456

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 28, NO. 4, FEBRUARY 15, 2010

Transmission of 32-Tb/s Capacity Over
580 km Using RZ-Shaped PDM-8QAM
Modulation Format and Cascaded Multimodulus
Blind Equalization Algorithm

Xiang Zhou, Senior Member, IEEE, Jianjun Yu, Senior Member, IEEE, Ming-Fang Huang, Yin Shao, Ting Wang,
Peter Magill, Milorad Cvijetic, Lynn Nelson, Martin Birk, Senior Member, IEEE, Guodong Zhang, S. Ten,
H. B. Matthew, and S. K. Mishra

Abstract—In this paper, we propose a novel synthesizing
method for high-speed 8-ary quadratic-amplitude modulation
(QAM) optical signal generation using commercial optical mod-
ulators with binary electrical driving signals. Using this method,
we successfully generated 114-Gb/s pulse-duration modulation
(PDM)-8QAM optical signals. Intradyne detection of PDM-8QAM
optical signals with robust blind polarization demultiplexing has
been demonstrated by using a new cascaded multimodulus
equalization algorithm. With return-to-zero-shaped PDM-8QAM
modulation and the proposed blind polarization demultiplexing
algorithm, we demonstrate transmission of a record 32-Tb/s
fiber capacity (320 x 114 Gb/s) over 580 km of ultralow-loss
single-mode fiber-28 fiber by utilizing C + L-band erbium-doped
fiber-amplifier-only optical amplification and single-ended co-
herent detection technique at an information spectral efficiency of
4.0 bit/s-Hz.

Index Terms—S8-phase-shift keying (PSK), coherent, digital,
fiber, modulation format, optical transmission, spectral efficiency.

1. INTRODUCTION

NCREASING the capacity that can be delivered over a
I single fiber has been historically proven to be the most
cost-effective method to meet the need of ever growing demand
in the core transport network. The 1990s breakthroughs in
dense wavelength-division-multiplexing (DWDM) and er-
bium-doped fiber amplifier (EDFA) technologies have resulted
in dramatic capacity increase by using simple ON/OFF key mod-
ulation format and direct intensity detection up to 10-Gb/s per
wavelength. To further increase the capacity and lower the cost
per transmitted bit, more spectrally efficient modulation/de-
tection and Raman optical amplification techniques have been
extensively investigated at higher data rates [1]-[34]. Until
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now, the highest fiber capacity demonstrated in a transmission
experiment was 25.6 Tb/s [5], where a C + L-band 160 x 160
Gb/s DWDM signal on a 50 GHz grid was transmitted over 240
km of standard single-mode fiber (SMF)-28 (SSMF) by using
polarization-division-multiplexed (PDM), return-to-zero (RZ)
differential quadrature phase-shift keying (DQPSK) modula-
tion, delay-interferometer-based balanced detection, and hybrid
EDFA/Raman optical amplification.

Recent progress in digital coherent detection technology has
made possible the practical implementation of more sophis-
ticated multilevel and multidimensional modulation formats,
thereby opening a new avenue for further increasing the fiber
capacity. Employing 64-ary PDM-RZ-8PSK modulation and
single-ended digital coherent detection, we recently demon-
strated 17-Tb/s (161 x 114-Gb/s) transmission over 662 km
of ultralow-loss (ULL) SMF-28 fiber using C-band EDFA
amplification only [25]. Utilizing both C and L bands, here we
report the successful transmission of 320 x 114-Gb/s DWDM
signals over 580-km of ULL SMF-28 fiber with a record
information capacity of 32-Tb/s, without using Raman ampli-
fication. here, note that the capacity is calculated by assuming
that the transmitted data payload is solely a 100-Gbit/s Ethernet
multiplexed analogue components rate signal. However, if we
only consider 7% forward error correction (FEC) overhead, as
is used in [25], the transmitted capacity should be 33.9-Tb/s.
To achieve the aforementioned results, we have employed
two new technologies. First, we employ a more noise-tolerant
modulation format, polarization-multiplexed and RZ-shaped
8-ary quadrature amplitude modulation (§QAM) to increase
the transmission reach, where the 8QAM signal is generated
by using commercial modulators with binary electrical driving
signal through a novel synthesizing method. To the best of our
knowledge, this is the first optical transmission experiment
that uses 8QAM modulation format. Second, we employ a
new cascaded multimodulus equalization algorithm for blind
polarization demultiplexing of PDM-8QAM optical signals
[32]. The proposed new algorithm can achieve better SNR per-
formance than the classic constant modulus algorithm (CMA)
for PDM-8QAM signal.

