
 

Impact of mechanical vibrations on laser stability and carrier
phase estimation in coherent receivers
Citation for published version (APA):
Kuschnerov, M., Piyawanno, K., Alfiad, M. S., Spinnler, B., Napoli, A., & Lankl, B. (2010). Impact of mechanical
vibrations on laser stability and carrier phase estimation in coherent receivers. IEEE Photonics Technology
Letters, 22(15), 1114-1116. https://doi.org/10.1109/LPT.2010.2050472

DOI:
10.1109/LPT.2010.2050472

Document status and date:
Published: 01/01/2010

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 16. Nov. 2023

https://doi.org/10.1109/LPT.2010.2050472
https://doi.org/10.1109/LPT.2010.2050472
https://research.tue.nl/en/publications/e55e2043-fcea-480f-b3da-3d7fc58571ab


1114 IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 22, NO. 15, AUGUST 1, 2010

Impact of Mechanical Vibrations on Laser Stability
and Carrier Phase Estimation in Coherent Receivers

Maxim Kuschnerov, Student Member, IEEE, Kittipong Piyawanno, Mohammad S. Alfiad, Student Member, IEEE,
Bernhard Spinnler, Antonio Napoli, and Berthold Lankl, Member, IEEE

Abstract—Coherent communication systems are largely limited
by the laser linewidth of the local oscillator. In addition to phase
noise, large frequency deviations can occur if the laser is mechan-
ically vibrated. The detrimental effect of the frequency instability
is measured for coherent optical receivers on a typical laser and
numerically analyzed for quadrature phase-shift keying and
16-quadrature amplitude modulation using common feed-forward
carrier phase recovery algorithms.

Index Terms—Carrier phase estimation, coherent systems, laser,
local oscillator, vibration.

I. INTRODUCTION

C OHERENT receivers are the key technology for future
fiber-optic systems with transmission rates of 100 Gb/s

per wavelength and above. Dominant channel effects like chro-
matic dispersion (CD) and polarization-mode dispersion (PMD)
can be fully compensated using linear filtering, thus increasing
link tolerances compared to incoherent systems. In the receiver,
the optical field is mixed down to the electrical domain with a
local oscillator. The phase of the transmitter and receiver oscil-
lators is not fully synchronized, leading to a carrier phase and
frequency offset that has to be compensated using digital signal
processing [1]–[3].

Most research experiments for future coherent systems use
offline signal processing on a computer with only limited real-
time experiments being published. This makes it impossible
to observe transient effects such as polarization rotations [4].
Another important transient impairment is the frequency insta-
bility of the local oscillator that can be observed in the pres-
ence of mechanical vibrations and has been extensively cov-
ered for other communication systems [5]–[7]. However, the
stability of typical lasers used in fiber communications has not
been commented upon yet. In this contribution, the frequency
stability of a typical external cavity laser (ECL) with a linewidth
of 100 kHz is tested in the presence of mechanical vibrations.
The implications for coherent receivers are analyzed for quadra-
ture phase-shift keying (QPSK) and 16-quadrature amplitude
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Fig. 1. Coherent optical polarization diversity receiver used in the measure-
ments.

Fig. 2. Frequency discriminator consisting of a filter with linear edge around
1.5 GHz, a power detector, and a DSO.

modulation (QAM) formats using common feed-forward car-
rier phase recovery algorithms.

II. MEASUREMENT SETUP

In theory, the frequency evolution of the laser can be moni-
tored using a real-time coherent receiver. In order to track ar-
bitrarily large deviations that are not limited by the signal pro-
cessing algorithms, an external device was used for measure-
ments. For this purpose, the output of the ECL was fed into
a coherent optical polarization diversity receiver as pictured in
Fig. 1.

An unmodulated optical signal was mixed down to an in-
termediate frequency of approximately 1.5 GHz using another
identical ECL. The electrical analog signal of one of the four
output diodes was then fed into a frequency discriminator that
is shown in Fig. 2. The frequency discriminator consisted of a
wideband filter with a linear falling edge around GHz.
Any frequency deviation of each of the lasers led to a different
output amplitude of the frequency discriminator filter that was
then measured by a power detector and sampled in a digital
storage oscilloscope (DSO). The DSO was triggered if a cer-
tain deviation of the input signal was observed. At a sampling
frequency of MHz, a time span of 0.2 s before and
after the triggering could be recorded. Moreover, the polariza-
tion stability of the signal was assured. The recorded signal was
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Fig. 3. Frequency evolution in steady state with � � �� MHz and �� �

� kHz.

postprocessed using low-pass filtering in order to smooth out
the quantization noise of the DSO.

