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Abstract. We suggest a simple new method for tracking and compensating phase
errors. It enables detecting directly optical quadrature-phase shift-keying (QPSK)
data after their transmission over more than 10 km, which is far beyond the coherent
lengths of typical laser sources. The phase error is extracted by taking the power
difference between the in-phase and quadrature-phase signals of the random QPSK
data. This error is compensated by simply applying the error signal to a phase
modulator located in front of a local oscillator for coherent detection. This direct
phase-error compensation enables real-time detection of the QPSK data with no
digital signal-processing techniques. As an experimental proof, we demonstrate for
the first time a successful transmission of 5 GBd/s QPSK data through a 25-km long
standard single-mode fibre. We also show that our phase-error compensation idea can
be extended to transmission of wavelength-division multiplexed QPSK data.
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1. Introduction

Coherent detection [1] of multi-level amplitude- and phase-modulated optical signals provides high
spectral efficiency and aids in implementing cost-effective optical transmission systems. To satisfy
enormous traffic demands, a coherent system can be combined with a wavelength-division
multiplexing (WDM) technique to maximize optical transmission capacity [2]. However, one of the
most severe impairments that affect the coherent systems employing high-order phase and
amplitude modulation formats is a presence of phase noise [3, 4], which can be introduced by a
transmitter, a receiver (i.e., a local oscillator) or some other devices. Large phase noises of laser
sources prevent correct detection of transmitted data and degrade significantly the performance of the
coherent systems.

Fortunately, external-cavity laser diodes of compact sizes have been developed and are now
commercially available. However, their linewidth approaching several hundred kHz is not enough to
detect directly multi-level quadrature-amplitude-modulated signals. If we deal with the coherence
lengths as large as several tens of kilometres, the linewidth should be of the order of 1 kHz. Well
known optical and electrical negative-feedback methods [5, 6] can be applied to reduce further the
laser linewidth (i.e., the phase noise). These methods reduce the frequency-modulation noise of
semiconductor lasers by using a frequency discriminator, which converts a frequency change in the
laser output to an intensity change. The output of the discriminator is re-injected to the laser directly
(through optical feedback) [5] or is detected by a photodetector to control the laser-injection current
(through electrical feedback) [6]. This stabilizes the frequency changes and minimizes the
frequency-modulation noise.
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However, the above systems are very bulky and vulnerable to environmental conditions, since a
bulky Fabry—Perot interferometer is usually used as a frequency discriminator. Moreover, it can turn
out to be not good enough to remove the phase noise at the remote receiver which is distant more than
the laser coherence length and/or where a slow phase noise is added during data transmission, e.g. due
to slow optical-path length changes associated with environmental perturbations.

As a consequence, many research groups have investigated the techniques for phase-error
compensation in the coherent optical-data transmission systems, in order to remove or overcome the
phase noise by adopting digital signal-processing (DSP) techniques [7—10]. The speed of DSP
circuits is now getting higher and higher, thus enabling one to implement quasi-real-time
compensation of the phase error in a coherent receiver. However, coherent receivers based on the
DSP still require complex and expensive electronics. Even if we use a complex DSP algorithm,
severe phase errors can remain non-compensated. To reduce the burden of DSP present in a coherent
receiver, optical phase-locked loops or Costas loops has been widely applied, which use homodyne
optical phase-locked loops [11-13]. Nevertheless, a coherent detection at higher symbol rates still
requires an off-line DSP [9, 10]. Even though fast enough DSP algorithms are likely to become
real-time, still their latency may not be acceptable for practical real-time data-transmission systems.

To overcome the above problems, recently we have suggested a new method that tracks and
compensates externally the phase error in the receiver [14, 15]. These phase-error detection and
compensation make it possible to realize a real-time detection of quadrature-phase shift-keying (QPSK)
data, which would have not been possible in the conventional frequency-error detection and
compensation techniques. To extract the phase-error information, we perform phase modulation and
detect in-phase and quadrature-phase (//Q) signals by a homodyne mixing. The phase-error
compensation is achieved directly, i.e. by simply applying an error signal to an external phase modulator,
where the error signal is generated to keep the same power level for the detected 1/Q signals.

