JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 23, NO. 1, JANUARY 2005 1

160 Gb/s OTDM Networking using Deployed Fiber

J.P. Turkiewicz, E. Tangdiongga, G. Lehmann, H. Rohde, W. Schairer, Y.R. Ehemper IEEE, E.S.R. Sikora,
A. Lord, D.B. Payne, G.D. Khodellow, IEEE, and H. de Waardt

Abstract—We report a 160 Gb/s OTDM network comprising time slots new channels can be added (add function). The
switching and demultiplexing through field deployed fiber. The yse of TD-ADMs or even time domain optical cross connects,
160 Gb/s signal was obtained by time-interleaving 16 channels j, meshed OTDM networks implies the need of additional

of a 10 Gb/s signal. The add-drop node was realized by - . .
using a gain-transparent operation of a semiconductor optical elements in the network nodes to compensate for differential

amplifier (SOA). A subharmonic clock recovery with a pre-scaled time shifts between different paths through the network [2, 3].
electro-optical phase locked loop employing an electroabsorption As these timing elements are not necessary in todays WDM

modulator was applied. An OTDM receiver employed a four- networks they add another layer to the architecture of ADM
wave mixing principle in an SOA. The impact of fiber chromatic network nodes. In addition, to be able to merge two OTDM

and polarization mode dispersion is discussed. Switching and th ith doml ied ch | tati f th
demultiplexing performance are shown for a fiber link of 275 paths with randomly occupied channels permutation ot the

and 550 km, respectively. Excellent operation of clock recovery, channels will be necessary in order to prevent collisions.
drop-through-add function, and transmission was achieved. Techniques enabling 160 Gb/s transmission and demulti-
Index Terms— Time division multiplexing, demultiplexing, op-  Plexing are described in [4] and a field transmission ex-
tical switches, ultrafast optics, semiconductor optical amplifiers, periment in [5]. Recently, back-to-back (B2B) TD-ADM
electroabsorption experiments have been reported forxii® Gb/s [6] and
4x40 Gb/s [7]. A first TD-ADM network experiment with
|. INTRODUCTION clock recovery (CR) and transmission over 300 km spooled
iber is reported in [8]. A summary of the first fully working

Future optical data transmission will change from toda 8 X .
Wty bY Isston Wi g -ADM field experiment over 275 km deployed fiber has

point to point connections towards transparent meshed opti ; :
networks. At the same time the increasing bandwidth demal gen given in [9]. _ . .

will require much higher transfer capacities per fiber than In Fh's paper we report in_detail at_)out_160 ,Gb/s field
current ones. It is still an open issue whether the increa@épe”men.ts car_rled out on deployed flper in BT's network
of capacity will be accomplished by a higher number Jp the United Kingdom. First we describe the fundamental

wavelengths per fiber or by higher bitrates per wavelength opgmponhents used thrqughouthth_e experimlt_an(;s ar;]d give dert1ails
most probably - a combination of both. 160 Gb/s optical tim out the compensation techniques applied. Then we show

domain multiplexing (OTDM) is a promising candidate fo e results of 160 Gb/s OTDM networking experiments over

cost effective optical networks. For data rates of 80, 160 Gipé> km of G.652 standard single-mode fiber (SSMF) consist-

or more per wavelength OTDM has to be applied since cldR9 of three nodes (transmitter, TD-ADM, and receiver) and

tronic processing is not possible yet for such high data ratérsa}nsmission experiments over up to 550 km SSMF. Finally,

However, the flexibility of transparent optical networks whict{’® dpresent concept§ ar?d pOSS|bee”a r;:lhltgb(‘,ltures ch]f ;jr[())_"?lg)l\l\:
will be implemented for the wavelength multiplexing technol'09€S necessary to implement a fully flexible meshe

ogy (WDM) within the next years should be conserved Whé?.'etwork.

introducing OTDM in addition to the WDM technology [1].

