942 THUY HATRONG, SEO DONGSUN, DIRECT DEMODULATION OF OPTICAL BPSK/QPSK SIGNALS...

Direct Demodulation of Optical BPSK/QPSK Signal
without Digital Signal Processing

TrongThuy HA, DongSun SEO

Dept. of Electronics, University of Myongji, 17058 Yongin, Korea

hatrongthuy93@gmail.com, sdsphoto@mju.ac.kr

Submitted June 13,2018 / Accepted August 24, 2018

Abstract. We experimentally demonstrate the coherent
detection of 5-Gbd/s BPSK/QPSK signal by direct phase
compensation of the phase noise without using a sophisti-
cated digital signal processing algorithm. The phase com-
pensation is achieved by applying simply an error signal to
a phase modulator located at the local oscillator for coher-
ent detection, where the error signal is generated to keep
the same power level for binary or quadrature signal.
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1. Introduction

In recent years, in order to fulfill the requirements of
a high capacity communication, coherent optical modula-
tion techniques based on multi-level amplitude and phase
modulation have been extensively studied and applied as
effective methods for future optical fiber communication
systems [1-3]. The high-order phase and amplitude modu-
lations enable high spectral efficiency (i.e., high bit rates)
communication. However, the coherent detection still has
some drawbacks. One of the most severe impairments that
affect the coherent system employing high-order modula-
tion formats is the phase noise [4], which is introduced by
both transmitter and receiver lasers. The phase noises of the
light sources, whose linewidths vary from several hundred
kHz to MHz, prevent correct detection of the transmitted
data. The phase noise combined with amplitude noise also
causes the imbalance of in-phase (I) and quadrature phase
(Q), which degrade the performance of the coherent sys-
tem. Consequently, many research groups investigated to
remove and/or overcome the phase noise by adopting digi-
tal signal processing (DSP) techniques [5-8] and optical
phase locked loops (OPLLs) [9-11]. Recently, the speed of
DSP circuits is getting faster and faster to implement real-
time compensation of the phase noise at the coherent re-
ceiver. However, coherent receivers based on DSP require
complex and expensive electronics. On the other hand, to
reduce the burden of the high-speed electrical digital signal
processors at the demodulation of such coherent signals,
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OPLLs or Costas loops using homodyne OPLLs have been
applied widely [12—-15]. Nevertheless, most coherent detec-
tions at higher symbol rates still require oftf-line DSPs.

In this paper, we propose a novel, simplistic method
for the coherent detection of BPSK/QPSK signal. On con-
trast to conventional methods using complex DSP electron-
ics [16], in the suggested method, the phase noise is sup-
pressed directly by a phase modulator located at the local
oscillator (LO) for coherent detection. This allows fast,
real-time demodulation of coherently modulated signal,
regardless of its symbol speed. To prove the proposed idea,
coherent detection of binary and quadrature phase shift
keying (BPSK and QPSK) signals have been demonstrated.
We transmit BPSK and QPSK signals at 5 Giga bauds (or
symbols) per second (Gbd/s) through an optical channel
and show eye diagrams and constellations for received
signals, respectively. In addition, we also show correspond-
ing simulation results based on our Optsim software.

2. Experiments Setup and Results

Figure 1 shows the schematic of our experiment setup
for the generation and detection of QPSK optical signals.
As a transmitter laser, a continuous wave (CW) external
cavity laser (ECL) operating at 1550 nm with 100 kHz of
linewidth is used. The output of the ECL is divided into
data and LO signals by a 3-dB coupler. The data signal is
quadrature phase-modulated by an optical I/Q modulator
(Sumicem # 32-16110) at 5 Gbd/s. The optical I/Q modula-
tor is driven by a pulse pattern generator (PPG) with
a PRBS (pseudo-random binary sequences) pattern of
length 2°'— 1. The in-phase (I) and quadrature-phase (Q)
channels for the QPSK are implemented by applying data
output and one-bit delayed data-bar output to an I/Q modu-
lator, respectively. The BPSK modulation is achieved at the
same setup by replacing the I/Q modulator by a simple
phase modulator driven by the data output of the PPG.
A polarization controller (PC) is used to feed 45 degree (to
ensure the same power levels at the X and Y orthogonally
polarized channels) polarized light to the coherent receiver.
The data signals are then transmitted through a 10 km
length of a G652D standard single mode fiber (SSMF). No
in-line optical dispersion compensating fiber is used to
compensate the chromatic dispersion.
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Fig. 1.