The rest of this paper is organized as follows. In Section II,
we describe the proposed high-speed 8QAM modulator tech-
nology. Section III is devoted to the DSP algorithms employed
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Fig. 1. Schematic illustration of the proposed 8QAM modulator where the con-
stellation diagrams are based on simulation by assuming ideal modulators.

in the coherent receiver, with a special emphasis on the pro-
posed cascaded multimodulus blind equalization algorithm.
In Section IV, we describe experimental results employing
the modulation and detection techniques described before,
including the generation and intradyne detection of 114 Gb/s
PDM-RZ-8QAM signal and 32-Tb/s transmission over 580-km
of ULL SMF-28 fiber utilizing C + L-band EDFA-only optical
amplification. Finally, we present the conclusions in Section V.

II. HIGH-SPEED 8QAM MODULATOR DESIGN

In theory, PDM-8QAM can tolerate 1.5 dB more noise than
PDM-8PSK [1], [34] because it encodes the signal in all four
dimensions of an optical carrier, and is probably the optimal
64-ary modulation format. Generation of an 8QAM optical
signal is not as straightforward as 8PSK because both the phase
and the amplitude have to be modulated in a coordinated way.
Recently, we experimentally generated 114-Gb/s PDM-8QAM
optical signal using a commercial dual-parallel Mach--Zehnder
modulator (MZM) followed by a common phase modulator
(PM) with binary electrical driving signal through a novel
synthesis technique [32]. A different SQAM generation method
has also been reported in [29], where 30-Gb/s 8QAM signal
was generated by a special two-state modulator followed by a
parallel in-phase/quadrature (I/Q) modulator.

Fig. 1(a) shows a schematic illustration of our method. The
proposed 8QAM modulator consists of a 7 /4-biased dual-par-
allel MZM and a common (0, 7/2) PM. The two parallel
MZMs (MZM1 and MZM?2) are both biased at the null point,
but use different drive voltages: MZMI is driven with a full
2 V. peak-to-peak signal while MZM?2 is only driven with a
0.7 V, swing. As a result of this driving condition, the 7 /4-bi-
ased dual-parallel MZM introduces both amplitude and phase
modulation (of the required amounts) to the original contin-
uous-wave (CW) signal, as shown in Fig. 1(b) by the simulated
constellation diagram at the output of the dual-parallel MZM
using ideal optical modulators. Then, after (0, 7/2) phase
modulation, an optimal symmetric 8QAM signal is generated,
as shown in Fig. 1(c).

The method shown in Fig. 1 allows us to generate 8QAM op-
tical signals using commercially available modulators with bi-
nary electrical driving signals. But this 8QAM modulator may
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Fig. 2. Modified design of the proposed 8QAM modulator.

have two potential problems when used in a real system. First,
the MZM?2 inside the dual-parallel MZM is only driven with
0.7 V,, and therefore, is less tolerant to the transmitter-side
band-limiting effects (limited electrical driver amplifier band-
width and optical modulator electro/optic (E/O) response band-
width) than the usual case with full 2 V. drive. This is due to
the fact that the MZM has a nonlinear E/O response function
given by sin(0.5 7V /V,.) when biased at the null point, where V
denotes the driving electrical voltage. Second, the common PM
will linearly transfer the amplitude jitter of the driving electrical
signal into phase jitter of the generated optical signal, making it
very sensitive to the transmitter-side band-limiting effects.