This implies the need of additional optical elements in the [I. ENABLING TECHNOLOGIES
network: time domain add-drop multiplexers (TD-ADMS). Ina. Transmitter

an OTDM add-drop node a low-bitrate single data channel has . .
to be separated (drop function) from an incoming high-bitrate A_ 160 Gbls data stream was generate_d by interleaving
data stream. Simultaneously, the remaining data channels h les of a 10 Gb/s return-to-zero (RZ) signal (duty cycle

to be left undisturbed (through function) and the time slots §f >’ which was generated in an erbium-glass oscillator pulse

h h Is h | fficientlv. In th ergting laser (ERGO—PGL) with a pulse width of 2 ps
the dropped channels have to be depleted sufficiently. In t E(gF(LEJ(%-Wldth at half maximum FWHM sed), a wavelength of
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subsystem was a main source of instability for the measufhe resulting phase error is processed in an active lowpass
ment. The add channel was generated with a fiber ring lagiéter (LPF), and is subsequently used to drive the VCO. The
(9.95328 GHz 2.2 ps FWHM sethmodulated with &7 —1 gating signal is derived from the VCO output, which is then
PRBS in an external MZM. Wavelength, amplitude, phase, agqdadrupled k4) to 40 GHz. The quadrupler consists of two
polarization of the added channel were adjusted to meet tth@ublers in cascade, each sandwiched by high-gain amplifiers.
transmitted signal in the through port. The combination of tHéor normal operation{5—8 dBm input power), the amplifiers
data streams was realized by a passive coupler. produce sufficient power to saturate the doublers, resulting in
a 40 GHz sine signal with a constant amplitude. However, if
the input power is below thresholé<8 dBm), the power to
the first doubler is too low to switch on the amplifier, which
Four-wave mixing (FWM) in an SOA was used as demultin tymn provides too little power for the second doubler. As
plexer [10]. A second erbium glass solid state laser (contrg{-consequence the fundamental input bleeds through, causing
laser) which generated pulses of 2 ps FWHM Seélh @ he output being an oscillating signal at 40 GHz with strong
wavelength of 1543 nm was synchronized via CR to t6¥ amplitude components at a 100 ps interval (seextheoutput
subharmonic of the 160 Gb/s data signal. The pulses of tfieFig. 1). This low-input power effect is further exploited by
control laser were superposed with the data signal. The pulse nonlinear characteristics of the EAM. A 160 to 40 Gbl/s
power in both signals have been set to be equal, resulting ig@nultiplexed signal by the EAM, which has a strong 10 Gb/s
9 dB difference in average power level. The relative phase @mponent is also depicted in Fig. 1. We measured the carrier-
the two signals could be adapted with a free space delay lifgg-noise ratio at 10 kHz offset 92 dBc/Hz. Integrating the
The wavelength configuration relative to the gain maximum @fngle sideband phase noise over an interval 10 kHz to 10 MHz
the SOA has been optimized as described in [11]. The FWpsults in a root mean square (rms) time jitter of around 205 fs
product was filtered with a narrow band filter and given ontgonfirmed by a digital communication analyzer with precision
a standard amplified 10 Gb/s receiver. Bit error rate (BERe base. Important characteristics of this CR concept are

curves were measured by attenuating the input signal into igown in Fig. 2. For EAM input powers betweent and
10 Gb/s receiver. Eye pattern diagrams were recorded with an

B. Receiver

optical sampling oscilloscope (OSO). -
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Fig. 2. Measured characteristics of the recovered clock signal: (a) electrical
spectrum, and rms time jitter versus (b) wavelengths, and (c) input powers

Fig. 1. A schematic of subharmonic clock recovery utilizing a singl(feOr two types of PRBS.

unidirectional EAM in an electro-optical PLL.

+6 dBm, i.e 10 dB input dynamic range, the rms time jitters
is a simplified form of the scheme presented in [12]. Awere 200 to 210 fs, which correspond to the VCO jitter
input 160 Gb/s OTDM signal enters an electro-optical phasperformance. We measured time jitters of less than 250 fs
locked loop (PLL) oscillator through an optical delay lineover the wavelength range 1544562 nm, also for a PRBS
(ODL) and a 40 GHz electroabsorption modulator (EAM). Thiength of23! —1, proving the CR scheme to be nearly pattern
EAM output is detected by a photodetector (PD), amplifieidsensitive. It should be noted that with this long pattern length
by a limiting amplifier (LA), and bandpass filtered by a@he PRBS character of the data signal was not preserved. The
combination of a high@ filter (Q~1000) and a bandpassdesign was also verified to be polarization independent. The
amplifier (BPA). A radio frequency (RF) mixer combines th&€R holding range examined by adjusting the base rate once
filtered data signal with a locally generated 10 GHz cloclkcking was a few MHz, which we believe is limited by the
of a voltage-controlled oscillator (VCO) for phase detectiomandwidth of the operational amplifiers in the LPF. This CR
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setup is attached to the TD-ADM and the receiver. The PF is formed by a combination of a polarization controller
(PC) and a polarization beam splitter (PBS). All PCs are
manually controlled. After one 10 Gb/s channel is dropped,
new 10 Gb/s channel can be added to theI® Gb/s

