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Abstract—As routing tables in core Internet routers grow to ex- Input
ceed 100 000 entries, it is becoming essential to develop methods tc Optical-O—» Electronic Buffer | Electronic —m—o—> Output
reduce the lookup time required to forward packets toward their ~ Packets ~ ] Switch Optical
destinations. In this paper, we employ a bank of novel thermally = < m Q , Packets
tuned fiber-Bragg-grating-based optical correlators to construct Routing Table

an “optical bypass” to accelerate conventional electronic Internet Lookup FCO““”:)O'

routers. The correlators are configured as a routing table cache

that can quickly determine the destination port for a fraction of (@
the incoming traffic by examining only a subset of the bits in an IP
packet's 32-bit destination address.We also demonstrate a novel Port 1
multiwavelength correlator based on fiber Bragg grating that can Destination IP Route%
simultaneously recognize the header bits on multiple wavelengths Address : =
for use in wavelength-division-multiplexed (WDM) systems. Using _____ - Next Hop
the optical bypass, routing table lookup times are reduced by an IP Packet \3 -
order of magnitude from microseconds to nanoseconds and are N
limited only by the speed of the optical switch. 4
Example Routing Table
Index Terms—Optical communications, optical correlators, op- Entries Match? | Port
tical signal processing, wavelength-division-multiplexed (WDM) Example using : : :
networks. 8-bit address 11010xxx v 2
. Tmototooe=p| 1011000 | No | 2
o™= Fitototec (vD | 3 wmmpForward
I. INTRODUCTION address 1101011x No 1
N present-day fiber-optic networks, data packets are cc : 7 : :
verted to electrical form at each node to process their head Longest Prefix Match
and make routing decisions, as shown in Fig. 1(a). As routing (®)

tables grow in size, more memory accesses are required to deter- _ . . .
. h t-h dd d iat tout tt hl:FQIﬁ 1. (a) Electronic Internet router architecture. Incoming optical packets are
mine the next-hop address and appropriate output port to Whigfjyerted to electrical form and stored in a buffer while their 32-bit addresses

to forward each packet. The associated increase in routing-tadstecompared to a large routing table to determine to which output ports to

lookup times is becoming a significant source of latency in tHerward them. The packets are electronically switched and converted back to
L optical form for transmission. (b) Longest prefix match example using an 8-bit

network core. To make matters worse, the transmission capagﬁ ress.

of optical fibers is rapidly increasing, forcing the routers to ac-

commodate more packets, more often. Since routing tables will . . .
continue to grow and transmission rates are always on the rise,

it is essential to develop methods to reduce the lookup time re-
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destinations by comparing their 32-bit destination addresseddistances required to achieve these differential 1-bit delays in
entries in a routing table using a longest prefix matching algbber at bit rates> 10 Gb/s present a serious challenge for
rithm. Thus, routing is analogous to drawing a map and fopreviously reported correlator designs. These designs include
warding is the act of following its directions. The basic coneptical splitters followed by fiber delay lines terminated with
cept of forwarding is illustrated in Fig. 1(b) for a packet with diber mirrors [3] and arrays of discrete fiber Bragg gratings
simple 8-bit destination address of “11010100.” This addrefSBGs) tuned with separate piezoelectric stretchers [4]. For
is compared to entries in the routing table, where two matchiese cases, the intermirror or intergrating spacings would have
are found. The matching entry with the longest prefix is choseém be 2.5 mm for a 1-bit round-trip time delay at 40 Gb/s—an
and directs the packet to output port 3. impractical length for devices using discrete fiber components.

The forwarding process can be time consuming given thatin this paper, we propose and experimentally demonstrate a
core routing tables have grown to contain more than 100 060rrelator design in which an FBG array is constructed from
entries. Lookup times are presently on the order of microsex-single uniform fiber grating that is divided into separate,
onds. Given that a significant portion of Internet packetslectrically tunable sections using thin-film microheaters. The
entering routers are short, 40-byte TCP/IP acknowledgemenécision of the heater deposition defines the spacing between
packets, nanosecond lookup times are needed to achievediaings. Since thin-film heaters can be fabricated with litho-
desired terabit/second throughput. Some efforts are beigigphic precision, spacings down to hundreds of micrometers
made to improve electronic hardware architectures and seaach achievable with this technology, enabling the correlator to
algorithms to reduce lookup times [1], but the ideal case woutdadily scale to higher bit rates.
be for the packet headers to be processed on-the-fly usingin additional advance over previously reported correlator ar-
optical signal-processing techniques, so that the only limitatichitectures is that our approach uses two grating arrays per cor-
to throughput is the speed of the optical switch (currently relator: one to correlate with the desired “1” bits in the input
few nanoseconds). A true all-optical router would thereforsignal and another to match with the desired “0” bits. We show
need to be capable of 24-bit lookups into 100 000-entry tthat the combined outputs from both of these correlators are nec-
bles at> 10 Gb/s (since only 24 of the 32 address bits aressary to produce unique correlation outputs for ‘alp@ssible
generally significant for packet-forwarding in the network:-bit sequences.
core). Unfortunately, such capabilities are beyond currentin wavelength-division-multiplexed (WDM) systems,
optical technologies, which are limited to optical correlatiopackets arrive at routing nodes on multiple wavelengths.
techniques. These techniques inherently suffer from higtor this case, a separate bank of correlators is required for
optical splitting losses that limit them to matching incomingach incoming wavelength channel. To reduce the number of
packets against a few patterns that are a few bits long. Howewgmponents required in a WDM routing node, we demonstrate
some recent developments hint at the feasibility of a partial correlator design that is constructed with sampled FBGs
solution in which presently achievable optical correlators makiat enables the headers on multiple wavelengths to be simul-
be combined with a novel routing-table optimization algorithrtaneously tested against a stored bit pattern. The correlation
to reduce lookup times by at least an order of magnitude fromperation can therefore be performed prior to demultiplexing
microseconds to nanoseconds. and switching. This eliminates the need for multiple sets of