The two issues described before can be solved by a modifica-
tion in the design, as shown in Fig. 2. In the modified design, the
required amplitude modulation imbalance between the upper
and the lower branches in the dual-parallel MZM is achieved
by introducing an extra 5.7 dB power attenuation in the lower
branch (or the higher branch). Note that this power attenuation
can also be introduced simply by using an unequal power split-
ting ratio in the two power couplers located inside the dual-
parallel MZM. Such a design allows us to drive both MZM1
and MZM2 with full 2 V; peak-to-peak swing. In the modi-
fied 8QAM modulator, we also introduce a new MZM-based (0,
7/2) PM, where the (0, 7/2) phase modulation is achieved by
interfering one (0, 7) MZM-modulated light with a 7 /2 phase-
shifted CW light.

In Fig. 3, we show a simulated result of the impact of trans-
mitter bandwidth (normalized to the symbol rate) on the quality
of the generated 8QAM optical signal in terms of the maximum
constellation deviation (normalized to ideal decision threshold)
for the two 8QAM modulator designs. Here, the transmitter
consists of all the required optical modulators and their elec-
trical driving circuits. In addition, we have assumed that all
the modulators (and their driving electrical circuits) have iden-
tical frequency response function. For simplicity, we use a first-
order Gaussian filter to emulate the accumulated band-limiting
effects in the transmitter: we first generate ideal nonreturn-to
zero (NRZ) modulated binary electrical signals with decorre-
lated 2° — 1 pseudorandom binary sequence (PRBS) data pat-
tern; next, we pass these binary electrical signals through a first-
order Gaussian filter to emulate transmitter-side band-limiting
effects; and finally, we use the filtered electrical binary signals
to drive ideal optical modulators. As expected, it can be seen
that the modified design shown in Fig. 2 requires significantly
lower transmitter bandwidth than the original design shown in
Fig. 1.
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Fig. 3. Simulated maximum constellation deviation versus normalized 3-dB
transmitter bandwidth for the two different 8QAM modulator designs.
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Fig. 4. Tllustration of the digital coherent receiver used in the experiments (at
stable operation stage).

III. DSP ALGORITHMS

A. Overview of the DSP Algorithms

Fig. 4 shows a schematic illustration of the digital coherent
receiver used in our experiments. The incoming optical field is
coherently mixed with a local oscillator (LO) through a polar-
ization- and phase-diverse coherent mixer. At the output of this
coherent mixer, we have the I/Q components of the received op-
tical field in both X- and Y-polarizations, detected by using four
single-ended photodetectors. The detected analog electrical sig-
nals are digitized by four analog-to-digital converters (ADCs)
and then processed by using offline DSP algorithms through a
desktop computer.

At the initial stage of processing (not shown in Fig. 4), we use
a free-running clock to resample the digitized signal to a sample
rate (approximately) equal to 2x baud rate, and then we perform
digital fiber chromatic dispersion (CD) compensation. After the
CD compensation, we extract the clock from the CD-compen-
sated signal using the classic “square and filtering” methods.
Once the clock is extracted, we enter into the formal processing
stage (see Fig. 4), where the extracted clock (from the previous
data block) is used to do the resampling of the following data
block. The reason why we require such an initial start stage is
because it is very difficult to extract the clock directly from the
original CD-uncompensated signal. The free-running clock is
digitally generated based on the known knowledge about the
clock frequency (but the clock phase is unknown).