a
An SOA based gain transparent ultrafast nonlinear imerfe}%’maining channels. The switching window of the TD-ADM
ometer (GT-UNI) was used as TD-ADM. A schematic of thgg spown in Fig. 4, was 4.7 ps for the drop and 6.2 ps for the
GT-UNI switch is presented in Fig. 3. This mterferometnthough function.

D. Add-Drop Multiplexer

P TD-ADM __ . , _ .
! STl & ! E. Compensation Techniques
i PMF b i ! N . .
£ - SOA : 1) Chromatic Dispersion EffectAs is known, the chro-
% i ' ‘ ODL TMLL | | matic dispersion effect increases with the signal bit rate [15].
8 - , N /1513 1.3um i |, We carried out transmission modeling to investigate the dis-
! i Mux ' g persion tolerance at 160 Gb/s, systems with different number
I GT-SOA i of spans and span launch power were considered. Figure 5
| “x A 1.3um i shows the simulated eye penalty for different amount of
, | 150Cbis sibpuisg/~—\ 1513 | residual dispersion. At lower signal powers, the self-phase
gg’;_QDL DeMux '
o 1 - > i 35] —— 5.4dBm, 10 spans
! 160 Gbit/s 10 Ghit/s EDFAY {1 . i : 3 —=— 2 dBm, 10 spans
i L 28 72 T —— 9.4 dBm, 4 spans
Through  Drop B, 2.5 —+— 2dBm, 4 spans
>
Fig. 3. A schematic of the time-domain add-drop multiplexer based on gain g 2
transparent operation of an SOA in an ultrafast nonlinear interferometer. a 15
(]
>
L . . . o1
switch is a modified version of the one presented in [13]. In 05
the GT-UNI switch each pulse of the 160 Gb/s data stream '
was split in timer, into two orthogonally polarized pulses 0_5 3 1 1 3 5
by a high birefringent fiber, such as a PMF [8, 9, 14]. In our Residual dispersion [ps/nm]

experimentsys = 4 ps. These sub-pulses are inserted into a
1.3 um gain transparent SOA. To realize a drop function, ifig. 5. Simulation results on impact of the residual dispersion on 160 Gb/s
between these two sub-pulses a L@ 3 ps (FWHM Sec?]) signal for different launch powers and span counts. The penalty for 0 ps/nm

o residual dispersion results from the fiber nonlinear effects.
control pulse is inserted. In the GT-SOA the control pulse

causes a nonlinear phase shift only to the trailing sub-pul$goqulation (SPM) effect is low, as a result residual dispersion
The phase of the leading sub-pulse remains unchanged. {h&in a window of approximately-£3 ps/nm only causes
small additional penalty. At higher span launch powers, the
dispersion tolerance is slightly less due to the more significant
SPM effect. Therefore, the residual dispersion needs to be kept
within 43 ps/nm in order to minimize the dispersion penalty.
For high powers and high span numbers even an enhanced
adjustment of residual dispersion is necessary.
2) Dispersion Slope Effect and Fiber Imperfectiona:
160 Gb/s signal has a broad spectrum with a signal band-
width of about 3 nm using the RZ format. Due to the
dispersion slope, the dispersion values are slightly different
across wavelengths within the 160 Gb/s signal bandwidth.
24 , , , , , , , . This accumulates along the transmission. Figure 6 shows the
2 9 6 3 0 3 6 9 12 modeling results on the impact of the imperfect dispersion
Time delay [ps] slope compensation, where the chromatic dispersion is fully
Fig. 4. Switching window for drop and through function of the GT—UNIcompensm.Ed and the dlsper5|oq slope value Of. the Q|sper3|on
switch. compensation modules (DCM) in each span is adjusted to
achieve different levels of in-line dispersion slope compen-
polarization adjusted sub-pulses were re-sent into the sasaion. First, if the non dispersion slope compensating DCM
PMF to revert the time splitting, forming a single pulse. Thes used, only one transmission span is possible limited by
polarization state of this pulse is determined by the pha#iee dispersion slope effect. As the dispersion slope compensa-
difference of two sub-pulses. Since an orthogonal polarizatition deviates from 100% compensation, the number of spans
rotation is practically difficult to obtain [8], the drop andachievable for a 1 dB eye penalty reduces due to the additional
through function are optimized separately by splitting thpenalty caused by the incomplete compensation of dispersion
output in two branches and by using polarization filters (PFslope. To obtain a reasonable number of spans the mismatch