Given that most core routers have only four to eight outgoirgprrelators and significantly reduces the required number of
ports, it may be possible to determine a packet's output p@atmponents in a WDM routing node.
by looking at only a small subset of the 24 bits in the desti- This paper is structured as follows. In Section Il, the concept
nation address. So although building a true all-optical routerd$ an optically assisted Internet router is described along with
beyond current optical technologies, it is feasible to build ahe constraints for the algorithm needed to define and configure
“optical bypass” to accelerate a conventional router. A subgée optical routing table. Section Il provides an overview
of the traffic would be routed by the optical bypass without anyf digital optical correlation. Section IV presents a novel
O/E conversion, at increased throughput and decreased lateR®G-based correlator design and includes an experimental
The remainder of the traffic, which requires more complicatatbmonstration in which the correlators are used to process and
processing, is handled by a conventional electronic router. Psgvitch 10-Gb/s optical packets. In Section V, a multiwavelength
vious research has shown that by utilizing a subset of the routiRBG-based optical correlator is described and demonstrated
table with as few as 100 of the most popular entries, the rouiara WDM system. Section VI includes a discussion of im-
can still successfully forward as much as 90% of the incomim@rtant fabrication and performance considerations associated
traffic [2]. The remaining challenge is to determine how to daewith using FBG arrays for optical correlation. This paper is
sign a 24-bit input, 100-entry optical index using a managealdammarized in Section VII.
number of optical correlators that interrogate only a small subset
of the bits in the destination address.

The optical correlators required for this application must
be tunable and designed to easily scale to 40 Gb/s and befTo implement an effective optical bypass for an electronic
yond. Optical correlators are typically implemented withouter, the key design decision is to combine a software algo-
tapped-delay-line structures that split the optical signal intdhm with a small set of dynamically configurable FBG-based
several branches, where each successive branch delaysofftecal correlators. A conceptual diagram showing how the op-
signal 1 bit-time longer than the previous branch. The tinycal bypass isimplemented in an IP router is shown in Fig. 2(a).

Il. OPTICALLY ASSISTEDINTERNET ROUTER
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Rovtar 7 |[oawls] goal of the software is to determine the optimum groupings
[Data[B][Data[A] (@ e el of these entries. so as to minimize the numMrof optical .
Tap o 4 correlators required. The software then_conﬂgures each optical
Sorentor ContoTE T — ﬂ‘% taory Port or correlator to represent one of the resulting groups.
Biassing optical “misses” This process is illustrated in Fig. 2(b). Note that there will
[Optical Correlator Module | I likely be multiple correlators corresponding to each output port
Port 1 Match? = since there will be groups of bit patterns that the algorithm de-
Port 2 Match? = termines should all be routed to a particular port. For example,
Port 2 Match? == it is feasible that two correlators, each of which are configured

to match a different subset of address bits, both route packets
to the same port when they get a match. The algorithm must re-

# Correlators > # Ports, (M > N) compute the optical lookup table and reconfigure the correlators
(@ each time the routing table is updated. Threshold detectors are
used at the outputs of the optical correlators to provide an elec-
~100,000 Total Entries trical match/no-match signal to the optical switch. The switch
Core routers only have uses these signals to determine to which output port each packet
—| N =2 to 4 output ports. should be forwarded. If the correlators fail to find a match for

E% OAf“ﬂfgg‘es pont o one an incoming packet, the switch routes the packet to an auxiliary
‘ » port for electrical processing by a conventional electronic router
‘ [see port 5in Fig. 2(a)]. For example, if the algorithm predeter-
mines that any incoming packets with bit positions 1, 4, and 5
equalto 1, 0, and 1 should go to port 1, then a correlator is con-

~100 “Popular” Entries

Electroni
R:&E;n;able figured to provide a “match” signal for any input pattern with
‘ “Cache” “1xx01" for its first five bits and anything else for the rest of the

address (where the “x"s indicate “don’t care” bits that can be
either a “1" or a “0").
While the optical bypass enables on-the-fly forwarding

~10 Optical Correlators
(match patterns to output ports)

M Correlators recognize

ILIL any K of 32 address bits of incoming packets,.there are some issues associat(_ad with
: (Algorithm goal: forwarding packets without converting them to electronics to

‘I’H‘HHH‘HI‘ minimize M and K) process and update their headers. For example, the IP header’'s
time-to-live (TTL) field is not decremented and the header

() checksum is not recomputed, whereas protocol requires that

Fig. 2. (a) Conceptual diagram of an Internet core router withoutput  both of these operations occur at each network hop. One
ports (typically two to four) assisted by a bank 8f optical FBG-based 1 4tantigl solution to this problem is to revise the protocol to
correlators that are dynamically configured by a software algorithm. (b) Ttp(-i
algorithm searches the port can be determined by examining only a siibset2/lOW for packets to traverse a small number of core network
of the » bits in the destination address. The correlators are then configuadps without O/E conversion and then update these fields
corresponding to these groups of entries. If all the correlators fail to match tB%ce they reach a fully electronic router at the core edge
incoming packet address, then the packet is switched to an auxiliary port an y . y . . _g
processed by conventional electronics. 11616]. A|tel’natlve|y, some advanced Optlcal SIgna|-pI’OC€SSIng
technigues are being developed to directly operate on these
A small portion of the incoming optical packet stream is tappdtglds in the optical domain, though this research is still in the
off and sent to the correlator module. The optical signal is arfarly development stages [5].
plified, split, and sent td\/ correlators, each of which can be The constraints for the algorithm can be formalized as fol-
configured to produce a “match” signal for any numbiérof lows. If we have a router witlV ports and a bank af/ corre-
the 24 significant bits in the destination address. lators, we can use the correlator bank as a routing cache, which
Previously, we reported on an algorithm for generating stores a fraction of the routing table’s commonly accessbi
routing table cache containing as few as 100 entries that coalddresses. A formulation of this problem is as follows. Eet
successfully route as much as 90% of the traffic entering 40,1} — {1,2,..., N} denote the routing table, which is a
IP router [2]. Since a 100-entry lookup table is still too larg&unction that maps any destination address to its output port.
implement optically, the goal here is to define an algorithriihe ith correlator is configured to recognize a given bit pat-
to represent this 100-entry table with as few as eight or téern, where the pattern consists ofraibit string of Os, 1s, and
optical correlators. The fact that Internet routers typically havdon't care” bits, i.e., its pattern specification is the set of vectors
only two to four outgoing ports makes this feasible. Even B; = B;; x B;s x - - - X B;,,, whereB;; € {{0},{1},{0,1}}
there are 100000 entries, each of them only points to onefof 1 < 7 < M and1 < j < n. The correlator is inherently
two or four possible destinations. The algorithm searches fianited and can recognize at makt bits of an address, so that
patterns among these entries for which the output port candtdeastn — K bits of the address are “don’t care” bits. There
determined by examining only a subgétof then bits in the are three formal requirements to satisfy when implementing a
destination address, withi ideally less than five. An additional routing cache from the correlator bank.
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1) Nofalse positives:if; € B; andd, € B;,thenF' (d;) = short, 40-byte packets (320 bits/packet) at 40 Gb/s, the packet

