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Abstract—2 x 10 Gb/s quaternary intensity modulation signals
(4-IM) can be generated by combining two modulation signals
with unequal amplitudes in quadrature phases or orthogonal po-
larizations. Two 10-Gb/s nonreturn-to-zero (NRZ) amplitude-shift
keying (ASK) signals and a quadrature phase-shift keying (QPSK)
modulator allow to generate 4-IM with the same bandwidth as
an NRZ-ASK signal (QASK). Measured sensitivity at a bit error
rate (BER) of 10~ and chromatic dispersion (CD) tolerance are
—21.6 dBm and ~ 4130 ps/nm, respectively. Two duobinary
10-Gb/s data streams and a QPSK modulator allow to generate
a 9-constellation point quaternary intensity signal (QDB), with
the same bandwidth as a duobinary signal. A stub filter with fre-
quency response dip at 5 GHz was used to generate the duobi-
nary signals. Detected as a 4-IM, this scheme features a sensitivity
and a CD tolerance of —21.2 dBm and ~ + 140 ps/nm, respec-
tively. By combining the two duobinary 10-Gb/s data streams with
unequal amplitudes in orthogonal polarizations, a 9-constellation
point quaternary intensity signal was also obtained (QPolDB). Sen-
sitivity and CD tolerance were —20.5 dBm and ~ +340 ps/nm,
respectively. They became —18.4 dBm and ~ 4530 ps/nm, re-
spectively, when the frequency response dip of the stub filter was
changed to 6 GHz. A polarization and phase-insensitive direct de-
tection receiver with a single photodiode has been used to detect
all generated quaternary signals as 4-IM signals.

Index Terms—Quadrature amplitude modulation (QAM),
quadrature phase-shift keying (QPSK).

I. INTRODUCTION

PGRADING of existing dense wavelength-division-

multiplexed (DWDM) systems to higher bit rates requires
wider optical bandwidths per channel or advanced modulation
formats with higher spectral efficiency or a combination of
both [1]-[4]. Spectral efficiency is important in this context
to keep long-term overall cost (including fiber infrastructure)
favorable [4]. Some of the advanced modulation formats are not
only useful because they are spectrally efficient but also because
they have other features such as high resistance to chromatic dis-
persion (CD) [4], [S]. Duobinary modulation is an attractive can-
didate because it is spectrally efficient (~0.8 b/s/Hz), simple to
implement, and also CD tolerant [6]-[12]. Higher spectral effi-
ciency can be achieved by doubling the transmission capacity, by
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transmitting more information in the amplitude, phase, polariza-
tion domain, or acombination thereof [ 13]—[24]. So far, differen-
tial quadrature phase-shift keying (DQPSK) and/or polarization
multiplex are needed to increase spectral efficiency beyond that
of duobinary modulation, but considerable technical effort at the
receive end is needed for their implementation (interferometer
and its stabilization, polarization control, two independent pho-
toreceivers to independently detect the two data streams), which
reverberates in the cost budget [4], [18], [19], [25], [26]. On the
other hand, M-ary amplitude shift keying such as quaternary
(4-level) intensity modulation (4-IM) [4], [20]-[22] is easy to
detect using a direct detection receiver with a single photodiode,
but has a relatively large power penalty. The four levels can be
discriminated in three D-flip-flops and processed to reconstruct
the transmitted data. Although 4-IM doubles the transmission
rate, it does not have the best spectral efficiency. The spectral
efficiency for quaternary intensity modulation signals can be
further improved by combining two duobinary modulation sig-
nals in two quadratures with unequal amplitudes to generate
a 9-constellation point quaternary intensity modulated signal
(QDB) [23]. Also, a high spectrally efficient modulation format
with high CD tolerance can be obtained from a quaternary signal
generated by combining two duobinary data streams with un-
equal amplitudes and orthogonal polarizations (QPolDB) [24].

In this paper we use an optical QPSK modulator, driven by
two binary 10-Gb/s nonreturn to zero (NRZ) data streams with
unequal amplitudes, to generate an optical 4-constellation-point
20-Gb/s quaternary intensity signal (QASK) [14]. To further in-
crease the spectral efficiency we replace the binary by duobinary
data streams to generate a 20-Gb/s QDB signal. Finally we used
a polarization division multiplex setup with duobinary signals
at 10 Gb/s to generate a 20-Gb/s QPolDB signal. Due to differ-
ent amplitudes chosen for the two quadratures/polarizations, all
three optical quaternary schemes allow direct detection as 4-IM
signals. Their performance and CD tolerance will be discussed
in the following sections.