6.2ps

=~ through
A/ drop

124+

.15 4+

Transmission [dB]

184+
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—— full dispersion and slope compensation L .
£ 100 —_- go%jgpecompmsai%n P transmission link, RZ pulses of 2 ps FWHM from a mode-
TR — 95% slope compensation locked ERGO laser pulse source were coupled into a 275 km
$ [ T 105%slope compensation transmission link (described below in detail) and the pulse
I non slope compensating DCF . . ..
8 —t—~— ] width of the received pulses after transmission was measured
8 qolm=— — with the OSO. The results are shown in Fig. 8. During the
@ o —
© — .
g — - Daytime
‘S 6:40pm 10:40pm 2:4I0am 6:4(IJam 10:40am
g 5.54
S
2 1 & 5.04 1M
0 2 4 6 8 10 2
Launch power at each span [dBm] = 4.5
. - . . P g 40
Fig. 6. Simulation results on impact of the imperfect in-line dispersion slope s
compensation, dispersion is 100% compensated. 3 351
% 3.04
o
L . . 2.54
needs to be kept within 5%. Figure 7 shows the simulated 201
tolerance of the 160 Gb/s to the residual dispersion slope at T ; .

the end of the transmission. We considered a 5 span system ° Y easwrementtime ] 1
—— 5 gpans, launch power 8.5 dBm Fig. 8. Measured evolution of the pulsewidth after transmission over 275
3 =5 spans, launch power 5.0 dBm km.
2.5

measurement the pulse width was recorded every 2.5 minutes.
21 The pulsewidth varied from 2.5 ps to more than 5 ps FWHM.
The latter number is much too high for 160 Gb/s transmission,
where each bit slot has a duration of only 6.25 ps. As a
17 consequence, tunable dispersion compensation is mandatory
for 160 Gb/s systems.
4) PMD Tolerance and CompensatiorAs polarization
0 ‘ ‘ ‘ mode dispersion (PMD) is a statistical effect, actual differ-
-10 _'5 ! _0 o 10 ential group delay (DGD) values can be much higher than the
Residual dispersion slope [ps/nm’] PMD value, which is an average number. Therefore the only
Fig. 7. Simulation results on impact of the residual dispersion slope way to specify system tolerance is to give outage probabilities,
160 Gbls. as every given DGD value can be exceeded with a given
probability. Nevertheless, as a rule of thumb it can be said
with the span launch power set to 5 dBm and 8.5 dBihat a transmission system can stand a PMD value of about
respectively. At lower signal powers, for residual dispersion0% of the time of a bit slot without any counter measure,
slope within+5 ps/nnt the additional penalty is very small.resulting in 0.6 ps for a data rate of 160 Gb/s.
At higher signal powers, a residual dispersion slope within Since no commercial solution for PMD compensators at
+5 ps/nnt gives an additional eye penalty of about 0.5 dB. i data rate of 160 Gb/s is available today we have chosen
is also clearly visible that the penalty strongly increases whanscheme based on the coupling into the principle state of
exceeding a certain limit. As a conclusion, dispersion slope ipalarization (PSP) of the transmission line [16] (see Fig. 9).
limiting factor for 160 Gb/s transmission if no countermeasurgo achieve PSP coupling a polarization controller has been
is established. installed at the beginning of the transmission link. At the
In the practical fibers, both dispersion and dispersion slopad of the transmission line the degree of polarization was
values may vary randomly around an average value duert@asured with the help of a PBS placed after a second polar-
the manufacturing process. The random dispersion variati@ation controller. The polarization controller was adjusted to
results in residual dispersion at the end of transmission, furthmimimize the depolarization at the output of the transmission
modeling shows that this could lead to system performaniige by minimizing the photodiode signal at the control output
penalty when the DCM is set to compensate the specifiefithe PBS. This method requires a back channel to provide
average dispersion due to the small dispersion tolerance wimformation about the degree of polarization at the end of the
dow. Hence, additional dispersion compensation is requiredt@nsmission line to the polarization controller at the beginning
the receiver when the dispersion variation is sufficiently largef the transmission line. In the field trial this was realized by
However, the system has good tolerance to the dispersion slapgack-to-back cable between transmitter and receiver located
variation, the impact of statistical dispersion slope variation an the same room. In a real transmission system, for example
the system performance is very small. overhead bits (for example in the SDH frame) in counter
3) Temporal Change of Chromatic Dispersiofio examine propagating data channels could be used for this purpose. For
the evolution of the residual chromatic dispersion after ththe networking experiments two independent PSP setups have