F (do). rate is only 125 MHz. The mathematical function describing the
2) Correlator limitations: minimizé/ and K . tapped-delay-line correlator is
3) Nonoverlapping correlators: if# j, thenB; N B; = 0. i
The set of pattern specifications should be efficiently com- y(t) = x(t — §Tpie)h(5 Thit) (1)

putable from the routing tablg, and the correlators should pro-
vide a sufficiently high hit rate for traffic entering the router. ) o )
In today’s networks, typical values for the parameters of tfjéheren is the number of bits in the correlation sequeritig,
problem areN = 4 (the number of output ports in a typicalS ONe bit periodz(¢ — jTy,i;) is the input signal delayed by
Internet router)M = 8, n = 24 [the most significant bits of J Dit times, andh(jTis) represents thg weights that mul-

an Internet Protocol Version 4 32-bit address], dfic= 5 (a tiply each of thej-bit delayed mput _S|gnals. For a phase—m_odu—
constraint of the optical technology). The primary focus of thi&t€d system, the same operation is performed by replacing the
paper is to demonstrate the feasibility of implementing a barsitches with the appropriate optical phase-shifters to match the

of optical correlators that will meet the requirements above. desired bit patter (e.g.x#0z” instead of “1101). Fig. 3(b)
illustrates the delay-and-add operation of the correlator for the

case when the three 4-bit words “1011,” “1101,” and “0101”

.
I
=)

IIl. DIGITAL OPTICAL CORRELATION are input to the correlator, where the second word is an exact
_ _ match to the desired sequence. Since the correlation function
A. Optical Tapped-Delay-Line Correlators for two 4-bit words is 7 bits long and the peak occurs during

Correlation, or matched filtering, is an important signal—prdbe fourth time slot, the correlation output is sgmpled every four
cessing function. The purpose of a correlator is to compare @i and compared to a threshold as shown in Fig. 3(c). As ex-
incoming signal with one that is “stored” in the correlator. At th@€cted, the correlation output for the second word exceeds the
appropriate sample time, a maximum autocorrelation peak wiireshold, while t_he flrst_ and th!rd samples produce no matches.
be produced if the input signal is an exact match to the storb@te that for an input signal bits long, the length of the cor-
one. This function has historically been used in conjunction wiffglation output will beL 4+ n—1 bits long.
special coding techniques to pick a desired signal out of noise,
an essential requirement for RADAR and code-division muP- The Need for
tiple-access (CDMA) systems. In optical communication sys- Note that the correlator as shown in Fig. 3(a) will also pro-
tems, correlators can likewise be used to recognize particuthuce a level “3” peak that is above the threshold at tifpéor
bit patterns, enabling applications such as optical CDMA net-“1111" input, which is not the desired bit pattern. This is be-
works and header recognition (the focus of this paper). The agause the open switch in the third delay line, corresponding to
of this section is to give a brief overview of the concepts thde third correlation bit, does not “care” if the third bit is a “1”
apply to the correlation of digital binary waveforms that are irer a “0” since it does not pass any light. Thus, the correlator as
tensity-modulated onto optical carriers. shown is really configured to produce a match for the sequence

A common implementation of an optical correlator is th&l1x1” where the “x” indicates a “don’t care” bit that can either
tapped delay line. A basic optical tapped delay line correlatbe “0” or “1.”
is shown in Fig. 3(a). The delay line is configured to match the This is not an issue in optical CDMA systems, where the set
correlation sequence “1101.” Thus, the delay line requires foof codewords can be specifically designed to maintain a con-
taps (one for each bit in the desired sequence), weighted by #i@nt number of “1” bits in each codeword. However, for our
factors 1, 1, 0, and 1, respectively. The weights are implementaghder recognition application, which must be able to uniquely
by placing a switch in each path that is closed for weight recognize any of the’2possiblen-bit sequences, this situation
and opened for weight 0. The incoming optical bitstream is will result in “false-positive” matches whenever a “1” is present
equally split among the four fiber-optic delay lines. Each sugvhere a “0” bit is desired. To overcome this problem, we add a
cessive delay line adds one additional bit of delay to the isecond correlator that is configured in complement to the first
coming signal before the combiner, where the powers of the foame and produces a “match” signal whasropower is present
signals are added to yield the correlation output function. Thasg the sample time. This is accomplished by placimgpa gate
function is sampled at the optimum tirfie and passed through at the output of the threshold detector that is set just above level
a threshold detector that is set to detect a power level above twero. If the power goes above the threshold, this indicates that at
since the autocorrelation peak of “1101” with itself equals thrdeast one “1” bit is present where a “0” is desired, andNbe
(or, more specifically, three times the power in each “1” bitgate will convert the high output to a low one to indicate “no
The output is detected using a photoreceiver, and a simple eleatch” for this correlator. This correlator therefore correlates
tronic decision circuit is used to compare the correlation outpwith the desired “0” bits in the sequence and is thus called a
to the threshold value. The high-speed advantage of optics stikros” (or “0s”) correlator. Likewise, the originally described
prevails in this case since the correlation function is produceddorrelator is called a “ones” (or “1s”) correlator. In the zeros
the time it takes the signal to traverse the optical correlator. Therrelator, the switches are closed for desired “0” bits and open
decision circuit only needs to be triggered at the packet ratgherwise (or, as explained in the next section, the FBG mir-
which is often in the range of kHz to MHz, depending on theors reflect for desired “0” bits and are tuned away otherwise).
number of bits in each data packet. For example, for a streamldfus, the “1” bits are “don’t care” bits in a zeros correlator. By

“Ones” and “Zeros” Correlators
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Correlation Threshold ~ 2

Input three — | Output, y(t) . .
4-bitwords | g > O £ / Match correlator Match
101111010101 | £ : £ e’ - ate [T]o of1] ! t d —Match
x(t) : J 2Ty 8 t=T, No cl\J/Iratch “x00x” [ - Match
= =< Threshold correlator m f
2 @8 < Detector T Threshold ~ 0
S

Configured to match “1101”

@)

@)

