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Abstract—We discuss the use of a coherent digital receiver
for the compensation of linear transmission impairments and
polarization demultiplexing in a transmission system compatible
with a future 100-Gb/s Ethernet standard. We present experi-
mental results on the transmission performance of 111 Gbit/s
POLMUX-RZ-DQPSK. For a dense WDM setup with channels
carrying 111 Gbit/s with a 50 GHz channel spacing (2.0 bits/s/Hz),
we show the feasibility of 2375 km transmission. This is enabled
through coherent detection which results in excellent noise perfor-
mance, and subsequent electronic equalization which provides the
high tolerance to polarization mode dispersion and chromatic dis-
persion (CD). Furthermore, we discuss the impact of sampling and
digital signal processing with either 1 or 2 samples/bit. We show
that when combined with low-pass electrical filtering, 1 sample/bit
signal processing is sufficient to obtain a large tolerance towards
CD. The proposed modulation and detection techniques enable
111 Gbit/s transmission that is directly compatible with the ex-
isting 10 Gbit/s infrastructure.

Index Terms—100 G Ethernet, 111 Gbit/s transmission, coherent
detection, differential quadrature phase shift keying (DQPSK),
electronic equalization, optical transmission, polarization multi-
plexing (POLMUX).

I. INTRODUCTION

OPTICAL networks designed for Ethernet traffic are be-
coming more important as the dominance of data over

voice services increases. Work in both standards commit-
tees and research communities have targeted the transport of
100-Gbit/s Ethernet (100 GE) over wide area networks.

In recent years, a number of different alternatives have been
proposed for single-wavelength 100-GE transport ( Gbit/s
including forward error correction and Ethernet overhead).
Ultra-high-frequency electronics has enabled the generation
and detection of On-Off keyed (OOK) signals using electrical
time-division multiplexing (ETDM) [1], [2] at 107 Gbit/s.
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Alternatively, return-to-zero differential quadrature phase shift
keying (RZ-DQPSK) encodes 2 bits/symbol and has been
demonstrated at Gbaud symbol rate [3], [4].

However, despite the excellent long-haul transmission per-
formance of Gbit/s OOK or DQPSK modulation, signif-
icant challenges remain before single-wavelength 100-GE sys-
tems can be realized. For example, the introduction of electronic
equalization for 10 Gbit/s systems has led to deployment over
fiber with high polarization mode dispersion (PMD) [5], [6],
and coarse control of chromatic dispersion (CD) throughout the
link. This places a further burden on the development of 40 and
100 Gbit/s serial transmission systems, which are intrinsically
more sensitive to fiber impairments.

One potential candidate to reduce the symbol rate even
further and, therefore, improve the dispersion tolerance, is po-
larization multiplexing (POLMUX). This doubles the number
of bits/symbol by transmitting independent information in each
of the two orthogonal polarizations. POLMUX-RZ-DQPSK
modulation therefore enables 111 Gbit/s transmission with
only 27.75 Gsymbol/s by encoding 4 bits/symbol. This further
increases the spectral efficiency and tolerance to CD and PMD,
and places the symbol rate within reach of modern high-speed
analogue-to-digital converters (ADCs) [5], facilitating the use
of digital signal processing techniques. Coherent detection has
recently received attention in the research community because
of the potential to recover polarization multiplexed data [7],
and correct linear distortions such as CD [8]–[10] and PMD
[11], [12].

In this paper, we review the transmission capabilities of
111 Gbit/s POLMUX-RZ-DQPSK using coherent detection
and electronic equalization. Simultaneous recovery of data on
both polarizations is achieved using a polarization diverse intra-
dyne coherent receiver. Clock and carrier recovery, polarization
tracking and impairment mitigation are performed by digital
signal processing based on twofold oversampled data. We show
that such an approach is tolerant to CD, first-order PMD and
strong optical filtering and achieves excellent transmission
performance.

