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Optical Label Encoding Using Electroabsorption
Modulators and Investigation of Chirp Properties

L. Xu, N. Chi, L. K. Oxenlgwe, K. Yvind, J. Mark, P. Jeppesétember, IEEEand J. Hanberg

DPSK 2.5Gb/s

Abstract—A novel scheme of optical label encoding by wave- ASK
length conversion based on electroabsorption modulators (EAMS) 10Gbls
is reported. Based on the experimental observations, the chirp
properties of the wavelength-converted signal are discussed and a
wide dynamic range of the chirp a-parameter is found allowed. —
Compared with cross-gain modulation (XGM) in a semiconductor | TL1 4 — >
optical amplifier (SOA), the EAM has several advantages, which —
make it attractive for optical label encoding or other applications Optical delay
as a wavelength converter. demodulator pC

&R

Index Terms—Chirp a-parameter, cross-absorption modula- Label | A (00) Probe
tion, electroabsorption modulator (EAM), optical label encoding. Rx >
B
3dB
[. INTRODUCTION Payload coupler
Rx

LTRA-HIGH speed data-centric networks will likely
evolve into an Internet Protocol (IP) network on a WaV&sig 1. Experimental setup. TL1: Tuneable laser #1. TL2: Tuneable laser #2.
length-division-multiplexing (WDM) physical infrastructureLabel Rx: Label receiver. Payload Rx: Payload receiver.
[1]. With respect to efficiency and cost effectiveness, new
switching technologies are required to route individual packedgch as demultiplexing [13]-[15], wavelength conversion [14],
without converting the packet from optical to electrical format.16]_[18] and all-optical regeneration [19]-[22].
All-optical packet switching is therefore most likely to be the | this paper we report, for the first time to the best of our
key technology for the implementation of future IP-over-WDMnowledge, on a novel optical label encoding scheme employing
networks [2]. In addition to the optical wavelength that cagam-based wavelength conversion. The two-level labeled sig-
serve as an optical label in the multiple protocol wavelengi{his consist of a 10 Gb/s ASK payload and a 2.5 Gb/s DPSK
switched (MR\S) scheme, a second level of optical label is sti|gpel. Through wavelength conversion based on an EAM, the
necessary for provisioning, maintaining, and restoring switch gymad is duplicated on a new wavelength, which in advance
light-paths. This second level optical label can be realized hyg peen phase-modulated with a new DPSK label, while the
subcarrier multiplexing (SCM) [2], [3] or by an orthogonalyq |apels, i.e., the original wavelength and the DPSK data on
modulation format [4]-{8] combining amplitude shift keyingihe original wavelength, are completely dropped off. Our exper-
(ASK) and differential phase shift keying (DPSK) of a singlgment also provides a simple approach to evaluate the phase dis-
carrier. . . _tortion and thus the frequency chirp of the converted signal. By
Based on the two-level optical label, all-optical processingbmparing the experimental data with simulated results using a
may be used to realize the wavelength swapping as well as §@ple model for the chirp, we arrive at an estimate for the chirp
adding and dropping of the second level label. One promisignarameter. The influence of dynamic changes ofifparam-
all-optical processor is the electroabsorption modulator (EAM}er is analyzed.
[9], [10], which has proven to be a versatile component in ultra Thisg paper is organized as follows. Experimental set-up and
fast WDM and OTDM systems with its ability to perform sevyegyits are given in Section II. A chirp model of EAMS is pre-
eral different functionalities, yet remaining a simple structur@ented and used to analyze its impact on the phase detection in
Recently, various all-optical functionalities based on cross-a8action I11. In Section IV, we compare the wavelength conver-
sorption modulation (XAM) [11], [12] have been demonstratedjon characteristics of an EAM and an SOA, and possible ad-
vantages of the EAM are discussed. Conclusions and acknowl-
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' Fig. 3. Eye diagrams of the DPSK label at 2.5 Gb/s of (a) the original signal
ol and (b) the converted signal.
(b)-- 25 ps/drv
\ " / ence between the two arms is very smalD(17 dB), therefore
no loss imbalance effect is observed on the DPSK detection.

The EAMSs used in this paper are multiple-quantum-well
Fig. 2. Eye diagrams of the ASK payload at 10 Gb/s of (a) the original signdMQW) devices with 10-15 quantum wells. The fiber-to-fiber
and (b) the converted signal. loss at zero bias is about 16 dB for an uncoated device.

