International Journal of Advanced Biotechnology and Research (IJBR)
ISSN 0976-2612, Online ISSN 2278–599X,
Vol-7, Issue-4, 2016, pp1445-1451
http://www.bipublication.com
Research Article

Minimization of Errors in Narrowband Laser Phase Noise
Measurements Based on Reference Measurement Channels

A. B Pnev1, K.V. Stepanov1, D.A. Dvoretskiy1,
A.A. Zhirnov1, E.T. Nesterov1,
S.G. Sazonkin1, A.O. Chernutsky1,
D.A. Shelestov1, A.K. Fedorov1,
C. Svelto2 and V.E. Karasik1
1

Bauman Moscow State Technical University
(BMSTU), 105005,
Moscow, 2-ya Baumanskaya ul., 5-1
2

Politecnico di Milano (POLIMI), 20133,
Milano, Piazza Leonardo da Vinci, 32.

ABSTRACT
We propose a novel scheme for laser phase noise measurementswith minimized sensitivity to external fluctuations
including interferometer vibration, temperature instability, other low-frequency noise and relative intensity noise.
In order to minimize the effect of these external fluctuations, we employ simultaneous measurement of two
spectrally separated channels in the scheme. We present an algorithm for selection of the desired signal to extract
the phase noise. Experimental results demonstrate potential of the suggested scheme for a wide range of
technological applications.

INTRODUCTION
Intrinsic phase noise in a laser oscillator is
caused by spontaneous emission of photons
propagating collinearly to stimulated emission
radiation.This type of noise contributes to the
output laser spectrum. As a result,one can
observe broadening of the spectrum and
appearance of side peaks around the main
optical frequency.Phase noise can be described
as a continuous frequency drift in combination
with spontaneous phase jumps [1]. Quantum
noise, such as spontaneous emission of gain
media, is the fundamental reason of the
existence of phase noise. In addition to its basic
quantum origin, the laser phase noise can be also
generated by technical noise contributions, e.g.

due to cavity vibrations and temperature
fluctuations. In many cases the phase noise is
connected to the relative intensity noise(RIN) of
the laser [2].
There are two important tasks in phase
noise measurements. The first is to eliminate
external influences. The second one isproviding
sufficient sensitivity of registration system for
proper signal detection.
Precise phase noise measurements are
especiallyimportant for lasers designed as a light
source for high speed binary phase-shift keying
(BPSK) and quadrature phase-shift keying
(QPSK) optical networks, LIghtDetection And
Ranging (LIDAR), phase-sensitive optical time-
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domain reflectometry and fiber optic
hydrophones. Phase noise of a laser source plays
a crucial role for efficient operating of these
systems.
In the present work, we suggest a novel
approach for phase noise measurements
providingboth theoretical and experiment
analysis. The suggested approach is based on the
absenceof phase modulator andfeedback loop.
These parts complicate commonschemes for
phase noise measurements [3-9], and they are
additional source of errors. We demonstrate that
the proposed scheme allows phase noise
measurement in the range of 0.1...10 Hz from
the carrier optical frequency, whereas precise
noise measurement in this range is
challenging [10].This range is of significant
interest for seismic sensors in areas of
permafrost and hydrophones [11]. The proposed
scheme has a potential for application in phase
noise
measurements
of
lasers
with
uncompensated relaxation oscillations in a
frequency range less than 1 MHz [12] due to

taking into account RIN for its further
compensation.
Theoretical analysis
The scheme of the proposed measurement setup
is given in Fig. 1. We describe its basic working
principles on the example of work ofLaser
1.Light from Laser 1 goes to a coupler. A small
part (about 10%) is forwarded to the photodiode
PD3, the other part(about 90%) goes tothe
unbalanced
Mach-Zehnder
interferometer
(MZI), created by X-coupler, Y-coupler and two
fiber arms (one of the arms has longeroptical
delay of 1m) [2]. The radiation from output of
the Y-coupler goes to the wave-division
multiplexer (WDM) and is then forwarded to the
photodiode PD 1 in accordance to its
wavelength. For Laser 2 the procedure is the
same and light finally comes to photodiodes PD
4 and PD 2. Signal from photodiodes converts to
the digital form by the ADC and then goes to the
processing in a PC.

FIG. 1.Scheme of the experimental setup.

