the data 
payload 22, removed from the WDM in-band carriers 
w-w, and moved to the out-of-channel wavelength w. 
That is, the header and payload are frequency multiplexed, 
not time multiplexed as implied in FIG. 2. 
0065. The optical router 58 Switches the payload portion 
of the frame through the wavelength router 48 and probably 
converts its wavelength. However, it performs these opera 
tions at the optical level. Although it converts the header to 
electrical form, it does not convert the payload to electrical 
form, at least for retransmission. The receiverS 62 may 
detect though probably not interpret the payload, and the 
controller does not process the payloads in determining the 
Switching path and writing the new header. Hence, the 
payload is not restricted as to protocol within the frame 
length limitations of the network, and the protocols may be 
digital, analog, or a combination of different digital, analog, 
or digital/analog protocols. Further, the protocols may vary 
between WDM channels and even between packets in a 
single WDM channel. The network can be described as 
being Semi-transparent in that the optical payloads propagate 
without being absorbed, though with probable change in 
wavelength, but the headers are absorbed and regenerated at 
each node. 

0.066 I and others have described a variant of this archi 
tecture in "Optical-label Switching and routing by rapidly 
tunable wavelength conversion and uniform loSS cyclic 
frequency array-waveguide grating.Technical Digest, Opti 
cal Fiber Communications 2001 Conference, Anaheim, 
Calif., Mar. 21, 2001, paper WDD49. In this variant, the RF 
Subcarrier is directly impressed on the respective WDM 
wavelength channel. 
0067. The following paragraph will attempt to distin 
guish in-band, out-of-channel Signaling from out-of-band 
Signaling. Unusable wavelength regions Separate the 850, 
1310, and 1550 nm fiber bands. Within a fiber band, typi 
cally any wavelength is usable. In out-of-band Signaling, the 
header is carried in one fiber band, for example, 1310 nm, 
while the data signals are carried at multiple WDM wave 
lengths in another fiber band, for example, 1550 nm. On the 
other hand, in-band, out-of-channel Signaling is carried on a 
Separate wavelength channel that is nonetheless at a wave 
length included in the fiber band used by the data. For 
example, both data and Signaling may be carried in the 1550 
nm band but at different wavelengths within that band. An 
advantage of out-of-channel Signaling is that the data pay 
loads may be in any format and at any data rate. Indeed, 
analog data payloads, analog/digital combinations or arbi 
trary payload formats are Switchable according to the 
described digital signaling circuitry Since the data payloads 
are never detected and remodulated. An advantage of out 
of-band Signaling is the ease of Separating the Signaling 
information from the data payload. An advantage of in-band, 
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out-of-channel Signaling is the reduced complexity of the 
optics and nearly equivalent transmission over the fiber 
network spans. 

0068. As shown in FIG. 5, the signal input of each of the 
input fibers 42 is split by a wavelength-selective splitter 60, 
which splits off the control channel at W to a header receiver 
62 which detects an optical Signal to allow a header receiver 
62 to read the header and convert it to electronic form. For 
out-of-channel Signaling, preferably only the optical com 
ponent associated with the header is directed to the header 
receiver 62. With proper optical or RF separation, the header 
Signals may be transmitted at lower data rates than the 
optical Signals. Since only the header Signal needs optical/ 
electronic/optical (O/E/O) conversion, this division may 
reduce the required electronic data rates at the router. 
However, for a large number W of WDM channels, the 
combined Signaling rate for all channels may exceed the data 
rate on a single WDM channel. Accordingly, Mout-of-band 
channels, where M is two or more, and asSociated optical 
Wavelengths wo, No.2, . . . McM may be used for the 
Signaling. Taking this into account, the following designs 
may need additional components to demultiplex the parallel 
Signaling channels, process the Signaling information mostly 
in parallel, and impress new headers on multiple Signaling 
channels. 

0069. A switch control section 64 including a controller 
66 and a lookup table 68 receives the requisite parts of the 
frame headers and determines the routing direction from the 
headers in comparison to the lookup table 68. Specifically 
which output fiber 54 and possibly WDM wavelength cor 
respond to the destination address (or intermediate routing 
path) specified in the frame header. The Switch controller 66 
accordingly controls the wavelength conversion of the input 
wavelength converters 46. The Switch controller 66 may 
additionally control the output wavelength converters 50. 
However, the output multiplexers 52 are typically though 
not necessarily designed Such that each input receives an 
optical Signal at a predetermined wavelength. As a result, the 
output wavelength converters 50 may receive an optical 
input Signal of variable wavelength but produce an optical 
output of a fixed wavelength. 

0070 Additionally, depending upon the system design, 
the control Section 64 may rewrite the header on the outgo 
ing frame by inserting new headers on the output frames 
though these headers are inserted out of channel. Optical 
header transmitters 70 associated with each output fiber 54 
perform the Subcarrier multiplexing for all the WDM chan 
nels on that fiber and transmit the new header at the 
out-of-band wavelength w-. A new header is required 
because, at a minimum, the different Subcarrier components 
at frequencies f-fw are likely to have originated from 
different input headers. Furthermore, because of wavelength 
conversion occurring during the Switching, the correlation 
between the header information on f and the data payload 
on W may need to be reestablished in the outgoing header. 
The Switching of Signaling information resembles the optical 
regeneration required of prior art electronic routers attached 
to multi-wavelength inputs, but the more Significant payload 
need not be regenerated. Optical combiners 72 on the output 
fibers 54 combine the in-band WDM data signals at v-ww. 
and the out-of-band or at least out-of-channel Signaling 
information at W. 
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0071. As illustrated in FIG. 5, the wavelength router 48 
need not itself be actively controlled. Instead, as described 
below for the preferred embodiment, a passive arrayed 
waveguide grating may be used to passively Switches optical 
Signals according to their wavelengths Set by the input 
wavelength converters 46. The output converters 50 readjust 
the wavelengths for the desired WDM output channel. 
0.072 For extended networks, it is desirable that the 
Signaling control channel at W be in the same fiber trans 
mission band as the WDM Signals, that is, in-band Signaling, 
so that both the control and WDM channels are equally well 
distributed around the network. Extended networks benefit 
from the 1550 nm band which provides the least absorption 
and is easily amplified by erbium-doped fiber amplifiers. 
Since the control and WDM channels are therefore closely 
Spaced, the optical input Splitter 60 may be implemented, as 
schematically illustrated in FIG. 6, as an optical circulator 
74 receiving the input signal from the input fiber 42 and 
transferring it to an optical path towards the header receiver 
62 but including an intermediate Bragg bandpass filter 76 
tuned to the control wavelength W. Only the header is 
transmitted through the Bragg filter 76, and the data wave 
lengths w-ww are reflected back through the circulator 74 to 
the associated optical demultiplexer 46. 
0.073 However, there are some applications for the high 
speed router of the invention in which the 1310 and 1550 nm 
bands can both be used. One Such application involves 
transmission lengths of 1 km or less not requiring amplifiers 
and not much affected by frequency dispersion between the 
two bands. The wavelength-selective splitter 60 can be much 
more easily implemented for widely Separated, out-of-band 
signals by a multi-mode interference (MMI) filter 80 sche 
matically illustrated in plan view in FIG. 7. Three planar 
waveguides 82, 84, 86 are single moded at both 1310 and 
1550 nm. One waveguide 82 is connected to one side of a 
multi-mode waveguide section 88 at positions offset from a 
central axis 89 of the multi-mode waveguide section 88, and 
the other two waveguides 84, 86 are connected on opposite 
sides of the central axis on the other side. The multi-mode 
waveguide section 88 is multi-moded at both 1310 and 1550 
nm, and the two different wavelengths have significantly 
different eigenmodes within it. The length of the multi-mode 
section 88 is selected so that a single-mode signal at 1310 
nm on the Single waveguide 82 is concentrated on the other 
side at the 1310 waveguide 84 while the single-mode signal 
at 1550 nm is concentrated at the 1550 waveguide 86. This 
design works as a wavelength demultiplexer for Signals 
propagating toward the right and as a wavelength multi 
plexer for Signals propagating toward the left. It is under 
stood that the design is not limited to the two Stated 
wavelengths. In the immediate application, at least the 1550 
nm Signal is a multi-wavelength signal that will be demul 
tiplexed by an AWG. However, the MMI filter 80 works best 
when the two wavelengths are widely Separated in the 
different transmission bands of the silica fiber. 