II. QUATERNARY INTENSITY MODULATION GENERATION

A. Generation of a QASK Signal Using an Optical QPSK
Modulator and Two 10-Gb/s NRZ-ASK Signals

The optical QPSK modulator shown in Fig. 1 contains
two Mach—Zehnder modulators (MZMs), placed in the two
arms of another interferometer that forms a Mach—Zehnder
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Fig. 1. Optical QASK (2 x 10 Gbit/s) generation in an optical QPSK mod-

ulator, and resulting quaternary intensity eye diagram for quaternary sig-
nal (electrical attenuator setting b = 1/2). (Color version available online at
http://ieeexplore.ieee.org.)
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Fig. 2. Electrical field modulation constellation (a = 1/v/2). A quaternary
intensity modulation results from this QASK.

superstructure. The superstructure has quadrature control
electrodes in both arms for phase trimming. Throughout
the experiments of this paper, a fiber-pigtailed Bookham
GaAs/AlGaAs DQPSK modulator [18] was used.

The two MZMs are driven by two binary electrical 10-Gb/s
NRZ signals. The drive amplitude of the NRZ-ASK signal in
one of the MZMs equals V.. This generates an in-phase op-
tical field Re(F) with normalized field amplitudes {0, +1}.
The other MZM is driven by an NRZ-ASK signal with a
V. /2 amplitude. It generates a quadrature optical field Im(FE)
with normalized field amplitudes {0,+a}. The total output
electric field is E, = Re(E) + jIm(E). The modulation con-
stellation diagram is shown in Fig. 2. The generated fields
are {0,+ja,+1,and + 1 + ja}. The four different constella-
tion points result in four different intensities {0, a2, 1,1 + a?}.
Fora =1/ V2, corresponding to 6 dB of electrical attenuation
(b = 1/2), the intensities are equidistant and are now labeled as
“0,” “1,7 2,7 “3.”

Fig. 1 shows also the 4-level eye diagram of the quaternary
intensity modulated signal, detected at the modulator output at
10 GBaud (20 Gb/s).

The QASK constellation represents a 4-IM and the spectrum
is just as broad as for NRZ modulation although the capacity
is doubled. Fig. 3 shows the heterodyned electrical spectrum of
the 10 GBd optical QASK. The spectrum contains a carrier and
it is equivalent to that of a 10-Gb/s NRZ-ASK signal. Suitable
decoding is needed at the receiver side [20].

B. Generation of a QDB Signal Using an Optical QPSK
Modulator and Two 10-Gb/s Duobinary Signals

We use the setup of Fig. 1, but replace the binary by duobi-
nary data streams (Fig. 4). Since differential encoding was not
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Fig. 3. Heterodyned electrical spectrum of the 2 x 10 Gb/s 4-point QASK =
4-IM signal.
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Fig. 4. Principle of optical QDB modulation using duobinary lowpass fil-
tering (LPF) and a QPSK modulator (electrical attenuator setting b = 1/2).
The resulting quaternary intensity eye diagram (bottom) and the electrical
duobinary eye diagram (top) are also shown. (Color version available online
at http://ieeexplore.ieee.org.)

available, two mutually delayed 10-Gb/s binary NRZ electrical
signals were lowpass-filtered (LPF) to generate the duobinary
signals. The lowpass filters are constructed using open stubs with
single-path delays of 50 ps and 25-{2 characteristic impedance
and are attached to each 50-(2 modulator drive cable.

Each stub filter (LPF) responds to an impulse by two impulses
of equal height and 100-ps mutual delay, thereby forming an
idealized duobinary one-bit-delay and add filter [6], [9], [12].
The simulated frequency response of the LPF stub used in this
experiment had a ~35-dB dip at the frequency 5 GHz.

