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SUMMARY To meet the increasing demand to expand wavelength di-
vision multiplexing (WDM) transmission capacity, ultrahigh spectral den-
sity coherent optical transmission employing multi-level modulation for-
mats has attracted a lot of attention. In particular, ultrahigh multi-level
quadrature amplitude modulation (QAM) has an enormous advantage as
regards expanding the spectral efficiency to 10 bit/s/Hz and even approach-
ing the Shannon limit. We describe fundamental technologies for ultrahigh
spectral density coherent QAM transmission and present experimental re-
sults on polarization-multiplexed 256 QAM coherent optical transmission
using heterodyne and homodyne detection with a frequency-stabilized laser
and an optical phase-locked loop technique. In this experiment, Raman am-
plifiers are newly adopted to decrease the signal power, which can reduce
the fiber nonlinearity. As a result, the power penalty was reduced from 5.3
to 2.0 dB. A 64 Gbit/s data signal is successfully transmitted over 160 km
with an optical bandwidth of 5.4 GHz.
key words: coherent transmission, quadrature amplitude modulation,
spectral efficiency, frequency-stabilized laser, optical phase-locked loop

1. Introduction

Transmission with high spectral efficiency employing multi-
level modulation formats has attracted a lot of attention with
a view to expanding the capacity of wavelength division
multiplexing (WDM) transmission systems, because multi-
bit information can be transmitted by one symbol data.
Multi-level modulation also enables us to realize a high-
speed system with low-speed devices, and therefore helps to
enhance tolerance to chromatic dispersion and polarization
mode dispersion as well as to reduce power consumption.

Recently, a number of experimental results have been
reported in which multi-level phase-shift keying (PSK) or
a combination of PSK and amplitude-shift keying (ASK)
has been employed for such a purpose [1], [2]. Of
these approaches, coherent quadrature amplitude modula-
tion (QAM) [3]–[15] is one of the most spectrally efficient
modulation formats. A 2N QAM signal processed N bits in
a single channel, so it has N times the spectral efficiency
of on-off keying (OOK). For example, if we can employ
256–1024 QAM, which was originally developed for mi-
crowaves, we may obtain enormous advantages such as an
ultrahigh spectral efficiency exceeding 10 bit/s/Hz.

Orthogonal frequency division multiplexing (OFDM)
is another approach that has attracted a lot of attention in
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Fig. 1 Spectral efficiency of M-ary QAM signal and the Shannon limit.
Eb/N0 at BER = 10−4 is shown assuming synchronous detection.

relation to transmission with high spectral efficiency. In
OFDM transmission, the multi-carrier transmission of low-
speed orthogonal subcarriers enables us to improve both
spectral efficiency and dispersion tolerance by adopting
high-level subcarrier modulation format and employing co-
herent detection [16]–[21].

The spectral efficiency of an M-ary QAM signal is
shown in Fig. 1 as a function of the energy to noise power
density ratio per bit, Eb/N0. Here, ultimate spectral effi-
ciency is given by the Shannon limit:

C
W
= log2

(
1 +

Eb

N0

C
W

)
(1)

Here C and W are the channel capacity and signal band-
width, respectively. Equation (1) is known the Shannon-
Hartley theorem [22]. This figure indicates that, as the mul-
tiplicity M increases, the spectral efficiency of M-QAM ap-
proaches closer to the Shannon limit than other advanced
modulation formats such as M-PSK or M-frequency-shift
keying (FSK). The increase in M, however, requires a larger
Eb/N0 value under the same BER. So the forward error cor-
rection (FEC) technique [23], which has been developed to
realize a better BER performance with a lower Eb/N0, plays
an important role for realizing ultrahigh spectral efficiency
by using ultra-multi-level QAM format.

Figure 2 shows recent transmission experiments with
high spectral efficiency using polarization-multiplexed M-
PSK [1], M-QAM [8]–[14], and OFDM [19]–[21] formats
in which BER lower than the FEC limit of 2 × 10−3 was
achieved. This figure indicates that the multiplicity of the
QAM signals larger than 128 levels is needed to achieve a
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Fig. 2 Recent transmission experiments with high spectral efficiency.

spectral efficiency higher than 10 bit/s/Hz.
We have demonstrated a polarization-multiplexed 256

QAM coherent optical transmission over 160 km using ho-
modyne detection with a frequency-stabilized laser and an
optical phase-locked loop (OPLL) technique [15]. We
adopted erbium-doped fiber amplifiers (EDFAs) as optical
repeaters. However, there was a power penalty of as large as
5.3 dB at a BER of 2×10−3. In this paper, we present an im-
proved experimental result for a 256 QAM coherent optical
transmission with Raman amplifiers and EDFAs. By reduc-
ing a launch power into the optical transmission line with-
out optical signal-to-noise ratio (OSNR) degradation by us-
ing Raman amplifiers, fiber nonlinearity such as cross phase
modulation (XPM) between the two polarizations, is sup-
pressed, resulting in a power penalty reduction from 5.3 to
2.0 dB.

