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Abstract: We demonstrateligital equalization of 40Gbps data enabled by us®esi-time Burst
Sampling (RBS) with photonic time-stretch A/D converter. Evaluatiof a feed-forward equalizer
and a decision feedback equalizer is also shown.
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1. Introduction

To satisfy increasing internet traffic demands hieigdata rate optical communications links are irequ Data rates at
40 Gbit/s and 100 Gbhit/s using advanced modulatiomats such as DQPSK and polarization multiplexivaye
become possible and are actively pursued [1-3]ddmodulate these signals, receivers will incredginged to rely
on A/D conversion and digital signal processinthatreceiver, in much the same way as radio rereiygerate today.
However, bandwidth limitations of electronic A/Drocerters represent the major bottleneck in sudtslin

The photonic time-stretch A/D converter (TS-ADC), B8] can provide continuous digitization of ultragi
bandwidth electronic signal by exploiting multipparallel wavelength channels and extending the Wwahd of
electronic converters [6]. Furthermore, the TS-AD&h provide better resolution than purely electofDCs [7],
which is required for recovering data from optidiaks that use advanced modulation formats and rizalton
multiplexing. The Time-Stretch Enhanced RecordifitpER) oscilloscope, which is the single channebkion of the
TS-ADC, uses photonic time stretch pre-processingédrformReal-time Burst Sampling (RBS) of ultra-wideband
signals [8]. It is particularly well suited as agdnostic and development tool for high data ratarnanication systems
because of its ability to capture bursts of samppanning several data symbols, in real-time. itggument can be
very useful in studying different equalization teifues, and therefore can reduce costly desigatiters that are
required for development of optical transceiversifg.

In this paper we present proof-of-concept resuitsnsng digital equalization of 40Gbps non-returrzgyo on-off
keying (NRZ-OOK) data captured using the TiSER ltsstope. The scope captures 40 Gbps data by camgbin
photonic time stretch pre-processor and an eleictdigitizer with a mere 1 GHz input bandwidth. i2ég equalization
is enabled by the ability of the TISER to capturests of ultrafast data in real-time, an importaniction that is
absent in a sampling oscilloscope. We also disthusscomparison between feedforward equalization dewxlsion
feedback equalization at such data rates.

2. Real-time bur st sampling with photonic time-stretch digitizer
Although equivalent-time sampling oscilloscopes capture electrical signals with up to 100 GHz lweidth, fast
non-repetitive dynamics and rare events cannotdptuced with these instruments. More importanthfpiimation
about intersymbol interference (ISlI) in random eegdo-random data transmission is not provided arapling
scope because it lacks real-time capability. Yethsimformation is required for correction of chahimapairments
(such as dispersion and optical nonlinearitieshaisdigital signal processing [11, 12] under true, irandom or
pseudo-random data transmission. On the other haaditime electronic digitizers can capture eleatr signals
continuously but their bandwidth is limited up t6 &Hz for available systems (with about 5-6 effezthumber of
bits). Hence, they don’'t meet the requirementsOd3ldps NRZ-OOK and the upcoming 100Gbps opticaklink

The real-time optical sampling system demonstrateld 3] overcomes these limitations and can capsigaals
with 50 GHz bandwidth in real-time. However, thystem requires an optical input as it relies oroaltical sampling.
Also, the implementation is complicated as it regsiinot one, but a parallel channels of very hjgged digitizer, and
complex signal processing to remove interchanredstalk.
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Fig. 1: Time stretch preprocessor. The system is a madifigpersive optical link that uses a chirped scg@inuum source and high dispersion,
low loss, fiber

While TiSER operates in the equivalent-time modeis isuperior to a sampling oscilloscope becauseaah
sampling period, it captures not just one, buteathursts of samples in real-time. Hence, TiSERref new mode of
sampling calledReal-time Burst Sampling (RBS). This sampling mode enables capture of fast npetiteve dynamics
and rare events that occur at or near the modulatite. These deviations can not be captured wjthivalent-time
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oscilloscopes because they lack real-time capgbdit with conventional real-time digitizers becausf insufficient
bandwidth [14].