The formal DSP stages consist of eight steps. First, we do the
resampling, as described in the before. Second, we mitigate the
distortion caused by single-ended photodetection due to direct
square-law detection of the signal component through a recently
proposed DSP algorithm [27]. After this, the quadrature imbal-
ance caused by the imperfect coherent mixer is compensated by
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using the Gram--Schmidt orthogonalization procedure (GSOP)
[35], [36]. The GSOP enables a set of nonorthogonal samples to
be transformed into a set of orthogonal samples. Assuming that
the two received signals, 1 and r¢), are nonorthogonal through
GSOP, we can obtain a new pair of orthonormal signals, denoted
by 7“’1 and ’I“lQ, as follows:

ry(t) = i;%) (1)
ro(t) — r;_)(t)
ro(t) = (Q() = ) )

)) is the correlation coefficient, Py =

where p = (r;(t) - ro(t
t)), and ( ) denotes the ensemble average

(r2(t)) and Pg = (r}(
operator.

After compensation of I/Q imbalance, we perform digital
CD compensation through a fixed T/2-spaced finite impulse
response (FIR) filter. The required filter coefficients are ob-
tained from the (approximately) known fiber CD transfer
function using a frequency-domain truncation method [18].
To reduce the complexity of CD compensation, fast Fourier
transform (FFT) based frequency-domain equalization (FDE)
may be used in the real system: unlike the time-domain FIR
filter whose computation complexity scales with N2 (N is the
filter length decided by fiber dispersion and baud rate), the
computation complexity of FDE only scales with N logév . As
described before, clock recovery is carried out following the
CD compensation.

In the next step, we perform simultaneous polarization
recovery and polarization mode dispersion (PMD)/residual CD
compensation with four complex-valued, 13-tap, T/2-spaced
adaptive FIR filters, optimized by a new cascaded multimod-
ulus algorithm (CMMA) [32]. Other linear distortions such as
optical filtering effects can also be compensated or mitigated by
this adaptive equalization. The reason we developed a CMMA
for PDM-8QAM signals is because we have found that the
classic CMA does not perform well for PDM-8QAM in terms
of SNR performance. A detailed description of the proposed
new algorithm will be presented in the following section.
To increase the convergence speed and robustness of blind
polarization recovery, we have used the first-order CMA at the
initial equalization stage for preconvergence. As can be seen in
the following section, the first-order CMA is compatible with
the proposed CMMA and the extra implementation complexity
introduced by adding such a preequalization stage is negligible.

Carrier frequency and phase recoveries are performed
after polarization demultiplexing. We first use a feedforward
Mth-power algorithm to estimate the frequency offset between
the LO and the received signal source [39], [40], and then use
a maximum-likelihood (ML) algorithm [41] with the known
8QAM constellation to estimate the carrier phase. For the
Mth-power-based frequency recovery, we first normalize the
signal and then raise the normalized signal to the 8th-power
to remove the data modulation. The frequency offset between
the transmitted signal and the LO is decided from the speed of
the phase rotation of the resulting signal. ML phase estimation
is based on the assumption that the laser phase ) does not
change over multiple symbol periods. Over this period of time,

Authorized licensed use limited to: The Ohio State University. Downloaded on April 19,2010 at 15:01:49 UTC from IEEE Xplore. Restrictions apply.



ZHOU et al.: RZ-SHAPED PDM-8QAM MODULATION FORMAT

the ML estimate of 1 is the value that maximizes P(r|y),
the probability density function (PDF) of the received signal
r conditioned on . Assuming white and zero-mean Gaussian
noise, the ML estimate of i/ can be expressed as [41]

K—1 K-1
1/AJML = —tan [Im <Z I;Hl) /Re <Z I;rn> ‘|
n=0 n=0

where K denotes the number of symbols over which 1) does not
change and [ is the correctly detected signal which is estimated
through an iterative method (the phase of the start block is esti-
mated by using a blind phase search method).

After carrier recovery, we finally make the decision, and
perform differential decoding, Gray-code mapping, and BER
counting. Note that differential decoding will result in increased
bit error rate (BER) (as compared to the case using absolute
phase synchronization through training sequence) because one
original symbol error may result in two adjacent symbol errors
after decoding. But differential decoding can effectively solve
the phase ambiguity problem without using a training sequence.

