
976 CHINESE OPTICS LETTERS / Vol. 8, No. 10 / October 10, 2010

40-Gb/s PolMux-QPSK transmission using low-voltage
modulation and single-ended digital coherent detection
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We demonstrate a novel 40-Gb/s transmission system over a 10×101-km standard single mode fiber (SSMF)
loop. This system features polarization multiplexed quadrature phase shift keying (PolMux-QPSK), low-
voltage modulation of 2-V peak-to-peak signal amplitude, and home-made 90◦ optical hybrid with single-
ended digital coherent detection. Any power amplifers before the modulator and balanced detectors are
not used. In the case of low-voltage modulation, coherent detection is much less sensitive to modulator
bias offset than delay interferometer-based demodulation.

OCIS codes: 060.0060, 060.1660, 060.5060.
doi: 10.3788/COL20100810.0976.

In recent years, spectral efficient, high-speed optical
transmission has been explored using various novel mod-
ulations such as differential phase shift keying (DPSK),
polarization-multiplexed (PolMux) quadrature phase-
shift keying (QPSK)[1−4], PolMux-8PSK[5,6], PolMux-
64QAM[7], and optical orthogonal frequency division
multiplexing (OFDM)[8]. These modulation methods not
only have greatly increased the spectrum efficiency in
optical transmission, but also have made the transmit-
ter and receiver increasingly complicated. In this let-
ter, we report a simple 40-Gb/s PolMux-QPSK trans-
mission system over 1000-km standard single mode fiber
(SSMF) using home-made polarization diversity 90◦ hy-
brids based on fiber devices, single-ended detection, and
power-efficient QPSK generation by low-voltage driving
signal. Using the novel digital signal processing (DSP)
algorithm[6], we find that single-ended coherent detection
can be employed in long-haul transmission, which can
greatly reduce system cost by replacing more expensive
balanced detectors. The frequently used electric ampli-
fiers at the lithium niobate (LiNbO3) modulator are not
used, which greatly cuts down the transmitter’s power
consumption and complexity. Under the same condition,
a small direct current (DC) bias offset of Mach-Zehnder
modulators (MZMs) can cause large power penalty in the
case of delay interferometer detection, but no serious ef-
fect in coherent detection.

In the PolMux-QPSK transmission system (Fig. 1),
a dual-parallel MZM is used to generate optical QPSK
signal. The bias voltages of A, B, and C are carefully
adjusted. The in-phase and quadrature (I and Q, respec-
tively) branches are driven by the same 10-Gb/s pseudo-
random bit sequence (PRBS, pattern length of 215–1),
and a delay of 51 bits is introduced between them. Elec-
tric amplifiers are not used before the modulator, thus the
driving signal of data-I and Q have a 2-V peak-to-peak
(PP) voltage. Since the incoming signal is small com-
pared with the half-wave voltage (Vπ ≈6 V) of the modu-
lator, it leads to a 22-dB insertion loss. An erbium-doped
fiber amplifier (EDFA1) is thus used to raise the signal

light power from –18 to ∼3 dBm. After the modulator,
the signal light is separated into two copies by a 3-dB cou-
pler and then one path is delayed by a SSMF of about 3
m, causing the data in the two paths to become uncor-
related. Then, the two signals are combined by a polar-
ization beam combiner (PBC). Afterward, the PolMux-
QPSK signal circles around the fiber loop. MagLight op-
tical switches 1 and 2 are used in the loop and a MSP430
micro-controller is used to control the switches. The loop
contains a 3-dB coupler, a 101-km SSMF, and an opti-
cal filter with 0.8-nm bandwidth, which has a total loss
of about 30 dB (3+21+6 dB). The light power launched
into the 101-km fiber is about –1 dBm. The loop loss
is compensated by EDFA2, which has a noise figure of
about 5 dB. Meanwhile, the loop dispersion is compen-
sated by a digital finite impulse response (FIR) filter in
the receiver instead of a dispersion compensation fiber.
In the loop, the optical signal-to-noise ratio (OSNR) of
the output light can be calculated according to

OSNR = 58 + Pout − G − NF − 10lgN. (1)

The output power from EDFA2 Pout is 8 dBm, the total
loop loss G=30 dB, and the EDFA noise figure NF=5 dB.
After N=10 circles, OSNR is 21 dB.

At the receiver end, a home-made polarization diversity
90◦ hybrid based on fiber devices[9] is employed to mix
signal with the local lightwave emitted from a distributed
feedback (DFB) laser with 5-MHz linewidth for single-
ended digital coherent detection. The cost-effective 90◦

hybrid is composed of three fiber couplers and three
PBCs with stability longer than 24 h. The complex op-
tical fields Ix + jQx and Iy + jQy in the x and y axes are
digitalized and stored through an Agilent real-time sam-
pling scope (DSO81204) with a 20-GS/s sampling rate.
The sampled data length is 20 µs, which is limited by
the memory depth of the scope. DSP algorithms, includ-
ing normalized regulation (calibration of the non-ideal
feature of the 90◦ hybrid such as nonorthogonality and
inequality of the I and Q branches), chromatic dispersion
compensation, polarization demultiplexing, carrier phase
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Fig. 1. PolMux-QPSK transmission system with a single-ended polarization diversity-coherent receiver.
PBS: polarization beam splitter. PD: photodetector.

estimation, and some other equalizations are then per-
formed offline to retrieve data.