In our previous reports [16, 17], we have demonstrated a coherent data transmission over the
distances reaching the coherent length of a laser source in the order of magnitude, thus limiting the
transmission length to less than 10 km. In this work, we describe the idea of our phase-error tracking
and compensation and its improvement, which allow for real-time detection of QPSK data after its
transmission over several tens of kilometres, which is notably beyond the typical coherent length of
lasers. This means that our idea is applicable for a long-length and high-speed data transmission. As
we have already discussed, this direct phase-error compensation technique makes possible a direct
detection of QPSK signals with no aid of the DSP. To prove the efficiency of our technique, we
transmit the QPSK data at 5 GBd/s (gigabauds per second) through the optical-fibre lengths up to
25 km. We demonstrate the appropriate eye diagrams and constellations for the signals received. As
a possible extension of the idea suggested in the present work, we demonstrate a direct detection of
5 GBd/s QPSK data, using a three-channel WDM technique.

2. Principles of phase-error tracking and compensation
Conventional optical phase-locked loops compensate the phase error by adjusting the oscillating
frequency of a local-oscillator (LO) laser [11-13]. The phase error is converted into feedback current
to control the injection current of LO laser, which induces a laser-frequency shift. These optical
phase-locked loops can manifest relatively large tracking bandwidth, though the relevant accuracy
may not be good enough to detect directly a coherently modulated signal without the aid of DSP.
Here we use the phase-error signal to compensate directly the LO phase, using an external
phase modulator. We adopt and improve further the compensation idea [14] and apply it to
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compensate the phase error in the LO. Fig. 1 illustrates how we extract the phase error between the
data and the LO signal. First let us ignore the components inside the dot-lined boxes. The output of a
laser source is divided into two arms by a 3 dB coupler for forming the data and the LO signals. The
light in the upper arm passes a 45-deg delay line and a phase modulator for sinusoidal modulation,
thus forming a modulated-data signal Py. The light in the lower arm passes another phase modulator
for compensating the phase error, thus forming the LO signal (Py).
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Fig. 1. Schematic diagram showing a principle of our phase-error detection based on coherent detection: ‘ECL’,
‘RMS’ and ‘Amp’ denote respectively ‘external-cavity laser’, ‘root-mean-square’ and ‘amplifier’.

To simplify the problem, let us assume an ideal case of no phase error and/or no fluctuations.
Since the data and the LO signals have the phase difference 45 deg, in-phase (/) and
quadrature-phase (Q) outputs at a coherent receiver have exactly the same level. If there appears any
phase delay (i.e., error) added to the data due to environmental perturbations, the Q output increases,
whereas the 7 output decreases. If we take the difference between the 7 and Q outputs and feedback
this difference to a phase modulator to compensate the phase delay at the LO, we can compensate
the phase error induced by the laser source itself and by any other possible phase perturbations. In a
practical high-speed receiver, we apply a sinusoidal phase jitter to the phase-modulator signal to
remove a possible low-frequency noise. This jitter is also efficient in removing electrical noises in
the feedback loop. The working principle is exactly the same as in the case of no phase jitter,
although we need to simply add a root-mean-square power detector at the / and Q outputs to take the
average powers of sinusoidal outputs.

Fig. 2 shows a schematic diagram of sinusoidal phase perturbation and preliminary
experimental results obtained for the phase-error compensation. Without the phase-error
compensation, coherently detected / and Q signals show very noisy and similar traces at the
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Fig. 2. Schematic diagram of a sinusoidal phase perturbation, and preliminary experimental results obtained for
the phase-error compensation.
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sinusoidal phase modulation, as shown in the top right panel of Fig. 2. This is mainly due to a laser
phase noise. When we compensate the phase error (see Fig. 1), the [ and O outputs show clear
phase-modulated sinusoidal signals, as indicated by green (for the Q signal — see the top left panel)
and yellow (for the 7 signal — see the right bottom panel of Fig. 2) traces. Note that the / and Q
signals are out of phase, as explained above.

