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Laser phase modulation spectrum with 25 frequency bands is generated by modulating a single frequency laser with

two cascaded phase modulators (PMs) with driving voltage amplitudes at 3.2 V and 7.8 V, respectively. And the time

delay self-heterodyne method is adopted to measure and analyze the coherent characteristics of the original single fre-

quency laser light and the generated multi-frequency light from two phase modulation schemes. By comparison of la-

ser linewidth, the experimental results show that the laser phase modulation does not change the coherent characteris-

tics of each frequency band, and the laser phase modulation spectra benefit the performance optimization for the

Rayleigh scattering based optical fiber sensing system.
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Laser phase modulation technology has been widely used
in optical fiber communication and sensing systems.
By one phase modulator (PM), the vector millime-
ter-wave signal can be generated and used in the radio
over fiber (RoF) communication system'', and by con-
trol of the driving radio frequency (RF), multiple carriers
can be obtained for passive optical networks (PONs)
with ultra-dense frequency space. Based on an optical
tapped delay line structure cascaded with a PM, an opti-
cal frequency comb (OFC) with arbitrary free spectrum
range can be controllable!®!. In addition, by cascading
PMs with combined harmonics®®! or Mach-Zehnder
modulator'® the flatness of the OFC can be greatly op-
timized. The cascaded PMs and dual-output dual-parallel
Mach-Zehnder modulator were also used to generate
simultaneous frequency and bandwidth doubling linearly
chirped waveform for high resolution radar systems!’.
And then, in the optical fiber sensing technology, the PM
is usually adopted to modulate the coherent laser source
to obtain multi-frequency laser light. Coherent laser
source has been used in distributed optical fiber sensing
system to measure the fiber attenuation, temperature,
strain, vibration parameters along the fiber under test. In
the Rayleigh scattering based optical time domain re-
flectometry (OTDR), such as coherent OTDR and
phase-sensitive OTDR, the fading noise of the Rayleigh
scattering signal affects the performance of the sensors,
and many methods have been adopted to reduce the fad-
ing noise. SUMIDA® proposed an M-ary frequency shift

keying (FSK) probe to reduce the fluctuation of the
OTDR trace, in which it simultaneously obtained 4
OTDR traces by 4 probe pulses with different carrier
frequencies, and by data averaging, the trace fluctuation
was reduced. IIDA et al'”! adopted a PM and arbitrary
waveform generator (AWG) to modulate single fre-
quency laser to get frequency multiplexing laser source
to improve the measurement dynamic range (DR) and
reduce the fading noise. Although the AWG sweeping
method can obtain more than 200 frequency channels, it
in itself is time-division multiplexing for probe sending
and sensing signal receiving. LU et al® employed the
phase modulation method to obtain multi-frequency laser
light in coherent OTDR, and at different modulation
depths (MDs), the dual-frequency probe light, three Fre-
que-ncy probe light® and four-symmetrical-frequency
probe light'” are generated, and they can both benefit the
fading noise reduction and DR enhancement of the coher-
ent OTDR system. In addition, the laser phase modula-
tion method is also adopted in the phase-sensitive OTDR
(p-OTDR). With three-frequency-probe light, the inter-
ference fading noise can be effectively reduced and the
@-OTDR obtains much accurate event identification abil-
ity""). The multi-frequency laser light generated by PM
with time serial frequency pulse driving™ benefits for the
phase information extraction by corresponding data
processing algorithm improvement to suppress the in-
fluence of Rayleigh fading noise!' and the cross-talk
noise between adjacent frequency channels!*. What is
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more, the multi-frequency light by phase modulation of a
single frequency laser can also improve the stimulated
Brillouin scattering threshold"'*, so as to make the opti-
cal fiber sensing system keep excellent performance.
Above all, the fading noise suppression is a hot issue in
the Rayleigh scattering based sensors™® .

As is known, the multi-frequency light generated by
phase modulation of single frequency laser light has im-
portant value for the sensing system DR enhancement
and fading noise reduction”"¥, so it is necessary to study
its coherent characteristics, and discuss whether the fad-
ing noise suppression effect originates from the degrada-
tion of the laser coherence. What’s more, if the phase
modulation method does not change the coherence of
each frequency band in the multi-frequency light, it can
be inferred that much better laser source can be gener-
ated by cascaded PMs for the application of optical fiber
sensing system"!. Therefore, in this paper the laser co-
herent characteristics by phase modulation are studied,
and by one PM and two cascaded PMs respectively, dif-
ferent multi-frequency laser sources are generated. For
the laser coherent characteristics analysis, the time delay
self-heterodyne method is employed to measure the laser
linewidth!" """,

By time delay self-heterodyne method, the phase
modulation spectra symmetrically distribute with center
frequency at about 200 MHz, and each frequency order
in the spectra can be accurately measured and analyzed.
And by the laser linewidth comparison with the original
single frequency laser and each frequency band in the
multi-frequency laser, it is found that laser phase modu-
lation does not change the coherence of each frequency
band in the multi-frequency laser light. So, by adjusting
the modulation voltages, more frequency bands with
close light power are obtained, which benefits the fading
noise reduction in the Rayleigh scattering based optical
fiber sensing system!’ .