Using 27.75-Gbaud POLMUX-RZ-DQPSK and a digital co-
herent receiver, we demonstrate 10 111 Gbit/s DWDM trans-
mission on a 50-GHz grid over 2375 km of SSMF. In addition,
we emulate the strong optical filtering of 5 cascaded 50-GHz
add-drop nodes using a wavelength selective switch (WSS). Fur-
thermore, we show that a reduced complexity receiver, using
only 1 sample/symbol signal processing can also result in a high
tolerance to CD when low-pass electrical filtering is applied at
the receiver.

0733-8724/$25.00 © 2007 IEEE
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Fig. 1. Schematic of transmitter and receiver.

Fig. 2. Intensity eye diagrams for POLMUX-DQPSK (a) without and (b) with
pulse carver.

This paper is organized as follows. In Section II we present
the transmitter and receiver architecture while in Section III
we review the signal processing algorithms. Back-to-back and
linear impairment (CD, first-order PMD) measurements are
shown in Section IV and the tolerance to narrow band optical
filtering in Section V. An analysis of optimum electrical receive
filters for 1 sample/bit signal processing is given in Section VI.
The results of a longhaul DWDM transmission experiment are
presented in Section VII. In Section VIII we summarise our
conclusions.

II. TRANSMITTER AND RECEIVER ARCHITECTURE

The experimental setup is shown in Fig. 1. The 111 Gbit/s
POLMUX-RZ-DQPSK transmitter [Fig. 1(a)] consists of
a pulse carver for RZ pulse carving, followed by a nested
Mach-Zehnder (MZ) modulator for DQPSK modulation. The
nested MZ modulator is driven by a 27.75-Gbit/s pattern,
where both electrical drive signals (data A and B) are decorre-
lated by an 8 bit delay. Note that this decorrelation precisely
results in a pseudorandom quaternary sequence for proper
modelling of the RZ-DQPSK modulation format. A 50-GHz
interleaver with a 45-GHz 3-dB bandwidth is also included
for later multichannel experiments. Finally, a polarization
multiplexed signal is generated by dividing and recombining
the signal with a 353 symbol delay using a polarization beam
combiner. Fig. 2 shows NRZ and RZ directly detected eye
diagrams for 111 Gbit/s POLMUX-RZ-DQPSK modulation.

The receiver [see Fig. 1(b)] composes of a polarization beam
splitter (PBS), two fiber-based 90 hybrids, consisting of 3 3
couplers with a 2:2:1 splitting ratio [7], [13], and four single-

ended Pin/TIA modules (U2T XPRV2022). To reduce the cost
and complexity of the receiver, balanced detectors are not used
and the distortion from directly detected components is mini-
mized using a local oscillator (LO) to signal ratio of dB.
The absolute power on the photodetectors (dominated by the
LO) was between and dBm, where the power variation
was due to the use of an asymmetric 2:2:1 coupler. The input
polarization state is not controlled, and an arbitrary mix of each
transmitted polarization state is incident on the photodetectors.
A tunable laser source (100 kHz linewidth) is used as a local
oscillator, and is aligned to within 400 MHz of the transmit
laser. Polarization controllers are required for the LO only be-
cause the receiver optics is not polarization maintaining. The
photocurrents from the X polarization photodetectors
are given by [13]

(1)

where and are the optical fields of the LO and signal
on the X polarization, before the 90 hybrid. Similar expres-
sions can be derived for the Y polarization. The first two terms
represent noise terms due to the directly detected components.
The directly detected LO can be removed using a D.C. block
in front of the ADC, whilst the directly detected signal may be
minimized by ensuring a high LO-signal ratio. The last term
gives the real and imaginary part of the optical field of the signal,
mixed to near-baseband by the LO.

Data sets of 21 s are sampled at 50 Gs/s using a dig-
ital storage oscilloscope with 20-GHz electrical bandwidth
(DSA72004, generously provided by Tektronix). The data is
then postprocessed using a desktop PC. This allows the perfor-
mance to be evaluated, and algorithms to be tested without the
development of an expensive ASIC.