Eye penalty [dB]
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been applied: first, between the transmitter and the TD-ADMlaced in Ipswich. In Newmarket EDFAs and DCMs were
and second, between the TD-ADM and the receiver. installed. All equipments were placed in a standard exchange
room without any climate control, which gave rise to a

PC PBS tem At o
perature variation of more than°IDover the course of the
Transmitter @. Receiver day. Launch powers into the transmission fibers and the DCM
were 8 dBm and 6 dBm, respectively. It should be mentioned
J that for the first DCM after the amplifier high order mode fiber

was used to decrease the impact of nonlinearity. Chromatic
Fig. 9. PSP coupling scheme in the field trial. dispersion was compensated after each span for about 70 km
of SSMF. Residual dispersion at the end of the entire link or

Since the PSP coupling can only compensate for first orcrthe TD-ADM was adjusted for 100% compensation. Since
PMD we also performed simulations to qualitatively investthe granularity of the DCMs on hand was 170 ps/nm and
gate the influence of higher order PMD on the transmissidherefore two orders of magnitude higher than the necessary
of 160 Gb/s signals. Signals were coupled into one PSP ofdderance, additional fine-tuning was implemented by a set of
transmission fiber with a PMD value of 2.5 ps. Eye patterrsSMF with a granularity down to 10 meters inserted directly
were recorded after the PBS as used in the field trial. Figure atter the deployed fiber. As already shown in Figs. 6 and
shows three different eye diagrams recorded with the sarhecareful dispersion slope compensation is also essential.

simulation setup but at different times. It can be clearly sedie went for 100% slope compensation by combining two
types of DCM, one designed for SSMF, the other for nonzero

7 7 7 dispersion shifted fiber. The former undercompensates, the
_° / —\ 6 B ~ latter overcompensates the dispersion slope when used with
E / \ 5 / SSMF. A PSP coupling scheme' was applied to compensate
g 4 / \ 4 / for the first order PMD, as described above.

3 ] \ : ] TABLE |

e / \ : / \ FIBER PARAMETER FOR THE TOTAL LENGTH OF68.85KM PER FIBER
1 1
o o \ Span | Loss CD PMD || Span | Loss CD PMD

no. dB ps/nm ps no. dB ps/nm ps

1 15.3 1156 0.74 5 16.2 1165 1.00
2 16.8 1159 0.51 6 16.6 1159 0.71
3 16.7 1162 0.66 7 15.6 1160 1.20
4 16.5 1159 0.52 8 16.9 1149 2.60

time [ps]

Fig. 10. Three eye diagrams simulated with the same setup show the impagt
of higher order PMD at different times.

that higher order PMD has a significant impact on the eye
quality. As PMD varies over time, also the quality of pulses
affected by higher order PMD is time dependent. A. OTDM Point-to-Point transmission