The experimental setup is shown in Fig.1. The coher-
ent laser light is launched into the optical coupler 1 with
light splitting ratio of 90: 10, and then the output light
with higher power comes into the acousto-optical modu-
lator (AOM: T-M200-0.1C2J-3-F2S, Gooch &Housego),
which up-shifts the laser frequency about 200 MHz, and
then the laser light is input into the polarization control-
ler (PC) so that the light polarization state matches with
polarization parameters of the polarization maintaining
optical fibers of PM1 and PM2. Two cascaded PMs
(MPX-LN-0.1, iXblue) are adopted in the experiment, as
it is convenient for analyzing the laser phase modulation
spectra with only one PM and the two cascaded schemes.
The PM2 links an optical fiber section with length of
50 km, which is used as the optical fiber delay line. And
then, the output light mixes with another output light
from the optical coupler 1 in the optical fiber coupler 2.
The optical fiber coupler 2 is an X-type 3 dB coupler,
and the light from its two output ports has 180° phase
shift, so that the balanced photodetector (BPD: 435C,

Optoelectron. Lett. Vol.18 No.8

Thorlabs) transfers the carrier signal with very high
common mode rejection ratio (CMRR). The electrical
bandwidth of the BPD adopted in the experiment is
350 MHz. The BPD links the electrical spectrum ana-
lyzer (ESA: N9020A, Keysight Technologies), and then
the laser self-heterodyne spectra and laser linewidth can
be measured.

RF1 RE2 Opfical fiber delay line: 50 km

Laser PC -
oM 000 | pmi1fHpM2 < BPD
Conglr By 1 Coupler 2
200 MHz

Fig.1 Experimental setup for laser phase modulation
spectrum measurement and analysis

For the time delay self-heterodyne method to measure
laser linewidth, the spectra obtained by the ESA can be
expressed by!'”)
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where Aw=2m7/7., and w is the angular frequency deviated
from the carrier angular frequency waowm, 7. is the coher-
ent time of the laser source, and 7, is the delayed time by
the optical fiber delay line. So, theoretically if ty»z., then
exp(—Awty)~0, wty~0, and Eq.(1) can be written as
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Therefore, the spectra on the ESA become perfect
Lorentzian line shape with width equal to twice of the
laser optical spectral width!"®, Fig.2 shows the
self-heterodyne spectrum of the single frequency laser
source, and the laser linewidth at 20 dB below the peak
is 16.6 kHz, which means that the 3 dB linewidth is
1.66 kHZ!"®!. Generally, the laser coherence is presented
by the 3 dB linewidth which is also called as the full
width at half maximum (FWHM).
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Fig.2 Self-heterodyne spectrum of the single fre-
quency laser source
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And then the coherent characteristics of laser phase
modulation spectra are studied. When the laser passes
through the photoelectric crystal in the PM, the phase of
the light wave will be modulated. Assuming that the
electric field of the input light is Ej,=Aexp(jo?), the
phase change ¢(f) will occur after being modulated by
the PM, and then the output optical field becomes E,,~=
Aoexpljowt+¢4(f)], where A;, Ao and w are the corre-
sponding amplitudes and angular frequency of input and
output optical fields from the PM, and ¢(7) is the modu-
lation phase that adds to the input optical field.
#(O)=Upsin(wt), and U, and w,, are the amplitude and
angular frequency of the RF driving voltage, respec-
tively. By Fourier analysis, the optical field output from
the PM can be written as follows

Ey = A exp(jor)expU,, sin(o,1)) =

dyexp(an 3. J, (U, explige,) =

g=—x

Ao Zw: J,(U,)explig(@+,), (3)

where J, is Bessel function, and ¢ is integer number.
From Eq.(3), it can be known that the single frequency
laser source after phase modulation becomes
multi-frequency light, and each frequency band is sym-
metrical about the zero-order frequency band. In addi-
tion, by two cascaded PMs, the output optical field is the
phase modulation spectrum of each input frequency band
from PM1, so that much more frequency bands can be
obtained. And then different laser phase modulation
spectra are obtained by adjusting the RF driving voltage
of PM1®'Y The laser phase modulation spectrum by
self-heterodyne method with MD at 1.435 and driving
frequency at 21 MHz is shown in Fig.3. Theoretically, at
this MD, the 0 and +1st order frequencies are with the

same pOWCI‘[S].
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Fig.3 Laser phase modulation spectrum with MD at
1.435