Threshold ~ 2

1
False match
I=2a= 4

word 1 word 2 word 3 Delay Weight “1xx1”
correlator

101010111[1101 None 1 MTlo ' : ¢ {)—No mateh

1:0:1.0/1:0i1:1]1:1:01 1bit 1 00%” _I'_?H‘I_ No match
0000[0000[000 2bits 0 T hreshald ~ 0
+ 1010101141 101] abits 1 _ o
1111112111211131213/2/2/1210 1! Correlation Output” """
Sample Times, TSIT T T Fig. 4. The concept of combining “ones” and “zeros” correlators to uniquely

recognize a bit sequence and avoid false-positive matches. The “ones”
(b) correlator tests for “1” bits in the correlation sequence and the “zeros”

correlator tests for “0” bits. The correlators shown are configured to recognize

a “1001” pattern when their outputs are combined insam gate. (a) The
Threshold input pattern “1001” results in a match for both correlators, producing a final
“match” decision at the output. (b) The input pattern “1101” results in a match
for the “ones” correlators but a “no match” for the “zeros” correlator. The
combination of these two outputs produces the correct “no match” decision at
> time the output of thexND gate.

Correlation

112121323222|0[1]
Sample Times, TS:T
Nomatch ~ Match ~ No match branch must be cut to precisely provide the requisite 1-bit delays
(c) between successive branches. This corresponds to a differential
Fig.3. (a) Abasicimplementation of a fiber-optic tapped-delay-line correlat!)?ngth of 2.cm of fiber at 10 Gb/s and 5 mm at 40 Gb/s. A sim-

configured to produce an autocorrelation peak at the sample Timdor the  pler, more producible, and manageable correlator may be con-

sequence “1101.” (b) The weighted delay-and-add computation of the digitgcted by writing a series of fiber Bragg grating mirrors into a
correlation output for three input words when correlated with the bit pattern

“1101.” The three optimum sample times are labeled. (c) An intensity profi@'ngle length of fiber, ?‘S shown i_n Fig. 5. In this ca§e, Fhe reflec-
of the correlation output from this tapped-delay-line correlator. Only when thévities of the FBG mirrors provide the same weighting func-

intensity is above the threshold at the sample time is a match signal producgghn as the optical switches in Fig. 3. The gratings representing
desired “1” bits are tuned to reflect (closed switch case) while
combining the photodetected outputs of the ones and zeros Ggpse representing “0” bits are tuned to be transparent (open
relators with an electronieND gate, a final “match” signal will  gyitch case). Since the light makes a double pass through the
only be produced when the input pattern uniquely matches thgay, the spacing between FBGs must correspond to 1/2 of a
desired correlation sequence. bit time to produce a round-trip delay of 1-bit-time. An optical
An illustration of how the combination of ones and zerogjrcy|ator is placed at the input to route the counterpropagating
correlators can avoid false positive matches is depicted dgrrelation output to the threshold detector. Aside from these
Fig. 4. The desired correlation sequence is “1001,” meaniggferences, the operation of the correlator is identical to that
the ones correlator is configured to match a “1xx1” pattern agscribed for Fig. 3.
the zeros correlator will produce a match for an “x00x” pattern. A nice feature of FBG filters is that their reflection spectra
In Fig. 4(a), the incoming sequence is “1001,” and so the onggn be tuned by either heating or stretching the fiber. For FBGs
and zeros correlators both produce “match” signals, resultifghricated to act as high-reflectivity mirrors, the reflectivity is
in a “match” signal at the output of thenD gate. In Fig. 4(b), nearly 100% at the center of the reflection spectrum and falls off
the input sequence is a “1101,” causing the ones correlatorgard zero outside the grating bandwidth. By tuning the FBG
still produce a “match” signal (this would be a false positivgg that the signal wavelength intersects with the rising or falling
match if only this correlator were present), while in the zerqsyge of the filter's passband, the reflected energy at that wave-
correlator, the undesired “1" bit in the second time-slot qQbngth will be reduced from 100% toward 0% as the grating is
the input causes the power at the sample time to exceed {fifed. The array in Fig. 5 is a 4-bit ones correlator, configured
threshold, resulting in a “no match.” The combination of thgy match the pattern “11x1.” As shown in the figure, this is ac-
“match” and “no match” signals in thenp gate produces the complished by tuning the reflectivities of the three FBGs rep-

correct “no match” result. resenting “1” bits to 23%, 38%, and 100%. These reflectivities
may be computed using the following recursive equation:
IV. RECONFIGURABLE FBG-BASED OPTICAL CORRELATOR R
The optical tapped-delay-line structure shown in Fig. 3(a) re- m = Rpy1. 2

quires a separate fiber branch and an optical switch for each
bit in the desired bit pattern, making it impractical to construct This equation is derived by requiring that the light reflecting
a bank of 24-bit correlators. Moreover, the length of each fibeff each FBG have equal power when it exits the correlator.
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2 Bit delay Control
Input 461 b l “1 ki) “x” “1 ”» VOltageS P ) T
[T 1]o[7] Al
11|01 N . 7 I
R=23% 38% 0% 100% Deposited 1cm

Micro-heaters (0.5 cm) ~ center to center

@

“Don’t Care” bit
Threshold

Match -30.0
»t -35.0
f \ A
Ts 40.0 N
- \ / \ 13.2dB
Fig. 5. lllustration of a 4-bit optical correlator implemented with an array o & -45.0 (R =95%)
FBGs. The FBGs representing “1” bits are tuned to partially reflect, while th £ 26.5 dB
“0” or “don’t-care” FBGs are tuned to fully transmit. The delay between grating ~ (R.= 99.8%) v
is 1/2 of a bit-time to provide a round-trip delay of 1 bit-time. The correlato g -50.0 17 ’ -]
:hgwg:iS?EEgured to recognize a “11x1” pattern, where the “x” can either t g 0.6nm Tuning
. o -55.0 \ / of one heater

Thus, the reflectivity of the last grating in the array should b 60.0 T 40.cm FBG i’/
set equal to one, and then the reflectivities of all the precedil Passband
gratings can be calculated using this recursive equation. For: 630 (
case shown in Fig. 5, witlR, = 1 andR3 = 0 (“don’t care” 1560.00  1560.40 W:\‘;Oe'fgn :;62:;’“) 156160 1562.00

bit), we getRs = (1 — R»)?, resulting inR, = 0.38. Then, 9

Ry = 0.38(1—R,)?, yielding R; = 0.23. The reflectivity of the (b)

first FBG is fairly low since the portion of light reflected from itFig. 6. (a) A 10-cm-long FBG with eight deposited metallic thin-film heaters

must equa| the optical power that makes a double pass throggﬁeate a tunable array of subgratings. (b) Transmission spectrum of the FBG
. r a voltage has been applied to one of the heaters to tune its corresponding