2. Fundamental Configuration and Key Components
of QAM Coherent Optical Transmission

The fundamental configuration of a QAM coherent optical
transmission is shown in Fig. 3. A CW, C2H2 frequency-
stabilized fiber laser is employed as a coherent light source
[24]. The optical QAM signal can be easily generated
with an IQ modulator [25] consisting of two nested Mach-
Zehnder (MZ) modulators and a 90- degree phase shifter
driven by QAM signals from arbitrary waveform generator
(AWG). A transmitted QAM signal and a local oscillator
(LO) signal are heterodyne detected with a photo detector
(PD). Then, the optical QAM signal is converted to an in-
termediate frequency (IF) signal. Here, an OPLL technique
[26] using a high-speed free-running laser as an LO is also
very important as regards the automatic frequency control
of the IF carrier. The IF signal is then A/D converted and
accumulated in a digital signal processor (DSP). All digital
signals are demodulated into I and Q data and finally into
a binary sequence in the DSP. Because of the software de-
modulation, this transmission system operates in an off-line
condition. In this section, we describe these key components
for QAM coherent transmission.

Fig. 3 Fundamental configuration for QAM coherent optical
transmission system.

2.1 C2H2 Frequency-Stabilized Erbium-Doped Fiber Ring
Laser

A stable optical frequency in the 1.5 μm region is indis-
pensable as a light source for QAM coherent transmission.
C2H2 molecules have been utilized as a frequency stan-
dard to stabilize the frequency of semiconductor and fiber
lasers at 1.55 μm [27]. We constructed a C2H2 frequency-
stabilized, polarization-maintaining erbium-doped fiber ring
laser [24] and used it as a transmitter. A 1.5 GHz ultra-
narrow polarization-maintaining fiber Bragg grating (FBG)
filter [28] was installed in a 4 m-long laser cavity to real-
ize single-frequency operation. The laser output power was
4.5 mW with a pump power of 200 mW. The linewidth mea-
sured by using a delayed self-heterodyne detection method
[29] with a 50 km delay fiber was 4 kHz. The frequency sta-
bility evaluated from the square root of the Allan variance
[30] was 2.5 × 10−11 for an integration time, τ, of 1 s, and
6.3 × 10−12 for a τ of 100 s. Excellent short and long-term
stabilities were obtained.

2.2 Optical PLL for Coherent Transmission Using Hetero-
dyne Detection with Fiber Lasers

The precise optical phase control of light sources is very
important for coherent optical transmission with heterodyne
detection. The optical frequency difference between a trans-
mitter and an LO must be kept constant in order to obtain a
stable IF signal. In a heterodyne detection system, the use
of a high-speed OPLL is a key technique for automatic fre-
quency control. The linewidth of the IF signal is evaluated
as

σ2
φ =
δ fS + δ fL

2 fc
(2)

where δ fS and δ fL are the linewidth of the transmitter
and LO, and fc is the bandwidth of the feedback circuit
[31]. This indicates that the reduction of the phase noise
(linewidth) of the two lasers and the large bandwidth of the
feedback circuit are very important factors as regards realiz-
ing a precise OPLL. Of the many available lasers, the fiber
laser is suitable for an OPLL because of its low phase noise
(narrow linewidth), because this allows the laser to be ap-
plied directly to an OPLL system.
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Fig. 4 Constellation maps of 64, 128, and 256 QAM signals and the
comparison of the tolerable phase noise.

In our OPLL circuit, we used a frequency-tunable
erbium-doped fiber laser as an LO with a linewidth of 4 kHz.
The bandwidth of the feedback circuit consisting of loop fil-
ters was 1 MHz. The phase noise variance (RMS) of the
IF signal under OPLL operation was as low as 0.3 degrees.
This low phase noise of the IF signal in spite of the relatively
large PLL bandwidth is attributed to the narrow linewidth of
the fiber laser.

