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Abstract—This paper describes a coherent optical receiver for
demodulating optical quadrature phase-shift keying (QPSK) sig-
nals. At the receiver, a phase-diversity homodyne detection scheme
is employed without locking the phase of the local oscillator (LO).
To handle the carrier phase drift, the carrier phase is estimated
with digital signal processing (DSP) on the homodyne-detected
signal. Such a scheme presents the following major advantages
over the conventional optical differential detection. First, its bit
error rate (BER) performance is better than that of differential
detection. This higher sensitivity can extend the reach of un-
repeated transmission systems and reduce crosstalk between
multiwavelength channels. Second, the optoelectronic conversion
process is linear, so that the whole optical signal information can
be postprocessed in the electrical domain. Third, this scheme is
applicable to multilevel modulation formats such as M -array PSK
and quadrature amplitude modulation (QAM). The performance
of the receiver is evaluated through various simulations and ex-
periments. As a result, an unrepeated transmission over 210 km
with a 20-Gb/s optical QPSK signal is achieved. Moreover, in
wavelength-division multiplexing (WDM) environment, coherent
detection allows the filtering of a desired wavelength channel to
reside entirely in the electrical domain, taking advantage of the
sharp cutoff characteristics of electrical filters. The experiments
show the feasibility to transmit polarization-multiplexed 40-Gb/s
QPSK signals over 200 km with channel spacing of 16 GHz, lead-
ing to a spectral efficiency as high as 2.5 b/s/Hz.

Index Terms—Optical fiber communication, phase modulation.

I. INTRODUCTION

MODULATION formats with high spectral efficiency
are attractive alternatives for upgrading the capacity

of currently deployed transmission links. While the spec-
tral efficiency of binary modulation formats is limited to
1 b/s/Hz/polarization, formats with 2 bits of information per
symbol can achieve up to 2 b/s/Hz/polarization of spectral
efficiency using half the symbol rate while maintaining the bit
rate. For optical communication systems, a reduced symbol rate
provides several advantages in terms of tolerance to chromatic
dispersion and polarization-mode dispersion (PMD).

Among various modulation formats that carry 2 bits of in-
formation per symbol, quadrature phase-shift keying (QPSK)
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is the most promising because of its superior transmission
characteristics [1], [2]. With polarization multiplexing, a bit rate
of 40 Gb/s is possible at the symbol rate of 10 Gsymbol/s, so
that such a scheme should result in high spectral efficiencies.
In recent years, several experiments have investigated the per-
formance of QPSK systems with optical differential detection,
where the receiver consisted of two sets of Mach–Zehnder
interferometers and balanced photodetectors [3]. However, dif-
ferential detection of QPSK signals requires an SNR per bit
of about 2 dB higher than synchronous coherent detection. If
synchronous optical coherent detection is employed, the bit
error rate (BER) performance of a QPSK system can ideally
match that of a BPSK system, halving the spectral width [4].
In addition, optical coherent detection can rely on the sharp
cutoff characteristics of electrical filters to demultiplex ad-
jacent channels in a wavelength-division multiplexed (WDM)
system.

To demodulate the QPSK signal, the synchronous coherent
receiver must either use a local oscillator (LO) locked to the
carrier phase or recover the carrier phase after homodyne de-
tection. Although coherent optical receivers based on an optical
phase-locked loop (PLL) have been studied since 1980 [5], the
optical PLL is still difficult to achieve, because the practical
voltage-controlled oscillator (VCO) operating at the optical
stage is not available. On the other hand, electrical digital signal
processing (DSP) circuits are becoming increasingly faster and
provide simple yet efficient means for estimating the carrier
phase [6], [7].

This paper presents the results of our recent developments
on an optical receiver that uses coherent detection with phase
estimation to demodulate QPSK signals. The in-phase and
quadrature components of an optical signal are retrieved using
a homodyne phase-diversity receiver without locking the phase
of the LO. Our DSP-based phase estimation scheme consists
of a simple and demultiplexable architecture that allows the
system to reach a significantly higher performance than differ-
ential detection. We demonstrate a 210-km unrepeated trans-
mission of a 20-Gb/s QPSK signal, taking advantage of the
higher sensitivity of our receiver. Our experiments also show
that polarization-multiplexed 40-Gb/s WDM QPSK signals can
be transmitted over 200 km with channel spacing of 16 GHz,
thus, achieving a spectral efficiency of 2.5 b/s/Hz.