. . . . . a
all the other gratings in th_e Series. Th's lossiness .places a I"guggrating by 0.6 nm from the central passband of the 10-cm-long FBG. The
on how many bits can realistically be in the correlation sequengsak reflectivity of the subgrating is95%.

and is the reason that our software algorithm aims to locate ad-
dresses in the routing table that can be forwarded by examinimgrature. This causes the filter spectrum of that small section to
only K =5 or fewer of the 24 significant address bits. Wittshift toward longer wavelengths as shown in Fig. 6(b). This de-
five desired “1” bits in a correlation sequence, the reflectivitgign simplifies the correlator construction since uniform FBGs
of the first reflective FBG is 12.4%. Since the autocorrelatiothat are several centimeters in length are simple and inexpen-
peak will contain five stacked optical bits, the peak correlataive to fabricate. The metal heaters can be deposited with simple
output power will bg5)(0.124) P,,,,u¢, WhereP,,,,. is the op- e-beam evaporation, or, to achieve very close spacings, by inte-
tical power in an input “1” bit. This power must be greater thagrating the heater array onto a silicon substrate using conven-
the noise floor at the correlator output in order for the threshotinal lithographic techniques and then affixing the fiber to the
detection to work properly and places a constrainfg... heater array [14]. The modulation depth of the grating’s effec-
In practice, the necessary reflectivities of the gratings are dese indexén.g should be large< 10~%) to achieve a strong
termined by repeatedly sending a single pulse into the FBfgating with high reflectivity to ensure that the shorter subgrat-
array and observing the powers of the multiple, time-delayéags will still have high peak reflectivities.
output pulses on an oscilloscope. The gratings are tuned untiThis design can accommodate the reconfigurable 24-bit cor-
the output pulses have equal power. When the reflectivities asdator needed for our optical bypass. The long FBG is fabri-
properly tuned, the response of the array to a single input putssged such that its reflection peak is out-of-band of the incoming
is the bit pattern that the correlator is configured to recognizevavelength, i.e., the FBG is transparent at the incoming signal
The FBG correlator shown in Fig. 5 uses a discrete array whvelength unless one of the heaters is tuned. This is an effi-
FBGs, in which each grating is written separately and great caiient design because at any given time, the correlator will be
must be taken to ensure that the spacing between gratings jpmifigured to recognize only a small subset of the 24 address
cisely equals one-half of a bit time. This becomes increasingbjts, meaning most of the bits will be “don’t care” bits, and for
difficult at higher bit rates, where the center-to-center spacintiese bits the heaters will simply remain “off.” Only the few
range from 1 cm at 10 Gb/s down to 1 mm at 100 Gb/s. To coheaters representing “1” bits in the ones correlator and “0” bits
struct an electrically tunable correlator that more readily scalesthe zeros correlator need to be tuned.
to higher bit rates, we chose to deposit a series of thin-film mi- To demonstrate the feasibility of this design, we constructed
croheaters onto the surface of a single, long uniform grating &g 8-bit correlators: one to operate as the ones correlator and
shown in Fig. 6(a). This way, the placement of the heaters dbe other for the zeros. The correlators were fabricated using
fines the grating spacings. When a voltage is applied to oneesbeam evaporation to deposit an array of eight metallic heaters
the heaters, the effective index of the portion of the grating dinto two 10-cm-long uniform fiber Bragg gratings at a center
rectly beneath the heater varies in response to the rise in tamavelength of~1560.8 nm. The heaters are 0.5 cm long with
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center-to-center spacings of 1 cm, corresponding to 1/2 of a bif. 8. (a) A 10-cm-long FBG with eight microheaters configured as a ones
time in fiber at 10 Gb/s. The heaters consist of a 15-nm titaniug@rrelator to recognize the 10-Gb/s pattern “1xx1xx1x.” (b) Oscilloscope trace
layer for good adhesion to the glass and a 120-nm layer of GEg1e Soreaor Gt o 3 Snale nout puis showng tat e reflecttes
for good electrical conductivity. seventh bit positions. (c) Autocorrelation output “010 020 030 020 010" when

The transmission spectrum of the grating is shown in Fig. 6(\{):?3 input is “10 010 010.” Since the input matches the c_orrelator configuration,

. . e central peak exceeds the threshold at the sample time.
with one of the heater subgratings tuned by 0.6 nm from the
center of the main FBG’s passband. The reflectivity of the main
passband is nearly 100% since it is 10 cm long, and the peakF8G to reflect at the input wavelength. Fig. 8(b) shows an oscil-
flectivity of the shorter subgrating is approximately 95%. Fig. loscope trace of the correlator response to a single input pulse,
shows how the reflection of the signal light varies from 0%vhich is simply the stored correlation sequence “10010010.”
to 95% as the second heater is tuned. The input signal waiés response is used to adjust the heater voltages until the three
length was set to 1561.8 nm, requiring 1 nm of tuning to obtald” bits are equal height, indicating that the subgrating reflec-
maximum reflection. This 1-nm shift required25 mW elec- tivites are properly tuned. Fig. 8(c) shows the measured trace of
trical power applied to the heater, yielding an FBG tuning effthe autocorrelation output “010020030020010” that results for
ciency of~40 nm/W. We can also estimate that a temperatugey input of “1xx1xx1x,” where the “x” bits can be either “1s”
rise of about 70°C is required to produce the 1 nm of tuningor “0s.” Since the input matches the correlator configuration,
using a typical FBG sensitivity of about 14 pgfAC [6]. As- the central peak exceeds the threshold at the sample time.
suming room-temperature operation, this means that a constarithe experimental setup used to demonstrate the optical
local temperature of approximately 10G is required for each bypass at 10 Gb/s is shown in Fig. 9. The incoming nonre-
of the tuned FBG sections. An important practical considerairn-to-zero (NRZ) data packets are 53 bytes long with 8-bit
tion for the operation of the FBG-based optical correlator wileaders and a 6.4-ns guard time between them to accommodate
be the long-term thermal stability of the FBG at its maximurthe switching time of our LiNb@ optical switch. The threshold
operating temperature. It is well known that the reflectivity off the ones correlator decision circuit is set to detect two
FBGs can decrease over time, especially at elevated tempetacked bits, whereas the zeros correlator threshold is always
tures. To ensure the long-term stability of the gratings in a praget just above zero. A packet-rate clock signa{ MHz) is
tical design, it will be important to anneal the FBGs at a tempealised to trigger the decision circuits to sample the correlator
ature well beyond the expected maximum operating temperatdigputs at the proper time. In a full system implementation, this
[7]. One interesting possibility with the evaporated microheatetining signal would be generated by a previous module that
would be to use the heaters themselves to perform the gratifigects the optical packet’s arrival time [8]. The two correlation
annealing as part of the correlator manufacturing process. outputs are combined with axND gate that produces a high