Fig. 2 depicts the ASK eye diagrams of the original signal

10 Gbls that serves as the pump, hereafter referred to as?3f the converted signal, clearly showing that the ASK infor-
amplitude shift keyed (ASK) signal. Wavelength conversiofation is sgccessfully dup_llcated onto the probe beam. S_|nce
is performed through cross-absorption modulation (XAWOth mark bits and space bits of the wavelength converted signal
induced by the pump beam on a probe signal. The probe be@Y phase information, the power level of space bits should not
is generated by tuneable laser #2 (TL2) working at 1555 nA§ too low to facilitate detection of the phase variation. There-
and is phase-modulated at 2.5 Gb/s with a pseudorandomfg[parelatively low extinction ratio (ER) of the converted signal
sequence (PRBS) pattern |ength%f_ 1, hereafter referred is required. Theoretica”y, an ER up to 9.5 dB is allowed for
to as a differential-phase-shift-keyed (DPSK) signal. ParasiftPSK detection. In our experiment, however, we adjust the ER
phase modulation in the EAM, due to refractive index changégbe about 3.5 dB because the fiber-based Dl is temperature and
induced by the ASK-pump signal, will thus affect the qualityolarization sensitive and therefore difficult to optimize. Com-
of the DPSK signal. The optical power of the pump and proti@red to a normal ASK signal with an ER of 10 dB, the power
beams are 20 and 10 dBm, respectively. The reverse biaspehalty due to low ER is measured to4é dB. The ER of the

the EAM is —2.4 V. After wavelength conversion, the probeASK signal can be improved by using a high-stability DPSK
beam is filtered out through an optical filter with a bandwidtldetector and/or a balanced receiver.

of 1.6 nm. In the case of conversion to the same wavelengthThe DPSK eye diagrams before and after wavelength
counterpropagation of the pump and probe can be usedctmversion are shown in Fig. 3; open eyes of the converted
separate the original and the converted signals. Using a 3 siBnal are observed. As expected, however, the upper eyelids
coupler, the converted signal is divided into two arms, one fare broadened considerably while the lower eyelids get only
intensity detection and the other for phase detection. The phatightly thicker. This can be attributed to the 256 different
detector is a fiber-based delay interferometer (DI) consistimgmbinations of ASK bits in one DPSK bit-time of the two
of two 3-dB couplers, which converts the DPSK modulation aams of the DI, as will be discussed in the following section.
well as the frequency chirp into intensity variation. One arm of BER measurements as shown in Fig. 4 confirm that the ASK
the interferometer is 8 cm longer than the other, correspondiagd DPSK components of the converted signal can both have
to an extra time delay of 400 ps. The transmission loss diff@8ERs as low ag0~?, and optical label encoding/recognition is
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0.014 A Back-to-back label TABLE |
1E-3 4 O Back-to-back payload THE POWER LEVELS FORMED IN DPSK EvE DIAGRAMS DUE TO
1E-4 ] A EAM output label ASK PULSE INTERFERENCE
1E-5 4 m  EAM output payload ASK Bits
E Power Level
1E-6 1 Arm 1] Arm 2 owe eve
O 1E7 0 PSK phase shift between two arms:
@ e 1| 1 P One
1E-9 4 1 1 1
1E-10!: 0 ’ X 1 + XPO + 5 })1P0 cos A@rhr’rp TWO
1E-114
1E-12 E T T T T T T T T T T T T 0 O PO Three
-30 -28 -26 24 22 20 -18 -16 -14 1 » 1 b 1 57 A
Receiver optical power ( dBm ) ’ o |47 et VAT oS AP | Two
Fig. 4. BER of the payload and the label before and after waveleng PSK phase shift between two arms;
conversion. .
1 1 0 Five
. . ) 1 1 i o
thus successfully realized. The converted signal is then trar Z"Pt + "&"Po - “z""wlf’lf’o cos Ag,. | Four
mitted over either 50-km SMF or 80-km NZDSF; in both case 1 9 :
error-free operation was obtained for the payload as well as t lP; iPo _1 PP, cos Ag,,. | Four
label. 0 1 |4
0 I3 0 Five

I1l. PULSE CHIRP ANALYSIS

In this section the influence of the frequency chirp of thge ppsk bit-time will be shown due to the slow response, in-
Wave_length converteo_l S|gngl on the PPSK demodglatlon Witead of the subtle ASK structure. The averaged power levels
be discussed. Following this discussion, our experimental tgshan on the number of the mark bits involved in the interfer-
sults will be us_ed to evaluate the chirp. _ ence of the two arms, but different combinations may have dif-

In the delay interferometer one arm provides an extra delay@fent consequences even with the same number of mark bits.
400 ps to the signal, i.e. one bit-time of the DPSK signal, befogg,; jnstance, considering the case of 4 mark bits under con-

itis combined with the other arm at the output. The interferen%‘?ructive interference, three different average power levels re-

between the two arms is generally governed by sult from (1111:0000), (1110:1000) and (1100:1100) according
- - to (2), while all other possibilities of combinations do not gen-
E =P elwtten) | ppeilette:) (1) erate any new levels. This corresponds to the number of different
pP= |E|2 = Py + Pg + QMCOS(% — ) unordered possibilities for filling slots byn different elements.