This paper is organized as follows: Section II presents the
overall structure of our coherent optical receiver; Section III
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Fig. 1. Structure of the proposed coherent optical receiver.

describes the homodyne phase-diversity receiver that was used
in our experiments; Section IV describes the phase estimation
scheme with DSP; Sections V and VI present results of our
simulations and experiments, respectively; and Section VII is
the conclusion of the paper.

II. SYSTEM SETUP BASED ON HOMODYNE DETECTION

WITH PHASE ESTIMATION

The setup of our proposed system is shown in Fig. 1. The
in-phase and quadrature components of the optical signal are
retrieved with a homodyne phase-diversity receiver, and con-
verted to the electrical signals IPD1 and IPD2, respectively. De-
tails of the homodyne phase-diversity receiver will be described
in Section III. In opposition to direct detection, homodyne
detection provides linear optoelectrical conversion. When the
LO wavelength is set to λn, the channel at a wavelength λ(n+1)

will overlap the channel at a wavelength λ(n−1), but the channel
at the selected wavelength λn will not be overlapped by any
other wavelength channel. Therefore, the two electrical signals
IPD1 and IPD2 can be low-pass filtered to demultiplex the
selected wavelength from the incoming signal. The system can
benefit from the sharp cutoff characteristics of electrical filters,
without the need for any optical filter to filter out the adjacent
wavelength channels.

After being filtered, the signals IPD1(t) and IPD2(t) are
simultaneously sampled once every symbol period T with
analog-to-digital converters (ADCs). The sampled signals
IPD1(n) and IPD2(n), where n denotes the number of the
sample, are then processed with DSP circuits. The sampling can
be synchronous or asynchronous. When the signal envelope is
modulated in the return-to-zero (RZ) waveform, the intensity
of RZ pulses can be used as the sampling clock for synchro-
nous sampling. For asynchronous sampling, the signal must
be sampled at twice the symbol rate and then resampled to keep
one sample per symbol. In both cases, the carrier phase can be
evaluated with DSP and used to demodulate the data.

III. OPTICAL PHASE-DIVERSITY HOMODYNE RECEIVER

The optical phase-diversity homodyne receiver that was used
in our experiments is shown in Fig. 2. The receiver uses free-
space optical components packaged in a small metal case.
Orthogonal states of polarization for the LO and the incoming
signal create the 90◦ hybrid necessary for phase diversity. With
the λ/4 waveplate (QWP), the polarization of the LO becomes

Fig. 2. Construction of the homodyne phase-diversity receiver.

circular, while the signal remains linearly polarized and its
polarization angle is 45◦ with respect to the principal axis of
polarization beam splitters (PBSs). After passing through the
half mirror (HM), the PBSs separate the two polarization com-
ponents of the LO and signal while two balanced photodiodes
PD1 and PD2 detect the beat between the LO and signal in each
polarization.

The complex field of the signal can be represented by

E(t) =
√

Ps exp [j (θs(t) + θn(t))]

where Ps is the signal power, θs(t) the phase modulation
(= 0, π/2, π,−π/2), and θn(t) the carrier phase in reference
to the LO phase. The currents from PD1 and PD2 are ex-
pressed as

IPD1(t) =R
√

PsPLO cos (θs(t) + θn(t))

IPD2(t) =R
√

PsPLO sin (θs(t) + θn(t))

where R is the responsitivity of the photodiodes and PLO

the LO power. The electrical signals IPD1 and IPD2 con-
tain information on the amplitude and phase of the optical
signal.

In this receiver, we have to align the polarization state of the
incoming signal, and such polarization alignment is performed
manually in our experiments; however, in order to achieve the
polarization-independent operation of the receiver, it is possible
to introduce polarization diversity by splitting the incoming
signal into two orthogonal polarization components and com-
bining them after the electrical conversion. This property stems
from the linearity of the system.
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Fig. 3. DSP architecture for phase estimation and demodulation.

