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Chapter

Optical Phase-Modulation
Techniques
Ramón José Pérez Menéndez

Abstract

Optical phase-modulation technique is a very powerful tool used in a wide
variety of high performance photonic systems. Fiber-optic sensors and gyroscopes,
integrated-optics sensors, or high-performance photonic integrated circuits are
some examples of photonic systems where the optical phase-modulation technique
can be efficiently applied. In time, such a photonic system can be integrated as the
core part of some specific applications like biosensors, 5G advanced optical com-
munication devices, gyroscopes, or high-performance computation devices. In this
work, the main optical phase-modulation techniques are analyzed. Also, a study of
the most significant applications of this technique is made, relating it to the most
appropriate type in each case.

Keywords: optical phase-modulation, electro-optic phase modulators,
sinusoidal phase-modulation, square-wave phase-modulation, triangular
phase-modulation, serrodyne phase-modulation, phase-locking technique,
phase-locked-loop, optical gyroscopes

1. Introduction

Optical interferometry constitutes an important technique used in a high
number of measurement processes for multiple physical magnitudes and quantita-
tive phenomenon [1]. Particularly, fiber-optic waveguides can act as very useful
and efficient transmission medium for light guidance in a large group of
interferometry-based sensor devices. On the other hand, the study of subject of
interferometer fiber-optic sensors has received an extensive treatment in the litera-
ture [2, 3]. In this article, a wide analysis of optical phase-modulation is made
focused on the optical gyroscopes as the main referenced application. A simple
open-loop configuration of interferometric fiber-optic gyroscope based on the
Sagnac effect is shown in Figure 1. This kind of gyro is based on the Sagnac-
effect within an open optical path realized by a N-turn fiber-optic coil when two
independent counter-propagating light modes are externally introduced from a
broadband laser source through its two ends, respectively. This causes that an
interference pattern between the CW and CCW light beams to be collected in
a photo-detector with a phase shift given by the following equation, Ref. [4]:

ϕS ¼
2πLD

λ0 c0
Ω (1)
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where L and D are length and diameter of fiber-optic sensing coil, respectively,
λ0 and c0 are wavelength and speed of light source in vacuum, respectively, and Ω is
the rotation rate. Figure 1 clearly shows that this Interferometer-Fiber-Optic-Gyro
(IFOG) has a passive configuration because the laser source is located externally to
the sensing coil. In this system, the two counter-propagating light beams travel
through the core of a conventional single-mode optical fiber (SMF) by total-
internal-reflection phenomenon. As the core diameter of such an optical fiber is
only about 8 μm, the spot size of the interference signal can only be coupled to a
small area at the end of the fiber loop, for example on the small detection area of a
photo-detector. So that, this interference signal affects only one or two interference
fringes whose intensity can be evaluated by the following expression:

I ϕð Þ ¼ I0 1þ cosϕð Þ (2)

being I(ϕ) the output optical signal of interferometer, I0 the amplitude of each of
two CW and CCW counter-propagating beams and ϕ the optical phase-difference
between them.

Figure 2 represents the variation of light intensity along a single interference
fringe as a function of ϕ. Notice the output intensity noise produced when the phase
difference is detected with a phase error Δϕ. Phase noise sources of this gyro, their
influence on output signal and solutions are exhaustively treated in Refs. [5–16].

However, the simple and raw gyro configuration (laser-source, beam-splitter,
fiber-coil sensor and photo-detector) showed in Figure 1 is not effective in practice
mainly due to its inability to reduce phase errors. Thus, the decrease in phase error
can be effectively achieved by a phase-modulation process of CW and CCW optical

Figure 1.
Basic structure of the IFOG.

Figure 2.
Two-beam interference response curve as a function of ϕ (phase-difference).
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waves by adding an optical phase-modulator in the path of the waves entering the
optical fiber sensing coil as it is shown in the arrangement of Figure 3. Phase error
decreasing is mainly achieved by electronic filtering within phase-sensitive
demodulation circuits (PSD).

In this scheme, the immediate consequence of the application of a phase
modulation to CW and CCW waves is the need to have an electronic demodulation
system for the optical phase (commonly called PSD). This electronic phase-
sensitive demodulation system must be located at the electric output of photo-
detector. This way, by a demodulation process of electrical output signal of photo-
detector, the Sagnac phase shift can be retrieved as calculated from Eq. (1) when a
rotation-rate Ω is applied to the whole system. Also, as showed in Figure 3, other
elements like a second beam splitter, a polarizer and an optical filter are needed to
complete the system. The main function of the electro-optical phase modulator is
to provide a controlled phase shift which will be added to Sagnac phase shift
produced by the rotation onto the system. This way, the signal detected by photo-
detector can be demodulated with some ease to recover by electronic means the
Ω rotation-rate value which affects the whole system.