III. DIGITAL SIGNAL PROCESSING AND ELECTRONIC

EQUALIZATION

The digital signal processing algorithms discussed in this
section enable the compensation of transmission impairments
and the recovery of polarization multiplexed data. Fig. 3 shows
the different components of the signal processing, consisting
of clock recovery and retiming, equalization, carrier recovery,
slicer and digital decoder, and error-counting modules.

A. Clock Recovery and Retiming

The storage oscilloscope used in these experiments samples
at 50 Gsamples/s. For a 27.75-Gbaud symbol rate, the stored
data sequence has approximately 1.8 samples/bit and must be
retimed to obtain an integer number of samples per bit (typi-
cally one or two). In a coherent receiver specifically designed for
a 27.75–Gbaud symbol rate, the A/D converters (ADC) would
sample at an exact multiple of the symbol rate such that only
fine control of the clock timing is required.

First of all, in order to approximately resample the sequence
to samples/bit, the sampling rate is increased from 50 to
55.5 Gsymbol/s based on knowledge of the symbol rate and
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Fig. 3. Schematic of signal processing modules.

oscilloscope sampling rate. This typically leaves some residual
timing offset caused by timing error and jitter that must be com-
pensated using a clock-recovery scheme to resample to exactly
2 samples/bit. Here, we use a digital “filter and square” timing
recovery [15] where the timing function is derived from the
power envelope of the received signal

(2)

where is the block index for blocks of length is the
oversampling factor and is a measure of the sampling phase
error. The power envelope is calculated from the square of
the four received signal components .
The sampling phase error is then used to resample the data using
a cubic interpolator.

B. Equalizer

Electronic equalization is then used to compensate for linear
transmission impairments and recover the polarization multi-
plexed data. The equalizer consists of four complex valued finite
impulse response (FIR) filters, arranged in a butterfly structure
(see Fig. 3) and optimized using a least-mean-squares (LMS)
algorithm [16]. The output signals from the equalization stage
(x’ and y’) at time k, are related to the input signal vectors (
and ) containing samples to k by

(3)

(4)

where , and are the T/2-spaced tap vectors,
for the FIR filters, and “ ” denotes the vector dot product. The
length R of the tap vector is equal to the impulse response of the
distortion that can be compensated. Initial equalizer acquisition
is performed on the first 1000 symbols, which are subsequently
discarded for error counting. The equalizer tap vectors are then
updated continuously throughout the data set in order to track
changes in the channel.

C. Carrier Recovery

In the next step, a carrier recovery stage corrects for the fre-
quency and phase offset between the local oscillator and signal
employing the “Viterbi-and-Viterbi” carrier phase estimation
(CPE) method [17]. This uses a fourth power operation to re-
move the quaternary phase modulated data, whilst the estimated
phase vector is calculated by averaging the complex phase vec-
tors or over multiple symbols . The argument
then gives the phase correction that should be applied to
symbol :

(5)

When amplified spontaneous emission (ASE) noise is the domi-
nant impairment, N should be large so as to average the Gaussian
noise and obtain a better phase estimate. In the presence of phase
noise, induced through XPM impairments or from an LO with
a broad linewidth ( MHz), a smaller number of symbols is
preferable, so as to follow quick changes in phase. In our ex-
periments, the optimum CPE length was found to be 17 sym-
bols [22].

Although relatively narrow linewidth ( kHz) transmit
and LO lasers were used in this work, simulations suggest that
linewidths on the order of 1 MHz may be used with negligible
OSNR penalty. It is also noted that the tolerance to frequency
offsets between LO and signal (kept below 400 MHz in this
work) could be improved using a separate frequency estimation
and recovery algorithm [18].

D. Slicer & Decoder

A slicer then makes a digital decision on each symbol and
differential decoding is used to avoid the possibility of cycle-
slips. This doubles the bit-error ratio (BER) [23] resulting in

dB OSNR penalty.