In Fig.3, the frequency orders on the right are a little
lower than the corresponding ones on the left, and we
infer that it is caused by the insertion loss of the RF cable
that links the BPD, because the transmission bandwidth
of the RF cable is not wide enough. But it is certain that
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this deviation does not affect the laser linewidth meas-
urement. So, by setting the center frequency to be ana-
lyzed in ESA to corresponding frequency band center,
the 0, £1st, £2nd and +3rd order frequency bands are
measured, as shown in Figs.4—10. It can be seen from
Fig.4 that the laser linewidth at 20 dB below the peak is
16.8 kHz, and it means that the laser linewidth
(FWHM=3 dB) is 1.68 kHz!'"'*].
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Fig.4 Spectrum of the zero-order frequency band
Fig.5 and Fig.6 show the laser line shape details of the

—Ist and +1st order frequency bands from Fig.3, and the
linewidths are 1.65 kHz and 1.63 kHz, respectively.

. AMkr2 16.5 kHz
19 B/divRer 24,00 dBm -20.511dB

14.0
4.0

-6.0 i
i
-16.0] A \

-26.0 e
-36.0 ot g
-46.0
-56.0)
-66.0)

M 2Al

Center 17900000 M1z a0
ResBWOIOHz ~ VBWOIOHz  Sweep460 ms (1001 pts)

Fig.5 Spectrum of the —1st order frequency band
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Fig.6 Spectrum of the +1st order frequency band
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Fig.7 and Fig.8 show the laser line shape details of the
—2nd and +2nd order frequency bands in Fig.3, and the
linewidths are 1.69 kHz and 1.68 kHz, respectively. And
also, in Fig.9 and Fig.10, the measured laser linewidths
of the —3rd and +3rd order frequency bands are 1.68 kHz
and 1.65 kHz, respectively.
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Fig.7 Spectrum of the —2nd order frequency band
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Fig.8 Spectrum of the +2nd order frequency band
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Fig.9 Spectrum of the =3rd order frequency band

As to the multi-frequency light, it can be seen from
Fig.4 to Fig.10 that the laser linewidth of each frequency
band ranges from 1.63 kHz to 1.68 kHz, which are very
close to the linewidth value of the original laser source.
Therefore, considering the linewidth fluctuation of the
original single frequency laser source, it can be con-
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cluded that the phase modulation method does not
change laser linewidth of each frequency band, and it
means that the laser coherence of each frequency band in
the phase modulation spectra keeps the same with the
single frequency laser source. To obtain multi-frequency
laser light for optical fiber sensing application, two cas-
caded PMs are adopted. The driving voltage of PM1 is
set at 3.2 V, and then, by adjusting the driving voltage of
the PM2, the power of the frequency bands in the phase
modulation spectra changes. As the function generator
(DG1022U, RIGOL) used in the experiment can output a
maximum RF frequency of 25 MHz, the driving fre-
quency of PM1 is set at 21 MHz, and to make each fre-
quency band with the same interval, the driving fre-
quency of the PM2 is set at 3 MHz. When the driving
voltage of the PM2 is set at 7.8 V, 25 frequency bands
with 1 MHz frequency interval and less power deviation
are obtained as shown in Fig.11.
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Fig.11 Laser phase modulation spectrum by two
cascaded PMs

The linewidth of each frequency band in Fig.11 is ob-
served, and it also demonstrates that the laser coherence
of each frequency band in the phase modulation spectra
keeps the same with the original single frequency laser
source. The multi-frequency laser source obtained by
laser phase modulation or by multi-wavelength laser
sources such as Fabry-Perot (F-P) laser has been used in
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distributed optical fiber systems!'>"*), and it is believed

that the multi-frequency laser source generated by phase
modulation has much wider application, because it is
essential to heterodyne detection scheme to improve the
detectable sensitivity and reduce the fading noise of the
Rayleigh scattering!®'*. In addition, the signal extraction
in each frequency band is relatively convenient'*'%, and
processing and analyzing the signal of each frequency
band will enhance the measurement DR and accuracy for
event identification along the sensing fiber under
test!'16),

In conclusion, by the time delay self-heterodyne
method for laser linewidth measurement, the characteris-
tics of the phase modulation spectra of a single frequency
laser are experimentally tested and compared with one
PM and two cascaded PM modulation schemes with in-
dependent RF driving voltages. The experimental results
show that laser phase modulation does not change the
coherence of each frequency band generated. And by
cascading phase modulation with RF driving voltage
amplitudes at 3.2V and 7.8V respectively, a
multi-frequency laser source with 25 frequency bands is
obtained, which benefits the Rayleigh scattering based
optical fiber sensing applications.

