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Abstract—We demonstrate an optical time-to-live (TTL) decre- One problem faced by many packet-switched networks
menting module for optical packet-switched networks. Our module js that of “routing loops,” where misdirected or mislabeled
acts on a standard NRZ-modulated binary TTL field within a 10 - 4ckets are routed in circles, never reaching their destination,

Gb/s packet and decrements it by one if the TTL is nonzero. If the d leadi t twork fi 11 Whil
TTL of the incoming packet is zero, the module signals an optical and leading to severe network congestion [1]. e rare

switch to drop the packet. Our technique isindependent ofthe TTL Packet processing errors can result in misrouted packets,
length, does not require the use of ultrashort RZ optical pulses, routing loops can occur due to errors within the routing table
requires no guard time between the end of the TTL field and the - stored at a switching node, or because a change in the routing
E;gketdata, and has only a 2.4 dB power penalty a0~ bit-error 16 s taking longer than normal to propagate throughout the
' network. One commonly-employed method to prevent these
Index Terms—Optical communications, optical networking, |oops from strangling the bandwidth of a network is to use a
optical TTL, time-to-live (TTL). “time-to-live” (TTL) field within the header of a packet. The
TTL field determines the maximum numbers of hops a packet
|. INTRODUCTION can take before getting dropped for being too “old” for the
HERE has been increased recent interest in the visionn?tv.vork' In modern 1P packets, the TTL is a binary numt_)er
g?yplcally 8 b long) that is decremented by 1 when traversing

an optical packet—swnched'network. !n these_ networka c§witching node. When the TTL value of a packet reaches
packets are processed and switched optically, without neé

for conversion of the optical packets to electronic signals & the packetis dropped from the network. "Rogue” packets

) . e e either eventually rerouted toward the correct destination,
intermediate nodes within the network core. However, whilé . . .
or the TTL expires and they are dropped. Decrementing this

all-optical packet switching remains a laudable goal for eff=__ = _ . o ) .
cient and high-throughput networking, a move to optical packg%n‘ field requires editing the packet header, something easy in

switching within the network core may require implementation ectronics but often difficult in optical systems.

. There has been minimal previous research on optical tech-
of a number of packet-processing and network-management - . ! .
. . ; nologies for decrementing the TTL field of an optical packet,
functions currently performed by electronic routers, in the . .
) . : ot of dropping or destroying packets that have a zero TTL,
optical domain — a fact frequently ignored when the concept of .
. . e particularly for NRZ systems. There has been one recent report
the “all-optical network” is discussed.

of using a discrete series of ultrashort RZ optical pulses as a
packet's “TTL burst,” where instead of a binary field within
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Fig. 1. A conceptual diagram of our optical time-to-live (TTL) decrementing “data”™

module. A packet enters a switching node and first passes through the TTL |1 1 ﬂl 1| 0000

module. Ifthe TTL is nonzero, it is decremented by one and passes to the switch

fabric. If the TTL is zero, it is dropped from the network and the resulting TTL Decremented
value is irrelevant. [t 1loof11 1 1]— output
TTL field of the incoming packet is zero, the module processes lo oftfofr1 11

the packet and generates a control signal that is used to drop “data” conjugated

the packet from the network. Our technique is independent of (“databar”)

the length of the TTL and the packet, requires minimal control (b)

electronics, _does not requ_lre the use of ultrashort RZ Opt!‘@é. 2. (a) Binary subtraction of “1” from the 8-b binary value “11 010 000"

pulses, requires no guard time between the end of the TTL figlde to the borrowing process inherent to subtraction, the result, “11001 111"

and the rest of the packet, and has only a 2.4-dB power pendigg all bits, up to and including the first 1" bit, inverted. (b) Subtracting one
-9 hit. . . from a binary number can be performed by replacing a series of bits (up to and

gt 10 plt error rate (BER). In addition, while our moduIeincluding the first “1” bit) with their conjugates,

is experimentally demonstrated for 10 Gb/s NRZ-modulated

packets, it can, with minimal modification, be made compatib

With RZ-modulated data. ‘ﬁcludlng the first “1” bit) are replaced with their conjugate (the