B. Cascaded Multimodulus Algorithm

The classic CMA has been shown to be very effective for
blind polarization demultiplexing of PDM-QPSK and PDM-
8PSK signals. It has been shown that CMA-based blind equal-
ization can achieve a performance close to decision-directed
least-mean-square (DD-LMS) algorithm [18], and therefore can
be used as a stand-alone polarization demultiplexing algorithm.
As compared to the DD-LMS, the CMA is a decision-indepen-
dent algorithm. It allows us to perform polarization demulti-
plexing and carrier phase recovery within different functional
blocks, which cannot be realized by using a decision-dependent
algorithm such as the DD-LMS. In addition, the performance of
DD-LMS depends on the operating error rate and may fail with
long error bursts.

However, for PDM-8QAM, we have found that the classic
CMA becomes much less effective (in terms of SNR perfor-
mance) and can no longer be used as a stand-alone equalization
algorithm. This is because an 8QAM signal does not present
constant symbol amplitude. As a result, the CMA error signal
will not approach zero even for an ideal 8QAM signal, resulting
in extra noise after equalization. To address this problem, here
we describe a new equalization algorithm for decision-indepen-
dent, blind polarization recovery. The principle of the proposed
new algorithm in terms of the error signal calculation method
for PDM-8QAM is illustrated in Fig. 5, where we show an ideal
circular 8-QAM signal, the equation for error signal calculation,
and the calculated intermediate and final errors. For this algo-
rithm, two reference circles with modulus of (R1 4+ R2)/2 and
(R1 — R2)/2 are introduced in a cascaded way, such that the
final error signal will approach zero for an ideal 8QAM signal.
Note that R, and Rs denote the radius of the two circles where
the 8QAM constellation points are located. For comparison, the
error signal for the classic CMA is calculated using only one
reference circle with a constant modulus of E|Z|?/E|Z| [38].
It is clear that for PDM-8QAM, the CMA cannot have zero error
even after perfect equalization.
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Fig. 6. 2 x 2 adaptive equalizer used in the coherent receiver, where each h; ;
is an FIR filter with tap coefficients updated by using the new CMMA.

For the proposed new algorithm, the filer tap weight updated
equations for each of the four FIR filters in the 2 x 2 adaptive
equalizer (see Fig. 6) can be obtained by using the classic sto-
chastic gradient algorithm [41], [18]. Given z(n) and y(n) as
the two inputs of the adaptive equalizer, the two outputs, Z,.(n)
and Z,(n), can be represented as follows:

+ hzy(”v k‘)y(n - k)
k
T x4nl .y @

hyy(n, k)y(n — k)

+ hys(n, k)z(n — k)
k=0
T T
=h,, -y+h, x 5)

where hya, hyy, hyy, and hy, are adaptive FIR filters, each of
which have length K taps. Based on the new algorithm, the two
error signals €, and €, are given by

E’:$:||Zac|_Al|_A2 (6)
ey = ||Zy] — Ax| — A2 @)

where A; and A, denote the two moduli used for error signal
calculation (see Fig. 5). For an amplitude-normalized signal, we
should have A; = 1 and Ay = 0.32. Typically, the equalizer
will attempt to minimize the mean square error, which gives the
following criteria:

d(e)

=0
dhye

®
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Fig. 7. Experimental setup for the generation and intradyne detection of
RZ-shaped 114-Gb/s PDM-8QAM signal.

To find the optimal tap weights, we replace the gradients by their
instantaneous values, and then, we will have the following tap
weight updating equations:

hxx - hza: + HExCy - X (9)
hxy - h.ry + pezes - 5’ (10)
hyy — hy, + peye, - X (1
hyy — hyy + peye, -y (12)
where
ery = sign(|Zz y| — A1) - sign(Zz y). (13)

In the previous equations, sign(x) is a sign function given by
x/|z|, u is a convergence parameter, and X and y denote the
complex conjugates of x and y, respectively.