0.074. A preferred layout for an optical router 90 inte 
grated on a Substrate 92 is illustrated in the Schematic plan 
view of FIG. 8. In the illustrated router 90, there are two 
input fibers 42 and two output fiber 54 and four WDM 
wavelengths, that is, K=2 and W=4. However, it is appre 
ciated that the System can be easily and Scalably generalized 
to more complex Systems characterized by larger values for 
either K or W. The initial design contemplates four input 
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fibers, four output fibers and four WDM wavelengths, but 
larger sizes are planned. The router 90 is largely integrated 
on a substrate 92. Typical dimensions for a system with four 
input fibers 42 and four output fibers 54 are 1 cm high and 
4 cm wide. The fibers 42, 54 are mechanically fixed to the 
Substrate 92 SO to align them with the optical waveguides 
fabricated on the Substrate 92. 

0075. The optics and the opto-electronics can be fabri 
cated on a single Substrate 92 using InP technology to be 
described later. The optoelectronics include optical detectors 
94 detecting the out-of-band Signaling at W and Semicon 
ductor diode lasers 96 emitting at W to form the new header. 
Receiver electronics 98 receive the detector outputs and 
extract the multiple RF Subcarrier Signals. Transmitter elec 
tronics 99 perform the inverse functions in controlling the 
lasers 96. Each laser may continuously output an optical 
carrier at W to an electro-optic modulator, to which the 
controlling RF Subcarriers are simultaneously applied, or 
alternatively the lasers 96 may be directly modulated by the 
RF subcarriers. The preferably passive optics include all the 
illustrated waveguides as well as the optical splitters 60 
dividing the out-of-band header signal to the detectors 94 
and the optical combiners 72 combining the new out-of 
band header signal with the Switched and multiplexed WDM 
outputs. 

0076. The optics also includes three types of arrayed 
waveguide gratings (AWGs). A first or input AWG 100 is 
asSociated with each of the input fibers 42 and acts as the 
demultiplexer 44 of FIG. 4 or 5 to demultiplex the WDM 
Signal into its wavelength components. A Second or output 
AWG 102 is associated with each of the output fibers 54 and 
acts as the multiplexer 52 to multiplex the different WDM 
channels at respective wavelengths w-ww onto a single 
multi-wavelength WDM signal. A third or switching AWG 
104 serves as the wavelength router 48 to Switch optical 
Signals from any input port to any output port depending 
upon the wavelength of the optical Signal. Planar 
waveguides formed in the Substrate 92 and typically single 
mode interconnect the AWG 102,104,106 and the ports of 
the router as well as intermediate optical elements. 
0077 Arrayed waveguide gratings are well known: A 
multi-input, multi-output arrayed waveguide grating 106 is 
illustrated in the schematic diagram of FIG. 9. It is formed 
in the substrate 92 and includes input waveguides 110, 
output waveguides 112, and grating waveguides 114. All the 
waveguides 110, 112, 114 are typically single-mode planar 
waveguides formed in the Substrate 92. The input and 
grating waveguides 110, 114 are coupled through a first 
free-space region 116, and the grating and output 
waveguides 114, 112 are coupled through a Second free 
space region 118. The free-space regions 116, 118, also 
called slabs or Star couplers, confine light vertically but not 
horizontally. The first free-space region 116 equally divides 
a signal on any input waveguide 110 to all of the grating 
waveguides 114. 

0078. The lengths of the grating waveguides 114 are 
chosen to differ by predetermined amounts So as to induce 
differential phase delays between the same optical Signal 
traversing different ones of the grating waveguides 114. The 
Second free-space region 118 also equally divides a signal 
from any grating waveguide 118 to all the output 
waveguides. However, because of the differential phases 
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induced in the different grating waveguides 114, optical 
Signals from the outputs of the output free Space region 118 
at a given wavelength constructively interfere at the input to 
one of the output waveguides 112 and destructively interfere 
at inputs to the other output waveguides 112. As a result, the 
optical Signals delivered to the output waveguides 112 are 
Separated according to wavelength. 
007.9 The AWG 106 thus acts to wavelength route optical 
Signals. The figure shows the transmission of different Signal 

through the AWG 106, where the optical signal 
represents the (i,j)-th data Signal carried on the i-th optical 
wavelength W. If only one input waveguide 110 is used, the 
AWG 106 acts as a demultiplexer. If one output waveguide 
112 is used and each input waveguide 110 is impressed with 
a signal of a different but proper wavelength, the AWG 106 
acts as a multiplexer for one of the output waveguides 112. 
The AWG 106 can also be used as a wavelength router by 
impressing the (i, j)-th data Signal on a wavelength that 
assures it will propagate from the originating input 
waveguide 110 to the desired output waveguide 112. 
0080 Returning to FIG. 8, the AWGs differ in that the 
input and output AWGs 100,102 have a number of ports on 
one side limited to the number W of WDM wavelengths and 
only a Single port on the other Side. However, the Switching 
AWG 104 has a number of ports on each side that is the 
product of the number W of WDM wavelengths and the 
number K of fibers, that is, WK, and the number of required 
Switching wavelengths - w is also WK. Accordingly, 
the Switching AWG 104 presents much a more of a design 
challenge. This design can be eased by the utilizing the 
nearly free Selection of Switching wavelengths. Although the 
channel separations on WDM systems is usually described 
in terms of a wavelength difference, in fact the ITU standard 
for the WDM comb is based on a fixed frequency spacing 
Af, rather than a fixed wavelength spacing Ao between the 
WDM wavelengths w-aw. Wavelength w and frequency fin 
a dielectric or Semiconductor waveguide are related by 

C 

n(A). 

