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Towards 1.6b/s/Hz spectral efficiency by strong optical filtering
of RZ-DQPSK
Christoph Wree, Murat Serbay, Werner Rosenkranz
Chair for Communications, University of Kiel, Kaiserstr. 2, 24143 Kiel, Germany (cw@tf.uni-kiel.de)
Abstract We show by experiments and simulations that DQPSK modulation format exhibits a high robustness
towards strong optical filtering. This allows to achieve a spectral efficiency of 1.6b/s/Hz with copolarized channels.
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Fig. 1: Experimental setup for strong optical filtering of
20Gb/s RZ-DQPSK
According to fig. 1, the output of a distributed feed
back laser at 194.7THz was modulated by two
LiNbO3 Mach-Zehnder modulators (MZM) that were
operated in push-pull mode and a subsequent phase
modulator (PM). The first MZM was driven with the
10GHz clock signal to generate the RZ-pulse train
with 50% duty cycle. The second MZM was used to
form the phase-shift keyed signal. It was driven with a
10Gb/s non-return-to-zero (NRZ) electrical pseudo
9
random bit sequence (PRBS) of length 2 -1. The
subsequent PM was driven with the inverted PRBS
signal being complementary to the one used for the
second MZM. The transit time for the optical signal
from the second MZM to the PM was 10.5ns. This
ensures that the two PRBS signals are uncorrelated.
For more details of the modulation and demodulation
of RZ-DQPSK, see [4,5]. The signal passed a narrow
band optical filter with a 3dB bandwidth (B3dB) of
9GHz, 22GHz and 59GHz, respectively (see fig. 2).
The received signal was amplified and then filtered

with a bandwidth of 250GHz to suppress the out-ofband ASE noise.
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Introduction
Increasing the spectral efficiency of an optical data
transmission system is considered very cost effective
for enlarging the transmission capacity. The highest
spectral efficiency in a WDM system with copolarized
channels of 0.8b/s/Hz was achieved by strong optical
filtering of return-to-zero differential phase shift keying
(RZ-DPSK) [1]. Binary DPSK can be extended to
quadrature DPSK (DQPSK) and has recently drawn
much attention [2,3,4,5] because it allows to double
the spectral efficiency. In this paper, we show by
measurements and simulations that RZ-DQPSK also
shows a strong robustness to narrow band optical
filtering. This property of RZ-DQPSK allows us to
achieve a spectral efficiency of 1.6b/s/Hz in a
copolarized WDM system.
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Fig. 2: Measured transfer function of optical filters
used for filtering 20Gb/s RZ-DQPSK (solid lines),
interleaver transfer function used for 1.6b/s/Hz WDM
proposal according to fig. 5 (dashed line)
The real (in-phase) and imaginary (quadrature) part of
the DQPSK signal were detected by a Mach-Zehnder
delay interferometer (MZDI) that incorporated a delay
of one symbol duration of 100ps. The phase
difference of +45° and –45° for the real and imaginary
component between the signal and its delayed replica
was adjusted by temperature controlling the length of
the MZDI arms. Both components were measured
separately at a data rate of 10Gb/s per tributary. The
outputs from the MZDI were fed to a balanced
receiver followed by an electrical 7.5GHz low-pass
filter. The optical path lengths to the balanced
receiver were roughly guaranteed by an appropriate
splicing. After clock- and data recovery (CDR), the bit
error ratio (BER) was measured. For these
measurements no differential quaternary precoder
was available. While a precoder is necessary for true
data transmission, for experimental purposes it can
be bypassed by providing the BER tester with the
expected data sequences.
We also conducted numerical simulations according
to fig. 1 in which the 3dB bandwidth of a Gaussian
shaped filter was varied in the range of 5GHz to
25GHz. In these simulations the influence of noise
was neglected and the eye opening penalty (EOP)
was measured.
Results and discussion
The eye diagrams and the results of our sensitivity

measurements for 20Gb/s RZ-DQPSK are shown in
fig. 3. For all filter bandwidths, we measured error
free transmission. A receiver penalty of 0.6 and 3.5dB
-9
at 10 was measured for optically filtering the signal
with B3dB =22GHz and 9Hz, respectively. In the
experiment, we do not consider the reduction of
noise by the narrowband optical filter. If the filter is
inserted behind the pre-amplifier instead of before it,
we expect a smaller penalty. The difference in
receiver penalty of real and imaginary part for the
9GHz filter is attributed to the not exact orthogonality
of the RZ-DQPSK signal (also see [5]).
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Fig.3 Sensitivity measurements for real and imaginary
part of 20Gb/s RZ-DQPSK optically filtered with 3dB
bandwith of 59GHz (circles), 22GHz (diamonds),
9GHz (squares); and measured eye diagrams for
59GHz (left) and 9GHz (right) filtering
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The simulation results of the EOP are depicted in fig.
4. By including the corresponding receiver penalties
from fig. 3., we see that both penalties are in good
agreement. (Note that in general a one-to-one
relationship between EOP and receiver penalty does
not hold.) The above results show that a 20Gb/s RZDQPSK signal can strongly be filtered with a
bandwidth (3dB) as low as 9GHz and still permits
error free transmission.
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Fig. 4 Simulated EOP and measured receiver penalty
of 20Gb/s RZ-DQPSK versus B3dB of optical filter
Proposal for 1.6b/s/Hz WDM transmission
We conducted WDM simulations with 1.6b/s/Hz
spectral efficiency according to fig. 5. Eight channels
with 12.5GHz channel spacings (192.95THz

...193.0375THz) were separately modulated, grouped
in four pairs spaced by 50GHz each so that
wavelength multiplexing could be performed by two
25GHz interleaver followed by a 12.5GHz interleaver.
The interleaver was modelled by an optical delay line
filter with 16 taps and a free spectral range (FSR) of
50GHz and 25GHz, respectively. The filter
coefficients were derived by optimizing the 3dB
bandwidth (9.8 and 19.6GHz, respectively) of the
delay line filter. To compare the power transfer
function of the interleaver with FSR of 25GHz with the
optical filters used for the measurements, it is
included in fig. 2. The DWDM signal (PRBS length
11
2 -1) passed through 4 fiber spans. Each span
consisted of 100km of a standard single mode fiber
followed by a 100% dispersion compensating fiber
and a noiseless optical amplifier. The average fiber
input power in each span was 3dBm. For wavelength
demultiplexing a deinterleaver corresponding to the
interleaver at the transmitter in conjunction with a
25GHz channel selection filter was used. Finally, the
DQPSK signal was demodulated corresponding to the
receiver in fig. 1. For the 5th channel (193THz), we
measured a EOP of 6.5dB after the transition of the
signal through the interleavers, the four spans and the
deinterleaver (see eye diagram in fig. 5). We believe
that this transmission penalty is acceptable,
especially if FEC is introduced.

Fig. 5: WDM for 8x20Gb/s RZ-DQPSK with 12.5GHz
ch. spacing (1.6b/s/Hz) over 400km SSMF and
resulting eye diagram
Conclusions
Our experimental and numerical investigations reveal
a high tolerance of RZ-DQPSK towards narrowband
optical filtering, e.g. filtering 20Gb/s RZ-DQPSK with
a 9GHz filter results in approx. 3.5dB receiver
penalty. This property is advantegous for the
transmission of the signal in future optical networks
with a concatenation of bandwidth limiting
components or for realizing a high spectral efficiency.
Our simulation results confirm that 1.6b/s/Hz spectral
efficiency in a copolarized WDM system is possible.
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