Fig. 4. Schematic of the demultiplexing unit.

IV. PHASE ESTIMATION WITH DSP

Since the linewidth of semiconductor distributed-feedback
(DFB) lasers used as the transmitter and LO typically ranges
from 100 kHz to 10 MHz, the optical carrier phase θn(t)
varies much more slowly than the phase modulation, whose
symbol rate is 10 Gsymbol/s in our experiments. Therefore,
by averaging the carrier phase over many symbol intervals,
it is possible to obtain an accurate phase estimate, as shown
in the following. In such a case, coherent detection will offer
significant improvement of BER performance over differen-
tial detection.

The reconstructed signal samples E(n) = [IPD1(n) +
jIPD2(n)], where n denotes the number of samples, are
processed in a DSP circuit. A block diagram of the DSP circuit
is shown in Fig. 3. The circuit consists of a demultiplexing
unit, several processing units (PUs) that estimate the phase and
demodulate the data, and a remultiplexing unit. The stream of
E(n) are demultiplexed into M blocks of N samples (as shown
in Fig. 4) before being sent to the PUs. The core processing
functions residing in the PUs can demodulate the data in
parallel and independently from each other, which allows this
architecture to support high symbol rates.

A schematic of a PU is shown in Fig. 5. E(i) (i =
1, . . . , N) to the fourth power cancels the phase modulation θs

(= 0, π/2, π,−π/2), since E4 ∝ exp[j(4θn)]. The complex
amplitudes E4 are summed, so that the phase is averaged over
the entire block. The phase of the resulting complex amplitude
is divided by 4, leading to a phase estimate θe that lies between
−π/4 and π/4. The phase estimate θe is, thus, given as

θe =
1
4

arg

[
N∑

i=1

E4(i)

]
.

Discriminating the phase θs = [arg(E(i)) − θe] of the ith
sample among four states results in a symbol ti(= 00, 01,
11, or 10).

Fig. 5. Schematic of the PU that estimates the phase and demodulates the
data. T represents the threshold detector and C the comparator.

It is important to note that the data are differentially pre-
coded, even if we do not employ differential detection. For syn-
chronous coherent detection, differential precoding can solve
the phase ambiguity, as an alternative to periodically sending a
synchronization sequence. Comparing the symbol ti (i < N)
with the symbol t(i+1), we obtain the differentially decoded
symbol di. The (N − 1) data symbols di are passed to the
remultiplexing unit, along with the phase estimate θe and the
symbols t1 and tN .

The remultiplexing unit is shown in Fig. 6. The phase
estimate from the mth PU is denoted as θe(m). The data
symbol dN at the boundary between the (m − 1)th PU and the
mth PU will be adjusted by using the phase estimates θe(m)



LY-GAGNON et al.: COHERENT DETECTION OF OPTICAL QPSK SIGNALS WITH CARRIER PHASE ESTIMATION 15

Fig. 6. Schematic of the remultiplexing unit. T, C, and A represent the threshold detector, comparator, and adder, respectively. p(m − 1) adjusts the last symbol
dn from the (m − 1)th PU, depending on whether [θe(m) − θe(m − 1)] is greater than +π/4 or less than −π/4.

Fig. 7. Simulation results of the BER performance. Laser linewidths of (a) 325 kHz (σs = 0.02 at 10 Gsymbol/s) and (b) 2 MHz (σs = 0.05 at 10 Gsymbol/s).

and θe(m − 1) as follows: If the phase difference [θe(m) −
θe(m − 1)] is less than −π/4 (or greater than +π/4), the first
decoded symbol becomes the next (or previous) symbol of the
QPSK constellation. p(m − 1) in Fig. 6 shows such shift of
the symbol. This adjustment ensures that the phase estimates

follow the trajectory of the physical phase [6]. The shift register
serializes the decoded data symbols from d1 to dN of the
(m − 1)th PU, followed by the data symbols from d1 to dN

of the mth PU, and loops across the mth PU to remultiplex the
decoded data symbols.
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Fig. 8. Experimental setup for investigating the BER performance.