We have observed that the proposed new algorithm can
achieve significantly better SNR performance than the classic
CMA; however, its convergence performance is slightly worse.
To improve both SNR and convergence performance, we
can use the classic CMA in the initial equalization stage for
preconvergence and then switch to the proposed CMMA for
formal equalization to achieve the (approximately) optimal
SNR performance. Note that the proposed CMMA is backward
compatible to the classic CMA: simply by setting A; = 0 and
Ay = 1, the proposed CMMA becomes the classic first-order
CMA. So, adding a first-order CMA-based initial equaliza-
tion at the start stage introduces negligible implementation
complexity.

IV. EXPERIMENTS

A. Generation and Detection of 114-Gb/s PDM-RZ-8QAM

The experimental setup for generation and intradyne detec-
tion of RZ-shaped 114-Gb/s PDM-8QAM signal with optical
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RZ-8QAM and 114 Gb/s PDM-RZ-8QAM.
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noise loading is shown in Fig. 7. The 8QAM modulator con-
sists of a 7 /4-biased commercial dual-parallel MZM with a
3 dB bandwidth of about 19 GHz and a common (0, w/2) PM
with a 3 dB bandwidth greater than 25 GHz. The 8QAM mod-
ulator was driven by three 19-Gb/s binary electrical signals,
each generated by time-division-multiplexing four 4.75-Gb/s
211 — 1 PRBS signals. To introduce ~50% RZ-pulse shaping,
a common MZM (i.e., MZMO) is added before the dual-par-
allel MZM, driven by a 19 GHz sinusoidal clock. The generated
8QAM signal is then divided and recombined with about 1.6 ns
time delay by using a polarization beam combiner (PBC) to gen-
erate the required PDM-8QAM signal. At the receiver, amplified
spontaneous emission (ASE) noise is added by attenuating the
signal before an optical amplifier. The amplified signal passes
through a 0.3 nm optical filter, and then is mixed with the LO
signal in a polarization and phase-diverse hybrid. Note that we
use a narrow linewidth (~100 kHz) external cavity laser (ECL)
for both the LO and the signal source. The frequency of the LO is
tuned to within 200-MHz of the transmit laser. At the output of
the optical hybrid, four single-ended photodetectors are used to
convert the optical signals into electrical signals. The sampling
and digitization (A/D) function is achieved with a four-channel
real-time sampling scope (50 GSa/s, 16-GHz electrical band-
width, and 5.5 bit effective resolution). The captured data are
then postprocessed in a desktop computer using the algorithms
described in the previous section.

In Fig. 8(a)--(c), we show the measured single-channel
back-to-back performance for the generated 114-Gb/s
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() (b)

Fig. 9. Recovered constellation diagrams of both X- and Y-polarizations using
the proposed new equalization algorithm with OSNR = 18.5 dB, where (a)
shows the result after polarization recovery, while (b) is after carrier recovery.

(a) (b)

Fig. 10. Recovered constellation diagrams of both X- and Y-polarizations
using the classic CMA with OSNR = 18.5 dB, where (a) shows the result
after polarization recovery, while (b) is after carrier recovery.

PDM-RZ-8QAM signal. Fig. 8(a) shows the electrical eye
diagram through direct square-law detection, Fig. 8(b) shows
the recovered constellation diagram without adding ASE noise
loading, and Fig. 8(c) shows the BER versus received optical
SNR (OSNR) for both 57-Gb/s single-polarization RZ-8QAM
and 114-Gb/s PDM-RZ-8QAM signals. Note that throughout
this paper, the BER is calculated based on 2.6 x 10° bits. To
achieve a BER 2 x 1073, the required OSNR is 17.8 dB for
the generated 114-Gb/s PDM-RZ-8QAM signal, which is more
than 1 dB better than our previously reported results using
PDM-RZ-8PSK modulation format [22], but is still more than
2.5 dB away from our simulated results [34]. Among the 2.5 dB
OSNR penalty, 0.4 dB comes from the excessive PDM penalty
(may be due to imperfect polarization demultiplexing), as is
shown in Fig. 8(c).