3. Experimental setup

Fig. 3 shows a scheme of our experiment setup for generating and detecting optical QPSK data. Asa
transmitter laser, a continuous-wave external-cavity laser (Thorlabs SFL 1550P) operating at
1550 nm (the linewidth 100 kHz) is used. The output of the external-cavity laser is divided into LO
(lower arm) and data (upper arm) signals by a 3 dB coupler. The LO signal (P,p) is phase-error
compensated by a phase modulator located in front of the receiver. The LO power is kept at 5 dBm.
The data signal Pg is quadrature-phase-modulated by an optical //Q modulator (Sumicem
#32-16110) at 5 GBd/s. The //Q modulator is driven by a pulse pattern generator with the pattern of
pseudo-random binary sequence of the length 2°' — 1. The 7 and O channels of the QPSK are
implemented by applying respectively the data output and the one-bit delayed data-bar output to the
1/Q modulator. An intensity modulator is inserted only to form WDM channels. It is not necessary in
the case of single-channel transmission.
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Fig. 3. Schematic diagram of our experiment setup for generating and detecting QPSK data. Abbreviations are as
follows: ECL — external-cavity laser, RMS detector — root-mean-square detector, EDFA — erbium-doped fibre
amplifier, and Amp — amplifier.

A polarization controller is used to feed the light polarized at 45 deg to the coherent receiver, in
order to ensure the same power levels for the orthogonally polarized X and Y signals. The data
signals are then transmitted through a standard single-mode fibre (SSMF) G652D. No in-line optical
dispersion-compensating fibre is used to compensate the chromatic dispersion. An erbium-doped
fibre amplifier is used to keep the constant power level (0 dBm) for both transmitted and
back-to-back signals at the receiver. The / and Q channels X7 and XQ of the X-polarized signal are
recorded by a fast digital oscilloscope (Agilent 86100A). The other outputs, Y/ and YQ, of the
Y-polarized signal are power-detected and fed to the positive and negative inputs of a differential
amplifier (New Focus LB1005) in order to obtain the difference between the powers of Y7 and YO
signals.

As explained in Section 2, the balance between the Y7 and YQ signal powers ensures the phase
offset of 45 deg between the data carrier and the LO. Note that this phase offset (i.c., the power
balance between the Y7 and YO channels) is valid for the randomly modulated QPSK data. A

Ukr. J. Phys. Opt. 2021, Volume 22 95



Trong-Thuy Ha et al

nonzero value of the output of differential amplifier testifies a phase error between the data carrier
and the LO signal, which is induced by various phase-noise sources. Therefore, the output of
differential amplifier (i.c., the error signal) is applied to the phase modulator to adjust the phase of
the LO signal. This yields in efficient phase-error compensation for the QPSK data. The differential
amplifier with the optimal integration time and bandwidth provides a stable feedback control.

Hence, the feedback loop works in a simple and efficient way. It compensates any phase error
induced by the laser source and the external turbulence (such as temperature, vibration, etc.) during
the QPSK-data transmission. In the case of multi-channel WDM transmission, we utilize a WDM
generator located after the //Q modulator. We do not use any channel filter at the receiver to select a
target channel. Instead, we mix all the channels into the LO signal, which is synchronized and
phase-locked to one of the WDM carriers. A band-limited receiver removes any inter-channel
interference noise.

4. Experimental results and discussion

To illustrate the performance of our technique step by step, we first check the eye diagrams of the /
and Q outputs and compare the constellations for the cases when the technique is applied or not. We
consider back-to-back, 10 km and 25 km transmissions through the SSMF. The eye-diagram and the
constellation traces are obtained directly from a sampling scope at persistent traces for about 1 min.
Therefore, the eye diagrams for the both / and Q outputs are simple time traces, and the
corresponding QPSK constellation is obtained by feeding the X7 and XQ outputs to the horizontal
and vertical inputs of the sampling scope. This causes weak traces between the constellation symbol
points sampled at the symbol transition.

4.1. 5 GBd/s QPSK-data transmission over up to 25-km distances in SSMF

First of all, we try to find out how far we can send the 5 GBd/s QPSK data through the SSMF. As
mentioned above, the WDM generator inside the dotted box in Fig. 3 is not used in the case of
single-channel transmission. Since the phase error-compensation based on the coherent detection
reduces effectively the laser linewidth, it is possible to detect directly the QPSK data [14, 15]. We
expect that the linewidth is reduced to ~ 10 kHz, i.e. the coherent length is equal to ~ 5 km in the free
space. In the previous work [14] we have shown that the data-transmission length can be of the order
of laser coherent length. Here we examine what happens when the transmission length is evidently
larger than the coherent length. It is also important because the transmission length reported in the
previous work has been too short to cover the practical case of local-area network applications. Here
we choose the fibre length to be 25 km, which is large enough for applying in local area networks
and surely essentially longer than the typical coherent length of lasers.