In time-stretch analog-to-digital converter (TS-AR@he signal is modulated over linearly chirpediag pulses
(Fig. 1). These chirped pulses can be obtainedispedsing ultra-short pulses from a mode-lockeerlgMLL) or a
super-continuum source. Propagation through a disgemedium, such as dispersion compensating rapdtretches
RF modulation. As a result, the very large bandwslgnals can be captured in real-time by a muctved electronic
digitizer. If problematic, the dispersion induceshldwidth limitations can be entirely eliminatedngsphase diversity
[15], single side band modulation [16] or digiteddkpropagation [17]. The bandwidth is then limitay by the
electro-optic modulator, which is presently up @01GHz for commercial devices, such as those maturied by
GigOptix [18].

3. Digital Equalization

The TIiSER oscilloscope used here consists of a Homked laser generating ultra-short pulses at 3fzMepetition
rate, followed by a -20 ps/nm dispersion compengatiber giving chirped pulses at its output. A Macehnder
intensity modulator is used for modulating the Rihal over these chirped pulses. Another fiber widpersion value
of -1310 ps/nm stretches the modulated opticalgsula time, resulting in a stretch factor of 67ndfy, a photo-
detector converts these pulses back to electrioataih generating a signal that contains stretclegdica of the
original RF signal segments. The RF signal's spectis now modified in such a way that both the iearirequency
and bandwidth are reduced. A commercial digitizéthwvt GHz bandwidth and 50GS/s sampling rate iduse
capturing this signal. In order to achieve an ietegumber of samples per data symbol, the captsigeahl is down-
sampled to 2.39 GS/s in digital domain to repredesamples per data symbol. The laser and dataschre recovered
digitally and an eye diagram is generated.

The eye diagram is constructed by removing inlegumber of data periods from the stretched timales¢o
overlay theséime segments. The functional block diagram forgfealization experiment is shown in Fig. 2.

Pulse Pattern Generator Channel 0
(PRBS - 40Gbps — NRZ) Impairment

Recording (TiISER) Scope

P
[11]
=

T -

:.v- e | Time Stretch Enhanced =

\ c .
[=]
]
=

o - .

y Digital i : i
e ese—| | 0, W w a
k|

Frequency{GHz)

Fig. 2: Block diagram of the experimental setup. Fig. 3: Channel frequency response

Passive electrical components with impedance migdmeatwere used to emulate impairments in the fdrripples
in the channel response. Furthermore, the 20-GHdumator was used along with 40 Gbps data to emukedow
pass characteristics of the channel. The frequessponse of the impaired channel is shown in Fig. 3

Equalization techniques use a multi-tap feedforw@ieE) or a decision feedback (DFE) filter to comgegte for
channel distortion [19]. In the present configwatthe TISER captures, in real time, segments spgrihsymbols. A
4-tap FFE and a 4-tap DFE with tap spacing of alfo25 symbol period are used with adaptive LMS @aigm to
equalize the 40Gbps data eye distorted by the ehaasponse. Here the 4-tap sampling window ruae&seacross the
real-time symbol stream captured by TISER.
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Fig. 4: Eye diagram for 40 Gbps NRZ-OOK data (a) befongatigation (b) after feedforward equalization (fteadecision feedback equalization.

In order to obtain the equalizer weights in eactecéhe adaptive equalization algorithm is perfatroa the first
few segments of a known sequence used as thengasignal. Once the equalizer weights are detemitiee
equalizer is applied to other segments. If the nbehoharacteristics may change over time, deperafindpe time scale
of the changes, the adaptive algorithm may be sune®ded to refresh the weights. Such is the regeint with all
equalization techniques and is independent of ththod of capturing the data. The results shownigurié 4 show
clear improvement in the equalized 40Gbps data eoeapto the raw received data. Figure 5 shows thenalized
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error of the equalized and distorted signal forhegpe of equalizations, i.e. FFE and DFE. Thisifeggimplies that
DFE converges with less error compared to FFE Jtiegun better bit-error ratio (BER).
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Fig. 5: Normalized error for decision feedback equalizegFlDand feedforward equalizer (FF

4. Conclusion

We have demonstrated digital equalization of 40G¥WRZ-OO0K data using the TiSER oscilloscope. We algaluate
two types of equalization techniques for compensatif the non-ideal channel response. With itsitgthib capture
streams of high speed data in real time, TiISER valaable tool for rapid link characterization amelvelopment of
equalization techniques in next generation fibdicdks that have bandwidths beyond the reachnyf conventional
real-time oscilloscope available today.
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