Fig. 9. Histogram of the phase difference ∆θ in a time interval of 50 ps. Dots
are measured values and the solid curve is a Gaussian fit.

V. SIMULATIONS

In this section, we calculate BER performance of the phase
estimation scheme and the differential detection scheme for
different levels of SNR per bit, using Monte Carlo simulations.
We assume that the phase difference θn(t + T ) − θn(t) in
a symbol interval T follows a Gaussian distribution with a
variance σ2

p = 4π∆fT , where ∆f denotes the spectral width
of the transmitter and LO [8].

Fig. 7 shows BER curves for phase estimation and differen-
tial detection at appropriate block lengths. We assume that σp =
0.02 in Fig. 7(a) and σp = 0.05 in Fig. 7(b), which correspond
to a sum of laser linewidths of 2∆f = 325 kHz and 2∆f =
2.0 MHz, respectively, at 10 Gsymbol/s. Fig. 7(a) shows that the
phase estimation scheme outperforms the differential detection
scheme, and the BER curve of the phase estimation scheme
is close to the ideal case without phase noise, when a block
length N = 10. We find that the larger block length gives us
the better BER performance, because the estimated phase has
less fluctuation owing to a larger number of averaged samples.
However, when the phase drift becomes larger, a good BER
performance cannot be achieved if N is too large. This is due
to the fact that the phase difference between the first and last

Fig. 10. Back-to-back BER performance measured with phase estimation
and differential demodulation (both electrical and optical).

Fig. 11. BER performance after 210 km of transmission measured with phase
estimation and differential demodulation.

samples of the block becomes significant. Fig. 7(b) presents
such case, where a block length of N = 10 is too large, but
N = 5 is appropriate if a BER of 10−9 is required. Therefore,
it is important to find the optimal block length depending on the
property of the laser phase noise.

In the abovementioned simulation, we did not take the beat-
frequency offset δf into account; however, we find that the
offset-induced phase deviation in a block 2πδfTN should be
smaller than 5◦, which means that the allowable frequency
offset is about 10 MHz for N = 10.

VI. EXPERIMENTS

A. Laser Phase Noise Measurement

Using the setup shown in Fig. 8, we characterized the phase
noise of our DFB lasers, collecting samples at the ADCs when
the optical signal was not modulated and the fiber link was
not inserted. The laser bias and temperature of the transmitter
and LO were maintained through a feedback loop so that the
frequency drift becomes lower than 10 MHz. At the receiver,
the optical signal went through the coherent receiver and was
detected with two balanced photodiodes PD1 and PD2, as
described in Section III. The signals IPD1 and IPD2 were
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Fig. 12. Complex amplitude after 210 km of transmission. (a), (b) Measured with phase estimation and differential demodulation, respectively, when
Pin = 12 dBm. (c), (d) Measured when Pin = 13.5 dBm.

simultaneously sampled at a rate of 20 Gsample/s with ADCs
embedded within a Tektronix TDS6804B oscilloscope.

The carrier phase θn(t) exhibited random fluctuation in time.
The histogram of the phase difference ∆θ = θn(t + T ) − θn(t)
measured in a period T of 50 ps (circles) is shown in Fig. 9
along with a Gaussian distribution fit (solid curve). The dis-
tribution agrees well with the Gaussian fit having the vari-
ance σ2

p = 9.1 × 10−5, which corresponds a linewidth ∆f of
about 150 kHz.

B. Back-to-Back BER Measurement

The back-to-back BER was measured by using the ex-
perimental setup shown in Fig. 8, where the fiber link was
not inserted. Two data tributaries were precoded at the pulse
pattern generator (PPG) such that differential decoding of the
transmitted data resulted in two PRBS7 sequences delayed by
63 symbols. The DFB laser output was modulated through
a LiNbO3 single-sideband (SSB) modulator at a bit rate of
2 × 10 Gb/s. The received power was adjusted with an attenua-
tor and monitored with a power meter (PM). The received signal
was amplified with an erbium-doped fiber amplifier (EDFA) to

−10 dBm before it was detected with the coherent receiver.
The polarization state of the incoming signal was adjusted
manually.