A duobinary signal with a full 2V, total swing generates
in one MZM the in-phase optical field Re(E) with normal-
ized field amplitudes {—1,0,+1}. The other arm MZM is
driven with a duobinary signal with a V total swing and
generates the quadrature component Im(E) with normalized
field amplitudes {—a,0,+a}. The total output field is again
E, = Re(E) + jIm(E). The modulation constellation is shown
in Fig. 5. The generated fields are {0, +aj, £1,+14aj}, cor-
responding to four different intensities {0, a2, 1,1 + a?}. Illus-
trating the case a = 1/v/2(b = 1/2), the intensities are again
labeled “0,” “1,” “2,” “3.”

Fig. 4 also shows the 4-level 10-GBd (20 Gb/s) intensity eye
diagram, detected at the modulator output. Not only differential
encoding is needed at the transmitter side, but also 4-IM
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Fig. 5. Electrical field modulation constellation (a = 1/4/2) of QDB.
The two quadratures either have orthogonal phases in one polarization
(Re(E),Im(E)) QDB, or have orthogonal polarizations (E,, E,) QPolDB.
In both cases a quaternary intensity modulation results.
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Fig. 6. Heterodyned electrical spectrum of the 2 x 10 Gb/s QDB = 4-IM
signal using a QPSK modulator (QDB-5).

decoding at the receiver side. The spectrum of the generated
QDB (4-IM) is just as broad as for duobinary modulation
although capacity is doubled. Fig. 6 shows the heterodyned
electrical spectrum of the 10-GBd optical QDB signal. There is
no carrier in the spectrum, and it is equivalent to the spectrum
of a 10-Gb/s duobinary signal.

C. Generation of a QPolDB Signal by Two 10-Gbls Duobinary
Signals With Polarization Division Multiplex

If the two quadratures belong to the same polarization then
they must be orthogonal in phase. But they may as well belong to
two orthogonal polarizations (Fig. 7), and in this case their phase
relationship does not matter. Other than in Fig. 4, the QPolDB
transmitter consists of two Mach—Zehnder modulators driven
by electrical duobinary signals. One of the modulated signals is
optically attenuated by 3 dB (a = 1/+/2), before they are com-
bined together with orthogonal polarizations in a polarization
beam splitter (PBS).

The experimental setup that was implemented to generate
such a 10 GBd (20 Gb/s) QPolDB is shown in Fig. 8.

For simplicity, only one optical duobinary signal was gener-
ated, using one of the mentioned stub filters and no precoding.
The electrical duobinary signal has a 2V, total swing and drives
one MZM. Right there, a photoreceiver (not shown) detects the
intensity eye diagram shown topmost in Fig. 8 (duobinary-5).
Another stub LPF, producing impulses spaced by 83 ps and
having a frequency response dip at 6 GHz, was also used,
and the corresponding eye diagram is also shown in Fig. 8
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Fig. 7. Implementation of a QPolDB modulation with a duobinary low-pass
filtering (LPF) and a polarization division multiplex setup (¢ = 1/v/2).
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Fig. 8. Experimental setup to generate optical 10 Gbaud QPolDB using a
duobinary lowpass filter (LPF), a Mach—Zehnder modulator, and polarization
division multiplex (PolDM); @ = 1/+/2. Detected intensity eye diagrams of the
2 x 10 Gb/s QPolDB (quaternary intensity; bottom) and 10 Gbit/s duobinary
signal (binary intensity; top) are also shown. (Color version available online at
http://ieeexplore.ieee.org.)

(duobinary-6) [7], [9], [12]. The duobinary optical signal passes
through an optical amplifier, polarization controllers, and a po-
larizer. The output signal of the polarizer is split by a coupler
into two branches. One of them, carrying a field F, equal to
{-1,0,+1}, delays it by 31 symbol periods in an additional cer-
tain length of standard single-mode fiber (SSMF). The signal £,
in the other branch is optically attenuated by 3 dB(a = 1/1/2)
and the field amplitudes {—a, 0, +a}. The two electric fields Ex
and Ey are orthogonally recombined in a subsequent PBS.

Due to the uncertain phase relationship of the two polariza-

E,
P E, ] ’
where ¢ is the unknown and unimportant phase difference. The
modulation constellation diagram is again given by Fig. 5, and
this can be detected as a 4-IM with intensities {0, a?, 1,1 + a2}
and symbols “0,” “1,” 2,7 “3.”