An Erbium-doped fiber amplifier (EDFA) is used to
keep the constant power level for both transmitted and
back-to-back (B2B) signals at the receiver. Through the
channel, the optical signal is attenuated by optical devices,
such as 3dB-coupler (4 dB loss), I/Q modulator (7 dB loss),
and SSMF with 0.2 dB/km loss. The I and Q channels (XI
and XQ) of the X-polarized signal are recorded by a fast-
digital oscilloscope (Agilent 86100A). The other output (Y1
and YQ) for the Y-polarized signal are peak detected and
fed to the positive and negative inputs of a proportional and
integration amplifier (PI Amp, New Focus LB1005) to get
the difference between the YI and YQ signal powers. The
PI amp output (i.e., feedback signal) is applied to the phase
modulator to adjust the phase of the LO signal. This leads
to keep the power balance between YI and YQ channels for
random data signals. The PI amp output shows the actual
phase error signal to drive the phase modulator to compen-
sate the phase noise. The phase error signal is monitored by
the sampling scope B. The PI amp with optimum integra-
tion time provides a stable feedback control. Hence, the
feedback loop works well in a simple and effective way to
compensate any phase noise induced by the laser source
and external turbulence (temperature, vibration, etc.) dur-
ing the BPSK/QPSK signal transmission.

Figure 2(a) shows the eye diagram of 5-Gbd/s BPSK
signal obtained from the direct PPG output. Figures 2(b)
and (c) show the eye diagrams of the B2B detected signals
without and with the phase noise compensation, respec-
tively. Afterward, the persistent traces and data points are
obtained for one minute. Mainly due to the phase noise of
the laser source, the received eye pattern without applying
our method is almost closed as shown in Fig. 2(b), indicat-
ing a high bit error rate (BER). By applying our phase
noise compensation technique, the performance is im-
proved significantly as proved by the clear eye opening
shown in Fig. 2(c).

Figure 3 shows the induced phase error signals with-
out (red line) and with (green line) feedback to compensate
the phase noise. Without feedback, the magnitude of the
phase error changes abruptly to saturate at the maximum
level, indicating very large phase error (i.e., noise). With the
feedback, the error signal shows negligible change, proving
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Fig.2. Eye diagrams of 5-Gbd/s BPSK signal at B2B;
(a) PPG output, and detected signals without (b) and
with (c) feedback, respectively.
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Fig. 3. Phase error signal to drive the phase modulator in
Fig. 1. Red and green lines represent the signals
without and with feedback, respectively.

that the feedback loop well tracks and compensates the
phase noise. Moreover, the proposed scheme shows very
fast locking time (determined by the feedback loop time
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constant) at the order of milliseconds, compared with
a conventional method showing the order of 10 seconds
[16]. Let’s discuss a little more complicated case, the B2B
detection of 5 Gbd/s QPSK signal. Figure 4 illustrates the
eye diagrams of the I and Q channels without (a, b) and
with (c, d) our phase noise compensation, respectively. As
expected, without phase noise compensation, the eyes are
almost closed, indicating very poor BER performance. On
the contrary, wide and clear eye openings can be seen by
applying our phase noise compensation technique.

Figure 5 shows the corresponding constellations of
Fig. 4, obtained by applying the I and Q signals into the
horizontal and vertical inputs of the sampling scope A in
Fig. 1. The constellation in Fig. 5(a) shows a typical ran-
dom phase noise effect, rotating randomly the symbol
points of the QPSK signal. After implementing the phase
noise compensation, the symbol positions of the QPSK
signal become stable as shown in Fig. 5(b). Note that the
weak traces between the quadrature data points are ob-
served due to the characteristics of the sampling scope
measurement. Consequently, the phase noise compensation
is confirmed clearly. In this way, the phase noise effect has
been reduced without the aid of DSP algorithm.

Next we transmit the 5 Gbd/s QPSK data through the
10 km length of a G652D SSMF. Figures 6(a) and (b) show
the measured eye diagrams of the I and Q channels of the
received QPSK signals, respectively. Again our method
works well to show reasonably good eye openings. Com-
paring to Fig. 4, slightly larger inter symbol interference
(ISI) is observed. We think this increment is induced by the
amplified spontaneous emission (ASE) noise of the EDFA
(used to compensate the SSMF loss), enhancing the random
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Fig. 4. Eye diagrams of I and Q channels of 5 Gbd/s QPSK
signal at B2B; (a, b) without and (c, d) with phase
compensation, respectively.
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Fig. 5. Constellation diagrams for QPSK signal at B2B;
(a) without feedback and (b) with feedback.
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Fig. 6. Measured eye diagrams of the I (a) and Q (b) channel
of 5Gbd/s QPSK signal after 10 km transmission
through SMF (with feedback method).
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Fig. 7. Measured constellation of 5-Gbd/s QPSK signal
obtained after 10 km SSMF transmission.

phase noise in the data signal. The accumulated random
phase noise reaches sometimes beyond of the trackable
range of our phase noise compensation loop. Additional
signal distortion may also be induced by the fiber disper-
sion.

Figure 7 shows the corresponding constellations of
the demodulated 5 Gbd/s QPSK signal after 10 km SMF
transmission. As expected, the QPSK symbols can be dis-
tinguished from each other, demonstrating again the
potential of our phase noise compensation method.