N S 2\/mCOS(A(Pdpsk + Aguin) () The solution for this problem is shown in (3)

. A(n,r) =Cpyp - @)
whereFE denotes the output electric fielé, the compound op-

tical power, andv the optical angular frequenck, andy; are In our casey is the number of ASK bits in one DPSK bit-time
the optical power and the phase of one affg,andy- of the and equals 4, and is the number of levels within one ASK
other armApay,sk is the phase difference between the two arnisit-time. As will be shown in Table Iy equals 3 for constructive
induced by the original DPSK modulation addp.;,p, is the interference and 2 for destructive interference. It is thus found
phase difference caused by chirp originating from wavelengthat CZ(= 15) power levels result from constructive interfer-
conversion (i.e., XAM in the EAM). ence and”2 (= 5) power levels from destructive interference.

In one DPSK bit-time, four ASK bits of one arm overlap For the purpose of chirp investigation, however, it is conve-
with their counterpart in the other arm, resulting in a total afient to express the interference on the basis of a single ASK
256 combinations. This is understandable because each armidiast he identification of the various signal levels and the cor-
2%(= 16) combinations of ASK bits and a direct calculatiomesponding power are given in Table |. Hgfe and P, denote
leads tol6 x 16 = 256. However, some combinations have théhe optical power of “1” b and “0” b of the ASK signal, respec-
same consequence, e.g., (1100:0011) and (0011:1100) maké&vedy. The three higher levels form the upper eyelids and the
difference, this leads to a dividing factor of 2. Since the DPS&vo smaller levels form the lower eyelid. As seen in Table | only
modulation results in a zero arphase difference between thdevel 2 and level 4 are influenced by chirp-induced phase distor-
two arms, they may interfere constructively or destructively, réion.
sulting in a multiplicative factor of 2. These two factors coun- The calculated internal structure of DPSK eyes under zero
teract each other leading to a total number of 256. chirp is shown in Fig. 5 (left), where four ASK bit-times within

If a photodiode with a bandwidth of 2.5 GHz is used foone DPSK bit-time are depicted. The measured DPSK eye dia-
the detection of the DPSK label, power levels averaged withgmams (right) are also given for a direct comparison. Here, the
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Fig. 5. Simulated DPSK internal structure under zero chirp (left) and experimental results (right).

ER of the ASK signal is taken from experimental data recorde (@)

when the DPSK eyes were measured. -
As indicated in Table I, five distinct power levels result du¢

to the interference between the two arms of the DPSK demc g

ulator. However, as seen in the right part of Fig. 5, level 2 . 4

the measured DPSK eyes is not distinguished. This is well us

derstood and happens because the DPSK and ASK signals

not synchronized in our set-up. Therefore, only level 4, as o123

of the chirp-sensitive levels, can be investigated for comparisig,

purposes. A later discussion will reveal that, compared to levg 2

2, the impact of level 4 on the DPSK eyes is more important dit &

to its immediate contribution to the closure of the DPSK eye @

Fig. 5 also indicates certain disagreement in level 4 between LS Level 4
left and right parts, suggesting the existence of frequency chh(% Y
O 4 2 0 2

A. Constant Chirpy-Parameter

To gain a basic understanding of how the frequency chirp ii (b)

fluences the DPSK demodulation we first employ the assum . . .
tion of a constant value for the chigpparameter duringan ASK
pulse. Equation (4) defines the chispparameter according to ;
[23], as follows: —
o 4
dy a dP -
rZ_= = 4) =
dt — 2P dt @ 5
wherey and P denote the instantaneous phase and intensity"cTJ'
the output light, respectively. T 2
Since this definition, initially defined for electrical modula-
tion of an EAM, expresses the frequency chirp in terms of 0[9
tical pulse characteristics (intensity and phase), it can also £
used for optical modulation occurring in an EAM, e.g., wave(% 0
1 1 1 n 1

length conversion. .
The simulation results under various constant chinalues -4 2 0 2

are shown in Fig. 6. Itis found that in the presence of chirp, lev Time ( 100 ps )

4 increases and level 2 decreases, corresponding to an “attrac-

tion” of the two chirp-sensitive levels. From this observation itig. 6. Simulated DPSK internal structure for different values of the chirp-

becomes apparent that the change of level 4 is dominant in gaiameter: () 0.26 and (b) 0.68. The upper and lower dashed lines indicate

grading the DPSK eyes, especially under small frequency chffs®s 2 and 4 in case of no chirp, respectively.