In Fig. 4, we display the eye diagrams for the / and Q outputs after 25 km transmission, as
obtained under condition of no phase-error compensation (Fig. 4a) and when our phase-error
compensation scheme is applied (Fig. 4b). In the first case, the eye diagrams are almost closed. On
the contrary, wide and clear eye openings can be seen in the second case. Due to random nature of
the data, the eye-diagram traces for the both 7 and Q outputs are very similar. Fig. 5 displays the
corresponding constellations for the QPSK data. When no phase-error compensation is applied, the
constellation rotates randomly the symbol points of the QPSK data, thus proving that it is impossible
to detect the correct QPSK data. After applying the phase-error compensation, one can observe
stable symbol positions for the QPSK data, as expected from the eye diagrams shown in Fig. 4b. In
this manner, the phase-noise effect has been reduced using no DSP algorithm. The potential of our
method is again confirmed by the constellation.
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Fig. 4. Eye diagrams for / and Q outputs after
25 km transmission of the 5 GBd/s QPSK data;
(a) without phase-error compensation, and (b)
(b) with phase-error compensation.

Fig. 5. Constellations of the eye diagrams that
correspond to Fig.4 observed in the two
alternative cases: (a) without phase-error
compensation and (b) with phase-error
(a) (b) compensation.

To examine the changes occurring in the constellation with changing transmission distance in
the SSMF, we show in Fig. 6 the constellations that correspond to the cases of back-to-back, 10-km
and 25-km transmissions. It seems that the laser coherence length does not affect the distance of
successful transmission critically. Of course, the phase fluctuations during data transmission and the
noise associated with amplified spontaneous emission in erbium-doped fibre amplifier, which is
used to compensate the SSMF losses, enhance the random phase noise in the datareceived. However,
although the performance degrades notably in the case of 25-km transmission in the SSMF, it
remains high enough to detect directly the transmitted data.

(a) (b) (<)

Fig. 6. Constellations for 5 GBd/s QPSK data transmitted according to back-to-back scheme (a) and over the
distances 10 km (b) and 25 km (c).

4.2. Possible extension of our technique to WDM data transmission

Now we try to confirm that our technique can be successfully applied to the case of WDM-based
transmission systems. To implement the WDM channels, we employ the WDM generator (shown in
Fig. 3 as a dotted box). It is well known that an optical-frequency comb technique is readily
available for the WDM-channel carriers [16—18]. The optical-frequency comb can be implemented
by applying pulse carving with intensity modulators and a linear chirp through phase modulators
[16]. Since the inter-channel interference remains significant for the nearest channels, we consider
only three WDM channels, a target one and two neighbouring channels.
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A relatively small number of spectral-comb lines can be implemented simply by using a single
intensity modulator. Driving the intensity modulator at appropriate DC bias and modulation depth,
one can generate spectral-comb lines and so form three different WDM channels. Fig. 7 shows a
scheme of a simple WDM generator and a process of generation of three WDM carriers with the
10 GHz spacing. At the receiver end, we demodulate one of the three WDM channels, the central
one, since this channel experiences the most severe inter-channel interference. To select the central
channel, we carry on a well-known homodyne detection and remove the beating noise between the
neighbouring channels, using a limited bandwidth of the receiver [18].

Fig. 8 shows the eye diagrams for the / (yellow traces) and Q (green traces) outputs, as well as the
corresponding constellations for the demodulated 5 GBd/s QPSK data, as measured for the central
channel in the ‘back-to-back’ regime. For comparison, we show simultaneously the traces obtained
when the phase-error compensation is present (Fig. 8b) or absent (Fig. 8a). One can see that the idea
suggested in our work works quite well again. If compared with the results shown in Fig. 6a, larger
symbol-position errors are observed, which are mainly due to inter-channel interference between the
WDM channels. In general, however, the experimental data confirms a great potential of our method
and its successful work in the case of direct coherent detection in the multiple WDM system.
Unfortunately, it has been difficult to detect correctly the WDM data after 10-km transmission through
the SSMF at this moment. This problem will be a subject of our future work.
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Fig. 7. Scheme of a three-WDM-channel generator based on an intensity modulator. Optical spectra
corresponding to the input and the output are shown in left and right panels, respectively.