The tolerance of the phase noise for 64, 128, and 256
QAM signals can be estimated from constellation maps. As
shown in Fig. 4, the half angle between the two closest sym-
bols is δφ = 4.7, 2.7, and 2.0 degree for 64, 128, and 256
QAM, respectively, which correspond to the tolerable phase
noise. Therefore, the RMS phase noise of 0.3 degree is suf-
ficiently small for demodulating even a 256 QAM signal.

2.3 IQ modulator

An optical IQ modulator is composed of three MZ inter-
ferometers based on LN waveguide [25]. In the LN-based
IQ modulator, surface acoustic wave are generated by the
piezoelectric effect in the LN crystal, which degrades the
low-frequency response of the modulator [32]. To suppress
the acoustic wave, we tapered the edge of the modulator and
reduced its thickness. Figures 5(a) and (b) show the E/O
characteristics of IQ modulators with the conventional and
new structures, respectively. The low-frequency response
was successfully improved with the new structure. This im-
provement plays a very important role in increasing the mul-
tiplicity level in QAM transmission.

2.4 Digital Demodulator

Figure 6 shows a schematic diagram of our digital demod-
ulator. The IF signal data are first A/D converted and ac-
cumulated in a high-speed digital scope, whose sampling

Fig. 5 Improvement of IQ modulator. Schematic diagram of the mod-
ulator and its E/O characteristics of IQ modulator (a) before and (b) after
improvement.

Fig. 6 Diagram of digital signal processor.

frequency, bandwidth, and vertical resolution are 40 Gsam-
ple/s, 12 GHz, and 8 bit, respectively. Then I and Q data are
demodulated with software by multiplying synchronous co-
sine and sine functions, respectively, onto I+Q data. Finally
the demodulated data are converted into binary data in the
software decoder. Here the center frequency of the IF signal
is determined by an operation frequency of the synthesizer
used in the OPLL circuit. In this off-line system, we send
the frequency information to the DSP, and the clock signal
used for the IQ demodulation is recovered by the software
processing.

3. 256 QAM Coherent Optical Transmission

We undertook a signle-channel 256 QAM transmission over
160 km based on the configuration described above. By in-
troducing polarization multi-plexing in a 4 Gsymbol/s 256
(28) QAM transmision, a data speed of 64 Gbit/s was ob-
tained. In our previous work, the launch power into the op-
tical transmission line was set at −2 dBm [15]. This power
level was chosen to optimize the nonlinearity and OSNR.
This time, we adopted Raman amplifiers and reduced the
launch power to −8 dBm with the same OSNR as our pre-
vious work. As a result, the nonlinear effect in the optical
transmission line was suppressed and the BER performance
was successfully improved.
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Fig. 7 Experimental setup for Pol-Mux, 4 Gsymbol/s, 256 QAM coher-
ent optical transmission over 160 km using Raman amplifiers.

Fig. 8 Configuration of 160 km transmission fiber link.

3.1 Polarization-Multiplexed 4 Gsymbol/s, 256 QAM
Transmission Setup

The experimental setup is shown Fig. 7. The frequency-
stabilized laser output (fS) is split into two arms via an
erbium-doped fiber amplifier (EDFA). One arm is coupled
to an IQ modulator, where the beam is modulated with a
4 Gsymbol/s, 256 QAM baseband signal generated by an
AWG running at 8 Gsample/s. Here, standard electrical am-
plifiers for data modulation with a bandwidth of more than
10 GHz are used to amplify the baseband signal. We em-
ployed a raised-cosine Nyquist filter [33] with a roll-off fac-
tor of 0.35 at the AWG using a software program to reduce
the bandwidth of the QAM signal to 5.4 GHz. A signal
with a carrier frequency is then orthogonally polarization-
multiplexed with a polarization beam combiner (PBC). The
other frequency-stabilized beam is coupled to an optical
frequency-shifter (OFS), which provides a frequency down-
shift of 10 GHz (fS − 10 GHz) against the data signal. Then,
the frequency-shifted signal is used as a pilot tone signal
that tracks the optical phase of the LO under optical PLL
operation.

The polarization of the pilot tone signal is the same as
one of the polarization axes of the two QAM signals. These
signals are combined and launched into a 160 km transmis-
sion fiber link, which is composed of two 80 km SSMF,
two backward Raman amplifiers and an EDFA, as shown in

Fig. 9 OSNR versus launch power.