shaded part of “databar”), while the rest of the bits remain the
same (the shaded part of “data”). To implement this “decre-
menting-via-inversion” process in the optical domain, there are
A conceptual diagram of how our TTL module might operatthree main requirements: 1) a method of generating a set of con-
within an optical switching node is shown in Fig. 1. A packegugate data, 2) a fast method to replace data with its conjugate,
with a binary TTL field of known length (commonly 8 bs) en-and 3) a way to detect the first “1” bit in the TTL so the replace-
ters the switching node and the TTL module. The TTL modul@ent process can be terminated.
checks the TTL of the incoming packet — if it is nonzero, the To generate a set of conjugate data to perform this process,
TTL is decremented by one and the packet passes througlw use gain saturation, or cross-gain modulation (XGM), in
the optical switch fabric. If the TTL of the incoming packet isa semiconductor-optical amplifier (SOA) [5], [6]. An SOA is
zero, the packet is destroyed or dropped. In the zero-TTL caaewell-studied optical device that has a number of interesting
the resulting TTL value after passing through the module is inonlinear properties, including XGM, cross-phase modulation
relevant as the packet is no longer within the network. (XPM), and four-wave mixing (FWM). A high-power data
Optically decrementing the TTL by “1” requires optical im-channel (the data to be conjugated) enters the SOA through
plementation of a binary subtraction algorithm [3], [4]. Onene of its input ports, and a low-power continuous-wave (CW)
such method is decrementing-via-inversion. For any arbitrasignal enters via the other. An illustration of this process is
starting binary value, subtracting “1” results in the least-signishown in Fig. 3. In our experiment, both channels were at the
icant-bit (LSB) being inverted (in binary subtraction, 1 minus $ame wavelength. When the data channel is “on” (a data “1”
is 0, while 0 minus 1 results in a 1, after “borrowing” from thebit), the SOA provides the majority of its gain to the high-power
next higher column). If the LSB is a “1” bit, the subtraction isignal, and the CW signal is squelched, resulting in a “0” bit on
complete, as no borrowing is necessary. However, if the LSB istee CW wave at the output of the optical circulator. However,
“0” bit, we must reduce the next higher column by “1” as a resulthen the data channel is “off” (a data “0” bit), the CW signal
of the borrowing process (and if that next column is “0”, leadsceives most of the gain and a “1” bit results at the output.
to additional borrowing). This process is illustrated in Fig. 2(alhe resulting circulator output carries data conjugate to that
To decrement by one, invert each bit, beginning with the LSBf the data channel. The extinction ratio in this process can be
until a“1” bitis encountered. Invert the “1” bit, and then stop (as- 10 dB. This inverted data can then be inserted where neces-
inverting the “1” bit completes the subtraction). All bits beyondary to perform the “decrementing-via-inversion” procedure.
the first “1” bit remain unchanged. This process results in a setTo replace data with its conjugate (“databar”), we use
of bits being replaced by their conjugates, and thus this binatifference-frequency-generation (DFG) in periodically-poled
subtraction can take place by replacing bits, up-to-and-includilidhium-niobate (PPLN) waveguide wavelength shifters [7].
the first “1” bit, with their conjugates, as shown in Fig. 2(b) -These nonlinear devices use a cascagédt : x(? process to
the TTL data to be decremented in this figure consists of tiedficiently shift an input signal to a new wavelength when a
bit sequence “11 010 000MSB — LSB). To create the decre- pump signal is present. The PPLN waveguide adds negligible
mented output, the first 5 bits (starting with the LSB, up to ansbontaneous emission noise, operates with little to no chirp,

Il. SYSTEM CONCEPT
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Fig. 3. Using gain saturation in a semiconductor-optical-amplifier (SOA) conjugate data can be generated at the output of the optical ciragiapmwarh
data channel and low-power continuous-wave (CW) channel (in our experiment, both channels were at the same wavelength) counter-propagat&@wough t
When the high-power channel is “on” (a “1” bit) the gain of the SOA is saturated and the low-power channel is strangled, resulting in a “0” bit. Witeptvechi
channel is “off” (a “0” bit) the SOA contributes all its gain to the low-power channel, resulting in a “1” bit. The extinction ratio ¢anlbelB. Oscilloscope
traces of the data sequence “10100 100" are shown.