The BER measurement was performed off-line. The col-
lected samples were resampled to keep only one point per
symbol and combined to form an 80-ksymbol-long stream. The
number of errors was counted from these streams to determine
the BER. However, the real-time signal processing will be
possible by using a dedicated integrated circuit.

The receiver sensitivity of the system using phase estimation
is compared with that using differential detection in Fig. 10. For
phase estimation, the accumulated samples were demodulated
as explained in Section IV with a block length of N = 10. For
electrical differential detection, the phase difference between
two samples was used to decode the information. As a ref-
erence, the BER performance of optical differential detection
with a Mach–Zehnder interferometer is also shown by stars
in Fig. 10. Its performance is very similar to the differential
detection with the coherent receiver. The receiver sensitivity of
the phase estimate method is about 1.5 dB better than that of
the differential detection method at BER of 10−5, as predicted
by Fig. 7(a).
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Fig. 13. Experimental setup for polarization-multiplexed 40-Gb/s WDM QPSK transmission.

Fig. 14. Optical spectrum of three WDM channels with 16-GHz spacing.

C. 210-km Unrepeated Transmission Experiment

We used the experimental setup depicted by Fig. 8 to transmit
a QPSK signal over an unrepeated fiber span of 210 km. The
20-Gb/s QPSK signal was amplified to the power of Pin by
an EDFA before propagating through the unrepeated span of
210 km of dispersion-shifted fiber (DSF). Fig. 11 shows the
BER curves after 210 km of transmission. Pin is fixed to
12 dBm, at which the transmission impairment due to fiber
nonlinearity is not serious.

Our coherent receiver also offers a straightforward method of
monitoring the transmitted signal quality by plotting the com-

Fig. 15. Filtering characteristics of the low-pass electrical filters.

plex amplitude of the signal on the two-dimensional (2-D)
complex plane. Fig. 12(a) and (b) shows distributions of the
complex amplitude after 210-km propagation, which are ob-
tained with phase estimation and differential demodulation,
respectively. The received power in this case is −32.5 dBm.
When the phase estimation is employed, the distribution of the
complex amplitude is clearly separated into four regions as
shown in Fig. 12(a), and no error is recorded throughout the
streams of 80 kb, leading to a BER smaller than 1.25 × 10−5.

On the other hand, differentially demodulating the same sam-
ples presents a BER around 2 × 10−4 due to the larger phase
noise involved in the demodulation process [Fig. 12(b)]. The
BER performance of the 20-Gb/s QPSK signal after unrepeated
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210 km of transmission is, therefore, drastically improved with
phase estimation as shown in Fig. 11. When Pin is increased
above 13.5 dBm, fiber nonlinearity begins to cause severe
transmission impairment. The phase noise enhancement can be
observed with the phase estimation as shown in Fig. 12(c) but
is not clear in Fig. 12(d) with differential demodulation.

D. 40-Gb/s WDM Experiment

To investigate the performance of coherent detection with
phase estimation in a WDM environment, the setup shown
in Fig. 13 was implemented. Three DFB semiconductor
lasers (LD1, LD2, and LD3) oscillating at wavelengths
around 1.55 µm were used as transmitters. Their channel
spacing was set to exactly 16 GHz by monitoring the beat
of the coherently detected spectrum. The center channel and
the adjacent channels were modulated with two LiNbO3 SSB
modulators (SSB modulator 1 and SSB modulator 2). Each
modulator was independently driven with two precoded streams
of 10-Gb/s electrical signals, resulting in optical 20-Gb/s QPSK
signals. The three channels were combined with polarization-
maintaining (PM) couplers. One of the outputs of the second
PM coupler was polarized orthogonally with respect to the
other through polarization controllers (PCs) and then recom-
bined with a PBS. One arm had a relative delay of several
nanoseconds for decorrelation. This transmitter setup resulted
in a polarization-multiplexed 40-Gb/s QPSK signals. The signal
power was boosted to 0 dBm per channel by an EDFA. The
spectrum of the launched signal is shown in Fig. 14. All the
channels were kept at an equal power and launched on two
100-km spans of DSF connected by an EDFA. The loss of each
100-km span was about 20 dB.