The eye diagrams of the QPolDB signal generated using the
two stub filters are shown in Fig. 8 (bottom). The extension
—5 or —6 of the modulation format acronym QPolDB denotes
the dip frequency of the respective stub filter in GHz. Later, it
will be seen that the QPolDB-5 signals yield better sensitivity
but worse CD tolerance than the QPolDB-6 signals. Similar

tions, the Jones vector of this QPolDB signal is E =
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Fig. 9. Heterodyned electrical spectrum of the 2 x 10 Gb/s QPolDB-6 =
4-IM signal using a polarization division multiplex setup with 6-GHz stubs.

experience with differently shaped duobinary signals has been
reported in [8], [9], [12]. The total bandwidth is only that of the
duobinary modulation. Fig. 9 shows the heterodyned electrical
spectrum of the QPolDB-6 signal. There is no carrier, and the
bandwidth is equivalent to that of the electrical duobinary-6
signal. The spectrum of the QPolDB-5 signal looks the same
and has the same bandwidth as the heterodyned QDB spectrum
shown in Fig. 6.

III. QUATERNARY INTENSITY MODULATION DETECTION

The two variants of QDB and the QASK each represent a4-IM
signal. The 4-IM signal contains three eye openings correspond-
ing to three different patterns. These patterns {Q1, Q2, Q3} can
be detected at the receiver using a single photodiode (direct de-
tection) and three decision circuits (D-flip-flops) as shown in
Fig. 10. Suitable decoding is needed to recover the two data
streams from the three detected patterns [20]. The schematic of
the decoding logic circuit is shown in Fig. 10 in addition to its
corresponding truth table.

IV. TRANSMISSION SETUP

Fig. 11 shows an experimental 2 x 10 Gb/s transmission setup
used for the schemes of Section II. The distributed-feedback
laser (DFB) transmitter laser has a frequency of 193.5 THz.
Two 27 — 1 PRBS are transmitted. A mutual delay of 31-bit
durations decorrelates the patterns.

The encoding function is not implemented for the duobinary
case. The receiver employs an optical preamplifier followed by
a dense wavelength division multiplexing (DWDM) Arrayed
Waveguide Grating (AWG) Demultiplexer (DEMUX) of Gaus-
sian type with 100-GHz spacing of its 40 channels, which acts
as a narrow bandpass optical filter.

A variable optical attenuator (VOA) placed before the optical
preamplifier is used for sensitivity and optical signal-to-noise
ratio (OSNR) measurements. The detected photocurrent of an
optical front-end PIN photodiode with transimpedance ampli-
fier (PIN-TTA) is stabilized by a feedback loop (not shown) that
controls the pump current of the last EDFA for automatic power
control (APC). An electrical amplifier amplifies the received
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Fig. 10.  4-IM receiver with decoding logic diagram and corresponding truth

table.
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Fig. 11. 20-Gb/s quaternary (4-IM) transmission setup.

signal before it feeds an oscilloscope or an error detector. The
error detector is programmed, using different thresholds, to re-
ceive all the three patterns, corresponding to the top, middle,
and bottom eye diagram. Proper Bit Error Rate (BER) averag-
ing is performed to represent the mean BER of the received
patterns. A polarization controller was placed before the optical
preamplifier when measurements were performed with QPolDB
signals, in order to compensate for the polarization-dependent
loss (PDL) of the optical preamplifier.

Fig. 12(a)—(c) shows the BER curves for the three received
eyes (top, middle, and bottom) for QASK, QDB, and QPolDB-
5, respectively. The top eye, which represents the intensity levels
“2” and “3”, dominates the overall BER in all three cases.

Assuming Gray encoding and neglecting the probability of
decision errors larger than one quantization step, the true BER is
(approximately) calculated as 1/2 times the sum of the individ-
ual BERs obtained in the three decision processes. The sensi-
tivities at an average BER of 10~ for binary QASK, duobinary
QDB with QPSK modulator using LPF stubs with 5-GHz dip
(QDB-5), duobinary QPolDB with polarization division multi-
plex using LPF stubs with 5-GHz dip (QPolDB-5), and duobi-
nary QPolDB with polarization division multiplex using LPF
stubs with 6-GHz dip (QPolDB-6) are —21.6, —21.2, —20.5,
and —18.4 dBm, respectively. These figures were obtained from
the measured mean BERs which are plotted versus received
power in Fig. 13.