0.081 where c is the speed of light, and n is the effective 
refractive index of the waveguide at the wavelength w. 
Constant wavelength spacing over a band does not math 
ematically equate to constant frequency spacing. Further 
more, any dispersion arising from the wavelength depen 
dence of the refractive index produces further difference. It 
is known that designing AWGS with constant frequency 
spacing is more difficult than with constant frequency Spac 
ing. However, the input and output AWGs 100, 102 are 
constrained by the WDM frequency comb and thus must be 
So designed. However, the frequencies being Switched in the 
Switching AWG 104 are determined by the tunable wave 
length converters 120, 122. Advantageously, these Switching 
frequencies are selected from a comb of WK switching 
wavelengths - we having a constant wavelength spac 
ing Awo, thus easing the design and improving the perfor 
mance of the large Switching AWG 104. The difference 
between constant wavelength and constant frequency Spac 
ing only becomes an issue for three or more wavelength, and 
four wavelengths is usually considered a minimum design in 
any case. 
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0082 The wavelength of a signal input on one input 
waveguide to the Switching AWG 104 is chosen such that the 
Signal propagates through the Switching AWG 104 to a 
chosen Switching output waveguide. A tunable wavelength 
converter 120 is interposed between each waveguide output 
of the input AWG 100 and the corresponding waveguide 
input to the Switching AWG 104. The tuning of the input 
wavelength converters 120 determines the routing through 
the Switching AWG 104 and hence through the optical router 
90. Similarly, output wavelength converters 122 convert the 
signal from the Switching wavelength to the WDM wave 
length of the output. Typically, the input wavelength con 
verters 120 also control the WDM wavelength of the output 
Signal through the Selection of the Switching wavelength. On 
the other hand, the output wavelength converters 122 typi 
cally produce outputs at fixed wavelengths. Since each mul 
tiplexer input port has a fixed wavelength. As a result, each 
output port of the Switching AWG 104 is associated with a 
particular WDM wavelength even though the Switching 
wavelength used to reach it may be different. However, in 
Some other Systems, the output wavelength converters 122 
may also be used to select the WDM wavelength. The 
preferred Structure for the wavelength converters based upon 
tunable lasers and Mach-Zehnder interferometers will be 
described later. For this structure with fixed wavelength 
assignments in the multiplexers, the output wavelength 
converters may contain untuned lasers, but tunability has 
additional advantages to be described later 

0083. The above description completes most of the 
description of the Structure of the optical and opto-electronic 
part of the optical router 90 of FIG.8. However, the tunable 
converters 120, 122 need to have their output wavelengths 
controlled according to information received in the out-of 
band header signal. The optical detector 94 converts the 
header Signal to an electronic form. The header receiver 62 
(FIG. 5), includes the optical detector 94 and receiver 
electronics 98 of FIG. 8. It receives the electronic signal, 
Separates out the W Subcarriers f-fw and extracts the rel 
evant portions of the header needed for Switching. It is 
possible to fabricate the required high-speed electronics in 
the same InP substrate 92. However, it is instead preferred 
to form each receiver electronics 98 in a separate GaAS 
based monolithic microwave integrated circuit (MMIC) and 
bond the multiple MMIC receiver electronics 98 to the 
substrate 92 after fabrication of the optical structures. The 
MMIC receiver electronics 98 provides the preamplification, 
postamplification, and buffering for the InP optical detector, 
measures the detected envelope, filters the Signal, and 
demodulates the multi-frequency RF signals and delivers 
digital signals to the FPGA 124, to be described later which 
is the preferred implementation of the Switch control Section 
64. 

0084. The circuit diagram of FIG. 10 shows a detailed 
implementation of the MMIC receiver electronics 98. A 
splitter 302 receives the photodetected signal from the 1310 
nm photodetector 94 and splits it into WRF streams. A k-th 
stream identified with one of the WDM channels includes a 
narrow RF bandpass filter 304 tuned to the RF frequency f. 
of that stream. An amplifier 306 receives the filtered RF 
signal before an envelope detector 308 extracts the digital 
Subcarrier signal at 155 Mb/s, which is filtered by a low-pass 
filter 310 before being passed to the k-th input of the FPGA 
124. 
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0085) Similarly, the transmitter electronics 99 needed to 
reconstitute the Subcarrier Signaling are conveniently 
formed of separate MMIC circuits formed in a GaAs sub 
strate that are separately bonded to the InP substrate 92 of 
FIG. 8. The MMIC transmitter electronics 99 receives new 
signaling data from the FPGA 124, mixes the signal with the 
14 GHZ signal from one or local oscillators, filters the Signal, 
and impresses the RF Subcarriers on the 1310 nm transmitter 
96. 

0.086 The circuit diagram of FIG. 11 shows an imple 
mentation of the MMIC transmitter electronics 99 including 
W Streams of outgoing header information. The k-th Stream 
receives a 155 Mb/s digital header 322 from the k-th output 
of the FPGA. A high-pass filter 324 filters the digital header 
322 before passing it to a mixer 326. A local oscillator 328 
oscillates at a frequency of about 13 GHZ, but its frequency 
is tuned to have offsets of 500 MHZ between the local 
oscillators 328 of the different streams. A 13 GHz bandpass 
filter 330 filters the local oscillator signal, and an amplifier 
332 amplifies it before passing it to the mixer 326. An RF 
bandpass filter 334 tuned to f filters the mixed signal to 
produce the RF Subcarrier. An amplifier 336 amplifies the 
RF Subcarrier. An RF combiner 338 combines the RF 
Subcarriers from all W. Streams, and the combined signal is 
used to modulate the 1310 nm laser diode 96. 