E. Error Counter

Finally, the differentially decoded sequence is compared to
the transmitter PRBS sequence, taking into account the differ-
ential decoding. Errors are then counted for 524 288 symbols.
For back-to-back measurements, the BER is measured at a
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Fig. 4. Waterfall curves for single polarization and POLMUX-RZ-DQPSK
with chromatic dispersion. Error bars are shown for 99% confidence.

number of different OSNR values, and the OSNR required for
BER is interpolated. For transmission measurements,

10 data sets are processed for each system configuration so that
the average BER is based on bits. The data sets are
taken with a minute interval and therefore have different
input polarization and laser frequency offset. Note that because
of the off-line processing used in this work, clock and equalizer
acquisition must be performed independently on each data set.

IV. LINEAR IMPAIRMENT COMPENSATION

A. Back-to-Back OSNR Requirement

The back-to-back OSNR requirement for single-polariza-
tion RZ-DQPSK (55.5 Gbit/s) and POLMUX-RZ-DQPSK
(111 Gbit/s) is depicted in Fig. 4. As expected, the doubling
of the channel capacity results in a 3 dB OSNR penalty. For
111 Gbit/s POLMUX-RZ-DQPSK, a 16.5 dB OSNR is required
for a BER of . This is an improvement of 1.6 dB over
previously reported 100 Gbit/s sensitivity measurements using
53 Gbaud RZ-DQPSK [4], or 4 dB for on-off keying with an
optical equalizer [2].

B. Chromatic Dispersion Results

The chromatic dispersion tolerance of the receiver was
measured using a combination of fiber spools and a tuneable
dispersion compensator. In Fig. 4, the back-to-back OSNR
requirement with ps/nm chromatic dispersion is also
shown. Since a coherent receiver is able to linearly detect the
optical field, an FIR filter is able to accurately synthesize the
inverse transfer functions required to compensate for linear
fiber impairments such that little or no impairment is seen.

The OSNR requirement for BER as a function of CD
can be seen in Fig. 5 for different numbers of filter taps in the
equalizer. This clearly shows that the CD tolerance is solely
determined by the length of filter used in the equalizer [16].
For 31 taps, no significant penalty is evident for a dispersion
window ranging from ps/nm to ps/nm. Reducing

Fig. 5. OSNR for 10 BER vs chromatic dispersion for various tap lengths.

Fig. 6. OSNR for 10 BER vs DGD for various tap lengths.

the number of FIR taps results directly in a decreased CD tol-
erance. However, even for 13 taps the CD tolerance is in excess
of ps/nm.

When one compares this tolerance to ps/nm using
107 Gbit/s ETDM [2], or ps/nm using 55.5 Gbaud
RZ-DQPSK [3], the increased robustness is evident. Although
this improvement is in part due to the lower symbol rate of
POLMUX-RZ-DQPSK, the most significant contribution re-
sults from the coherent detection of the optical field, and the
ability to synthesise the inverse of the quadratic phase response
of the fiber using the FIR filters.

C. PMD Results

The PMD tolerance is also an important factor for optical
transmission at ultra-high data rates. The tolerance to first order
PMD or differential group delay (DGD) was measured using a
birefringent element aligned at 45 to both polarization channels
(worst-case alignment).

The DGD tolerance for various FIR filter tap lengths is shown
in Fig. 6. Since DGD is a linear distortion in the optical field,
and the complex envelope has been sampled for both polariza-
tion states, the inverse channel constructed by the FIR filters
can effectively cancel the distortion induced through DGD. It
can be seen that a 3 tap FIR filter is effective for DGD up to
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Fig. 7. OSNR required for 10 BER vs optical filter, or electrical postpro-
cessed filter (2-sided) bandwidth.

30 ps, whilst a 9 tap FIR filter shows no penalty for a DGD of
excess of 100 ps. Note that at 27.75 Gbaud, 100 ps is equiv-
alent to 2.8 symbol periods. This DGD tolerance compares to

ps using 107 Gbit/s ETDM, or ps using 55.5 Gbaud
RZ-DQPSK [3]. Other demonstrations for 40 Gbit/s have shown
that this coherent receiver structure is also effective for com-
pensating CD and DGD together, and in addition, higher-order
PMD [11], [12], [14].