A more advanced design is achieved by closing the measurement loop by means
of a feedback signal becoming into the scheme so-called IFOG closed loop configu-
ration. The general scheme of a closed loop IFOG is depicted on Figure 4. In this
scheme, the output signal of demodulator circuit passes through a servo amplifier

Figure 3.
Complete bulk-optics fiber-optic gyro open-loop configuration.

Figure 4.
Typical closed-loop IFOG configuration.
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which drives a phase transducer placed in the interferometer path. Then, the whole
system works under the phase-nulling principle. This means that the total phase
shift becomes equal to zero because the phase transducer introduces a non-
reciprocal phase shift that is equal, by in the opposite sign, to that generated by
Sagnac phase shift induced by rotation. The output of the system is then the output
of the phase transducer.

The main advantage of this configuration is the insensitivity to the laser source
amplitude variations and the electronic circuitry gain because the system is always
operated at zero total phase shift. Other design alternatives are possible, and so
instead of using a fiber optic coil as a sensor it can be used a ring resonator
integrated in a silicon waveguide, Ref. [17].

For open-loop configuration square-wave bias and sinusoidal phase modulation
are usually applied while for closed-loop configuration, sinusoidal or square-wave
bias and serrodyne feedback phase modulations are frequently used. In the follow-
ing, a particular study of all these types of optical phase modulation will be made.

2. Square-wave optical phase modulation

One of the first attempts to apply the principle of phase modulation to CW-
CCW optical waves in an optical gyroscope can be seen in Ref. [18]. In this case, a
sinusoidal-wave phase modulation is applied mainly due first to the ease of finding
fast bulk phase modulators in lithium niobate (LiNbO3), Ref. [19], and also reliable
electronic sine wave oscillators. However, square-wave is frequently used as bias
phase modulation because it allows periodically shift the working point of the gyro
to each one of �π/2 constant values, respectively. This last is due that when the
central working point of the gyro is either +π/2 or �π/2, its sensitivity reach a
maximum value, as it can be seen on Figure 5. Then, when the system is not
subjected to rotation (Ω = 0), the output response is a pectinate-shaped curve with a
constant value. But, when the system is subjected to a non-zero rotation rate, the
interferometric response output curve is also a Square-Wave whose peak-to-peak
amplitude is proportional to the value of the rotation speed. The latter can also be
also checked by observing in detail the Figure 6. In this figure, τ is the transit time
of the CW and CCW optical waves over the fiber-coil length and ϕS is the Sagnac
phase shift caused between them by rotation.

For this purpose, one phase modulator is located at the end of fiber coil, as
represented in the scheme of Figure 4. Thus, the calculation of effective phase shift
induced by the phase modulation process between CW and CCW optical waves at
the output of fiber coil after their respective roundtrip can be expressed as follows:

Δϕ tð Þ ¼ ϕCCW tð Þ � ϕCW tð Þ ¼ ϕ tð Þ � ϕ t� τð Þ (3)

In Eq. (3), ϕ tð Þ represents the time waveform of applied phase modulation and τ

is, again, the transit time around the fiber coil which, in time, can be calculated as:

τ ¼
nL

c
(4)

here, n is the effective refractive index of fiber, L is the total length of fiber coil
and c is the vacuum speed of light. For obtaining the result of Eq. (3) it has been
taken into account that CW and CCW waves enter the fiber coil at opposite ends.
Then, in the case of square-wave phase modulation as represented in Figure 6,
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analytics gives two constant phase values, namely, �π/2 (continuous black wave)
when no-rotation is applied to the system. However, when a non-zero rotation is
applied, a phase difference equal to ϕS Sagnac phase shift must be added to phase

Figure 6.
Closed-loop IFOG scheme with square-wave BIAS and serrodyne FEEDBACK phase modulations (below, in
the inset, the block-diagram definition).