(1): Second-harmonic generation branch is the “data” sent to the “data” PPLN waveguide. The
f—f‘_ @ \ = _ top branch is transmitted through a 3-port optical circulator and
T Wb T through the SOA to create “databar” via gain saturation, as de-
b e ek e ; scribed in the preceding section. The final branch of the input
BN W PR data stream is sent to a receiver to check for the first “1” bit
T\)‘P 2R i within the TTL. This is done by using this signal (after @ar
ymp "~ ; gate) as the clock input to a D-flip-flop (DFF) that selects which
A (nm) of the data streams (“data” or “databar"sshifted at any given
(2): v mixing for DFG moment by the PPLN waveguides by modulating the PPLN
waveguide pumps. The DFF is the key to controlling the TTL-
IFtIr? 4. ,I?)iffterenglea-lfﬁquency-gegeraﬂonIt(DFG)“ irfll 6;, pgriogica"y-_poletdiecrementing algorithm, with thel"” output of the DFF con-
i e [PrLY, waicaude sl n Lfleter of an Mroling the “databar” PPLN pump moduiator and
v @ process. First, via second-harmonic-generation, a channel @dtput controlling the “data” PPLN pump modulator. This guar-
Apump/2 is generated (1), and that channel mixes with the input to  antees that only one of the two data streams wilkbshifted at
producerour (2). any given moment. A “TTL start” pulse (which we generate arti-
o ) o ] ficially, but could be provided by some sort of optical preamble
has similar up- and down- conversion efficiency, inducgfetection such as in [9]) signals to the electronics the start of
negligible crosstalk at the output, and has d'Hz bandwidth e 7T field and acts as both an input and a clock (after the
[7]. In essence, the output wavelength is the input wavelengih gate) to the DFF, setting the&)” output of the DFF to “1.”
“reflected” around the pump wavelength, as shown in Fig. 45 the “Q” output of the DFF is tied to the “databar” PPLN
These devices have seen application in a number of opti%lmp, the “databar” channel is shifted to a new wavelength,
switching architectures [8]. A PPLN waveguide omlyshifts AouT, while the “Q” output remains high. The “data” channel,
an input channel to a new wavelength when a pump channe|\jgose PPLN pump is controlled by th@bar” output of the
present. By using two PPLN waveguides (one for the “datsrr s nota-shifted while the ©” output remains high. We
and another for the invertgd data, or “databar”) and modulatiggf; “qatabar’ to AouT only when the TTL-modification re-
the PPLN pumps appropriately, we choose when the “data” aggires the conjugate data at the output — that is, until the first
“databar” signals ar@-shifted. Through the use of conjugate» pit is present in the TTL. The first “1” bit in the TTL of
pump signals (so only one of the two signals is belrghifted e packet acts as a “clock” input to the DFF, resetting (e
at any given time), we can shift either “data” or “databar” agy iyt to zero, shutting off the pump to the “databar” PPLN and
needed. By onlyA-shifting “databar” to a new wavelengthy, ning on the pump to the “data” PPLN. This beginshifting
when the TTL-decrementing algorithm requires inverted datgs the “data” stream td.ou . After filtering out all wavelengths
and shifting “data” to a new wavelength at all other timesayve),ur, the two synchronized-shifted signals (“data” and

(during the rest of the TTL, and during the rest of the packet-)databar,n which are nevex-shifted toAour simultaneously)

we can combine the resulting twoshifted signals and filter 5.6 combined via a coupler and the result is a TTL-modified
out the new wavelength, resulting in a combinedshifted, AouT output channel.

and TTL-decremented channel. The “Q” signal is also used to control a switch that drops
the packet when the TTL of the incoming packet is zero. Any
IIl. EXPERIMENTAL SETUP “1” bit within the TTL field will cause the ©)” output to reset

The experimental setup of our optical TTL module is showi® “0.” Thus, if the “Q” output is still “1” after the TTL has
in Fig. 5. An incoming data packet with an 8-b TTL field (withpassed, then there cannot be any “1” bits within the TTL field —
a 1-b guard time before the TTL to ensure proper timing, but iignust have a zero value. A simple decision circuitis used to test
guard time between the end of the TTL and the rest of the pack&” immediately after the TTL has passed through the module.
data) is amplified and split into three branches. The middf@nly if all TTL bits are zero will the Q" output remain high,
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Fig. 5. The experimental setup of our optical TTL module. The initial data stream is split into three branches — one is used to create conjugaabde)avieda
gain saturation in an SOA, one is used as the data stream, and the last is detected and used to control the module. A D-flip-flop controls thecmsjeidente of
data by controlling the PPLN waveguide pumps. The “TTL start” pulse is perhaps generated by an existing preamble-detection module, such as[@¢scribed

and thus a positive decision at this stage can be used to reset the End ofprev.  TTL
DFF and drive an optical switch that drops the packet. While it pagket  (LSB-MSE)
is possible that some corruption of packet data can take place

if the TTL is zero (as the Q" output remains high, and thus [EIOIL,III’;“
“databar” is shifted to\oyr after the TTL has passed — it is “Data” — original

for this reason that the decision circuit also resets the DFF), as 1 datastream

packets are dropped or destroyed when the TTL of an incoming Databar” L
packet is zero, the resulting packet data may be irrelevant. In * inverted data

addition, as any packet with a nonzero TTL will stop shifting “Data” PPLN Lﬁh
“databar” and begin shifting the “data” stream by the end of the © pump modulation