V. NARROWBAND OPTICAL FILTERING TOLERANCE

Since most modern core optical networks are being designed
for 10 Gbit/s data channels, based on a 50-GHz grid, it is de-
sirable that 100 Gbit/s channels can be added with little or no
change to the existing infrastructure. The tolerance with respect
to narrowband optical filtering is shown in Fig. 7, and was mea-
sured using a NetTest X-Tract filter with a nearly rectangular
passband.

27.75-Gbaud POLMUX-RZ-DQPSK requires only half the
optical bandwidth of 55.5–Gbaud RZ-DQPSK and is, there-
fore, significantly more tolerant to strong optical filtering. To
date, 55.5-Gbaud RZ-DQPSK and 107-Gbit/s ETDM have only
been demonstrated on a 100- and 150-GHz WDM grid, respec-
tively. In contrast, POLMUX-RZ-DQPSK can be deployed on
a 50-GHz grid with little penalty. Even when the optical band-
width is reduced further, for example through cascaded optical
add-drop filtering, no significant penalty is evident until the
3-dB bandwidth drops below GHz.

Since the electrical signal is proportional to the optical field
after coherent detection, there should be equivalence between
filtering in the optical and electrical domains. To investigate
this, the data set recorded with a wide, 800-pm optical filter was
digitally filtered using a variable bandwidth, infinite extinction
rectangular filter. The resulting data was then processed using
the algorithms described in Section III. This could also be im-
plemented in hardware by using an analog low-pass filter, or
low-bandwidth photoreceivers. Fig. 7 shows that the electrical
filter tolerance (with a two-sided bandwidth) is almost identical
to that of the optical filter.

VI. REDUCED COMPLEXITY RECEIVER USING 1 SAMPLE/BIT

ADCs sampling at up to 25 Gsamples/s are commercially
available in 1st generation transponders incorporating digital
signal processing at 10 Gbit/s [5]. ADCs at higher data-rates
can be currently only found in state-of-the-art test-equipment.
Besides the sample rate itself, the resolution of the ADC is also
an important parameter to consider. Assuming that a digital co-
herent receiver requires 4 or 5 bits of vertical resolution, over-
sampling with 55.5 Gsamples/s on four input channels requires
the processing of 880–1100 Gbits/s.

In the short-term, sampling with only 1 sample/bit would
allow a receiver implementation with a lower complexity and
less processing. On the other hand, the CD and DGD tolerance
will be reduced since only T-spaced FIR filters can be used.

A T-spaced equalizer is not normally capable of compen-
sating large amounts of CD, but when combined with an ap-
propriate electrical low-pass filter at the receiver, a considerable
tolerance can be obtained. By sampling with only 1 sample/bit,
subsequent equalization is only able to operate on frequencies
up to Nyquist frequency of GHz. Energy content above this
frequency is aliased, resulting in an OSNR penalty. A low-pass
electrical filter can be used as an anti-aliasing filter before the
ADC, to remove the distortion from the aliasing products and
improve the effectiveness of the equalizer. Of course, exces-
sive low-pass filtering will itself increases the intersymbol in-
terference (ISI) resulting in an OSNR penalty as was shown
in Section V. The equalizer must in turn compensate for both
the additional ISI resulting from the low-pass filtering, and the
channel distortions [19].

To illustrate this principle, the CD tolerance with a T-spaced
equalizer has been computed in the following way: First, the
data sets recorded on the oscilloscope ( samples/bit) are dig-
itally filtered using a fifth-order super-Gaussian filter
with normalized frequency response

(6)

The data is then resampled and requantized to emulate a 5 bit,
1 sample/bit ADC, which has approximately the same effec-
tive vertical resolution with which the data was originally sam-
pled. This is intended to model the use of a realistic, albeit
steep, low pass analogue anti-aliasing filter before a 1 sample/bit
ADC. Requantization also limits the effectiveness of the subse-
quent equalizer to compensate for excessive low-pass filtering.
The data is then passed through the receiver algorithms de-
scribed in Section III, but now using only 1 sample/bit. Note that
the sampling time instant has a large impact when using only
1 sample/bit, and is optimized to give the lowest mean-square
error (MSE) at the output of the equalizer.