Figure 5.
Analysis of the interference response of the gyro with square-wave phase modulation (solid blue curve: zero
rotation, dotted red curve: non-zero rotation).
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difference applied by the external phase modulation process. The explanation of
blue (continuous) and red (dotted) output response curves of photo-detector is as
follows. When rotation rate is equal to zero, the projection of the points of the input
square waveform (continuous black) on the response curve of the interferometer
gets a pectinate-shaped output waveform (continuous blue curve). However, when
a non-zero rotation rate, a pectinate square-wave is obtained (dotted red curve). In
this last case, as seen in the inset of Figure 6, the peak-to-peak square-wave value is
very close proportional to rotation rate and can be evaluated as:

ΔI tð Þ ¼ I0 sinϕS ffi KϕS ¼ KΩ Ω (5)

where the approximation can be justified because the value of the sine-function
can be approximated by its argument when it is less than π/6 in absolute value.

Figure 6 shows a closed-loop block-diagram scheme of an IFOG model with
square-wave BIAS and serrodyne FEEDBACK phase modulations. In this case it is
necessary to use two different phase modulators, first one to apply the square wave
BIAS and second one for the serrodyne FEEDBACK phase modulation. See the
complete description of this block-diagram on Ref. [20].

Gyro designs with square-wave kind of phase modulation can be seen in Refs.
[21–24]. Last three engineered by Chinese authors utilize square waves staggered
by sections (four-, five- or six-points phase modulation, respectively) and their
main advantage is that all these schemes allow to improve the accuracy and scale
factor of the gyro.

3. Sinusoidal optical phase modulation

The basic idea to apply the sinusoidal bias phase modulation to an IFOG config-
uration is that the amplitude of the first harmonic component of interferometer
output signal contains information of the ϕS Sagnac phase shift induced by rotation.
In particular, this amplitude can be considered approximately linearly proportional
to the absolute value of rotation rate that affects the system. This fact will be
analytically derived next. Suppose first a simple open-loop IFOG configuration, like
that represented on Figure 3. Then, a sinusoidal bias phase modulation is applied to
phase modulator, like the supplied by an electric sine oscillator working at fm
frequency and amplitude ϕ0 in the following form:

ϕm tð Þ ¼ ϕ0 sin ωm tð Þ (6)

The phase difference between CW and CCW waves induced by this bias phase
modulation will be:

Δϕm tð Þ ¼ ϕCCW tð Þ � ϕCW tð Þ ¼ ϕm tð Þ � ϕm t� τð Þ

Δϕm tð Þ ¼ 2ϕ0 sin
ωm τ

2

� �

cos ωm t�
τ

2

� �h i

����!
ωm τ¼π

2ϕ0 cos ωm t�
τ

2

� �h i

¼ ϕm sin ωm tð Þ

(7)

here 2ϕ0 ¼ ϕm. As it can be seen from this equation, the maximum value of
phase difference modulation for a given value of ϕ0 amplitude will be reached when
the ωm τ ¼ π condition to be accomplished. This condition is reached when the
frequency fm equals the value:
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fm ¼
1

2τ
(8)

referred as proper frequency of the system, here τ, the transit time. Then, under
these conditions, when a rotation with ϕS Sagnac phase shift affects the system, the
total phase difference between CW and CCW waves will be:

Δϕ tð Þ ¼ Δϕm tð Þ þ ϕS ¼ ϕm sin ωm tð Þ þ ϕS (9)

Therefore, the interference signal can be obtained by the following calculation:

I Δϕð Þ ¼ I0 1þ cos Δϕð Þ½ � ¼ I0 1þ cos ϕm sin ωm tð Þ þ ϕS½ �½ �

¼ I0

1þ J0 ϕmð Þ þ 2
P∞

0
J2n ϕmð Þ cos 2 nωm tð Þ

� �

cos ϕSð Þ

�2
P∞

0
J2n�1 ϕmð Þ sin 2 n� 1ð Þ ωm tð Þ½ � sin ϕSð Þ

8

>
>
>
<

>
>
>
:

9

>
>
>
=

>
>
>
;

(10)

here Jn is the Bessel function of first kind and n-order. From Eq. (10) it can be
observed that interference signal is the sum of three terms: a constant first term that
does not depend on the frequency of modulation, a second term that includes the
factor cos ϕSð Þ multiplied by one infinite sum of even harmonics and a third term
that includes the factor sin ϕSð Þ multiplied by one infinite sum of odd harmonics.
When ϕm value is adjusted to be 1.84, then the J1 term reach its maximum value,
namely, J1 1:84ð Þ ¼ 0:5815. It has also been shown that the amplitude of higher-
order odd harmonics (3rd, 5th and successive) are getting smaller and smaller so
their contribution can be neglected. Therefore, when a rotation rate affects the
system, an electronic selective filtering of odd harmonics of interference signal is
convenient to isolate and extract the data of rotation speed. Particularly, the first
harmonic is the most convenient to recover, so that an electronic band-pass filtering
at fundamental frequency of modulation should be added as phase-sensitive
demodulator. This way, a successive low-pass filtering located after the band-pass
one could retrieve the first harmonic amplitude, which is proportional to ϕS Sagnac
phase shift and, in turn, to rotation rate value.