5) Polarization ManagementThe receiver and switching The field transmission experimental setup is shown in
technologies used throughout the field experiments are polgrg. 11. The 160 Gb/s OTDM signal was sent via the PSP
ization sensitive. To obtain the optimum polarization for thr_Bolarization control into transmission span #1 to Newmarket.
receiver and the switch manual PCs have been applied. er passing an EDFA, a DCM compensating for 70 km of
the PSP coupling scheme computer controlled PCs have b%piMF and a further EbFA it was sent back via span #2 to
used._ At, the output _Of the PSP control a constant. state |3k ich. Depending on the number of spans this was repeated
_polarlzatlor_l was obtained. In case of the GT-UNI SW'tCh’ o or four times. As a reference for the following results,
input polarization must be properly set to have an optimugy,jsity measurements in a B2B configuration have been
7s. TO cope W.'th variation O.f the polarization states In & onducted. The 160 Gbis signal was taken directly from the
transmission fiber, it is desirable to use an automatic Pt3nsmitter and coupled into the demultiplexer. In the case of

at the input. Other PCs can be manually controlled beC""Lt?(_gmuItiplexing with FWM in SOA the clock was taken directly

they do not require continuous adjustment once they are % the synthesizer (B2B clock). For the GT-UNI the CR was
to an optimum setting relative to the input polarization. Thi3I50 used for the B2B BER evaluation. The resulting BER
is also valid to the receiver. Minor adaptation were necessaly\ as are shown in Fig. 14a) and c). We found sensitivities
occasionally due to a slow variation of the ambient conditiongs v\t 24 dBm with FEWM in SOA and—32 dBm with the
GT-UNI for a BER of10~?. This difference of 8 dB can be
I1l. FIELD EXPERIMENTS explained by the fact that a FWM product is inherently of low
The OTDM signal of the transmitter was sent over SSMpower « —20 dBm) and a substantial amount of optical signal
fiber spans deployed between the UK towns of Ipswich and noise ratio (OSNR) is lost by the demultiplexing process. In
Newmarket, giving a span length of 68.85 km. The fibehe GT-UNI, the power levels of the signal never drop to such
has been buried in the ground for more than five years asahall values. Therefore, the loss of OSNR is less pronounced.
their measured parameters are shown in Table |I. The majdre average penalties due to multiplexing and demultiplexing
equipments, like transmitter, receiver, and TD-ADM werare estimated to be 6.7 dB for the GT-UNI switch.
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Fig. 11. Field trial point-to-point transmission setup connecting the telephone -8
exchanges of Ipswich and Newmarket. -9
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The spread in the sensitivity for the different channels for Received power [dBm]
the back to back measurements was found to be 3.3 dB
for the GT-UNI and about 4 dB for FWM in SOA. WeFig. 12. (a), (b), and (c) show the BER curves measured with the GT-UNI

ibe th d inlv to fluctuati in th ltiol Xfér 2, 4, and 8 spans, respectively. (d) and (e) show the BER curves for FWM-

aS_CI’I € these spread mainly 1o fluctuations in the mu |p_e : OA for 2 and 4 spans. (f) shows an eye diagram of the 160 Gb/s signal after
alignment due to temperature changes. For the transmissi@Asmission over 4 spans.
experiments additional spreading can be explained by changes
of the residual chromatic dispersion. Since a reconfiguring of o _ _ _
the fine-tuning fiber would have been necessary an adaptatipfx 10~ for the fourth channel without having adjusted the
of the chromatic dispersion during the measurement was b@nnel properly the experimentalists decided to proceed with
possible. the measurements next day. As it turned out, the performance

1) 137.7 km Transmission (Spans #1 and #2fter reached the night before could not be repeated again for a
137.7 km of transmission the median sensitivity for a BER g€riod sufficient to perform sensitivity measurement. Though
10~2 is —31 dBm (GT—U'\“) and—23 dBm (FWM in SOA) BERs in the order ofl0—° could be measured again, but
This gives a consistent penalty of 1 dB for both demultiplexin@ly for some tens of seconds, not long enough to execute
techniques introduced by 137.7 km of transmission. Trigliable measurements. We ascribe these long term fluctuations

corresponding BER curves are depicted in Fig. 12a and I8.the performance mainly to the statistical impact of higher
order PMD, for which no compensation was possible during