0087. In RF circuitry, specially designed splitters and 
combiners are commonly used to match impedance between 
the input and output. However, for the very short electrical 
connections envisioned in the RF electronics 98, 99 and 
asSociated opto-electronics, impedance matching is much 
less an issue so that the illustrated splitters 302 and com 
biners 338 may be formed in a tree-like electrical structure. 
0088. In order to allow solder bump contacts between 
chips, it is preferred that the receiver electronics 98 overlie 
the photodetector 94 or associated metallization, the trans 
mitter electronics 99 overlie the output laser 96 or associated 
metallization, and that the FPGA overlie the receiver and 
transmitter electronics 98, 99, the active areas 140, 142, and 
the tunable lasers 132. The configuration illustrated in FIG. 
8, on the other hand, is amenable to wire bonding. 
0089. The layout of FIG. 8 shows that the router 90 is 
divided into Kinput Sectors and K output Sectors separated 
by the Switching arrayed waveguide grating 104. Each 
Sector includes either the MMIC receiver 62 and detector 94 
or transmitter 70 and laser 96, and the associated W tunable 
wavelength converters 120, 122. Each sector also includes a 
large input or output AWG 100, 102. The dimensions of the 
Substrate 92 are quite large, particularly in the horizontal 
direction in which the optical waveguides need to slowly 
curve to minimize bending losses. It is estimated that a 1x4 
input AWG occupies a footprint of 2.5 mmx 1.5 mm and a 
4x4 Switching AWG a footprint of 6 mmx4 mm. If the 
receiver and transmitter electronics 98.99 were fabricated as 
a single MMIC device, the large distances would present 
Significant propagation problems for the high-Speed signals 
needing to propagate between the MMIC and the detectors 
94, the lasers 72, and the tunable wavelength converters 100, 
102. However, the bonding in each of the sectors of separate 
MMIC receiver and transmitter electronics 98, 99 put these 
high-Speed electronic devices relatively close to their asso 
ciated opto-electronics, thereby reducing the length of elec 
trical connections, reducing the need for transmission lines, 
and minimizing delays and capacitive broadening 
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0090 The control section 64 of FIG. 5 is preferably 
implemented as a separate circuit, Such as a field program 
mable gate array (FPGA) 124 formed in a silicon Substrate, 
which is bonded over or near the receivers 62, transmitters 
70, and wavelength converters 120, 122. The flip chip 
bonding of the MMIC electronics and FPGA implies that the 
Solder bumps used to bond are also being used to electrically 
contact underlying optical detectors, lasers, active areas, and 
tunable lasers. However, Such registration is not portrayed in 
the drawings, both for ease of understanding and to account 
for the fact that in at least early implementation, bonding 
wires rather than flip chip solder bumps will provide the 
electrical contacts between the bonded chips and the under 
lying active areas of the substrate. With flip-chip solder 
bumps, the upper chips are turned over to place the active 
areas and asSociated Solder bumps on the bottom in registry 
with the features in the substrate being contacted. With wire 
bonds, the active areas are typically left exposed on the top 
for wire bonding, although Solder bumps may be used on the 
inactive bottom for physical inter-chip bonding. 
0091. The wavelength converters 120, 122 are preferably 
implemented in a common design as a wavelength converter 
130, illustrated in the plan view of FIG. 12, preferably 
fabricated in the same InP Substrate 92 as the rest of the 
optical router 58. I have disclosed this design in more detail 
in U.S. patent application Ser. No. 09/828,004, filed Apr. 6, 
2001 and now issued as U.S. Pat. No. 6,563,627, incorpo 
rated herein by reference in its entirety. The wavelength 
converter 130 includes a planar optical waveguide receiving 
an input signal on an optical carrier at wavelength w 
modulated according to a data Signal and another planar 
waveguide outputting an output Signal of an optical carrier 
at wavelength w inherently modulated according to the 
Same data Signal. Atunable laser 132 Sets the wavelength we 
under the direction of the router controller. I have disclosed 
the design for a four-Section tunable diode layer in the above 
cited 384 patent application. That laser includes a gain 
Section and a phase Section Sandwiched between Sampled 
Bragg gratings. Respective electrodes Separately tune the 
four Sections. The tuned we laser output is split and applied 
to both arms 134, 136 of a Mach-Zehnder interferometer 
137. The W input Signal, after being amplified by a Semi 
conductor optical amplifier 138, is applied to only one arm 
136. Each arm 134, 136 includes active regions 140, 142, 
including a Semiconductor junction. The active regions 140, 
142 may operate as avalanche absorption regions, which are 
weakly absorbing at about 10% when they are negatively 
biased by two DC sources at -V and -V. The electron 
avalanche effectively multiplies the number of electrons 
photo-generated by the absorbed light. The two biases may 
differ by a few percent in order to, among other reasons, 
introduce a controlled constant phase difference between the 
arms 134, 136. The modulated w data signal and the 
unmodulated a pump signal interact in the lower active 
region 142 to produce a modulated W component. There is 
no corresponding interaction in the upper active region 140. 
The signals from the two interferometer arms 136, 138 
when recombined interfere with each other to produce the 
data modulated optical output signal at . 
0092. The tunable laser 132 is electrically tuned and can 
produce radiation at any of the WDM wavelengths w-ww, as 
required for the output wavelength converters, or at any of 
the Switching wavelengths - kw, as required for the 
input wavelength converters. Similarly, the wavelength con 
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verter 130 is preferably designed to receive and wavelength 
convert optical Signals at wavelengths included in either of 
these two Sets. 

0.093 Somewhat similar wavelength converters substi 
tute a Semiconductor amplifier for the absorber in the active 
regions 140,142. In fact, the difference is primarily a matter 
of forward rather than reverse biasing of a Semiconductor 
junction Structure. Operation in the reverse biased avalanche 
region permits wavelength conversion of optical signals 
with much higher bit rates compared to Similarly located 
Semiconductor amplifiers. 
0094. The semiconductor optical amplifier 138 on the 
Signal input to the wavelength converter 130 can be advan 
tageously used to monitor the State of optical Signals. The 
amplifier 138 operates by forward biasing a semiconductor 
junction (typically of the same vertical structure as the active 
regions 140, 142). The illustrated optical router or some of 
its channels are Sometimes put in idle mode. For example, 
there may be no traffic or there may be redundant routers 
which are electronically Switched back and forth, that is, 
Swapped. During the idle period in which no traffic requires 
the use of wavelength conversion, the biasing of the ampli 
fier 138 may be changed to reverse biasing Such that it can 
operate as an optical detector measuring the intensity of the 
optical carrier at the input to the wavelength converter. The 
current output of the reversed biased junction amplifier 138 
measures the optical intensity it receives. In an input wave 
length converter, the measured channel intensity is that at the 
input of the router. In an output wavelength converter, the 
measured intensity is affected by the tunable lasers of the 
input wavelength converters. 
0.095 Other types of wavelength converters can be used. 
For example, a difference frequency generator 144 Sche 
matically illustrated in FIG. 13 relies upon a relatively large 
non-linear susceptibility x) found in GaAs and related 
AlGaAS to combine an input signal at () with a pump signal 
at () and parametrically convert them to an output signal at 

0096) I and others have described an example of this type 
of wavelength converter in U.S. Pat. Nos. 5,696,902 and 
5,801.232. Quasi-phase matching is used to match the 
differing propagation Velocities of the pump and Signal light 
over the relatively long non-linear interaction region. 
0097. At least two timing issues for the optical router 
need to be addressed in ways distinctly different from 
Solutions available for electronic routers. The two issues 
arise from label reading and channel contention. 
0.098 Label reading will be addressed first. The frame 
header determines the routing of the data payload of the 
Same frame. Even with very fast electronics, label reading 
and processing requires about 10 to 50 ns, which corre 
sponds to about 60 bytes for a 10 Gb/s signal. For time 
multiplexed headers and data payloads, this means that a 
Sizable portion of the data payload has been received before 
the router has Sufficient time to determine its routing path. 
For an out-of-channel Subcarrier header, the problem can be 
even worse Since the header and data payloads may be 
simultaneously received over a 500 byte period, that is, 400 
nS payload reception time over which the header is also 
being received and 50 ns processing time for a total of 450 
ns. One method of resolving the problem introduces a delay 
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into the data payload but detects and processes an undelayed 
header. For example, as illustrated in the Schematic diagram 
of FIG. 14, an optical delay element 150 is disposed in the 
planar waveguide between 1310/1550 splitter 60 and the 
input AWG 100. Although a 10 ns delay may be acceptable, 
the preferred 50 ns delay for a time multiplexed header can 
be obtained by about 10 m of optical fiber butt coupled on 
both ends to the planar waveguide although 250 ns of delay 
ensures an operating window. If the out-of-channel header is 
Simultaneously received out of channel with the data pay 
load, the delay needs to be even longer, for example, 450 ns 
to allow 400 ns for reception and 50 ns for processing. 
However, if the header is sent well in advance of the 
payload, a 50 ns delay can prevent processing delays from 
accumulating acroSS the network. 

0099. The problem of excessive times required to read 
labels can be addressed in the case of an out-of-channel 
header Signal at the System level by differential transmission 
timing between the label and payload. In the timing diagram 
of FIG. 15, the signals propagate to the left and time 
increases to the right. The out-of-channel label (header) 154 
at Subcarrier f impressed on optical carrier at We can be sent 
well in advance of the associated data payload 156 at optical 
carrier , both of which are labeled in the illustration as part 
of the N-th packet. The figure assumes that different RF 
subcarriers f, referring to different WDM carriers are 
being Simultaneously transmitted. The timing should include 
a fixed label-data delay t between the end of the label 154 
and the beginning of the data payload 156. During the 
label-data delay T, the label is being interpreted, the 
routing determined from the look up table, and finally the 
tunable laser for the channel being switched is retuned for 
the desired output path. AS Stated before, the processing 
delay is typically 10 to 50 ns after reception of the complete 
label. Frequency dispersion on the network may change the 
label-data delay Tibetween the transmitting and receiving 
nodes. The label-data delay T needs to be closely con 
trolled because the timing of the beginning of the data 
payload 156 is not otherwise determined in the optical 
rOuter. 

