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Additional laser intensity modulation (LIM) will degrade performance of fiber-optic interferometric sensors
in which phase generated carrier demodulation techniques are utilized. In this paper, a new method to elim-
inate the additional LIM of a sinusoidal modulated fiber ring laser through an analog divider is presented. Ex-
perimental results show not only LIM but also intensity noise peak caused by relax oscillation are eliminated
simultaneously by the analog divider. System becomes more stable, and gets a higher performance with
adoption of this method. Factors influencing system performance are also analyzed.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Phase generated carrier (PGC) demodulation scheme is widely
used in fiber-optic interferometric sensing system due to its high sen-
sitivity, large dynamic range and good linearity [1,2]. With a frequen-
cy modulated laser source, the sensing head can work in passive
mode. However, a normal PGC demodulation circuit or program can-
not operate correctly because the laser source is often attached with
laser intensity modulation (LIM). Several solutions have been pro-
posed: A. Dandridge tried to reduce intensity noise and additional
LIM with balanced detectors [3], J. Cao selected a laser diode with
low additional intensity modulation [4], and Y. Liu dealt it with
PGC-atan algorithm, which could reduce its influence to some extent
[5]. Q. Shi eliminated LIM of a sinusoidal modulated semiconductor
laser illuminating system, by dividing the interferometer output sig-
nal with the directly detected light intensity signal which was pre-
stored in computer [6]. These methods can reduce or eliminate the
impact of LIM in their specified application. However, Erbium-doped
fiber ring laser, which has a good prospect in interferometric systems
operated with large optical path difference (OPD), has several order
of harmonics in its LIM spectrum evenmodulated by a simple sinusoi-
dal signal, and system performance may degrade more or less even if
dealing with the above options.

In this paper, a newmethod, which adopts an analog divider to di-
vide interferometric signal with laser intensity signal to eliminate

LIM, is shown. The performance of a modulated Erbium-doped fiber
ring laser illuminating interferometer with PGC demodulation system
is also shown.

2. Theoretical analysis

In an ideal case, there is no LIM for a normal Michelson or Mach–
Zehnder interferometer illuminated by a modulated laser source, its
output signal can be expressed as [1]

I ¼ Aþ κA cos C cos ω0tð Þ þ ϕ tð Þ½ �: ð1Þ

Here, constant A represents laser intensity, κ is mixing efficiency,
ω0 is modulation frequency, Ccos(ω0t) is phase carrier, φ(t) is phase
difference, including fixed phase difference introduced by interferom-
eter OPD between two arms, signals to be detected, undesired envi-
ronmental noises, and phase noise introduced by laser source
frequency jitter.

In order to get the spectrum of Eq. (1), expand it in terms of Bessel
function:

I ¼ Aþ κA
J0 Cð Þ þ 2
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Mix Eq. (2) with Gcosω0t and Hcos2ω0t respectively, a pair of
quadrature signals, sinφ(t) and cosφ(t), can be obtained. And signal
under detected can be obtained after a series of further treatment:

Optics Communications 285 (2012) 738–741

⁎ Corresponding author at: Science & Engineering building, Anhui University, Jiulong
Road 111#, Hefei 230601, China. Tel./fax: +86 551 3861753.

E-mail address: atlaswoo@126.com (X. Wu).

0030-4018/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.optcom.2011.11.027

Contents lists available at SciVerse ScienceDirect

Optics Communications

j ourna l homepage: www.e lsev ie r .com/ locate /optcom

http://dx.doi.org/10.1016/j.optcom.2011.11.027
mailto:atlaswoo@126.com
http://dx.doi.org/10.1016/j.optcom.2011.11.027
http://www.sciencedirect.com/science/journal/00304018


time derivative, cross multiplication, subtraction, integral and high
pass filtering. This demodulation scheme is described in detail in
Ref. [1].

However, when the laser source is a sinusoidal modulated fiber
ring laser, unwanted LIM is also introduced, and then laser intensity
A in Eq. (1) can be expressed as

A ¼ A0 þ
X∞
m¼1

Am cosω0t: ð3Þ

Here, A0 is DC component of optical intensity, Am is the amplitude
of the m-order harmonic, and in fact it may vary with time because of
environmental disturbances. So, in this condition, the output of inter-
ferometer becomes

I0 ¼ A0 þ
X∞
m¼1

Am cosω0t

 !
1þ κ cos C cos ω0tð Þ þ ϕ tð Þ½ �ð Þ: ð4Þ

In order to simplify the calculation, but not losing of generality, we
will neglect 6th and higher order harmonic of modulation frequency
in Eqs. (2) and (3). If Eq. (4) is still mixed with Gcosω0t and Hcos2ω0t
respectively, it gets

A1G
2

1þ κJ0ð Þ þ κG
2

−2A0J1−A2J1 þ A2J3−A4J5½ � sinϕ tð Þ

þ κG
2

−2A1J2−A3J2 þ A3J4−A5J4½ � cosϕ tð Þ;
ð5Þ

A2H
2
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2
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2

−2A0J2−A4J2 þ A2J4½ � cosϕ tð Þ:
ð6Þ

From Eqs. (5) and (6), we can see that the outputs become very
complicated: they contain extra DC components and are no longer
in quadrature. These deviations will get more obvious with a stron-
ger LIM harmonics. As a result, signal fading will be unable to be
eliminated thoroughly after the PGC demodulation process, and
system performance will degrade. In fact, obvious signal fading
can be observed in experiments.

It can also be seen from Eq. (4) that a simple but effective method
to eliminate LIM is to divide the interferometer output signal Eq. (4)
with laser intensity signal Eq. (3). The output of the divider is sent
to a normal PGC demodulation circuit or program, and signal to be
detected can be recovered without fading.

3. Experimental setup and results

The proposed system configuration to eliminate LIM mentioned
above is shown in Fig. 1. An extra 3 dB coupler (C1) is introduced in
the polarization independent Michelson interferometer illuminated
by an Erbium-doped fiber ring laser, which has been discussed in
detail in Refs. [7,8]. C2 is another 3 dB coupler. Two 90° Faraday ro-
tating mirror (FRM) is used to reflect light and ensure the two
reflected beam to interference with polarization aligned. PD1, and
PD2 are photodetectors. PD1 is used to detect the interferometric
signal and PD2 is used to detect laser intensity signal. The output
of PD1 is divided by the output of PD2 with an analog divider fab-
ricated by AD734. At last, we send the output of the divider to a
normal PGC demodulation circuit and get the final result.

As shown in Fig. 1, the fiber laser is modulated by an external
40 kHz sinusoidal signal, which is used to generate the desired fre-
quency dither, however undesired LIM is also added. The output
waveform of PD2 and its spectrum are shown in Figs. 2 and 3, respec-
tively. It can be seen that there is an obvious LIM whose spectrum has
not only fundamental modulation frequency but also several orders of
harmonics. The noise around 35 kHz is a result of laser relax oscilla-
tion. In fact, because the fiber ring laser has a relative long cavity (of
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Fig. 1. System configuration schematic diagram.

--a-- pink line, PD2 output

--b-- cyan line, PD1 output

--c-- yellow line, divider output

Fig. 2. Output waveforms of PD1, PD2, and the analog divider.
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