2) 275.4 km Transmission (Spans #1 to #Ajter 275.4 km the course of the proj_ect. In addition, it tu_rned out that the
of transmission the median sensitivity for a BER 1oF 9 is d|sper3|on compensation hac_j to pe readjusted. Due to the
—30 dBm (GT-UNI) and —22 dBm (FWM in SOA). This Very _tlght tolerancgs for the dlsper§|on after 8_ spans of trans-
gives a consistent penalty of 2 dB for both demultiplexingiSSion (se'e sectlon.II—E) the optimum configuration could
techniques introduced by 275.4 km of transmission. Whdlpt be achieved again. In the second measurement a BER
compared to 137.7 km of transmission one can see that 10”7 was achieved. Some channels showed even worse
penalty increased approximately by the same amount tHagrformance. Du_e_ 'Fo the long measurement time necessary
from B2B to 2 spans. The BER curves for 4 spans de take the_sensmwty curves of all channels and the re_lther
transmission are depicted in Fig. 12b (GT-UNI) and Fig. 1Jast fluctuations of the transmission performance due to higher
(FWM in SOA). In addition, an eye pattern diagram is Sho\,\,‘:]rder'PMD, we decided to take the BER of. all channels at a
in Fig. 12f. fixed input power of_ _at_)ou%25 dBm. For 4 adjacent ch_ann_e!s

3) 550.8 km Transmission (Spans #1 to #Bxperimental the comp_lete seqsﬂwﬁy curves were meas_ured. It is V|s_|ble
results of transmission over eight spans show that this distafia@t the single point measurements lay well in the range given
is at the border of what is possible with the equipmer®y the full sensitivity measurements (Fig. 12c).
used. The experiment was performed twice with quite unequal )
results. During the first measurement a BER value less thBn OTDM Networking
10~Y was reached for the three measured adjacent channelszor OTDM networking experiments spans #1 to #4 were
To be exact, BER values 6f5x10719, 3.0x1071°, and even chosen. The setup and the eye patterns at different positions
6.9 x 107! have been reached. Obtaining a BER value @f the setup are shown in Fig. 13. The eye pattern is clearly
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Fig. 13. Field trial OTDM networking covering transmission and switching -1

functions. The eye patterns were taken at the positions indicated-y i 34 30 26 22 .18 -34 -30 26 22 18 -34 -30 -26 -22 -18
the network. Received power [dBm]

Fig. 14. BER performance of switching function: (a) B2B, (b) drop after 2
open for all channels and good drop and through operationsigns, (c) B2B FWM, (d) before TD-ADM, (e) after TD-ADM for through

visible. The pulse width evolves from 2.0 ps at the transmitt@fd 2dd function, and (f) after additional 2 spans.
output, to 2.2 ps in the through port after the TD-ADM, and
2.7 ps before the OTDM receiver. From all eye diagrams it
can be seen that the pulse shape and quality are well preserved
during transmission and switching. Minor amplitude variation The typical change of the optical transmission time of
of the through channels due to the residual gain changesainpulse through of a fiber with temperature change is
the GT-SOA can be observed. Two identical CR subsyste#8 ps/(kmK) which causes drifts in the bit phase [17]. Such
have been built. One CR is attached to the TD-ADM andgkifts, over a long time scale and an enormous number of bits
the other to the pulse source of FWM in SOA. The EAM iras well as short variations over several bit slots, will have to
the second CR for FWM in SOA is not impedance matchdsk adapted in future meshed OTDM networks.

and therefore the jitter performance is more than 600 fs.

The CR for the TD-ADM has less than 250 fs time jitter. (“Tx1 ) (ADMA ) © (ADM B (RxL )
Figure 14 shows BER curves of the transmission and switching - Torep ~ad Toros |
function. We evaluated the demultiplexing performance using

the drop function of the GT-UNI (Fig. 14&b) and FWM in @ @
SOA (Fig. 14e-f). Figure 14b shows the BER values of all = ABWC Re2)

channels dropped by the GT-UNI after 2 spans (138 km). | @ Through

The B2B BER curve in Fig. 14c for demultiplexing by T J

FWM in SOA is the reference for the following networking_. .