Fig. 15 shows intensity eye diagrams at the sensitivity edge
for QPolDB-5 (top) and -6 (bottom) after transmission over 21.3
km (left) and 37.5 km (right) of SSMF (a-right). The better CD
resilience of the less bandlimited QPolDB-6 scheme is visible.
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Fig. 12.  BER curves for the three received eyes (top, middle, and bottom)
for (a) QASK, (b) QDB, and (c) QPolDB-5. (Color version available online at
http://ieeexplore.ieee.org.)

The CD tolerance was measured for all generated quaternary
signals. Fig. 14 shows the OSNR after the optical preamplifier
needed for a BER of 10~? versus CD. An optical attenuator was
used to vary the OSNR. The 1-dB tolerances at a BER of 10~
are ~130,~140, ~340, and ~530 ps/nm for QASK, QDB-5,
QPolDB-5, and QPolDB-6, respectively.
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Fig. 13.  Back-to-back receiver sensitivity for quaternary intensity modulation.

(Color version available online at http://ieeexplore.ieee.org.)
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Fig. 14. OSNR needed for a BER of 1079 versus CD in picoseconds per
nanometer. (Color version available online at http://ieeexplore.icee.org.)

(b) QPoIDB-6

Fig. 15. (a) Eye diagram of the QPolDB-5 signal measured at the sensitivity
edge after transmission over 21.3 km of SSMF (left) and 37.5 km of SSMF
right), (b) Eye diagram of the QPolDB-6 signal measured at the sensitivity edge
after transmission over 21.3 km of SSMF (left) and 37.5 km of SSMF (right).
(Color version available online at http://ieeexplore.ieee.org.)
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V. DISCUSSION

According to Fig. 14, the QDB schemes are superior to the
QASK scheme, due to the reduced bandwith of their duobinary
modulation. The QPolDB signal with polarization division mul-
tiplex based scheme gave the best CD-tolerance range, but worst
sensitivity. The analog QDB signal with QPSK modulator-based
scheme had a better sensitivity but a worse CD tolerance. The re-
duced CD tolerance of the QDB scheme may be understood from
the fact that CD affects the phase. On the other hand, QPolDB
is of course affected by polarization-dependent loss, since un-
balanced optical powers in the orthogonal polarizations result
in unequal eye openings at the receiver side. The QDB signal is
affected by the fact that one of the Mach—Zehnder modulators
is driven with a V. voltage swing. In the presence of electri-
cal intersymbol interference this results in a nonoptimal optical
duobinary signal in that modulator. A solution to this problem
is to place an optical attenuator in one of the QPSK modu-
lator branches [14] and drive both Mach—Zehnder modulators
with a full 2V voltage swing, where optical duobinary signal
quality is best. The modulation amplitudes in all the quaternary
generation schemes were chosen to optimize the three eye open-
ings for the quaternary signal. Any change in the modulation
amplitudes will cause unequal eye openings in the quaternary
signal.

It was also found that the 5-GHz stub-generated QPolDB-5
signals have better sensitivity but worse CD tolerance than the
QPolDB-6 signals generated by a 6-GHz stub. This is due to the
fact that two different methods were used to generate the two
duobinary signals. The QPolDB-5 signals were similar to the
duobinary signals generated by the conventional one-bit-delay
and add method [6], [9]. The QPolDB-6 signals were similar
to the duobinary signals generated by the LPF method [7], [9].
It has been reported in [9], [12] that the LPF method better
suppresses the optical spectrum sidelobes, tolerates more CD
than the one-bit delay method, and has a worse back-to-back
sensitivity than the one-bit-delay and add method.

It is of course also possible to generate QASK with polar-
ization division multiplex (QPolASK) [15]. In principle, QPSK
and PolDM could even be combined to generate 16-ary inten-
sity modulation (16-IM) by binary (16-QASK) or duobinary
(81-QPolDB) modulation in four quadratures with relative field
amplitudes of 1, v/2, 2, 2v/2.