0100. As illustrated, the labels 154 of one packet may 
overlap in time the data payloads 156 of another packet of 
different value of N, even for the same WDM wavelength. 
The data payloads 156 of different packets for the same 
carrier wavelength a should be separated by a minimum 
inter-data delay to that allows retuning of the lasers and 
accommodates System jitter including any uncertain net 
work frequency dispersion. The four-Section diode lasers of 
the type described above have been shown to Switch in less 
than 1 ns, thus Satisfying the requirements for a 10 Gb/S 
System with reasonably long frames. Subcarrier headers of 
different channels may be impressed at their respective 
frequencies f on the same Signaling carrier W. So that the 
labels for the different WDM channels w; overlap on the 
Signaling channel. The advance reception of the out-of 
channel header allows the elimination of the delay element 
150 of FIG. 14. However, the advance reception of the 
header works only for networks having a limited number of 
hops through routers. Each router node decreases the label 
data delay T by the amount of time required to detect and 
process the out-of-channel header because only thereafter 
can the outgoing header be sent. Meanwhile, the undelayed 
data payload continues to come closer to the header. 
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0101 The advance reception of the out-of-channel 
header further allows the elimination of the Separate optical 
Splitter 60. Instead, the header optical carrier W may be 
placed within the same fiber band as the WDM wavelengths 
w-w, for example, the 1550 nm band, but at a different 
wavelength than any of the WDM wavelengths w-aw. The 
header carrier W is preferably spaced from the WDM 
wavelength by the same or a small multiple of the WDM 
channel Spacing. The result is in-band, out-of-channel Sig 
naling, which increases the number of wavelengths in the 
WDM comb by one wavelength and uses that wavelength 
for advance Signaling rather than for data. In the receiver 
sector illustrated in the circuit diagram of FIG. 16, the 
optical Signal from the input fiber 42 is input without 
splitting to the input AWG 100, which is redesigned to 
accommodate the extra Signaling wavelength. A planar 
waveguide conveys the AWG output for the added wave 
length to the photodetector 94, and the receiver electronics 
98 receives the electrical output to control the routing. Not 
only does this design simplify the router design, the in-band, 
out-of-channel control Signal is carried in the same 1550 nm 
(or other wavelength) band as the data Signals, thus requiring 
no special optical design on the router chip. Furthermore, 
there will be relative little network dispersion between the 
data and Signaling, and optical amplifiers on the network or 
on the router chip, as required, can commonly amplify the 
control Signal together with the data Signals. This is espe 
cially important for a rare-earth (erbium) doped fiber ampli 
fier (EDFA), which has a relatively narrow amplification 
band. 

0102 Similarly, in the corresponding transmitter sector, 
illustrated in the circuit diagram of FIG. 17, the wavelength 
of the transmitter laser 96 is chosen to fall in or close to the 
WDM fiber band but at a different channel from the data 
within that band. The optical output of the laser 96 is 
connected to the input of an expanded output AWG 102, 
which recombines the data and header Signaling wave 
lengths onto the output fiber 54. 
0103) For in-band signaling, the photodetector 94 and the 
transmitter laser 96 may be designed similarly to the tunable 
lasers 132 of the wavelength converters 120, 122 of FIG. 12. 
The common design not only eases the fabrication, it also 
allows all optical output channels of the router to be wave 
length tunable. Universal tunability can be used either for 
fine tuning to compensate for component drift or for coarse 
tuning to change to a different Signaling wavelength, as 
might be required for links having different WDM wave 
length combs. 
0104. The second timing issue involves channel conten 
tion. A router is Subject to nearly random incoming traffic 
and required routing. In particular, two or more Simulta 
neously coincident packets may need routing to the same 
output. An electronic router resolves the contention problem 
by Storing incoming packets in a buffer memory from which 
the packets are read when the desired output channel 
becomes available. Finite buffers do not completely resolve 
the contention problem in very heavy traffic or congested 
networks since the buffer may overflow. TCP/IP networks 
are designed for loSS of Some packets during transmission, 
in which case the originating transmitter is informed of the 
loSS and the data is retransmitted. As a result, Such networks 
do not need contention to be eliminated, only managed to a 
reasonable level. 
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0105 The optical router of FIG. 8 can manage a reason 
able level of contention as long as the transmission capacity 
of the output fibers 54 is reasonably high and the network is 
designed to allow arbitrary assignment to a Switched packet 
of transmission wavelengths within the WDM comb. The 
input AWG 100 and input wavelength converters 120 are 
themselves non-blocking. The Switching AWG 104 has a 
Sufficient number of paths and Switching wavelengths for all 
arriving Signals to be non-blocking. Contention, however, 
may arise if it is required to Switch two packets to the same 
wavelength on the same output fiber 54. But, if the output 
fiber wavelength assignment is made based on whatever of 
the W wavelengths are available on the output fiber 54, then 
contention arises only when all W wavelength channels are 
already busy. The probability that all W channels are busy is 
much less than the probability that a WDM channel of a 
particular wavelength is busy. Thus, the illustrated optical 
router 90 effectively can manage contention at Some accept 
able level without the need to buffer the optical data signals. 
0106 Nonetheless, optical buffering is advantageous. 
One approach considered in the 384 application uses the 
fiber delay introduced by about 10 m or more of optical fiber 
connecting one of the output fibers 54 to one of the input 
fibers 42 in a feedback loop rather than the two fibers 42, 54 
being externally connected. The delayed feedback connec 
tion of one or more wavelength-separated channels between 
the input and output AWGs 100,102 would also be effective. 
Whenever an incoming Signal is blocked, it is Sent through 
the delayed feedback loop. 
0107. In a more preferred approach, as illustrated in the 
circuit diagram of FIG. 18, the receiver sector includes 
optical random access memories 160 interposed on the 
planar waveguides between the outputs of the input AWG 
100 and the corresponding wavelength converters 120. Even 
with no delay either between the header and data or induced 
in the data on the chip, the header can be detected and 
processed by the receiver electronics 98 while the corre 
sponding data is being Stored in the optical memories 160. 
Only when the desired output channel for the packet 
becomes available is data read from the optical memory 160 
Storing it. 

0108. The optical router using optical memory illustrated 
in FIG. 18 is appropriate for out-of-band Signaling, e.g. at 
1310 nm. However, the optical memory can be equally well 
applied to an in-band, out-of-channel System illustrated in 
FIG. 19 in which the frame is wavelength selected by the 
input AWG 100 and the data payloads are directed to 
respective optical memories 150. It is also possible to use 
in-channel, time-multiplexed Signaling in which the entire 
frame is Stored in the optical memory, and the header portion 
is read while the data payload remains in the optical 
memory. 