By using the proposed new CMMA, the recovered con-
stellation diagrams after polarization and phase recovery with
OSNR = 18.5 dB are shown in Fig. 9(a) and (b), respectively.
As a comparison, the corresponding results using the classic
CMA are shown in Fig. 10(a) and (b). Note that the conver-
gence parameters have been optimized for both cases. One can
observe the improvement in the quality of the recovered signals
due to the proposed CMMA as compared to the classic CMA.
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PD: photodetector.

B. 32 Tb/s C + L-Band Transmission Over 580 km ULL
SMF-28

The experimental setup for 32 Tb/s PDM-RZ-8QAM trans-
mission is shown in Fig. 11. The details of the 114-Gb/s
PDM-RZ-8QAM modulator are described in the previous
section. Here, note that we have added a C + L-band EDFA
between the dual-parallel MZM and the (0, /2) PM. For this
DWDM experiment, we built two transmitters: one for the 160
C + L-band odd wavelength channels and the other for the
160 C + L-band even channels. The 50 GHz spaced odd and
the even channels are combined through a flat-top interleaver
(14-GHz bandwidth at 0.5 dB and 34-GHz at 20 dB). The two
sets of 50 GHz-spaced wavelengths were obtained by the use
of eight 40 x 1 WDM multiplexer (with 100 GHz spacing)
and four 3-dB couplers (all are polarization-maintained optical
components). The sources of the 320 channels are all from
conventional DFB lasers (linewidth ~5 MHz). Since the phase
noise of DFB lasers is too large for 8QAM modulation, an
extra C 4+ L-band tunable ECL with linewidth ~100 kHz
is introduced for BER measurement: the selected channel is
switched from the DFB source to a tunable ECL source during
each measurement. In the two transmitters, we use polariza-
tion-maintaining C/L combiners, optical couplers, and C-band
EDFAs; the L-band EDFAs are not polarization maintaining
(due to availability), requiring polarization controllers (PCs)
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Fig. 12. Impact of narrow optical filtering on the generated 114-Gb/s PDM-RZ-
8QAM signal, where (a) shows the optical spectra and (b) gives the measured
BER versus OSNR with and without the 25 GHz interleavers.

before the PMs. These PCs are found to be stable, requiring
adjustment in the time scale of about 1 h.

The line system consists of seven spans of ITU-T G.652 com-
pliant Corning SMF-28 ULL fiber (82.8 km average length) and
EDFA-only optical amplification. At 1550 nm, the measured av-
erage fiber loss is 0.169 dB/km (14.6 dB/span with connector
loss included) and the average dispersion is 15.9 ps/-nm (17.6
ps/nm-km at 1580 nm). In this experiment, we used no optical
dispersion compensation. Gain-flattened two-stage EDFAs are
used to compensate for the span loss. The total launch power
into the transmission fiber is 20 dBm (17 dBm for both the
C-band and L-band), corresponding to —5 dBm per channel. At
such a launch power, stimulated Raman scattering introduces
2.5 dB/span gain tilt across the C + L bandwidth. This Raman
tilt is compensated every span by introducing an opposite EDFA
tilt through a midstage variable attenuator. For the 580 km trans-
mission link, the measured total link PMD is 0.485 ps.

At the receiver, the measured channel is selected following a
25 GHz deinterleaver with two optical tunable filters, OTF1 (0.3
nm for the C-band and 0.55 nm for the L-band) and OTF2 (1 nm
for both the C- and L-bands). We use a full C + L-band tunable
ECL with ~100-kHz linewidth as the LO. As described in the
previous section, four single-ended photodetectors followed by
a four-channel real-time sampling scope are used to convert op-
tical signal into digitized electrical signal.
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Fig. 13. Measured results on the impact of DWDM crosstalk for 25 GHz
channel spacing.