Fig. 10 Block diagram of compensation for waveform distortion.

Fig. 8. The pump power and gain of the Raman amplifiers
were 500 mW and 15 dB, respectively. Figure 9 shows the
OSNR after a 160 km transmission versus the launch power.
With a launch power of −8 dBm, the OSNR was 34.3 dB.
This OSNR is almost the same as that obtained in our previ-
ous work, which we undertook without a Raman amplifier.
We set the launch power at −8 dBm and compared the BER
performance in experimental results obtained with and with-
out a Raman amplifier to discuss the nonlinear effect in the
optical transmission line.

At the receiver, the QAM signals are polarization- de-
multiplexed with Polarizer1. Here, we define the power
launched into an EDFA preamplifier as the received power.
The amplified signal then passes through an FBG optical
filter with a 5 GHz bandwidth and Polarizer2 for ASE noise
reduction. After that, the signal is homodyne-detected with
a 90-degree optical hybrid using an LO signal from a fre-
quency tunable fiber laser whose phase is locked to the
transmitted pilot tone signal. After detection with balanced
photodiodes (B-PDs), the data are A/D-converted and post-
processed with a DSP in an off-line condition.

3.2 Compensation for Waveform Distortion

Waveform distortions of the QAM signal are caused by im-
perfect implementation of hardware, for example the AWG
and the IQ modulator, and chromatic dispersion and non-
linear effect in the optical fiber transmission line. We in-
troduced pre-distortion for the waveform compensation into
QAM signal using software at the AWG. Figure 10 shows
the block diagram of the compensation for the waveform
distortion. Self-phase modulation (SPM) can be compen-
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sated by introducing an artificial phase rotation that cancels
the SPM-induced phase rotation [34]. The SPM-induced
phase rotation is given by

Δφc = γPLeff × N, (3)

Leff =
1
α

(
1 − e−αL

)
(4)

where γ is a nonlinear coefficient, P is the transmission
power, L is the span length, Leff is the effective span length
that takes account of the fiber loss α defined as Eq. (4),
and N is the number of spans. From the parameters cor-
responding to the present experiment, γ = 1.5 W−1km−1, α
= 0.2 dB/km (0.046 km−1), L = 80 km, and N = 2, we obtain
k = Δφ/P = 0.064 rad/mW. We introduced SPM compensa-
tion by adding a phase shift

Δφc = −k
{
PI(t) + PQ(t)

}
(5)

to the QAM signal, where PI and PQ are the optical powers
of the I and Q data, respectively. The SPM compensated
QAM data (I1, Q1) is given by(

I1(t)
Q1(t)

)
=

(
cos(Δφc(t)) − sin(Δφc(t))
sin(Δφc(t)) cos(Δφc(t))

) (
I(t)
Q(t)

)
(6)

Other waveform distortions caused by chromatic dispersion
and imperfect implementation of hardware were compen-
sated by using a finite impulse response (FIR) filter [35]
with 99 taps. The second compensated QAM data (I2, Q2)
is given by

(
I2(t)
Q2(t)

)
=

49∑
n=−49

(
Re(h(nT )) −Im(h(nT ))
Im(h(nT )) Re(h(nT ))

) (
I1(t − nT )
Q1(t − nT )

)
(7)

where h(nT) is the impulse response of the QAM coherent
transmission system, and T is symbol period. Finally, the
compensated QAM analog data signals (Ic, Qc) are output
via D/A converters.

In addition, we employed an adaptive FIR filter in the
DSP at the receiver as shown in Fig. 6 to compensate for the
waveform distortion caused by the fluctuation in the optical
transmission line.

3.3 Transmission Results

Figure 11 shows the optical spectra of the QAM signal be-
fore and after 160 km transmission, (a) and (b) respectively,
and the electrical spectrum of the demodulated signal at the
DSP (c). Here the launch power of the QAM data signal and
tone signal were −8 and −24 dBm, respectively. The OSNR
was reduced by 6.5 dB due to ASE noise. The demodula-
tion bandwidth was set at 5.4 GHz due to the adoption of a
Nyquist filter.