For comparison, we have generated an electrical quaternary
intensity-modulated signal at 10 GBd by superimposing two
mutually delayed 10-Gb/s data streams. It was used to drive one
Mach—Zehnder modulator. The thereby generated optical 4-IM
signal was detected with the same receiver as for the quaternary
schemes (Fig. 10). Even though the relative amplitudes of the
two superimposed electrical signals as well as the modulator
bias point were set for optimum sensitivity this sensitivity
was only —12.8 dBm, worse than for the quaternary QAM,
QDM, QPolDM methods. The CD- tolerance measurement
was not possible for the 4-IM signal due to high noise and poor
receiver sensitivity. We have also generated a return-to-zero
DQPSK (RZ-DQPSK) signal using the QPSK modulator
and a subsequent RZ modulator afterwards. The measured

TABLE I
COMPARISON BETWEEN DIFFERENT MODULATION FORMATS AT 20 Gb/s
Modulation Sensitivity CD tolerance BW Ref.
Format (dBm) (ps/nm) (GHz)
NRZ-ASK -31.6 ~260ps/nm 40 [27]
Duobinary -28.5 600ps/nm 20 [9]
4-IM -12.8 - 20 -
DP-ASK -30 - 20 [17]
RZ-DQPSK -35 360ps/nm >20 -
QASK -21.6 130ps/nm 20 -
QDB -21.2 140ps/nm ~10 [23]
QPolDB-5 -20.5 340ps/nm ~10 -
QPolDB-6 -18.4 530ps/nm ~12 [24]

RZ-DQPSK receiver sensitivity was ~—35 dB-m, using
an interferometer-based balanced photoreceiver (with two
photodiodes) and the CD tolerance was 360 ps/nm. The merits
of the DQPSK signals come at the cost and complexity of the
extra components at the receiver.

The reason why the experiments in this paper were performed
with PRBS length of 27 — 1 was the impossibility to program the
BER detector to receive the expected patterns at longer PRBS
lengths with the available software. We believe that the sensi-
tivity for the QDB and QPolDB signals would be degraded at
higher PRBS lengths since they are based on duobinary modu-
lation, as has been reported in [10]. Table I shows and compares
different modulation formats at 20 Gb/s. For comparability, all
quaternary modulation experiments in Table I and [14] refer to
a PRBS length of 27 — 1.

The sensitivity of standard NRZ binary 20-Gb/s modulation
is better than that of the proposed quaternary formats, but it has
worse CD tolerance than QPolDB and worse spectral efficiency
than QASK, QDB, and QPolDB. The proposed formats can be
used to double the capacity for distances on the order of 40 km
(using QPolDB-6), which is typical for short metro applications
without dispersion compensation. However, they are not meant
to compete against RZ-DQPSK, which is a potential candidate
for long or ultralong haul optical fiber transmission systems.

VI. CONCLUSION

The two duobinary QDB schemes which require only a sim-
ple receiver are believed to represent intensity modulation with
the narrowest-reported spectrum reported to date. Also, the po-
larization division multiplex based duobinary QPolDB scheme
exhibits a better CD tolerance than the other 4-IM formats.

ACKNOWLEDGMENT

The authors would like to thank Dr. R. Griffin (Bookham)
for the optical QPSK modulator, and H. Zhang, F. Wiist,
B. Milivojevic, Sh. Tawfiq, and A. Hidayat (all from the Uni-
versity of Paderborn) for their contributions to this work.

REFERENCES

[1] J. M. Kahn and K.-P. Ho, “Spectral efficiency limits and modula-
tion/detection techniques for DWDM systems,” IEEE J. Sel. Topics Quan-
tum Electron., vol. 10, no. 2, pp. 259272, Mar./Apr. 2004.



602

[2]

(3]

(4]

(5]

(6]

(71

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 12, NO. 4, JULY/AUGUST 2006

A. Hodzic, B. Konrad, H. Louchet, K. Petermann, and S. Randel, “Strate-
gies for spectrally efficient optical fiber communication systems with di-
rect detection,” in Proc. ICTON 2003, Warsaw, Poland, vol. 2, pp. 58-63,
Paper We.C.1.

H. Louchet, K. Petermann, A. Robinson, and R. Epworth, “On the spectral
information distribution in optical fibers,” in Proc. LEOS Meeting, Rio
Grande, Puerto Rico, 2004, vol. 1, pp. 17-18, Paper MB2.