3. Simulation and Results

In order to prove the feasibility of the suggested
method for longer distance transmission, we perform simu-
lation based on our Optsim software package. Figure 8
presents the proposed implementation in the Optsim platform
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Fig. 8. Block diagram of the system used in simulation.

which is the same as the experimental setup shown in
Fig. 1.

As we discussed, the laser source with 100 kHz line-
width operates at 1550 nm. The PRBS with length of the
2% — 1 is applied to the I/Q modulator with two of Mach-
Zehnder (MZ) intensity modulators. The outputs from the
MZ modulators have n/2 phase difference to form the I and
Q channels. The modulated signals are then transmitted
over a standard G652 single mode fiber (SMF) with
0.2 dB/km loss and 16 ps/nm/km dispersion. The gain and
noise figure of the EDFA are assumed as 3 dB and 5 dB,
respectively. The EDFA boosts the attenuated signal and
matches the receiver input power to the experiments dis-
cussed above. The coherent receiver is consisted of four pin
photodiodes with a quantum efficiency of 70% and respon-
sivity is 1 A/W followed by four transimpedance amplifi-
ers. Total number of symbols is 32768 and each symbol is
sampled by 26 times. The error signal is fed to the phase
modulator at the rate of @ phase shift per 5 V to compensate
the phase noise. Finally, in order to examine the output of
the I and Q channels, scattering diagram and oscilloscope
visualizer are installed as measurement systems.

The validity of our simulation results is confirmed by
comparing them with the experiment results discussed
above. Then, through the simulation, we show how the
suggested idea would work for longer distance transmission.

Firstly, we investigate the eye diagrams and constella-
tions of the transmitted QPSK signal at 5 Gbd/s at B2B
detection, as shown in Figs. 9 and 10. As expected from the
experimental results, the eye patterns are significantly
affected by the laser phase noise, as shown in Fig. 9(a). On
the contrary, the clear eye openings for both I and Q chan-
nels are observed, indicating effective phase noise reduc-
tion by the suggested method, as shown in Fig. 9(b).

Figure 10 shows the corresponding constellations of
QPSK signal without (a) and with (b) phase compensation.
The phase noise blurs and rotates randomly the symbol
points of the QPSK signal, as shown in Fig. 10(a). In con-
trast, when the suggested algorithm is applied, the symbol
points are well arranged as shown in Fig. 10(b). Note the

(b)

Fig. 9. Simulated eye diagrams of the I (left) and Q (right)
channels for 5 Gbd/s at B2B; (a) without and (b) with
feedback, respectively.

@ )

Fig. 10. Constellation diagrams of the QPSK signals at B2B;
(a) without and (b) with feedback, respectively.

similarity between simulation (Fig. 10) and experiments
(Fig. 5). In this way we are able to confirm the validity of
our simulation results.

Secondly, we transmit the QPSK signal over 10 km
and 25 km, respectively. As shown in Fig. 11, the eye pat-
terns are even more significantly influenced by not only the
laser phase noise but also the ASE noise of the EDFA.
Hence, the eyes are almost closed as shown in Figs. 11(a)
and (c), whereas the eye diagrams are remarkably clear and
widely open for both I and Q channels when we apply the
suggested method, as shown in Figs. 11(b) and (d).
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Fig. 11. Simulated eye diagrams of the I (left) and Q (right)
channels for 5-Gbd/s QPSK signal after 10 km SMF
(a, b) and 25 km SMF (c, d); (a, ¢) without and (b, d)
with feedback, respectively.
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Fig. 12. Constellation diagrams of QPSK signals after 10 km
SMF (a, b) and 25 km SMF (c, d); (a, ¢) without and
(b, d) with feedback, respectively.

Figure 12 presents the corresponding constellations of
QPSK signals. As expected, the symbol points are blurred
and rotated severely, as shown in Figs. 12(a) and (c).

Applying the phase noise compensation method, the sym-
bol points are placed correctly to show rectangular shaped
constellation as shown in Figs. 12(b) and (d). Now we can
sure that our method is ready for practical application to
longer transmission system.

4. Conclusion

A novel and simple method, without the aid of DSP,
to overcome optical phase noises in a coherent detection
system has been suggested. As a proof of the suggested
idea, direct coherent demodulation of high-speed optical
BPSK/QPSK signal is achieved at real-time by compensat-
ing the phase noise through a simple feedback loop. Eye
diagrams and corresponding constellations of B2B 5-Gbd/s
BPSK and QPSK signals show the remarkable improve-
ment by utilizing the proposed method to compensate the
phase noise of the light source. At a 10 km SSMF transmis-
sion link, the phase noises from the laser source and EDFA
are also significantly reduced by the suggested method,
even though the ISI is enhanced a little bit. Better improve-
ment is expected by reducing the ASE noise from the
EDFA and the fiber dispersion. Our simulation results
show that the suggested method works well for longer
distance transmission of the signals. In principle our
method is readily applicable for other high-level modula-
tion formats such as 16-QAM and 64-QAM at arbitrarily
high speeds.
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