Fig. 8 shows the OSNR performance with
and ps/nm CD with 1 sample/bit signal processing
(13 tap FIR) and additional low-pass filtering (fifth-order
super-Gaussian). Similar performance has also been achieved
with shallower roll-off fifth-order Bessel [19] or Butterworth
filters, where the optimum 3-dB bandwidth is decreased to pro-
vide good extinction above the Nyquist frequency. Although
the performance becomes steadily worse when no CD is present
and the electrical low-pass filtering bandwidth is reduced, the
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Fig. 8. OSNR versus electrical bandwidth (1-sided) using T-spaced
equalization.

CD tolerance is improved. At a filtering bandwidth of 12 GHz
and less, the performance both back-to-back and with disper-
sion quickly degrades since the equalizer is no longer able to
compensate for the ISI created by excessive low-pass filtering.
For 13 GHz low-pass filtering, there is dB back-to-back
penalty. At a CD of ps/nm, the additional OSNR penalty
is less than 0.8 dB. The 13-GHz low-pass filtering bandwidth
has been subsequently used for 1 sample/bit transmission
results in Section VII.

Not only do these results indicate that the dispersion tolerance
using 1 sample/bit ADCs can be substantially improved by ad-
ditional filtering, but also that lower bandwidth components can
be used to reduce receiver cost and complexity.

VII. 111 GBIT/S LONG-HAUL TRANSMISSION EXPERIMENT

A. Experimental Setup

The transmitter was modified for a DWDM transmission ex-
periment [(see Fig. 9(b)]. Odd and even transmitters modulate
ten wavelength channels from an ECL laser array, which are
then combined with a 50-GHz interleaver. All ten channels are
then polarization multiplexed as before to create 111 Gbit/s
POLMUX-RZ-DQPSK.

The transmitter output signal is predispersed using DCF
with a ps/nm CD and launched into a recirculating loop
consisting of 5 95 km standard fiber. The in-line under com-
pensation per span equals ps/nm. Hybrid EDFA-Raman
amplifiers are used, where the distributed Raman amplification
provided dB on/off gain in the transmission fiber and
improved the OSNR at the receiver. A loop synchronous po-
larization scrambler (LSPS) is used to reduce the loop-induced
polarization effects, and a WSS with a 3 dB channel bandwidth
of 43 GHz equalizes the power spectrum for each recirculation.
The WSS also emulates the strong optical filtering of an optical
add-drop node as can be found in agile optical networks. Note
that the pass-bandwidth was GHz irrespective of whether
neighboring channels were turned on or off. After 5 recircula-
tions, the received spectra of the signal had a bandwidth of 32
and 36.5 GHz (3 and 10 dB point, respectively). Postdispersion
compensation fiber and a fiber-based tunable dispersion com-
pensator (TDC) are used to set the net dispersion at the end

of the link to near zero, or to explore the dispersion tolerance
of the receiver. The optical spectrum after 2375 km is shown
in Fig. 9(d). A channel selection filter (CSF) then selects the
desired channel for measurement in the receiver. Ten data
sets were processed for each system configuration so that the
average BER is based on bits.