An example correlator configuration for examining 3 of 8 bitsignal when there is a match and a low signal otherwise (this
is shown in Fig. 8(a). Itis configured as a ones correlator to resignal remains latched until the next sampling result). The
ognize the 10-Gb/s pattern “1xx1xx1x” by applying voltages toutput match signal is amplified and used to drive a two-port
the first, fourth, and seventh heaters to tune these portions of thidbQO3 optical switch.
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Fig. 9. Experimental setup. The FBG heaters are tuned to configure the correlator to match any “xx1x01x0” pattern. The output of theseleaiedaidrives
a 2x 2 LiINbO; optical switch and is set to switch packets with matching headers to port C and all others to port D.

To demonstrate the successful operation of the optical b Correlator configuration:
pass function, the FBG correlators were tuned to recognize Switch packets matching "xx1x01x0" fo Port C _

“xx1x01x0” pattern (K = 4 of 8 bits), and the correlation output Headers* 1110700 | 10110¢
was used to route packets with matching headers to port C

the two-port optical switch. The experimental results showin P;”cifts mwmwmm
the oscilloscope traces of the packets and switch control si

nals are shown in Fig. 10. The input packet stream containsfo  Switch ‘—IM
packets with different headers, the second of which matchest  Control No MATCH No MATCH

correlator configuration. The second row shows the matchir

signal at the output of thenD gate, which is amplified and Output

used to drive the optical switch. As expected, the output got

high during the second packet. The last two lines show the su ~ PortD WW
cessful routing of the packet with a matching header to port ~ OutPut -

and all nonmatching packets to port D. p > > -« > Time
The “lookup time” required to forward packets using thest 42.4ns 6.4 ns Guard Time
optical correlators is simply the time it takes for the light to prop-
agate through the correlators and for the optical switch to ﬂigi,g_- ;O. Experiment_al results showing the successful correlation and
L witching of the matching packet to port C and all others to port D. The 6.4-ns
which is on the order of a few nanoseconds. Thus, the IOOkHlBard time between packets is to allow for the switching time of the optical
time for packets that are forwarded by the optical bypass is ®vitch.
duced by an order of magnitude, from microseconds (for elec-
tronic lookups) to nanoseconds, and is limited only by the op# the grating for which the Fourier transform produces a reflec-
tical switching time. As for the reconfiguration time of the thertive time delay that is replicated at equal wavelength spacings
mally tuned FBG correlators, they will have a time constant ¢£0]. When this type of FBG is stretched or heated, the entire
about 1 s, which is typical of thermally tuned all-fiber devicegeflection spectrum shifts, causing the reflectivity at each wave-
[9]. This slow reconfiguration time should not be a problem ifength to experience the same variation. Thus, the correlation
practice because the correlators are reconfigured only when gagiuence can be reconfigured for all incoming channels simul-
routing table is recomputed, which at worst occurs several timasneously.
per day. However, if faster reconfiguration times are desirable,A conceptual diagram illustrating how a WDM header recog-
etched cladding fibers can be used to produce significantly fastétion (HR) module is employed in a routing node is shown in
tuning speeds [14]. Fig. 11. The module may still be used as an optical bypass for an
Internet router, but in this case the packets on all incoming wave-
lengths can simultaneously be compared to the entries in the op-
V. MULTIWAVELENGTH FBG CORRELATOR tical lookup table. A portion of the incident light from the WDM
channels is tapped off and sent into the correlation module. The
The above method for optical header-subset recognition antedule uses a bank of tunable sampled-FBG arrays for com-
on a single WDM channel, thus requiridg complete modules paring the incoming packet addresses against a stored set of
in order to recognize the headers Andifferent WDM chan- patterns. The correlator outputs are demultiplexed and separate
nels. A correlation module that enables reconfigurable optiadécision circuits are used to sample the output for each wave-
correlation of multiple WDM channels simultaneously can sigength. The resulting match/no-match signals are used to control
nificantly reduce the number of components required in a WDH&h optical cross-connect to properly switch the packets on each
routing node. Using a set of discrete sampled fiber Bragg gratavelength.
ings, a multiwavelength FBG correlator can be constructed. AWhile a sampled FBG correlator can be constructed in
sampled FBG is an FBG that has a superstructure written on topnanner similar to a standard FBG correlator, the spacing
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Fig. 11. Multiwavelength correlation module. HR is performed simultaneously on the WDM channels prior to demultiplexing using a single bank of WDM
optical correlators. The correlation outputs are demultiplexed and threshold detected. A header processing module uses this informatidineswénkres in
an optical cross-connect (OXC).
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L , reffectivity 1 > Fig. 13. Operation of 3-bit multiwavelength correlator using sampled gratings
Wavelength, A that are tuned to match a “1x1” pattern. Oscilloscope traces show the output

correlation function for each wavelength after demultiplexing. The output

for A, is the autocorrelation response for a “101” sequence. However, the
Fig. 12. Wavelength spectrum of one of the sampled FBGs used in tfigut sequence o, (“100”) does not match the correlator and produces a
experiment. The reflectivity at the two input wavelengths (1555.6 angtoss-correlation output that falls below the threshold at the sample time.
1557.2 nm) is tuned from 93% to nearly zero by stretching the grating.