Figure 7 represents the analytic sinusoidal phase modulation process. As it can
be seen, when no rotation is applied, the interference signal (solid, blue curve) also
contains even harmonics since the sin ϕSð Þ factor is canceled. However, when
rotation is applied, both even and odd harmonics appear (dotted, red curve) in the
interference output signal since the sin ϕSð Þ and cos ϕSð Þ are not canceled.

Figure 8 represents the block-diagram of a closed-loop IFOG configuration with
sinusoidal BIAS and serrodyne FEED-BACK phase modulations, see Ref. [25]. The
main novelty of this design is the structure of phase modulation feedback chain. In
this case, one FET transistor (2N3848) is added on feedback branch of integrator
OPAMP (block #7 on Figure 8). This block generates a linear ramp voltage Vγ on its
output, and this ramp resets each one time-period driving by Vgate voltage. In this
way, a resultant serrodyne-wave voltage is easily generated at the output of inte-
grator circuit, obtaining finally the same intended sawtooth-wave voltage on feed-
back phase modulation chain as reported on previous designs. The output signal of
the photodetector, in photocurrent form, is proportional to the light intensity at its
optical input. This photocurrent signal is converted to voltage with a trans-
impedance amplifier that is placed at the input of demodulation circuit. The
demodulation circuit (PSD) takes the task of extracting the information of the ϕS

Sagnac phase shift induced by rotation. The corresponding voltage signal at its
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Figure 7.
Analysis of the interference response of the gyro with sinusoidal phase modulation (solid blue curve: zero
rotation, dotted red curve: non-zero rotation).

Figure 8.
Closed-loop IFOG scheme with sinusoidal BIAS and serrodyne FEEDBACK phase modulations, see Ref. [25]
(below, in the inset, the block-diagram definition).
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output (VS) scales as sine-function of ϕS. The PI controller realizes an integration of
VS signal in time-domain, so that a voltage signal (Vγ) is obtained; this signal scales
almost linearly with the time. This latter signal is filtered by means of a low-pass
filter so that the corresponding output signal (VΩ) is a DC voltage value that is more
accurately proportional to the gyroscope rotation-rate Ω (since the following
approximation is fulfilled in the working range: sinϕS≈ϕS). Therefore, the VΩ

analog output voltage signal constitutes the measurement of the rotation rate of the
system. The control system, as a whole, acts as the principle of phase nulling. The
phase-nulling process consists of generating a phase displacement (ϕm ¼ ϕbias þ ϕf)

in such a way that the ϕf phase-difference associated with the voltage output signal

(Vf) is equal and with opposite sign with regard to the Sagnac phase-shift induced
by the rotation rate, i.e., ϕf ¼ �ϕS. To achieve this, the feedback phase modulation

circuit holds a sample of the output signal VΩ. Note that this voltage signal is
obtained at the end of low pass filter (Block #6 on Figure 8) and is proportional to
rotation-rate Ω. An integration operation is needed for obtaining a linear ramp
voltage to apply on phase modulator. Then, it integrates and inverts this signal by
means of an operational integrator-inverter circuit, turning this signal into the
following form:

Vf ¼ �
1

RC

ðt

0

VΩ dt (11)

This way, the time variation of Vf voltage signal is a linear ramp, being its slope
proportional to the rotation rate of the system (VΩ). Figure 8 represents clearly the
optical and electronic subsystems of the gyroscope, including the feedback phase-
modulation and bias phase-modulation circuits for getting phase-nulling process,
both applied together to PM (phase-modulator). Referring now to Figure 8, the
total voltage signal applied to PM will be:

Vm ¼ Vbias þ Vf (12)

Therefore, the output signal of the phase modulator will be the sum of the phase-
difference signals associated with the Vbias and Vf voltages. In terms of phase
differences, this is expressed as ϕm ¼ ϕbias þ ϕf . Then, the error signal at the output

of the comparator (Vε voltage) tends to be nulled in average-time, due to the
phase cancelation (since the average-time of the reference bias phase-modulation
ϕbias is 0).