(b)

Fig. 8. Eye diagrams for the / (yellow traces) and Q (green traces) outputs, and the corresponding constellations
for demodulated 5 GBd/s QPSK data in the ‘back-to-back’ regime, as obtained for the central WDM channel (see
also Fig. 7). Both cases, without (a) and with (b) phase-error compensations, are shown for comparison.
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5. Conclusions

In the present work, we have suggested a simple new method for overcoming optical phase noises in
coherent-detection systems, which does not rely upon the common DSP technique. Its essence is as
follows. Initially, we set the phase difference between the data carrier and the LO signal to be equal
to 45 deg, in order to assure the same power level for the / and O phase outputs. Then we take the
difference between the 7 and Q outputs and feedback it to compensate a possible phase error of the
LO signal. It turns out that this idea works well for relatively long transmission distances, which can
be larger than the coherence length of a laser source.

As a proof of the suggested technique, we have achieved a direct coherent detection of the
5 GBd/s QPSK data transmitted over a 25 km SSMF in the real-time mode, using the compensation
of phase error. The eye diagrams for the / and O outputs and the corresponding constellations for the
5 GBd/s QPSK data reveal aremarkable improvement achieved when utilizing the method proposed
in this work. In this way, one can reduce significantly the phase noises from the laser source and the
erbium-doped fibre amplifier. Still better improvement is expected after optimizing the performance
of feedback loop.

Extending our technique, we have demonstrated a coherent detection of the 5 GBd/s QPSK
data in a WDM system. Even though the inter-symbol interference is enhanced due to multi-channel
interference, the results obtained by us testify clearly the great potentials of our method. In principle,
it can be readily applied to the other high-level modulation formats such as 8-PSK and 16 QAM at
arbitrarily high speeds and transmission distances.
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Anomauin. 3anpononosano npocmuil HO8UL MemoO GIOCMENCEHHs ma KoMneHcayii gazoeux
nomunok. Bin oae 3mo2y npsamo oemexmyeamu 0aHi nicisi ixuboi onmuuHoi keaopamypho-pazoeoi
maninynsyii (K@M) ma nepedaui na eiocmani nowad 10 km, wo nabacamo nepesuusyomo
KO2EPEeHMHY O06ICUHY MUNOGUX JNA3epHux Odceper. Dazosy NOMUIKY 6UsHaAYaromo, Oepyuu
PI3HUYIO  nomydcHocmel  Midc  chazosanum i K8aopamypHo-azosanum cueHaiamu - O
sunaokosux KOM-oanux. Lfio NOMUIKY KOMNEHCYIOMb RPOCMUM NOOGHHIM CUSHALY NOMUIKU HA
Gazosuii  MOOYISIMOp, PO3MAULOBAHULL Neped JIOKAIbHUM 2eHepamopom OJisl KO2EPEeHMHO20
Odemexmysannsi. Taxa npsama komnencayis pazosoi nomuaku oae 3mozy demexkmyeamu KOM-oani
8 pedicuMi peanbHo2o dacy 0Oe3 GUKOPUCTAHHS YUDPOBUX MEXHONOZIU 0bpobku cucHanig. Ak
EeKCNepUMEHMAbHULL 00KA3 0i€80CMI Memooy, enepuie NPOOeMOHCMPOBAHO YCNIUWHY Nepeoayy
K®M-0anux 3i weudkicmio 5 I'600/c kpizo cmanoapmue 00HOMOO008€ BOJOKHO 3A8008HCKU 25 KM.
Hoxazano makoxc, wo maxy ioewo Komnencayii (pazosux NOMUNOK MOJICHA NOUWUPUMU HA
nepedauy myrvmuniekcosanux KOM-0anux 3i cnekmpanbHuM yuyiioHeHHsIM.
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