0109. One type of optical memory is a serial device 
providing a variable optical delay and based on electromag 
netically induced transparency (EIT) and photonic band gap 
(PBG). A planar waveguide 170, shown in schematic plan 
view in FIG. 20 is formed in the Substrate 92 with lateral 
confinement in one direction and a periodic structure, for 
example, of holes 172 formed in the other direction in the 
Semiconductor waveguide material. The holes are arranged 
in a close packed hexagonal array to achieve a photonic band 
gap. The holes 172 are included in a class of features formed 
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in the waveguide 170 having a different refractive index than 
the Surrounding material. The hole spacings, may be 515 nm 
for the 1550 nm light being considered, and their diameter 
may be 100 nm. It is known that Such an arrangement 
produces a photonic band gap. Light having an energy 
within the band gap cannot propagate through the Structure. 
However, the hole arrangement also includes one or more 
defects, for example an absence 174 of a hole. Preferably, a 
plurality of defects 174 are arranged with a regular spacing 
P, for example of 5 to 10 tim, along the axis of propagation 
of the light. Each defect 174 serves as a photon trap. The two 
holes 172 immediately adjacent the defect 174 and in line 
with the direction of propagation may be made larger to 
break the dipole degeneracy. The holes 172 around each 
defect 174 also form Bragg-like reflectors So as to create a 
resonant cavity about the defect 174 having a resonant 
wavelength WAv. Light of forbidden energy can be trapped 
by Such defects in what is called a photonic bandgap trap. 
0110. The vertical structure within the waveguide 170 
ignoring the holes 172 is schematically illustrated in FIG. 
21. It includes an active layer 180 sandwiched between 
conductive upper and lower cladding layers 182, 184, for 
example, a 1 um-thick p-type upper cladding layer 182 and 
a 1 um-thick n-type lower cladding layer 184, both com 
posed of InP. The InP substrate is not illustrated. A control 
electrode 186 overlies the waveguide 170 in opposition to 
the lower cladding being held at a predetermined electrical 
potential, for example, ground. The holes 174 should extend 
through at least the active layer 180 but are more easily 
formed through all three layers 180, 182, 184. The active 
layer 180 forms the planar core of the optical waveguide. 
Lateral waveguide sides are otherwise defined by the buried 
heterostructure waveguide. The active layer 180 may be 
composed of a plurality of quantum well barriers formed, as 
schematically illustrated in the cross-sectional view of FIG. 
22, by forty doped quantum wells 186 separated by barriers 
188. For 1550 nm light, the quantum wells 186 may be 
n-doped to 1x10' cm', have a thickness of 10 nm, and be 
composed of Ino, GasAS, and the barriers 188 may be 
undoped, have a thickness of 10 nm, and be composed of 
Alosinos AS. The resulting active core layer 180 has a total 
thickness of 400 nm. 

0111 AS illustrated in the energy vs. distance diagram of 
FIG. 23, this structure produces electronic quantum wells 
190 separated by barriers 192. Each quantum well 190 has 
at least two electron/hole energy levels, which are coupled 
across the barriers 192 and thereby split in energy. The lower 
level splits into narrowly spaced Subbands 194, 196 while 
the upper level splits into more widely spaced Subbands 198, 
200 Separated by an energy AEw. A resonance at an optical 
wavelength wris formed by the beating of transitions from 
the closely spaced lower Subbands 194, 196 to respective 
ones of the upper Subbands 198, 200. Although long pre 
dicted, this effect has been verified by Phillips et al. in 
“Observation of electromagnetically induced transparent 
and measurements of Subband dynamics in a Semiconductor 
quantum well,'Physica E. Low-dimensional Systems and 
NanoStructures, vol. 7, nos. 1, 2, April 2000, pp. 166-173. 
The resonance not only makes the otherwise opaque mate 
rial transparent, it Substantially slows the Speed of light 
propagation. 
0112 The photonic band gap of itself produces trapping 
times of only about 100 ps, which is insufficient for optical 
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memory. However, the electromagnetically induced trans 
parency has the effect of Slowing down the light propagation 
by factors of up to 10°. If the effects are combined under the 
conditions that 

0113 then the WDM channel having the carrier wave 
length w will be delayed for controllable times as long as 1 
ms, which is Sufficient for optical packet Switching. The 
combination of photonic bandgap and quantum wells has 
been used to fabricate tiny optically pump lasers, as 
described by Painter et al. in “Two-dimensional photonic 
band-gap defect mode laser,'Science, Vol. 284, no. 5421, 
1999, p. 1819. 

0114. The exact frequencies of the cavity and EIT reso 
nances are electrically tuned by a DC Signal applied to the 
upper electrode 186 of FIG. 21. In operation, when delay is 
needed for the WDM channel, a control signal V N on 
the electrode 186 of the corresponding channel is changed to 
tune the resonances So that optical Signal is slowed down and 
effectively trapped. The amount of delay can be determined 
beforehand to produce only partial resonance or alterna 
tively complete resonance may be tuned for a Selected length 
of time less than the maximum available delay. When delay 
is no longer needed, the control Signal VNT on the 
electrode 186 detunes the resonances to cause the light to 
quickly propagate along the Waveguide. 

0115 The optical memory described in FIGS. 20 
through 22 is a controllable optical delay line and may be 
operated as a first-in/first-out buffer by the use of multiple 
Separately controllable delay Stages. More random acceSS is 
possible by putting Several Such delay elements in parallel. 

0116. A structure similar to the controllable optical delay 
line can be used as a relatively fixed optical delay either for 
out-of-band signaling in FIG. 24 or for in-band, out-of 
channel signaling in FIG. 25 for the respective the input 
Sections. In either case, a fixed optical delay element 206 
placed between the wavelength-separated outputs of the 
input AWG 100 and the corresponding wavelength convert 
ers 120. The optical delay elements can provide sufficient 
delay of at least 10 ns and preferably 50 ns or more in the 
respective data channels to allow the photodetector 92 and 
receiver electronics 98 to detect and process the undelayed 
Signaling channel to thereby enable real-time control of the 
wavelength converters 120, 122. Since each optical delay 
element 206 delays only one of the WDM wavelengths , 
it need be resonant over a relatively narrow bandwidth, 
vastly simplifying its design. The control electrode 186 of 
FIG. 21 may be used for its tuning. The delay lines, 
particularly when formed in the same Substrate as the rest of 
the router are much Superior to loops of optical fiber, which 
is difficult to couple to planar waveguide. 

0117 The integration on the same InP Substrate of the 
passive waveguide with at least the 1550 nm lasers and 
active regions and possibly with 1310 nm detectors and 
laserS requires complex processing, which can be accom 
plished starting with the epitaxial InP-based stack illustrated 
in cross section in FIG. 26. Over an n-type InP Substrate 210 
or alternatively an n-type InP base layer, which Serves as the 
bottom electrode, is grown a 500 nm-thick passive 
waveguide layer 212 formed of a quaternary InGaAsP 
composition having a bandgap of 1.25 lum. An n-type etch 
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stop layer 214 of InP is then deposited. Etch stop layers may 
be 20 nm thick. Over the etch stop layer 21, an 1310 nm 
layer 216 is deposited including three unstrained quantum 
wells of quaternary InGaAsP wells and InCaAsP barriers of 
differing composition in which the Wells have a composi 
tional bandgap of 1.31 lum. The 1310 nm lasers and detectors 
will be formed in the 1310 nm layer 216. Another undoped 
etch Stop layer 218 is deposited, over which is deposited an 
undoped 1550 nm layer 220 including four 1% compres 
Sively Strained quantum wells of InCaAS barriers and 
Strained quaternary InGaASP wells having a compositional 
bandgap of 1.55 um. The avalanche region of the wave 
length converters and the 1550 nm lasers, if any, are formed 
in the 1550 nm layer 220. A 40 nm-thick p-type InP cap layer 
22 completes the Semiconductor junction. The n-type base 
layer 210 and the p-type cap layer 222 Serve as cladding 
layerS for the intermediate layers. 
0118. The multi-step processing of the stack structure of 
FIG. 26 will be explained with reference to a series of partial 
plan views of a portion of the substrate 92 as it is being 
developed. As illustrated in the plan view of FIG. 27, a 
photomask defines the areas of the Semiconductor optical 
amplifiers 134 and the tunable lasers 132 of the wavelength 
converters 120. A wet etch sequence is performed which is 
first selective against the InGaAsP quantum well layer 220 
and then Selective against the underlying InP etch Stop layer 
218 to form the amplifiers 34 and lasers 132 in the 1550 nm 
layer 220. Only one receiving sector is illustrated. Virtually 
identical structure is formed in the transmitting sectors. 
0119) Another photomask is applied to define, as illus 
trated in the plan view of FIG. 28, the additional structure 
for the active avalanche regions 140, 142 (FIG. 12) of the 
wavelength converters 120 and for the 1310 nm detector 94. 
In the output sectors, the 1310 nm laser 96 has the same 
Structure except for electrical leads. Another pair of Selective 
wet etches forms the avalanche regions 138, 140 and detec 
tor 94 in the 1310 nm active layer 214. Another photolitho 
graphic Step forms unillustrated Sampled distributed Bragg 
gratings in the top p-type layer 222 on each end of the 
tunable lasers 132. 