Statements and Declarations

The authors declare that there are no conflicts of interest
related to this article.

References

[1] WANG D, XI L, TANG X, et al. A simple photonic
precoding-less scheme for vector millimeter-wave sig-
nal generation based on a single phase modulator[J].
Results in physics, 2020, 19(103412): 1-5.

[2] WEI X, MU H, LI M, et al. Arbitrary free spectral range
control of optical frequency combs based on an optical
tapped delay line structure cascaded with a phase
modulator[J]. Optoelectronics letters, 2021, 17(7): 0390-
0394.

[3] CUL Y, WANG Z, XU Y, et al. Generation of flat optical
frequency comb using cascaded PMs with combined
harmonics[J]. IEEE photonics technology letters, 2022,
34(9): 490-493.

[4] GUO Y, WANG M, MU H, et al. Simultaneous fre-
quency and bandwidth doubling linearly chirped wave-
form generation based on cascaded phase modulator
and dual-output dual-parallel Mach-Zehnder modula-
tor[J]. Optik, 2021, 243(19): 167384.

[5] ULLAH S, ULLAH R, ZHANG Q, et al. Ultra-wide

(6]

[10]

[11]

[12]

[13]

[16]

[17]

(18]

Optoelectron. Lett. Vol.18 No.8 +0453 *

and flattened optical frequency comb generation based
on cascaded phase modulator and LiNbO;-MZM offer-
ing terahertz bandwidth[J]. IEEE access, 2020, 8:
76692-76698.

SUMIDA M. Optical time domain reflectometry using
an M-ary FSK probe and coherent detection[J]. Journal
of lightwave technology, 1996, 14(11): 2483-2491.
IIDA H, KOSHIKIYA Y, ITO F, et al. High-sensitivity
coherent optical time domain reflectometry employing
frequency-division multiplexing[J]. Journal of light-
wave technology, 2012, 30(8): 1121-1126.

LU L, SONG Y, FAN Z, et al. Dual frequency probe
based coherent optical time domain reflectometry[J].
Optics communications, 2012, 285(10): 2492-2495.
LU L, SONG Y, FAN Z, et al. Coherent optical time
domain reflectometry using three frequency multiplex-
ing probe[J]. Optics and lasers in engineering, 2012,
50(12): 1735-1739.

LU L, SONG Y, ZHANG X, et al. Frequency division
multiplexing OTDR with fast signal processing[J]. Op-
tics & laser technology, 2012, 44(7): 2206-2209.
ZHOU J, PAN Z, YE Q, et al. Characteristics and ex-
planations of interference fading of a phi-OTDR with a
multi-frequency source[J]. Journal of lightwave tech-
nology, 2013, 31(17): 2947-2954.

QIAN H, LUO B, HE H, et al. Fading-free ¢-OTDR
with multi-frequency decomposition[J]. IEEE sensors
journal, 2022, 22(3): 2160-2166.

XU N, WANG P, WANG Y, et al. Crosstalk noise sup-
pressed for multi-frequency @-OTDR using compressed
sensing[J]. Journal of lightwave technology, 2021,
39(22): 7343-7349.

LV L, SONG Y, ZHU F, et al. Performance limit of a
multi-frequency probe based coherent optical time do-
main reflectometry caused by nonlinear effects[J]. Chi-
nese optics letters, 2012, 10(4): 4.

LU L, SUN X, BU X, et al. Coherent optical time do-
main reflectometry by logarithmic detection and timed
random frequency hopping[J]. Optical engineering,
2017, 56(2): 024106.

WANG Z, WU Y, XIONG J, et al. Bipolar-coding
¢-OTDR with interference fading elimination and fre-
quency drift compensation[J]. Journal of lightwave
technology, 2020, 38(21): 6121-6128.

HAN M, WANG A. Analysis of a loss-compensated
recirculating delayed self-heterodyne interferometer for
laser linewidth measurement[J]. Applied physics B,
2005, 81(1): 53-58.

CHEN M, ZHOU M, WANG J, et al. Ultra-narrow
linewidth measurement based on Voigt profile fitting[J].
Optics express, 2015, 23(5): 6803-6808.