TTL field, no guard time between the end of the TTL and the , ‘Databar” PPLN

rest of the packet is required. ©* pump medulation )~

TTL-updated
packet
IV. RESULTS AND DISCUSSION

New packet

Three 20-B packets, each with varying TTL values and pay-
l'_:)ad data, 0.8 ns of guard time between packets, and no 9”%‘?‘ 6. A close-up look at the TTL field of a packet with a TTL value of
time between the end of the TTL and the rest of the packeip111100” LSB — MSB) (a) The TTL field of the “data” stream. (b) The
are modulated at 10 Gb/s onto a 1545 nm signal wavelendiH- field of “databar”, the conjugate data generated via gain saturation in the

. A, showing a TTL value of “11 000 011”. (c) The control signal for the “data”
(Av) and sent into the TTL module. Two packets had nonze LN pump —“data” is\-shifted at all times save from the start of the TTL until
TTL values, and one packet had a zero TTL. A closer look after the first “1” bit in the TTL. (d) The control signal for the “databar” PPLN
the TTL field of one of the packets is shown in Fig. 6 for dump — “databar” begins-shifting when the TTL starts and ends immediately
: « » after the first “1” bit. (e) A close-up view of the TTL-modified output, with a
paCket_Wlt_h_ a TTL_Value of “00 111_100 (from th_e LSB to th_enew TTL of “11011 100" (the bits up to and including the first “1” bit having
most-significant-bit, or MSB). The input “data” signal for thispeen replaced with “databar”).
packet is shown in Fig. 6(a), and the “databar” signal generated
via gain saturation in the SOA (with a 1545 nm CW input to
the SOA) is shown in Fig. 6(b). The SOA bias current was
80 mA. The first three bits of the TTL (starting with the LSB)
are “001”, so the first “1” bit is the third bit of the TTL. Thus,
the “decrementing-via-inversion” algorithm should require that
the first 3 bits of the TTL be replaced by their conjugates.
The PPLN pump modulation signals (the outputs of the DFF)
are shown in Fig. 6(c) and (d), where (c) is th@bar” signal
modulating the “data” PPLN pump, and (d) is th@™signal _ _
g. 7. The optical spectrum at the output of the “data” PPLN waveguide,

1 " 11 I
modulating the “databar” PPLN pump. The pump Wavelen_ggﬂowing the three signals — “data” &tx = 1545 nm, the A-shifted output
for both PPLN’s was 1550.12 nm, and the pump power int@\our = 1555.24 nin, and the PPLN pump at 1550.12 nm.

each PPLN was approximately 10 dBm, resulting xshifted

output signal at 1555.24 nm at arourd3 dBm. The PPLN combined and the TTL-modified result is shown in Fig. 6(e).
spectrum showing the input, pump, andshifted output is While our technique results in a shift of the input wavelength
shown in Fig. 7. After amplification and filtering to removeto a new output wavelength, this can be alleviated by using a
all wavelengths save 1555.24 nm, the resulting streams wemmventional wavelength shifter (or a second PPLN with a
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2 ‘ the input, a “databar” stream of RZ bits can be generated. The
& Back-to-back rest of the system requires no modification—such an implemen-
o | ® “databar” generation tation also removes the need for the 1-bit guard time prior to the
’ é‘:g; Lsuiting start of the TTL. Without further investigation as to the effects

of the PPLN and SOA on other types of signals (CRZ, CSRZ),
we are unable to say whether this technique can be extended to
other modulation formats.