0120 Yet another photomask is applied to laterally define 
in a silica hard mask, as illustrated in the plan view of FIG. 
29, the MMI filter 60, the AWG free space regions for the 
input and output AWGs 100, 102, and the Switching AWG 
104, and the other planar active and passive waveguides 
within the AWGs and connecting other elements. More 
Selective wet etching Steps form these elements in the 
waveguide layer 212. 
0121 With the hard mask left in place, semi-insulating 
InP is regrown by metallorganic chemical vapor deposition 
(MOCVD) to bury the sidewalls of the lasers and 
waveguides. The hard mask is removed, an p-type InP is 
regrown, followed by p-type InGaAS. Semi-insulating InP is 
regrown to isolate the active regions. A p-type metallization 
is applied to the active contacts. 
0122) Thereafter, the MMIC transmitter and receiver 
chips 98, 99 are flip-chip bonded to the top of the substrate 
92. It would be preferred to also flip chip bond the FPGA 
124 at this stage, presently available FPGA are So large as to 
make this further integration difficult. An application Spe 
cific integrated circuit (ASIC) may be specially designed to 
the required Smaller size. Alternatively, as illustrated, elec 
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trical connections between the MMIC chips 98,99, mounted 
active Side up, and the associated detectorS 94 and trans 
mitters 96 may be done by bonding wires at a later Stage. 
0123 The substrate 92 may be lapped down to 125 um 
from the back and cleaved to chip size if required. A cleaved 
chip with attached MMICs is mounted on a silicon 
microbench 230, illustrated in the orthographic view of FIG. 
30 on which are preformed a number of contact pads 232 
Surrounding the area of the chip. A Silicon microbench is 
well known in opto-electronic Systems and is typically 
formed of a Silicon wafer having a Surface layer of poly 
silicon. The chip 92 and microbench 230 are mounted on a 
single thermoelectric cooler 234, such as a Model CP 
1.4-71-10L-1 available from Melcor, Inc. The thermoelec 
tric cooler 234 controls the temperature of the opto-elec 
tronic chip 92 within a fairly narrow range so that the 
elements have the proper optical wavelength characteristics. 
As illustrated in the orthographic view of FIG.31, the FPGA 
controller chip 124 is flip-chip bonded onto the chip 234 or 
may be maintained on a separate FPGAboard within the the 
packaging. All of the router opto-electronics are mounted on 
the Single thermoelectric cooler 234, vastly simplifying the 
design, reducing its size and cost, and easing the temperature 
control of many elements. AS noted before, the illustrated 
sizes and placment of the MMIC electronics 98, 99 and 
FPGA 124 do not reflect the preferred flip-chip solder bump 
COntactS. 

0.124. The thermoelectric cooler 234 and attached struc 
ture is placed within the packaging. 
0125 Wire bonds 236 are made between the FPGA 124, 
the 1310 nm detectors and lasers, the avalanche regions, the 
optical amplifiers, the tunable lasers, the contact pads, and 
the exterior of the System through the packaging. Optionally, 
the MMIC transmitter and receiver chips may be bonded to 
metallizations or interconnects associated with Some of the 
active elements on the chips, particularly, the 1310 nm 
detectors and lasers, and provide the required electrical 
contacts. The ends of the input and output fibers 42, 52, 
which number four each in the base design, have tapered tips 
shaped as lenses to match the planar waveguides and to 
reduce the size of their cladding, typically 125 um in 
diameter, So that their cores can be juxtaposed to the input 
and output planar waveguides on the chip 92. The fibers 42, 
52 are fixed in these positions by structure attached to the 
silicon microbench 232. 

0.126 In an alternative embodiment, the silicon 
microbench is replaced by a Silica photonic lightwave circuit 
(PLC) and the chip 92 is fabricated in five separate portions. 
A first Section provides the demultiplexing and includes the 
MMI splitter, the input AWGS, and associated planar 
waveguides. A Second Section provides the input wavelength 
conversion and includes the photodetectors, the tunable 
lasers, and the wavelength converters as well as Some planar 
waveguides. A third Section performs the wavelength-Selec 
tive Switching and includes the Switching AWG and asso 
ciated waveguides. The fourth Section provides the output 
wavelength conversion and is quite Similar to the Second 
portion except for the functional differentiation between a 
photodetector and a laser diode. The fifth section performs 
the multiplexing and is quite Similar to the first Section. The 
Separate chips are easier to fabricate, and Spot-size trans 
formers placed on the photonic lightwave circuit can be used 
at the interface between waveguides of different Sections. 
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0127. Although it is preferred that the opto-electronics 
including the detector, transmitting lasers, and wavelength 
converters including the tunable lasers and active layers be 
formed in the same Substrate as the passive optics, the 
technology is difficult. Therefore, some or all of the opto 
electronics may be formed in Separate chips that are there 
after bonded to the principal optical chip. Such heterostruc 
ture integration reduces the complexity and improves the 
yield. 

0128. The Switching AWG 104 presents the most chal 
lenges in fabricating the passive portion of the circuit 
because it needs KW input and KW output ports. Further, the 
tunable lasers on the input side need to be tuned to KW 
Switching wavelengths. These design problems can be Sig 
nificantly reduced by a router 240 schematically illustrated 
in FIG. 32 in which the single switching AWG is replaced 
by D levels of a reduced size wavelength routers 242. Each 
router level 242 has WK/D input ports and WK/D output 
ports. Furthermore, the input wavelength converters 46 need 
to be tunable to only WK/D separate wavelengths. A similar 
relaxation is obtained for the output wavelength converters 
50. The illustrated router 240 is not strictly blocking because 
the path from any input channel to any output channel is 
constrained and another existing connection may block the 
desired path. However, the degree of blocking is reduced in 
the case of wavelength routing because the Switching wave 
length as well as the output wavelength may be picked from 
any wavelengths then available in the particular router level 
242 or selected output fiber 52. 
0129. The blocking can be substantially further reduced 
by a multi-stage router 250 schematically illustrated in FIG. 
33 in which D levels of second wavelength routers 252 of 
Substantially the same design as the first router levels 242 are 
interposed between the first-stage router levels 242 and the 
output wavelength converters 50. Intermediate wavelength 
converters 254 interposed between the first router levels 242 
and the second router levels 252 and controlled by the Switch 
controller 66 of FIG. 5 selectively convert the optical 
signals between any of the KW/D Switching wavelengths. 
Further, the outputs of one level of the first router levels 242 
should be connected to inputs of another level of the second 
router levels 252. This design could be further extended to 
additional Stages of router levels to produce a purely non 
blocking CloS type of Switching network, but this complex 
ity Seems unnecessary in View of the flexibility in Selecting 
Switching and output wavelengths and their use in TCP/IP 
networks, in which Some packet loSS is allowed. 
0130. The multi-level reduced sized wavelength routers 
can be fabricated in a Stacked Structure of waveguides in a 
process described in the 384 application. 
0131 Although the invention has been described with 
reference to arrayed waveguide gratings, other types of 
multiplexers, demultiplexers, and wavelength routerS may 
be employed with different aspects of the invention. Fur 
thermore, the wavelength converters are not limited to the 
described types. 
0132) The many aspects of the invention allow the eco 
nomical fabrication and operation of an optical router of 
very high capacity. In particular, all or nearly all opto 
electronics are preferably also the electronic components 
can be formed in or bonded to one Substrate heat Sunk to a 
Single thermoelectric cooler. The wavelength-based Switch 
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ing reduces the level of contention and minimizes latency at 
the router node. Few restrictions are imposed on the format 
of the packet being Switched, thus facilitating a multi 
protocol router at little or no added cost and complexity. 