Transformations of signals in the setup can be
described via coupling coefficients and phase
delays in the interferometer. If we take as the
intensity of Laser 1, then 0.1 is the intensity
level on PD 3, and 0.9 is the intensity at the
MZI input. The intensity is divided in two arms
in equal proportions as follows: =
=
0.45 . The 1 m optical delay is too small to
create sufficient intensity difference at the
output. At the output we receive the constant
part
+
and the oscillating variable part
with amplitude 2
× . Last term is defined
by phase difference created by optical delay and
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calculated as exp (−2 ( + ∆ )/( + )),
where = 1 is the optical delay, ∆ is its
deviations, = 1550
is laser wavelength,
andΔ is its fluctuations. Finally, we can present
signal transformations in MZI by the following
transfer function [13]:
(∆, )
= +
2
+2
×
~
,
(1)
whereΔ isthe optical length unbalance between
interferometer arms and is thefrequency of the
laser. Received signal through WDM goes to
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photodiodes with sensitivity at 1550 nm equal to
0.9 A/W, so we get
= 0.9
and
=
0.09 . On the next step after ADC we receive
discrete quantized signal:
( )×
( / )
⎧
( )=
,
⎪
( )×
( / )
⎨
( )=
.
⎪
⎩
Here it the continuous measurement time,
is
the discrete time of ithstep,
is the ADC
discretization time, and
is the ADC
reference level.For the signal of Laser 2
transformations are described in the same way
as for PD 2 and PD 4.
In the proposed setup, phase noise of each
spectrally separated laser source can be
measured in parallel. Then they should be
differentin optical frequenciesat least on the
value about 100 GHz of optical frequencies due
to difference in adjacent channels in WDM for
optical networks. Our scheme also requires
sufficient level of stability of the lasers and
absence of the exchange in optical spectral
channels (e.g. channels of ITU grid).
Phase noise is calculated from obtained data by
the following algorithm:
1) Data acquisition from photodiodes:
Array of MZI intensity values for Laser 1: 1,
( );
from
Array of MZI intensity values for Laser 2: 2,
( );
from
Array of intensity values for Laser 1 directly:
( );
3, from
Array of intensity values for Laser 2 directly:
( ).
4, from
2) Obtaining 1 and 2 by calculatingthe
Fourier transformsof 1 and 2.
3) 1and 2 comparison in low frequency range
(from 0.1 to 2 Hz) and definition of their
common part . This part is caused mainly
by MZI instability and much less by laser
intensity noises.
4) Filtration of the low frequency part
defined in the previous paragraph (in
range from 0.1 to 2 Hz) in the arrays 1 and
2 via a low frequency filter.
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5) Calculation of filtered time-domain signals
1 and 2 via inverse Fourier transform
of F1 and F2.
6) *Next points describe processingof 1 and
M3 to extract the Laser 1 phase noise.Phase
noise of Laser 2 can be calculated in the
same way.
7) Compensation of laser intensity instability:
a. determination of the proportionality factor
1 = 〈 1 〉/〈 3〉 determination, which
describes intensity ratio of Laser 1 power in
PD 1 and PD 3 arms of the setup;
b. subtraction of the DC component ( + =
2 in Eq. (1)): 1 = 1 − 3 × 1;
c. calculation of interference term of Eq. (1)
without its intensity-dependent amplitude
2
× : 1ℎ = 1 /( 3 × 1).
8) Retrieval of phase fluctuations:
ℎ1 =
asin ( 1ℎ).
9) Calculation of phase fluctuations spectrum
taking into account frequency resolution
(
= 0.1 Hz defined by measurement
time) and constant phase lag from = 1 m
optical delay: = 2 / , where = 1550
nm is the lasers wavelength, = + Δ ≈
since ≫ Δ , and Δ includes external
influences and measurement error:
|ℱ[ ℎ1]|
=
×
ℱ[ ]is the Fourier transform operator.
10)
Phase noise is defined as the square root
of power spectrum :
Φ =
The proposed method allows to measure phase
noise in a phase noise down to 0.1 Hz and with a
frequency resolution RBW=0.1 Hz.
Errors analysis
We calculate the impact of the following factors:
temperature drift, optical path difference, and
central wavelength instability.To this goal,we
usetwo lasers with central wavelengths
λ1=1550.12 nm
(f1
=
193.40 THz)
andλ2=1549.32 nm
(f2
=
193.50 THz),
corresponding tochannels№34 and №35 of ITU
Grid: C-Band, respectively.
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The temperature instability ΔTcauses drifts in
the optical path difference respectively, which in
turn change theinterferometer arms difference:
Δ=( + )∆ ,
whereis
thethermal
expansion
-6
coefficient(=0,5510 fused
silica),
nis
thethermo-optic
coefficient(n=8,6106
forλ=1550) [14],l is thelength of expansion
area, in our case l is the interferometer arms
difference (l=1m).
The temperature instability ofΔT=0,1 °С causes
phase drifts:
Δφ =

Δ=

.