Experimental results are presented in Figs. 12-15. In
Fig. 12(a) and (b), we show the impact of 25 GHz inter-
leaver on the generated 114-Gb/s PDM-RZ-8QAM signal in
a back-to-back measurement. One can see that two cascaded
25-GHz interleavers only result to about 0.6 dB OSNR penalty
at BER 2 x 10~3. The measured results on the impact of
DWDM crosstalk are shown in Fig. 13, where the BER of the
middle channel (total of eight channels for this measurement)
versus received OSNR with and without neighboring DWDM
channels are displayed. One can see that the DWDM crosstalk
introduces about 0.9 dB OSNR penalty at 2 x 1073,

The results for the 32 Tb/s transmission experiment are shown
in Figs. 14 and 15. In Fig. 14(a)—(c), we show the measured
optical spectra of the 160 odd-channel signal without modu-
lation, and the modulated 320-channel signal before and after
transmission, respectively. The transmitted OSNRs in a 0.1 nm
noise bandwidth at 1532.4 (the shortest wavelength), 1564.07,
1569.94, and 1603.3 nm (the longest wavelength) are 29.9, 34,
31, and 30.5 dB, respectively. After 580 km transmission, the
OSNR decreases to 22.1, 24.8, 24.1, and 23.6 dB, accordingly.
The measured BERs (an average of both X- and Y-polarization)
for all the 320 channels are shown in Fig. 15, where the inset
shows the received constellation diagrams at 1539.97 nm, which
is among the worst performing channels. As shown in Fig. 18,
all 320 channels have a BER below the enhanced FEC threshold
2x 1072, Note that the BER spectrum (BER versus wavelength)
shown in Fig. 15 is different from the received OSNR spectrum
shown in Fig. 14(c). The reason may lie in the following two fac-
tors. 1) The BER performance of each wavelength channel de-
pends not only on the received OSNR, but also on the impact of
fiber nonlinear effects: the channel with higher receiving OSNR
usually suffers more from the fiber nonlinear effects and there-
fore not necessarily results to a better BER performance. 2) The
back-to-back performance difference between different chan-
nels may not be trivial due to the use of multiple cascaded op-
tical modulators in the transmitter. We did not use any channel
power emphasis at the transmitter side [see Fig. 14(b)], but tilt
preemphasis has been introduced in some of the inline optical
amplifiers (in span 2, 4, and 6) to improve the OSNR perfor-
mance of the shorter wavelength channel.
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V. CONCLUSION

We have proposed a novel synthesizing method for
high-speed 8QAM optical signal generation, employing
only commercial optical modulators with binary electrical drive
signals. With the proposed method, we successfully generated
a 114 Gb/s PDM-8QAM optical signal using a commercial
dual-parallel MZM followed by a common (0, 7/2) PM.
Through simulation, we also show that the performance of
the proposed high-speed 8QAM modulator can be improved
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by a modification in the design of dual-parallel MZM and by
introducing an MZM-based (0, 7/2) PM.

To improve the reception of the generated PDM-8QAM op-
tical signal through intradyne detection, a new cascaded mul-
timodulus equalization algorithm has been proposed for blind
polarization demultiplexing of PDM-8QAM signal. We experi-
mentally show that the proposed algorithm can achieve signifi-
cantly better signal-to-noise performance than the classic CMA.

Using the proposed high-speed 8QAM modulator tech-
nology and blind equalization algorithm, we have demonstrated
successful transmission of a record 32-Tb/s fiber capacity
(320 x 114 Gb/s) over 580 km of ULL SMF-28 fiber utilizing
C + L-band EDFA-only optical amplification and single-ended
coherent detection technique, at a spectral efficiency of 4.0
bit/s/Hz.
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