III. LOCAL OSCILLATOR STABILITY

As we have learned from microwave telecommunications in
the past, several components in a communication system can
cause phase noise degradation in the presence of vibrations, in-
cluding coaxial cables, cable connectors, or narrowband filters
[7]. In this experiment, the focus was on the local oscillator
only. Here, mechanical vibrations cause small deformations of
the electronic components, like the laser cavity, leading to phase
fluctuations. The effect of vibrations on the laser phase evolution
can be described as a frequency modulation. In order to simplify
the evaluation and replication of the results, on a small scale we
will model the frequency modulation by a sinusoid signal with
a peak-to-peak amplitude of and a frequency . The re-
sulting evolution of the laser phase then reads as

(1)

where is the constant frequency offset between the trans-
mitter and receiver lasers, and is the general phase noise
that is usually described as a random walk Wiener process. Even
in a steady state with no vibrations, the frequency offset typi-
cally experiences a modulation, which in the case of the given
lasers was MHz and kHz, and is shown in
Fig. 3. The frequency modulation is used in the given ECL as
a cavity locking signal for the stabilization of the laser output.
The phase evolution of the laser can, therefore, be modeled as
a combination of a random walk and a manufacturer-dependent
frequency modulation.

The frequency of the mixed-down signal was now measured
for different cases of mechanical disturbance on the local os-
cillator laser. An example is shown in Fig. 4 that illustrates the
general behavior of the frequency evolution.

Here, the local oscillator laser was lightly tapped by a metallic
tool. At the relative time instant , the vibration occurs
and the frequency experiences observable gradients of

MHz with kHz. After less than 0.1 s, the laser
begins to stabilize. It can be observed how the frequency oscil-
lates around the internal modulation frequency with

MHz and kHz for the given lasers.

Fig. 4. Frequency evolution in case of a metallic tool tapping the laser at time
instant � � �.

Fig. 5. Spectrum of the frequency evolution after the mechanical disturbance
with the internal modulation frequency �� � ��� Hz and postvibration spec-
tral components at�� � ��–�	 kHz,�� � ���� kHz,�� � �
�� kHz,
�� � �� kHz.

TABLE I
LOCAL OSCILLATOR FREQUENCY MODULATION RESULTS FOR DIFFERENT

MECHANICAL DISTURBANCES

The exact frequency components can be observed in the spec-
trum view of the laser frequency evolution as shown in Fig. 5.
The steady-state modulation of Hz can be observed,
as well as the components around kHz. The charac-
teristic frequency is accompanied by two other harmonics

.
The frequency evolution depends on the kind of mechanical

disturbance and is summarized in Table I for our measurements.
Several measurements were performed for each setting with the
largest observed frequency deviation listed in Table I.

It is apparent that the disturbance is only critical if the laser or
its case are directly tapped. In general, the measured frequency
deviation depends on the laser type and has to be measured for
each system.
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Fig. 6. Performance of 112-Gb/s PolMux QPSK versus the peak-to-peak fre-
quency deviation� at�� � �� kHz for the Viterbi & Viterbi phase recovery
for several averaging block lengths � .

Fig. 7. Feed-forward minimum distance phase estimation for QAM [3].

IV. RECEIVER IMPACT

Signal processing usually includes a frequency offset com-
pensator before carrier phase estimation. Depending on the pre-
cision of the frequency estimation, the impact of frequency devi-
ations can be minimized, e.g., using data-aided methods. In the
following, the performance of the carrier phase estimation alone
will be analyzed, assuming a rather static frequency compensa-
tion. Carrier phase estimation for QPSK is typically performed
using the Viterbi & Viterbi feed-forward algorithm, where a
simplified version was used given by [2]

(2)

where is the received signal and is the averaging length.
The bandwidth of the estimation was set by varying . The
performance of the algorithm against frequency variations is
demonstrated in Fig. 6 for 112-Gb/s polarization multiplexed
(PolMux)-QPSK with typical filter settings and a 100-kHz laser
linewidth for transmitter and receiver lasers. At the given rate,
QPSK is very tolerant against frequency deviations and does not
experience a penalty for MHz, if the averaging block
length of the estimation is chosen small enough, in order to
yield a higher bandwidth of the estimator.

Naturally, the performance deteriorates once higher order
modulation is taken into account. Feed-forward phase estima-
tion for QAM was proposed in [3] and shown in Fig. 7.

Fig. 8. Performance of 224-Gb/s PolMux 16 QAM versus the peak-to-peak
frequency deviation � at �� � �� kHz.

Fig. 8 analyzes the performance in the presence of frequency
deviations. Here, the maximum measured frequency deviations
cannot be tracked without penalty if kHz and would
either lead to an outage for large or to a sensitivity penalty
for small .

V. CONCLUSION

The frequency evolution in the presence of vibrations of a typ-
ical laser used in coherent optical high-speed communications
was analyzed. The observed frequency deviations for the given
laser were up to 500 MHz with a modulation frequency of up to
35 kHz of the carrier. The impact on the carrier phase estima-
tion was numerically analyzed for 112-Gb/s PolMux-QPSK and
224-Gb/s PolMux-16 QAM. It was found that the feed-forward
estimation algorithm for 16 QAM could not track the maximum
observed deviations, which occurred when the laser was directly
tapped, whereas QPSK remains penalty-free. However, if the
mechanical vibration is not directly at the laser, assuming cer-
tain isolation, the modulation frequency of the carrier remains
identical at the steady-state value of around kHz, which
can be easily compensated using standard carrier phase estima-
tion algorithms.
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