The received signal power was controlled by a variable
optical attenuator (VOA) and amplified by a single EDFA
before detection. At the first stage of the receiver, polariza-
tion demultiplexing was realized with a PC and a PBS. While
polarization tracking would be necessary in a real system, it was
not employed in this experiment. The frequency of the LO was
tuned to that of LD1 to select the center channel.

The ADCs themselves had low-pass filter (LPF) character-
istics with a cutoff frequency of around 8 GHz, as shown
in Fig. 15. The two electrical signals IPD1 and IPD2 were,
therefore, band limited, which resulted in the elimination of
the amplifier noise and a reduction of the crosstalk from the
adjacent channels. Note that we did not use any optical band-
pass filter for demultiplexing the WDM channels.

We first measured the back-to-back BER of a single wave-
length with and without polarization multiplexing to assess the
penalty due to the introduction of polarization multiplexing. In
Fig. 16, dots and circles show the BER as a function of the
received power Pr when the center channel is restored with (a)
phase estimation and (b) differential demodulation. From these
figures, we can see that the power penalty due to polarization
multiplexing is very small, because the orthogonality of the two
polarization states can be well maintained and the PBS has a
polarization extinction ratio of about 25 dB. In addition, note
that phase estimation outperforms differential demodulation by
about 4 dB at BER = 10−5.

Fig. 16. BER as a function of the received power with (a) phase estimation
and (b) differential detection.

Next, we evaluated WDM performance with polarization
multiplexing. Squares and diamonds in Fig. 16 show the back-
to-back BERs and the BER after 200 km of transmission. The
phase estimation scheme greatly mitigates the effect of inter-
channel crosstalk. In fact, in the WDM system, we can achieve
error-free operation only with phase estimation, although the
crosstalk penalty is about 3 dB at BER = 10−5 as shown in
Fig. 16(a). On the other hand, the penalty after 200 km of
transmission of the polarization-multiplexed WDM channel is
about 2 dB. PMD might be one of the reasons for such a
transmission penalty. Thus, we achieve a spectral efficiency
of 2.5 b/s/Hz.

Fig. 17 shows distributions of the complex amplitude of the
transmitted QPSK signals for the four cases (a)–(d) indicated in
Fig. 16, showing the quality of QPSK signals visually.

VII. CONCLUSION

We have investigated coherent optical detection with phase
estimation for demodulating a 10-Gsymbol/s optical QPSK
signal. The carrier phase is estimated with DSP, alleviating
locking the phase of the LO to the carrier phase. Through
simulations and experiments, we have found that the phase
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Fig. 17. Distribution of the complex amplitude on the complex plane. (a) Pr = −35.0 dBm (single λ). (b) Pr = −35.2 dBm (WDM). (c) Pr = −35.2 dBm
(WDM after 200 km). (d) Pr = −40.2 dBm (WDM after 200 km).

noise of present-state-of-the-art semiconductor DFB lasers
is substantially small such that an accurate phase estimate
can be obtained from the sampled signal at the symbol rate of
10 Gsymbol/s.

We have also found that the receiver sensitivity of such a
system is significantly improved in comparison to differential
detection. The higher sensitivity extends the reach of a 20-Gb/s
QPSK unrepeated transmission system. In a WDM system, the
entire wavelength demultiplexing could be achieved electri-
cally. The spectral efficiency of 2.5 b/s/Hz was demonstrated
by a WDM transmission of polarization-multiplexed 40-Gb/s
QPSK signals with 16-GHz spacing, although the BER was
estimated from the off-line measurement.

The combination of multibit per symbol modulation formats,
WDM with narrow channel spacing, and polarization multi-
plexing is attractive for increasing the spectral efficiency in a
cost-effective manner. For this purpose, our coherent receiver
will play an important role.
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