J. D. Ralston, J. M. Kahn, and K.-P. Ho, “Advanced modulation and signal
processing techniques for 40 Gb/s optical transmission systems,” in Proc.
Inform. Technol. Commun.: Opt. Transm. Syst. Equip. WDM Netw., ITCom
2002, Boston, MA, vol. 4872, pp. 24-31, SPIE

S. Bigo, G. Charlet, and E. Corbel, “What has hybrid phase/intensity
encoding brought to 40 Gbit/s ultralong-haul systems?” in Proc. ECOC
2004, pp. 872-875.

K. Yonenaga, S. Kuwano, S. Norimatsu, and N. Shibata, “Optical duobi-
nary transmission system with no receiver sensitivity degradation,” Elec-
tron. Lett., vol. 31, no. 4, pp. 302-304, Feb. 1995.

A.J. Price and N. L. Mercier, “Reduced bandwidth optical intensity mod-
ulation with improved chromatic dispersion tolerance,” Electron. Lett.,
vol. 31, no. 1, pp. 5859, Jan. 1995.

J.-P. Elbers, H. Wernz, H. Griesser, C. Glingener, A. Faerbert, S. Lan-
genbach, N. Stojanovic, C. Dorschky, T. Kupfer, and C. Schulien, “Mea-
surement of the dispersion tolerance of optical duobinary with an MLSE-
receiver at 10.7 Gb/s,” presented at the OFC 2005, Anaheim, CA, Paper
OThJ4.

T. Ono, Y. Yano, and K. Fukuchi, “Demonstration of high-dispersion
tolerance of 20-Gbit/s optical duobinary signal generated by a low-pass
filtering method,” in Proc. OFC 1997, pp. 268-269.

H. Kim and C. X. Yu, “Optical duobinary transmission system fea-
turing improved receiver sensitivity and reduced optical bandwidth,”
IEEE Photon. Technol. Lett., vol. 14, no. 8, pp. 1205-1207, Aug.
2002.

A. S. Siddiqui, S. G. Edirisinghe, J. J. Lepley, J. G. Ellsion, and
S. D. Walker, “Dispersion-tolerant transmission using a duobinary
polarization-shift keying transmission scheme,” [EEE Photon. Technol.
Lett., vol. 14, no. 2, pp. 158-160, Feb. 2002.

D. Penninckx, “Effect of the electrical filtering of duobinary signals on
the chromatic dispersion transmission limitations,” in Proc. ECOC 1998,
pp. 537-538.

K.-P. Ho and H.-W. Cuei, “Generation of arbitrary quadrature signals
using one dual-drive modulator,” J. Lightw. Technol., vol. 23, no. 2,
pp. 764-770, Feb. 2005.

T. Nakamura, J. Kani, M. Teshima, and K. Iwatsuki, “A quaternary ampli-
tude shift keying modulator for suppressing initial amplitude distortion,”
J. Lightw. Technol., vol. 22, no. 3, pp. 733—738, Mar. 2004.

M. 1. Hayee, M. C. Cardakli, A. B. Sahin, and A. E. Willner, “Doubling of
bandwidth utilization using two orthogonal polarizations and power un-
balancing in a polarization-division-multiplexing scheme,” IEEE Photon.
Technol. Lett., vol. 13, no. 8, pp. 881-883, Aug. 2001.

Y. Han and G. Li, “Direct detection differential polarization-phaseshift
keying based on Jones vector,” Opt. Expr., vol. 12, no. 24, pp. 5821—
5826, Nov. 2004.

X. liu, X. Wei, Y.-H. Kao, J. Leuthold, C. R. Doerr, and L. F. Mollenauer,
“Quaternary differential-phase amplitude-shift-keying for DWDM trans-
mission,” in Proc. ECOC 2003, vol. 4, pp. 1010-1011.

R. A. Griffin and A. C. Carter, “Optical differential quadrature phase-shift
key (oDQPSK) for high capacity optical transmission,” in Proc. OFC
2003, pp. 367-368.

C. Wree, J. Leibrich, J. Eick, and W. Rosenkranz, “Experimental inves-
tigation of receiver sensitivity of RZ-DQPSK modulation format using
balanced detection,” in Proc. OFC 2003, vol. 2, pp. 456—457.

S. Walklin and J. Conradi, “Multilevel signaling for increasing the reach
of 10 Gb/s lightwave systems,” J. Lightw. Technol., vol. 17, no. 11,
pp. 2235-2248, Nov. 1999.