measurements. Figure 14d shows the BER results of F\/\E}'ﬁ,’ tighsmEiéz:n ;),L% ?;fei?,q;zhed OTDM network with three TD-ADMs and
demultiplexing before the TD-ADM. The average sensitivity

is observed to be-23.3 dBm. Directly after the TD-ADM  Figure 15 illustrates a small meshed OTDM network con-
the average sensitivity for the through and add channelssisting of three network nodes ADM A, B, and C, with the
—20.7 dBm (Fig. 14e). This sensitivity value leads to a penalti|iowing traffic flows:

of approximately 2.6 dB in the 160 Gb/s TD-ADM. This
penalty is largely caused by OSNR degradation in the GT-UNI
switch. After additional two spans the transmission (Fig. 14f)
quality of the signal degraded, however it was significanty ~ 1X2 — ADMC ADMB — Rxl

above the forward error-correction threshold for BER) 12, ™ — ADMC Rx2

This degradation is caused by the fact that the operationaln order to avoid collision in the TD-ADMs a phase control
margins are very narrow for this transmission range. Thmes to be implemented at the inputs of the TD-ADM controlled
time varying effects like higher order PMD started to becomay a suitable monitoring system. In the concept illustrated in
detrimental to the signal quality. Fig. 16 one or both of the input signals pass through a variable

IV. NETWORKASPECTS

J

T™xX1 — ADMA
T™xX1 — ADMA

ADMB — Rx1
ADMC — Rx2

Ll
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delay before entering the intrinsic TD-ADM. The delay lineand added in a bit slot suitable to obtain a collision free
can be realized, for example with free space optics, fibeombined signal. In Fig. 18 two examples are given how this
wound around a piezo or heated fiber. For very large phasarrangement of the two data streams can be performed.
shifts phase controllers with large possible delays have to be

developed. First concepts are under consideration and seer -x]| -
be promising. The controller of the variable delay system is’ ————x, .~ -
fed by a time-slot monitor placed at the output of the Tl —{xl-x-pxi-1xi-{xi-{x]-
ADM. With help of this concept phase drifts of the different o — ¥

viviylylyl-{-{-[-]-]-]-]-

data streams relative to each other are compensated. Ly Dy Dy Dy Dy DD <[ [ %] Ly Dy I IV Iy D XD XDy DXLy [y o

Fig. 18. Two examples for the rearrangement with the concept presented.

The occupation of the time slots of the two incoming signals are shown. An

= TD-ADM ) Pata : X orY in atime slot shows that the corresponding timeslot of the incoming

Variable Timeslot . . R . X . .

Tata o delay Through MonTtor \‘d signal S1 or S_2 is occupl_ed, respectively. In a f_|r_st step one of the_ incoming

Add_bropJ Clock “\_ ata out data streams is delayed in such way that a minimum of overlapping bits is
present (top graph). The remaining overlaps were dropped, delayed and added
v at the suitable free bit slot (middle graph) and form a collision free OTDM
Variable e signal (lowest graph).
delay
data in V. CONCLUSIONS

Fig. 16. Schematic layout for an TD-ADM for a meshed network. The A fully funcponal 16.0 Gbis OTDM. add-drop network
phase of one or both (not shown) incoming data signals can be controlled@@nstructed with the field deployed fiber network of the
a variable delay before entering the intrinsic TD-ADM. The temporal chanddritish Telecom has been presented. We have shown error
is recorded by a time slot monitor giving a measure for the delay control. fraa transmission of 160 Gb/s signals over 137 and 275 km of
) deployed SSMF with small power penalties compared to back
In order to be able to merge two completely arbitrary dagg pack performance. A gain transparent ultrafast nonlinear
streams to a single data stream an enhanced node architeGiji@ferometer was inserted in these links to demonstrate
is necessary. In Fig. 17 a layout of the TD-ADM node i&yTpm networking. All network functionalities, i.e. transmis-
presented with which two OTDM data streams can be mergggh, clock recovery, and switching showed good performance.
to a single OTDM data stream without collision of the datg, aqgition, transmission results over 550 km legacy fiber
channels. With this concept a total number of up 10 1f3q peen demonstrated with quite different results, which
OTDM channels can be handled. In general, for a TD-ADN,gqest that this distance is the edge of technical feasibility.
combining node as described above to merge two data streafg is in good agreement to the numeric simulation results.
S1and S2 with a maximum number of OTDM channel$\of - gy rther enhancement of the network performance and stability
N/4 single TD-ADMs and(N/4)+1 delay lines are required. raqyires automatic dispersion and PMD control. Moreover,
compact and robust OTDM subsystems such as transmitters,
clock recovery, add-drop multiplexers, and the demultiplexers
are highly required to improve the performance stability. The
result proves that OTDM add-drop functions in the existing
fiber networks are feasible. All necessary key components are
available and experimentally tested.

time-slot
control

A
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