1. A method of optically routing packets, comprising the 
Steps of 

a first Step of impressing onto a Silica optical fiber packet 
Signaling information for a first packet on a signaling 
optical Signal having a signaling wavelength within a 
first silica fiber band; 

a Second Step of impressing onto Said Silica optical fiber 
a data payload for Said first packet on a first optical 
Signal having a first wavelength within a different 
Second Silica fiber band; 

detecting from Said Silica optical fiber Said Signaling 
optical Signal; and 

based upon Said detecting Spatially Switching Said first 
optical Signal without converting it to electrical form. 

2. The method of claim 1, further comprising: 
a third Step of impressing onto Said Silica optical fiber 

packet Signaling information for a Second packet on a 
Second optical Signal having Said Signaling wavelength; 

a fourth Step of impressing onto Said Silica optical fiber a 
data payload for Said Second packet on a Second optical 
Signal having a Second wavelength different from Said 
first wavelength within said second silica fiber band; 
and 

based upon Said detecting Step Spatially Switching Said 
Second optical Signal without converting it to electrical 
form. 

3. The method of claim 2, wherein said first and third 
impressing Steps include impressing first and Second RF 
Signals upon Said Second optical Signal. 

4. A method of optically routing packets, comprising the 
Steps of 

at a first time, impressing onto an optical transmission 
path packet Signal information for a first packet on a 
first optical Signal having a first wavelength; 

at a Second time later than Said first time by a predeter 
mined time difference, impressing onto Said optical 
transmission path a data payload for Said first packet on 
a Second optical Signal having a different Second wave 
length; 

detecting from Said optical transmission path Said first 
optical Signal; 

processing Said detected first optical Signal to determine a 
Switching path, wherein Said processing may be per 
formed within a time period of no more than Said time 
difference; and 

Switching Said Second optical Signal according Said deter 
mined Switching path without converting it to electrical 
form. 

5. The method of claim 4, wherein said first and second 
wavelengths are different Silica transmission bands. 

6. The method of claim 4, wherein said first and second 
wavelengths are in a Same Silica transmission band. 
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7. A method of optically routing packets, comprising the 
Steps of: 

a first Step of impressing upon an optical transmission 
path a multi-wavelength Signal comprising a plurality 
of optical data channels of different first optical wave 
lengths, each of Said channels carrying a Sequence of 
packet payloads, 

a Second step of impressing upon Said optical transmis 
Sion path an optical control Signal containing direc 
tional information for Switching of all of Said packet 
payloads and carried at a Second optical wavelength 
different from Said first optical wavelengths, 

detecting from Said optical transmission path Said optical 
control Signal; and 

based upon said directional information, Switching Said 
packet payloads in different Spatial directions without 
converting Said multi-wavelength signal to electronic 
form. 

8. The method of claim 7, wherein said first impressing 
Step comprises impressing a plurality of electrical Subcarrier 
Signals upon Said first optical Signal. 

9. The method of claim 7, wherein said first optical 
wavelengths are in a first transmission band of a Silica fiber 
and Said Second optical wavelength is in a Second transmis 
Sion band of Said Silica fiber other than Said first transmission 
band. 

10. The method of claim 7, wherein said first and second 
optical wavelengths are within a single transmission band of 
a silica fiber. 

11. The method of claim 7, further comprising delaying 
Said multi-wavelength Signal prior to Said Switching Step 
without Similarly delaying Said optical control Signal. 

12. An optical packet Switching method, comprising: 
detecting a label portion of a packet impressed as an 

optical control Signal on an optical transmission path at 
a first optical wavelength; 

processing Said detected optical control Signal to deter 
mine a Switching path for Said pack, and 

based upon Said Switching path Switching a data portion 
of Said packet impressed on a Selected one of a plurality 
of optical data channels of different Second optical 
wavelengths impressed on Said optical transmission 
path without converting Said packet data portion to 
electronic form, wherein Said Second optical wave 
lengths are different from Said first optical wavelength. 

13. The method of claim 12, wherein said transmission 
path comprises Silica fiber. 

14. The method of claim 13, wherein said first optical 
wavelength is included within a first transmission band of 
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Said Silica fiber and Said Second optical wavelengths are 
included within a different, Second optical band of Said Silica 
fiber. 

15. An optical packet transmission method, comprising: 
impressing upon an optical transmission path a plurality 

of data portions of a plurality of packets at Selected 
ones of a plurality of first optical wavelengths, and 

impressing upon said optical transmission path a plurality 
of label portions of Said plurality of packets at a Second 
optical wavelength different from said first wave 
lengths. 

16. The system of claim 15, wherein said optical trans 
mission comprises a Silica fiber. 

17. The system of claim 16, wherein said first optical 
wavelengths are within a first transmission band of Said 
Silica fiber and Said Second optical wavelengths is within a 
different, Second transmission band of Said Silica fiber. 

18. An optical router for a multi-wavelength Signal 
including a first wavelength carrier containing Switching 
information and at least two Second wavelength carriers 
containing payload information, comprising: 

one of more demultiplexerS receiving Said multi-wave 
length Signal and dividing them into a first optical path 
containing Said first wavelength carriers and Second 
and third optical paths containing respective ones of 
Said Second Said Second wavelength carriers, 

an optical Switching array including electrically con 
trolled elements receiving said second and third optical 
paths and Selectively connecting them to Selected ones 
of output optical paths, 

first and Second optical delay lines disposed on Said 
Second and third optical paths between said demulti 
plexers and Said Switching array and capable of pro 
viding delays of at least 10 ns, 

a photodetector connected to Said first optical path; and 
control electronics receiving an output of Said photode 

tector and controlling Said electrically controlled ele 
ments to Select a Switching path through Said optical 
Switching array. 

19. The optical router of claim 18, wherein said optical 
delay lines have electrically controllable delay times. 

20. The optical router of claim 19, wherein each of said 
optical delay lines comprises a planar waveguide including 
two cladding layerS Sandwiching an active layer including at 
least two quantum wells, a close packed hexagonal array of 
features being formed in Said active layer and a Series of 
defects being formed in Said array along an axis of Said 
waveguide. 