V. SUMMARY

-log, ,(Bit-error-rate)

“Routing loops,” where a misdirected packet is routed in cir-
cles indefinitely, can be a significant problem in modern-day
networks, leading to severe network congestion if misrouted
packets are not quickly dropped from the network. To combat
this problem, IP packets incorporate a “time-to-live” field that
is decremented by one at each “hop” within the network —when
the TTL value reaches zero, the packet is dropped from the net
Fig. 8. Power penalty curves for the optical TTL module. The total penalty work. To begin a move toward all-optical routing within the net-

e -1 &

-14 -13 -12 -11
Receiver Power (dBm)

-10 -9

~ 2.4 dB. work core, it may be necessary to implement this TTL decre-
menting process in the optical domain.
TTL value _Racket#l | Packet# | Packet#3 We demonstrate an optical TTL decrementing module that
(LSB>MSB) Wi \"4 . S——— acts upon a standard 8-b binary TTL field located within an op-
a.  Data packets IW[}‘"\"iﬂ]:lﬂl'\'N' ‘1 JM]‘I:WHWWM.L’.“nWILW:_M‘JFWWUMW"W'J\W tical packet. If the value of the TTL field within the packet is
(1) 00

'”J'f“limw\li'fl‘ﬂ"lﬂﬂm"J i nonzero, the TTL is decremented via a decrementing-via-inver-
g TR sion process and the packet passes through the module, perhaps
c. D"%';'}GL“ v ?,;ket MU toward an optical switch fabric. If the TTL field is zero, how-

' ever, the module generates a signal that can be used to drop or
Fig.9. (a) A number of input packets to the TTL module, each with differefi€Stroy the packet. Our technique uses gain saturation within an
TTL values and data payloads. (b) Packets with nonzero TTL values have tf8DA to generate conjugate data, and difference-frequency-gen-

TTL decremented and then pass through the module. (c) When a packet Wild&tion jn a PPLN to enable wavelength conversion and insertion
TTL value of zero enters the module, a signal is generated that drops the pacl

I . . . e
from the network (in this case using an optical switch), and the resulting TR conjugate data. This technlque.|s: mdependen_t of the Iength
value is irrelevant. of the TTL and packet, requires minimal electronic control, re-

quires no guard time between the end of the TTL field and the

pump wavelength identical to the first, causing a second sHist of the packet, and has only a 2.4-dB power penalty at
around the pump back to the original input wavelength). ~ BER.

Power penalty curves are shown in Fig. 8. The total power
penalty of our module isv 2.4 dB when compared to the
back-to-back receiver sensitivity 26— bit-error-rate, arising
mostly by theA-shifting in the PPLN and insertion of parts of
“databar” into the TTL field. Using the current setup, it may control scheme in optical layer for optical packet networks,Cionf.
be difficult to traverse a large number of hops, and as such  Opt. Fiber Commun. (OFC) 2002002, ThGG111, pp. 770-771.
this system may be viable only in a low-hop network core. 3l 't?(-mEs- ,,':ICE’VékEe?r;r';'safg‘(’)V;feuféﬁsgln;g'g°f”gggs E°§J”E§{,‘°{?§§° func-
However, the use of a higher-efficiency PPLN waveguide and[4] H.-I.jeon and M.A..G.Agushragu.r, Dlgﬁal optical a’rithm.etic prbcessor
an SOA with lower chirp (or an optical 2/3 R regenerator) may  based on symbolic substitution,” Rroc. 20th Southeastern Symp. Syst.
reduce these sensitivity penalties considerably, allowing for  Theory (1998)1998, pp. 221-223. .
transmission beyond a handful of nodes. [5] P.Parolari, L. Marazzi, M. Connen, and M. Martinelli, “SOA-based all-

optical threshold,” inConf. Lasers and Electro-Optics (CLEO) 2000
To demonstrate packet dropping, a lithium-niobate optical =~ 2000, CWK29, pp. 309-310.
switch was placed in series with the TTL module and controlled [6] M. C. Cardakli, D. Gurkan, S. A. Havstad, and A. E. Willner, “Vari-
.. . . . . . . able-bit-rate header recognition for reconfigurable networks using tun-
by a decision circuit as described in the above section. The cir- able fiber-Bragg-gratings as optical correlators,Ganf. Optical Fiber
cuit checks the Q" value on the first bit after the TTL ends — if Commun. (OFC) 20Q%0l. 1, 2000, TuN2, pp. 213-215.

it is high, it signals the switch to drop the packet and resets the?] K. R. Parameswaran, J. R. Kurz, R. V. Roussev, and M. M. Fejer, “Ob-

b. TTL-updated ..M‘ Ir- N“.l‘lf]‘l{ﬂmﬂw"WI

packets
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