the signal is demultiplexed and the output correlation sequences

requirements can be problematic. As noted previously, tfer each wavelength are displayed on an oscilloscope. The 3-bit
center-to-center spacing between gratings must equal 1 cmfattern on\, is a match to the correlator and produces the ex-
operation at 10 Gb/s. Due to their complexity, it can be difficufpected “10 201" autocorrelation response, whereas the “100”
to manufacture sampled FBGs shorter than 1 cm that have gagtern on), is not a match and produces a cross-correlation
high reflectivity required to produce good correlation resultsequence that falls below the threshold at the sample time.
This problem can be resolved by inserting a passive splitterThe experimental setup used to demonstrate multiwavelength
after the circulator and interleaving the gratings betweemwrrelation at 10 Gb/s is shown in Fig. 14. Four 53-byte pseudo-
multiple fiber branches. This decreases the spacing requirememtdom NRZ packets with different 4-bit headers were modu-
by a factor equal to the number of branches. While thetsted onto two wavelength channels (1555.6 and 1557.2 nm).
limitations on sampled FBG systems reduce the scalability Bhcket synchronization was assumed and a packet-rate clock
the architecture, a recent report details a new sampled FBignal was supplied to the decision circuits to sample the cor-
structure that can reduce the length of sampled FBGs whildation peaks at the appropriate time. The correlators were first
maintaining high reflectivity, enabling the application of thizonfigured to match a header pattern of “1010.” In the ones cor-
correlation technique to higher bit-rate systems [11]. relator, the first and third gratings are tuned via stretching to

To demonstrate multiwavelength correlation, we constructedrtially reflect, and the second and fourth gratings are tuned for
an interleaved sampled FBG correlator using two seven-channelreflection. The gratings are configured in complement in the
sampled gratings with 100-GHz channel spacing and a maeros correlator. Packets incoming on the two WDM channels
imum reflectivity of 93%. As shown in Fig. 12, the sampledire correlated by the gratings and sent to individual packet-rate
grating reflection spectrum has multiple passbands, one for eagtision circuits. The resulting match/no-match signals for each
wavelength channel, that all shift together when the gratingéhannel are used to control two LiNg©ptical switches, where
stretched. Multiwavelength correlator operation is illustrated meader-matched packets are switched to port 1 and nonmatching
Fig. 13, where the correlator is configured to match a “1x1" papackets are switched to port 2. The experimental results are
tern. The first and third sampled FBGs are tuned to reflect asbown in Fig. 15. The packets containing “1010” headers pro-
the second is tuned to zero reflectivity. At the correlator outpuduce match signals that flip the switch and route these packets
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Fig. 14. Experimental setup for multiwavelength optical correlation using sampled FBGs. The decision outputs for the two wavelength chareteksare us
control signals for two optical switches. Packets with headers that produce a “match” signal are switched to port 1 and “no-match” packetsdte paitéhe
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Fig. 15. Multiwavelength header correlation and switching results. Four packets incoming on two WDM channels are correlated with the pattétatttong.
packets are switched to port 1 of the optical switches and nonmatching packets are switched to port 2. The last two rows show the results wheorthereorrela
reconfigured to match a “1000” pattern.

to port 1. The correlators are then reconfigured to recogniz€ an. When the differential time delay between two branches
“1000” pattern, causing the packets with these headers to nofvthe correlator is less than the coherence time of the laser
be routed to port 1. The total optical loss for the data througfwhich is the case here), the recombined signals will coherently
path (90% tap + AWG demux + optical switch) was 7.7 dB, anidterfere with each other causing large power fluctuations in
the throughput data suffered zero power penalty when compatkd correlation output function. This effect severely limits the
to the back-to-back receiver sensitivity at PMit error rate, as stability of the correlation output and must be mitigated or
shown in Fig. 16. prevented in order to effectively operate the correlator. There
A significant issue that arises for this interleaved correlatare a number of ways to resolve this problem. A polarization
structure is the power fluctuations in the correlation outpebntroller followed by a polarization beam splitter can be
pulses due to coherent interference. The coherence timeuséd at the input of eachx12 optical splitter to ensure that
standard telecommunication lasers is typically tens of nanoséwe polarizations between the two branches are orthogonal.
onds, corresponding to a coherence length in fiber of abatitis will prevent coherent interference of the recombined
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; : 1 reflectivity, they each exhibit different polarization dependen-
—o—Back-to-Back cies. For a particular tuning condition, the level and time delay
—+—Switch Bar Output of a pulse reflected off one subgrating will vary with polariza-
- Switch Cross Output tion in a different way than the pulses from other subgratings. It
is therefore challenging to locate a polarization that is simulta-
neously optimum for all the subgratings. Although this problem
was not severe enough to prevent successful operation of the
correlator, it did cause some distortion of the correlation outputs
9 Mg and should ideally be avoided when the grating is fabricated.
10 ‘ L ] Using the edge of the FBG filter spectrum to adjust the reflec-
15 145 14 135 13 tivity of the input signal causes dispersion and unwanted varia-
Received Optical Power (dBm) tions in the time delay as the grating is tuned. The round-trip
delay of a signal reflected from an FBG varies for different

Fig. 16. Bit error rate (BER) performance of the throughput data packe oints along the filter edge. This is a problem for our optical
The circles indicate the baseline back-to-back performance (nho switch) and ﬁ\e 9 ge. P P

triangles and squares show the BER after passing through the *bar” and “cros@iTelator, for which the time delay between neighboring grat-
paths of the LINbQ optical switch, respectively. ings should ideally equal one-half of a bit time to ensure the
output bits are exactly aligned to stack up and produce well-de-
fiped correlation peaks. In our experiment, we observed that the
interfere. For more than two branches, a tree structurexof 1 Ime delay of a pulse Tef'?.c“”g off a single subgrating yarled
s much as 35 ps, a significant fraction of the 100-ps bit time.

spl?tters with polarization controllers and polarization .bea} learly, the time delay cannot vary more than the finite length
splitters can be used. Another, more manageable, solution '%% he grating (in the worst case, the light has shifted from ef-

somehow convert the coherent light into an incoherent signal . . :
before it enters the correlator. One method of doing this ur}éesctlvely reflecting off the front of the grating to the back). The

cross-gain modulation in a semiconductor optical amplifi ?ngths of the subgratings are defined by the temperature pro-

(SOA) to transfer the coherent data pattern onto incoherelllu? induced by the heaters. Given that the_ length of our heaters
IS 0.5 cm and we expect that the heat diffuses approximately

light, which for this case is the amplified spontaneous emissitinmm beyond the heater edges (see thermal crosstalk discus-

light generated by the_ SOA [12]' The single fiber correlatorsslon below), the subgrating lengths a¥& mm each. This cor-
presented in the previous section have the advantage that we