[Fig. 6(a)] when level 2 has no contribution at all. From Fig. 6

we find that the DPSK eyes tend to close as the chipa- detrimental to DPSK demodulation and will ultimately make the

rameter increases. If the absolute valuexaaches 0.68, the DPSK signal levels indistinguishable; this also means the chirp

DPSK eyes become completely closed, as shown in (b). Themitist be reasonably smd|k| < 0.68) if the DPSK eyes are to

becomes evident that chirp-induced phase distortion is naturdily clearly open.

Authorized licensed use limited to: Danmarks Tekniske Informationscenter. Downloaded on February 24,2010 at 09:26:03 EST from IEEE Xplore. Restrictions apply.
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Fig. 7. Measured chirp versus reverse bias for o/o modulation of EAM.
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Fig. 9. Internal structure of DPSK eye diagrams, with maximuof (a) 1.6,
(b) 3.6. The upper and lower dashed lines indicate levels 2 and 4 in case of no
chirp.

Fig. 8. Chirpa profile for ASK signal.

B. Varying Chirpa-Parameter . .
ying Pox We set the start value of corresponding to the highest elec-

Now we consider a more realistic case with the chirpa- trical field, i.e., lowest pump power, to be0.1. Then with the
rameter varying along the ASK pulses. Our earlier measurememiximum chirpa. as a variable parameter, we calculate the in-
of the chirp induced by optical-to-optical (o/0) modulation in aternal structure of the DPSK eye diagrams as shown in Fig. 9.
EAM [24], as shown in Fig. 7, suggests a linear variation of theis found that a much wider dynamic range of chirds al-
a-parameter for reverse voltages lower than 3 V. In this melwed than for the case of constanparameter. Thus, as seen
surement we modified the fiber response method proposedihyFig. 9(b), the DPSK eyes completely close for a maximum
Devaux [25] by inserting an EAM-based wavelength converter of 3.6, whereas in the case of constanive obtained 0.68.
into the transmission line; then the chiggparameter of the con- In case of PRBS where successive “1”s or “0”s may occur with
verted signal can be measured with the same principle designadious pattern length, the chirpparameters have more com-
for electrical-to-optical modulation. plex profiles depending on the patterns. The leading and trailing

If we assume that the change of the effective field seen by tedges of various patterns still follow the model presented in
probe beam instantaneously follows the power change of tiés sub-section while the flat top regions resulting from more
pump beam, due to the screening effect of pump-photon-genitan one mark bit acquire constant chirpalues. However, ac-
ated carriers, then the small sigraWill have a profile similar cording to (4), the flat top regions have negligible contribution
to the pump pulse. This is illustrated in Fig. 8, where the note the phase chang&\y.i,,) due to the zero amplitude vari-
malized pulse is given for reference. ation (dP/dt = 0). Therefore only the two edges of different
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patterns need to be considered, as addressed in the previous dist B. Meagher, G. K. Chang, and G. Ellinasal. “Design and implemen-
cussion. tation of ultra-low latency optical label switching for packet-switched
. . . . WDM networks,”J. Lightwave Technaqlvol. 18, pp. 1978-1987, Dec.
Our experimental results are compared to this varying chirp  5ggq.
«a-parameter model which applies to an EAM. The fairly good [4] M. Hickey, C. Barry, C. Noronha, and L. Kazovsky, “Experimental
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of chirpa from —0.1 to 1.6 for EAM-based wavelength conver- [5] T. Koonen, G. Morthier, J. Jennen, H. Waardt, and P. Demeester, “Op-
sion tical packet routing in IP-over-WDM networks deploying two-level op-

) . . . tical labeling,” inProc. ECOC’01 2001.
Based on the above discussion, we conclude that phase dige] T. koonen, T. Sulur, I. Monroy, J. Jennen, and H. Waardt, “Optical la-
tortion induced by wavelength conversion may be very harmful  beling of packets in IP-over-WDM networks,” froc. ECOC’02 vol.

i i 5.5.2, 2002.
to DPSK detection of the converted signal. For a constant Value[?] N. Chi, B. Carlsson, P. V. Holm-Nielsen, C. Peucheret, and P. Jeppesen,
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[13] L. K. Oxenlgwe, F. Romstad, A. Tersigni, S. Hgjfeldt, K. Yvind, P. M.
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