B. Wedding, W. Idler, B. Franz, W. Pohlmann, and E. Lach, “40 Gbit/s
quaternary dispersion supported transmission over 31 km standard sin-
glemode fibre without optical dispersion compensation,” in Proc. ECOC
1998, vol. 1, pp. 523-524.

A. Wonfor, J. K. White, E. E. Coulson, R. V. Penty, and I. H. White,
“Uncooled operation of a 40Gb/s directly modulated multi-level laser for
datacoms applications,” presented at the ECOC 2003, Rimini, Italy, Paper
Tu4.5.6.

S. K. Ibrahim, S. Bhandare, and R. Noe| “Narrowband 20 Gbit/s quaternary
intensity modulation generated by duobinary 10 Gbit/s modulation in 2
quadratures,” in Proc. ECOC 2005, vol. 4, pp. 909-910.

[24] ——, “Narrowband 2 x 10 Gbit/s quaternary intensity modulation based
on duobinary modulation in two polarizations with unequal amplitudes,”
presented at the OFC 2006, Anaheim, CA, Paper OThI2.

[25] J. Wang and J. M. Kahn, “Impact of chromatic and polarization-mode
dispersions on DPSK systems using interferometric demodulation and
direct detection,” J. Lightw. Technol., vol. 22, no. 2, pp. 362-371, Feb.
2004.

[26] M. Ohm and J. Speidel, “Optimal receiver bandwidths, bit error probabil-
ities and chromatic dispersion tolerance of 40 Gbit/s optical 8-DPSK with
NRZ and RZ impulse shaping,” presented at the OFC 2005, Anaheim,
CA, Paper OFGS.

[27] T. Kataoka, Y. Miyamota, K. Hagimoto, and K. Noguchi, “20 Gbit/s
long distance transmission using a 270 photon/bit optical preamplifier
receiver,” Electron. Lett., vol. 30, no. 9, pp. 715-716, Apr. 1994.

Selwan K. Ibrahim (S’05) was born in 1977. He re-
ceived the B.Sc. and M.Sc. degrees from the Univer-
sity of Baghdad, Baghdad, Iraq, in 1999 and 2002,
respectively, all in electronics and communications
engineering.

In 2002, he joined the Chair for Optical Com-
munications and High-Frequency Engineering in the
Department of Electrical Engineering, University of
Paderborn, Paderborn, Germany, as a graduate stu-
dent. His research interests include multilevel modu-
lation formats.

Suhas Bhandare (M’05) was born in Nasik, India,
in 1973. He received the M.Sc. and M.Phil. degrees
in electronic science from the University of Pune,
Pune, India, in 1995 and 1999, respectively, and the
Ph.D. degree (Dr.Ing.) in electrical engineering from
the University of Paderborn, Paderborn, Germany, in
2003.
He was a core member of the team that has estab-
lished “Design and Engineering Center for Integrated
'\ Optics” at the Society for Applied Microwave Elec-
tronics Engineering and Research, Indian Institute of
Technology Powai, Mumbai, India. At this center, he spent three years on the
design, fabrication, and characterization of various types of integrated optical
devices based on glass and lithium niobate. In 1999, he joined the Chair for
Optical Communication and High-Frequency Engineering at the University of
Paderborn as a Research Assistant. His research interests include phase-shift
keying transmission at 40 Gb/s.
Dr. Bhandare is a Life Member of the IETE.

Reinhold Noé (M’93) was born in Darmstadt,
Germany, in 1960. He received the Dipl.Ing. and
Dr.Ing. degrees in electrical engineering from the
Technische Universitidt Miinchen Munich, Germany,
in 1984 and 1987, respectively.

He spent a postdoctoral year at Bellcore, Red
Bank, NJ, to continue his work on coherent optical
systems. In 1988, he joined Siemens Research Labo-
ratories, Munich. Since 1992, he has been heading
the Chair for Optical Communications and High-
Frequency Engineering, University of Paderborn,
Paderborn, Germany (http://ont.upb.de). He is the author or coauthor of more
than 150 publications and is the coeditor of Electrical Engineering. Most of
his recent experiments deal with PMD and CD detection and compensation,
polarization division multiplex, and phase-shift keying transmission, at 40—160
Gb/s per DWDM channel.

Prof. Noé is a frequent Referee for IEEE publications and Electronics Letters
and a Program Committee Member of OSA’s COTA.