. . responds to~34 ps in fiber, matching our measured results.
did not observe these coherent interference effects. . .
At higher bit rates, the length of the heaters becomes much

shorter, reducing the maximum possible delay variation, but
this is in proportion to the shorter pulse-widths, and the vari-
VI. DISCUSSION ation will still be on the order of 25-35% of a bit time. This
time-delay variation causes a spreading of the output autocor-
The use of thermally controlled FBGs as tunable-reflectivitselation peak and reduces the contrast between the central peak
mirrors to construct an optical correlator raises several impend the sidelobes, which adversely affects the threshold detec-
tant issues that must be considered, especially when scalingtiba performance. Moreover, the time-delay response at the edge
design to operate at higher bit rates. Significant issues ass@fian FBG passband is strongly sloped, causing the signal to
ated with device fabrication include polarization dependenagxperience dispersion. This was not a significant issue for our
time-delay variation with reflectivity, grating bandwidth, dis-10-Gb/s experiment, but it could become a problem at 40 Gb/s
persion, and thermal crosstalk between microheaters. Theseaisd higher. Note that no dispersion is induced on the throughput
sues are simple to control at 10 Gb/s, scaling to 40 Gb/s appegdiga channel, just on the tapped-off signal traversing the corre-
quite feasible, and, with careful design, it should be possibleltors. This causes the peaks in the correlation output to spread
enable operation up to 100 Gb/s and perhaps beyond. in time. Some amount of dispersion-induced spreading may ac-
When writing the FBG onto which the heaters will be detually be helpful for relaxing the required rise-time of the deci-

posited, care must be taken to avoid any polarization depesien circuit's sampling signal. Though the decision circuit only
dence of the reflection spectrum; otherwise the reflectivity aseds to sample at the packet rate (MHz), at 40 Gb/s it must
well as the time delay for the grating will be different for the twdbe able to recognize a correlation peak that is only 25 ps wide.
orthogonal polarization modes of the optical signal. This can Bé&us, it may be desirable to have some dispersion to relax this
avoided by carefully writing the grating so there are no asymequirement; however, this must be carefully traded against the
metries in the index-modulation profile. The 10-cm-long FB@orresponding impairment to the contrast between the central
that was fabricated for our experimental demonstration exhipeak and its sidelobes.
ited some polarization dependence, which made it difficult to Another issue to consider is that the gratings must be strong
adjust the subgrating reflectivities to produce the desired corexough to provide high reflectivity for the short subgratings as
lator configuration. A polarization controller was placed at theell as sufficient filter bandwidth for the incoming signal. The
correlator input to optimize the levels of the output pulses whiktrength of a grating refers to the modulation depthof the
the correlator was being configured to recognize a desired bit safiation in the fiber’s effective index of refractiong. Strong
guence. However, because each subgrating is tuned to a diffegratings withsn on the order of 103 are producible and should

-log(BER)

signals because orthogonally polarized light beams will n
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meet our requirements for reflectivity. For strong gratings, thEacket does not inadvertently exceed the threshold at the sample
FBG bandwidth is directly proportional & and is indepen- time. A valuable next step for this research topic would be to
dent of the grating length [13]. This must be considered at higlerform a full analysis of the correlation error rates (how often
bit rates to ensure that the filter bandwidth exceeds the barkle correlator produces either false positive or negative matches)
width of the optical signal. For instance, 100-Gb/s pulses hatret result for different threshold levels and for different random
an optical bandwidth of approximately 200 GHz. An FBG withnput addresses.
neg = 1.45, a center wavelength of 1561 nm, afwd = 2 x
10—.3 Wi|| yield gfilter ban_dwidth of approximately 270 GHz_, VIl. CONCLUSION
which is producible and wide enough to accommodate the high-
bandwidth signal. However, stronger gratings have sharper filterf-iber-based optical correlation techniques have been investi-
edges, resulting in higher dispersion. Therefore, a careful des@ftted for several years for their potential to recognize incoming
will have to trade these two parameters against each other to bj§-streams at the speed of light, with essentially no latency.
timize the correlator performance at the desired bit rate. Present optical technologies are limited to testing an incoming
To scale the correlator to higher bit rates requires a mublistream against a handful of different possible correlation se-
higher spatial frequency of thin-film microheaters. Howevequences with only a few bits each. This limits their potential uses
thermal diffusion between heaters will limit how closely theyor header recognition since real network data packets have ad-
can be placed before the thermal profile in the fiber betweeinesses with dozens of bits that must be compared against thou-
neighboring heaters begins to overlap, making it impossible $ands of entries in a routing lookup table. However, our research
create a series of distinct subgratings. Researchers in [15] hindicates that it may be feasible to design an algorithm to gen-
investigated the possibility of using thin-film heaters to proerate a subset of the routing table containing entries for packets
duce temperature distributions for the formation of superstrugrt can be forwarded by examining only a few bits in an IP des-
ture long period gratings, which require a spatial modulation @ation address. This opens the door to using the best that both
the order of 0.5 mm. Their results showed that although it Wagyics and electronics has to offer and enables the construction
possible to generate large gradients in temperature, the deptgin optically assisted Internet router.
modulation dramatically decreases as the spatial modulation pey, this paper, we presented the constraints and optimization

riod'ap.proaches 1 mm. This indi.cates that the heat inducedéyms for an algorithm responsible for generating a reduced op-
a thin-film heater on a standard fiber extends about 0.5 mm lcfﬁ'al lookup table that aims to maintain a high hit rate while min-

yond its _eo_lges. HO\_/vever, this result_doe_s not explicitly Cons_idﬁ"ﬁizing the number of correlators and bits/correlator that are re-
the possibility of using etched cladding fibers to reduce the fib lired. To implement the optical bypass, we presented a novel

diameter, which will strongly diminish the thermal diffusion an BG-based correlator design in which an array of thin-film mi-

should enable the generation of periodic temperature Va”atlocr}%heaters is deposited on a long, uniform FBG to create a series

with much higher thermal gradients [14]. For example, if we in= : :
stead use a 3pm-diameter etched cladding fiber, the 0.5-mr1(1-Jf equally spaced subgratings that are tuned by varying the volt-
’ ges across the heaters. The advantages of this design are that

diffusion length is reduced to about 0.13 mm [14]. It shoul fib | lectrical bl ol
therefore be feasible to produce FBG correlators using heater'df fIPer correlators are compact, electrically tunable, simple

rays with spacings of a few hundred micrometers. Using etchijProduce, and readily scalable to higher bit rates. An 8-bit
cladding fibers, and with the possible addition of heatsinks ffPrrélator module was constructed and used to experimentally
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