Figure 12 shows the electrical spectrum of a beat sig-
nal between the pilot tone (fS − 10 GHz) and LO signals (fL

= fS) under optical PLL operation after 160 km transmissin.
The beat frequency was set at 10 GHz to realize homodyne
detection, that is, the carrier frequency of the QAM signal

Fig. 11 Optical spectra of the QAM signal before (a) and after (b)
160 km transmission, and (c) electrical spectrum of the demodulated sig-
nal at the DSP.

Fig. 12 Electrical spectrum of a beat signal between a pilot signal and an
LO under PLL operation after a 160 km transmission.

coincides with that of the LO. The linewidth of the spectrum
was less than the 10 Hz frequency resolution of the electrical
spectrum analyzer. The phase noise estimated by integrat-
ing the SSB noise power spectrum was 0.48 degree. Al-
though the phase noise was increased due to the decrease in
the SNR of the pilot tone signal after 160 km transmissin, it
was smaller than the tolerable phase noise for the 256 QAM
format of 2.0 degree.

The BER performance for the polarization-multipl-
exed, 4 Gsymbol/s, 256 QAM transmission is shown in
Fig. 13(a). Figures 13(b) and (c) show constellation maps
for the back-to-back condition and after a 160 km transmis-
sion, respectively, at the maximum received power. Here,
the maximum data length for demodulation was limited to
4096 symbols owing to the DSP memory size, which corre-
sponds to a BER limit of up to 3.1× 10−5. So we used a 256
QAM signal with 4096 random patterns. This data length
is shorter than that necessary to cover all symbol transition
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Fig. 13 BER characteristics of Pol-Mux, 4 Gsymbol/s, 256 QAM trans-
mission over 160 km (a) and constellations (4096 × 4 symbols) before and
after 160 km transmission (b), (c).

of 216 (= 256 × 256). To confirm the pattern length inde-
pendence of the demodulation performance, we evaluated
the difference between the error vector magnitudes (EVM)
of demodulation results obtained with our 4096 pattern data
and longer data generated by using 217 − 1 PRBS signal in
a back-to-back condition. In a demodulation for the long
data, multiple 4096 pattern measurements were performed
and the average value of each measurement was calculated.
As a result, the EVM we obtained with our 4096 pattern
(1.45%) was almost the same as that obtained with the long
data (1.50%). We measured the BER 10 times, and the aver-
age values are plotted in Fig. 13(a), where a broken line and
two solid lines indicate a theoretical back-to-back curve and
estimated BER curves for back-to-back and 160 km trans-
missions including the distortions caused by imperfect im-
plementation of the hardware and the phase noise of the IF
signal as shown in Fig. 12. The magnitude of the distortion
produced by the hardware was calculated from the distribu-
tions of the constellations shown in Fig. 13(b). In the back-
to-back condition, the estimated curve fits the experimen-
tal result well. This indicates that the difference of 2.2 dB
between the theoretical and experimental values can be at-
tributed to the incompleteness of distortion compensation
for the imperfect implementation of the hardware described
in Sect. 3.2. In Fig. 13(a), we plot experimental results ob-
tained without a Raman amplifier in our previous work [15].
The power penalty after 160 km transmission was reduced
from 5.3 to 2.0 dB by reducing the launch power from −2

to −8 dBm with a Raman amplifier. This indicates that the
power penalty in our previous work was mainly caused by
fiber nonlinearity such as XPM between two polarizations.
The estimated BER curve does not precisely fit the experi-
mental result obtained with the Raman amplifier. The resid-
ual 2.0 dB penalty may be caused by OSNR degradation af-
ter the 160 km transmission and residual nonlinearity. Al-
though error free transmission was not possible, 64 Gbit/s
data were transmitted over 160 km with an optical band-
width of 5.4 GHz.

4. Conclusion

We described a 160 km transmission (two 80 km spans) of
a polarization-multiplexed, 4 Gsymbol/s, 256 QAM signal
with an optical bandwidth of 5.4 GHz. By using a Raman
amplifier and optimizing the launch power to suppress fiber
nonlinearity such as XPM, the power penalty was success-
fully reduced from 5.3 to 2.0 dB. This result indicates the
possibility of realizing an ultrahigh spectral efficiency of
approximately 11 bit/s/Hz in a multi-channel transmission
even when taking account of the 7% FEC overhead. Such
an ultrahigh spectrally efficient transmission system would
also play very important roles as regards increasing the total
capacity of WDM systems and improving tolerance to chro-
matic dispersion and polarization mode dispersion as well
as in reducing power consumption.
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