B. Measurement Results and Discussion

Firstly, the BER performance of a centre channel at
1550.1 nm was optimized against channel launch power
and transmission distance (see Fig. 10). As the transmission
distance increases, the impact of nonlinearities increases which
in turn decreases the optimum launch power from dBm
at 950 km to dBm at 2850 km. It was further observed
that the variance in BER between the ten measurement data
sets increases at higher powers when the nonlinearity is most
dominant. However, at the optimum launch power this varia-
tion is minimal, and a comparison of constellation diagrams
(see Fig. 11) obtained for the back-to-back case and after
5 loops shows only a small amount of phase distortion resulting
from nonlinear impairments along the transmission link. Both
the use of Raman amplification and a POLMUX signal give
rise to a lower optimum launch power. POLMUX signals
typically suffer from cross-phase modulation between the
orthogonally polarized signals at the same wavelength [20],
whereas distributed Raman amplification leads to an increase
in the path-averaged power [21]. However, the improved
back-to-back performance from coherent detection and the
robustness against linear channel distortions result in an overall
better reach when compared to 55.5 Gbaud RZ-DQPSK or
107 Gb/s NRZ.

Fig. 12 shows the measured performance for all 10 wave-
length channels after 1900 and 2375 km. All channels show a
similar performance of between and BER.
Hence, all measured channels have between 1 and 1.5 dB
margin at 2375 km with respect to the extended forward error
correction (EFEC) limit.

By varying the postcompensation and the TDC, the tolerance
to chromatic dispersion was measured after 2375 km (see
Fig. 13). Using a 13 tap, T/2-spaced FIR filter, a tolerance
window of 1500 ps/nm without penalty is observed. This is
equal to the CD tolerance that was observed in the back-to-back
measurement.

Next, the performance was evaluated using the 1 sample/bit
signal processing presented in Section VI: First, the same data
sets are digitally low-pass filtered with a 13-GHz fifth-order
super-Gaussian, and afterwards requantized to emulate a 5-bit
1–sample/bit ADC. The data is then reprocessed with the equal-
ization algorithms presented in Section III, using only 1 sample/
bit. This emulates the use of an electrical anti-aliasing filter fol-
lowed by a 1 sample/bit ADC. In Fig. 13 it can be seen that
the low-pass filtering results in dB back-to-back penalty
but achieves a CD tolerance window of ps/nm without
a significant penalty. This shows that an early introduction of
100 GE receivers is possible using only 27.75 Gsample/s ADCs,
providing 1 sample/bit.
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Fig. 9. Setup: (a) recirculating loop; (b) transmitter; (c) receiver; and (d) received optical spectrum.

Fig. 10. BER versus distance and optimum launch power for centre channel.

Fig. 11. Constellation diagrams for X and Y polarizations: (a) back-to-back
(25 dB OSNR); (b) after 2375 km, BER �2� 10 .

The presented results show the opportunity to use 111 Gbit/s
transmitters and receivers on network infrastructure that has
been designed for 10 Gbit/s systems, without the use of an op-
tical TDC or optical PMD compensator.

Fig. 12. BER for all ten channels after 1900 and 2375 km. Dots show measure-
ment sets (2� 10 bits) and lines show average (2� 10 bits).

Fig. 13. Average BER versus residual chromatic dispersion after 2375 km
transmission. Results shown for 13 tap T/2-spaced equalizer, and a T-spaced
equalizer with additional electrical filtering.
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VIII. CONCLUSION

We have successfully demonstrated the use of 27.75 Gbaud
POLMUX-RZ-DQPSK for the transport of 100 Gbit/s
payloads. The high spectral efficiency achievable with
POLMUX-RZ-DQPSK modulation makes it ideal for use
on existing 10 Gbit/s infrastructure with 50-GHz channel
spacing and multiple add-drop nodes.

We have shown 1 Tbit/s DWDM transmission (2.0 b/s/Hz) of
ten 111 Gbit/s data channels over 2375 km standard fiber and
have emulated the strong optical filtering from five add-drop
nodes. We have shown that using T/2-spaced signal processing,
a nearly arbitrary amount of CD and DGD can be compensated.
Furthermore, when only T-spaced processing is realizable, the
use of additional electrical filtering results in a large dispersion
tolerance of over 1000 ps/nm after transmission. This facilitates
an early introduction of coherent equalization for 100 GE, using
ADCs that only need to sample at 1 sample/bit.
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