At the receiver, the complex optical field
[
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]

of the received signal light is obtained with the help of
polarization-diverse optical coherent detection. To sep-
arate the polarization multiplexed signals, the inverse

Jones matrix
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of the transmission fiber is

calculated using the adaptive constant modulus algo-
rithm (CMA). The offline processing includes chromatic
dispersion compensation[10], CMA-based polarization
demultiplexing[2] instead of optical demultiplexing[11],
and phase noise estimation[3]. The originally transmit-

ted complex signal
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, contaminated by noise, is

calculated to construct a signal constellation diagram, as
shown in Fig. 2.

The constellation diagrams in the case of 100-, 500-,
and 1000-km transmission are plotted in Fig. 3. In the
figures, the shape of the constellation diagram is not a
square but a rhombus (originally demodulated constel-
lation diagram). The reason is that the optical phase
difference between the two paths of the dual-parallel
MZM is not exactly π/2, which is a serious problem in
delay interferometer-based demodulation but less in co-
herent detection. The left constellation diagrams are for
x polarization, while the right ones are for y polarization.
We can see that the noise of x polarization is larger. This
can be attributed to the weaker power and larger power
deviation of x polarization, which experiences a delay
line of the SMF fiber. The resulted difference of OSNR
between the x and y polarizations increases through the
increasing circling number in the gain competition in
EDFA (Fig. 3). In a practical coherent system, the x
and y polarizations cannot be distinguished because of
the symmetrical characteristics of the CMA if the two
polarizations are independently modulated. In the ex-
periment, this discrimination is achieved by the fixed
time delay between the modulated data on the x and
y axes. In a practical polarization multiplexed system,
some label bits for channel tracking may be added in the
x or y polarization channel to solve this problem.

In the experiment, the small bias offset of the mod-
ulator could cause more serious distortion of the signal

diagram because we did not use electrical amplifiers to
drive the LiNbO3 MZM. However, compared with the
delay interferometer-based detection, coherent detec-
tion can tolerate this distortion better. In this letter, we
compare two detection methods for QPSK signal—delay-
interferometer based detection and coherent detection—
using the VPI simulation tool. The (normalized) demod-
ulated eye diagram distorted by 5% Vπ of bias offset from
the NULL point of the MZM modulator is recorded by
delay interferometer-based detection with and without
drivers (signal amplitude (PP) ≈ 8 and 2 V, Vπ ≈ 6 V),
as shown in Fig. 4.

Apparently, the demodulated signal is seriously af-
fected by the bias offset of the modulator in the case
of small signal modulation; the bias offset NULL point
breaks up the symmetry of the constellation diagram. In
the delay interferometer-based detection, this asymmetry
causes a multi-level demodulated signal, which is depen-
dent on the amplitude and phase shift combination of two
adjacent symbols. Such condition becomes even more
serious in small signal modulation because the symbol

Fig. 2. Digital algorithm of offline processing.

Fig. 3. QPSK constellation diagrams of different transmission
distance (a) 100, (b) 500, and (c) 1000 km.
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Fig. 4. Eye diagrams based on delay interferometer detection
(a) with and (b) without amplifiers.

Fig. 5. Constellation diagrams based on coherent detection
(a) with amplifiers, (b) without amplifiers, and (c) without
amplifiers but compensated by digital signal processing.

Fig. 6. BER versus transmission distance with (BER2) and
without (BER1) digital processing.

magnitude variation is enlarged. In coherent detection,
however, this asymmetry causes the constellation dia-
gram to move to a non-zero point that can be easily com-
pensated by DSP, as shown in Fig. 5.

Consequently, in a coherent detection system, low-
voltage modulation without driver is applicable because
it is robust to the bias offset of a modulator and cost
effective by simplifying the transmitter.

The received signal is decoded differentially and the
bit error rate (BER) calculated by comparing the de-
coded bits with the known bit sequence. The BERs
versus transmission distance with and without a single-
ended noise reduction algorithm[5] are plotted in Fig. 6,
in which only the BER of the x polarization is plotted
similar to that of the y polarization. In the experiment,
the storage depth of the Agilent real-time scope is 4×105

samples (20 µs for 20 GS/s sampling rate). Thus the
BER is calculated based on 4×105 bits, and any BER
below 2.5×10−6 is unavailable. The single-ended noise

reduction algorithm is used to suppress the squared dis-
tortion of signal in single-ended detection resulting from
the square-law detection of light in the photodiode, which
allows larger signal input power. Result shows that this
algorithm can reduce about half of the BER and PolMux-
QPSK based on single-ended coherent detection can be
transmitted over a 1200-km fiber if forward error correc-
tion (FEC) is applied in a practical system.

In conclusion, we demonstrate a simple and low-cost
40-Gb/s PolMux-QPSK transmission system that em-
ploys low-voltage modulation, home-made fiber-based
optical 90◦ hybrid, and single-ended coherent detection
to achieve transmission over 10×101-km SSMF fiber loop
with a 30-dB loop loss. Low-voltage modulation is found
applicable in a coherent system compared with delay
interferometer-based detection because it is robust to the
bias offset of a modulator.
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