×

× 10

×

× 10

×

1 × 0.1 = 1.2902 ,
Δφ =

Δ=

.

×

1 × 0.1 = 1.2909 .
Several receivers carry out registration of
signals. That is why the emission pathof Laser 1
to PD 1 andPD 3 (Laser 2 emission path to

PD 2andPD 4)should be the same in order to
minimize calculation errors.Otherwise, the
compensation of the amplitude noise isincorrect.
Precision of this path can be 1 cm using known
lengthpatch cord.
We conduct an analysis of the wavelength
driftimpacton registered signal. We assume that
there is no change in interferometer arms
difference.
Then
the
transmission
function(1)makes acomplete oscillation under
the condition:
Δ−

Δ=2 .

Thus,
for
wavelengths
λ1=1550.12 nmandλ2=1549.32 nm thecomplete
oscillation of the transmission functiontakes
places
at
wavelength
drift
valuesΔλ1=2.4028 pmandΔλ2 = 2.4003 pm,
respectively.

Experimental investigation
To illustrate our results we implemented an experimental study of the suggested scheme.We use the
following lasers: RedfernIntegratedOptics (RIO)-OptaSenseInc. (Laser 1)andDenseLight
Semiconductors (Laser 2). The interference signals received at photodetector outputs during the
experiment are shown in Fig. 2.

FIG.2.Time evolutionofexperimentaldata from receivers PD 1 – PD 4.
One interesting feature of Laser 2 (DenseLight) is the presence of random intensity jumps. That is why
the curve of Laser 2 has highly noisy data. The effect of the intensity instability of Laser 2 on the
frequency noise is shown in Fig. 3. One can see that frequency instability is longer in time then
intensity instability. Consideration of theoretical base for this phenomenon is out of the scope of this
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article. Laser 1 (RedfernIntegratedOptics)does not haveshort intensity jumpsthat is why its experimental
curve is smooth. It changes only due to theexternal factors (vibration, temperature changes, and etc.)
and measured phase noise.

FIG. 3.Graph showing influence of laser intensity instability on the laser frequency.
Experimental curves of measured phase noise spectrausing the proposed method for two lasers are
presented in Fig. 4. For comparisonwe alsoshow the results without low frequency compensation
(curves 1 and 3in Fig. 4). Spectral densities without compensation (curves 2 and 4in Fig. 4) are much
higher than the corresponding ones obtained after proper compensation. Thus, we can conclude that due
to high MZI sensitivity to external perturbations spectral compensation is extremely necessary. We also
show a phase noise curve from the Redfern Integrated Optics laser (specification is given in Ref. [15])
(curve 5in Fig. 4) obtained by the setup described in Ref. [10]. It is clear from the figure that results
achieved with our setup are in good agreement with these data. We show the different system
fluctuations reduced to phase noise: intensity noise of Redfern Integrated Optics laser (curve 6 in in Fig.
4) andphotoreceiver background noise (curve 7 in Fig. 4). Analysis of curves 6 and 4 also explains a
broad peak in 30…50 kHz range, since it is the laser intensity noise not connected with laser
wavelength.Analysis of curves7 and 4 allows explaining the narrow peaks in the high frequency region.
They are noise contributionsof the photoreceiver, which is not connected to the laser. Curves 6 and 7
allow understanding the noise floor of the measurement setup. One can see that photoreceiver noise
gives a very little contribution. The laser intensity instability remains the most important source of error
after MZI fluctuation compensation.
Alexey B. Pnev, et al.
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FIG. 4.Phase noise plots: curves 1,3 arewithout proposed method usage; curves 2,4 arewith proposed method
usage, curve 5 is the Laser 1 specification data, curve 6 is the reduced intensity noise, curve 7 is thereduced
photoreceiver noise.

CONCLUSION
A novel laser phase noise measurement scheme
was described. We showed that the proposed
scheme allows avoidingthe use of phase
modulators and provides minimizing errors due
to vibrations and temperature instability. The
proposed phase noise detection algorithm allows
measuring phase noise in the low-frequency
range up to sub-Hz distance from the optical
carrier and it was both analytically presented
and experimentally validated.
The result achieved by compensating the same
low frequency components (in the range from
0.1 to 2 Hz) from two spectral demultiplexing
narrowband laser sources was presented.
Experimental data from the proposed schemeare
in good agreement with phase noise
Alexey B. Pnev, et al.

characteristics given in the laser technical
specifications. These merits make our scheme a
very promising solution.
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