Sinusoidal phase modulation has been used on either open-loop (Refs.
[18, 26, 27]) or closed-loop (Refs. [25, 28–30]) IFOG configurations. In both cases,
the PSD block (phase-sensitive-demodulation) must contain two selectively
adjusted filtering circuits. First one is a low-pass filter with high enough cut-off
frequency to filter the first harmonic component. Second one is a selective band-
pass-filter to filter the component of first harmonic of interference signal, see
also Ref. [25].

4. Serrodyne optical phase modulation

As announced at the beginning of this work, serrodyne-wave optical phase
modulation is frequently used in closed loop IFOG schemes to configure one
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feedback signal which is able to cancel the ϕS Sagnac phase shift induced by rotation.
The justification for this is that the serrodyne-wave is the only one that produces a
constant phase difference when applied to phase modulator (PM) in a gyro. This last

Figure 9.
Serrodyne-wave phase modulation: (a) serrodyne-wave applied to PM with amplitude ϕm0 and period T and
(b) effective phase-difference Δϕm tð Þas a function of time.

Figure 10.
Fourier series development (Ref. [34]) of the sawtooth wave. In the upper inset, sum series contain the following:
1st harmonic (red curve); 1st and 2nd harmonics (blue curve); 1st, 2nd, and 3rd harmonics (green curve); 1st,
2nd, 3rd, and 4th harmonics (cyan curve); and finally, 1st, 2nd, 3rd, 4th, and 5th harmonics (black curve).
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can be checked observing the Figure 9(b). During a time span equal to (T � τ) the
phase-difference between CW and CCW waves remains constant with a value equal

to ϕm0

T τ, being τ the transit time of light around the fiber coil. In addition, a constant
value of 2 π is usually taken as the ϕm0 amplitude of phase modulation in most part
of designs. This way, by adjusting appropriately the period T (or the frequency) of
serrodyne-wave, the resulting value of phase-difference can be exactly matched
with the ϕS Sagnac phase shift to achieve the phase cancelation by means of a
specific feed-back circuit located on the way of feed-back signal, see for example
Refs. [25, 31–33].

For a proper operation of feedback circuit, it is essential that the falling
edge (reset time) of sawtooth-wave be as fast as possible (ideally instantaneous),
Ref. [31]. Since that serrodyne- (or sawtooth-) referred waveform is a periodic
waveform that accomplishes Dirichlet conditions in the (0,T) interval, it is
susceptible to be developed in a Fourier series (Ref. [34]) such as the one
following next:

ð13Þ

This result shows that the series only contains sine terms because it refers to
an odd function. On the other hand that result is very useful for filtering design
purposes as it can be seen on simulated plots represented in Figure 10. Here, a
successive sums containing the harmonics: first one (red-curve), the first and sec-
ond ones (green-curve), the first, second and third ones (blue-curve), the first,
second, third and fourth ones (cyan-curve) and finally the first, second, third,
fourth and fifth ones (black-curve) are represented. The more terms are taken from
the sum series, the better the approximation will be to the perfect sawtooth
waveform.

In order to realize the serrodyne-wave phase modulation an Voltage-Controlled-
Oscillator (VCO) circuit must be designed. The condition that this circuit must
comply is:

ϕS ¼
V2π

T
τ (14)

so that the frequency f ¼ 1=T of serrodyne-wave should be adjusted depending
on the value of the ϕS Sagnac phase shift, i.e., the more be ϕS, the more will be the
frequency of serrodyne and, then, the lower the value of its period T. Several
circuits have been designed to meet this condition. One of these circuits has been
represented in Figure 11 and is described in Ref. [35]. Other VCO circuit for
serrodyne-wave generation has already been explained above for FEED-BACK
phase modulation, see Figure 8 and related Ref. [25].

Although the serrodyne wave is the one that produces the best results for the
feed-back phase modulation purpose, other similar waves have been also
proposed. For example, symmetric triangular-wave represented in Figure 12 can
also perform the same function. Since it is an odd function, its development in
Fourier series only contains the odd harmonics, then, it can be expressed in
the following way:

ð15Þ
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Figure 11.
Serrodyne-wave VCO (voltage-controlled-oscillator) circuit with 555 IC (in the inset, 35.84 kHz linear ramp
waveform generated), Ref. [35].

Figure 12.
Symmetric triangular-wave with its 1st, 2nd and 3th harmonics, Ref. [35].
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Figure 13 represents the three first harmonic sums (red, green, blue) of sym-
metric triangular-wave (black). So that taking ϕm0 ¼ π=2 in Eq. (15), the first three
harmonic terms can be written as follows:

ð16Þ

ð17Þ

Figure 13.
Symmetric triangular wave (in black) with its first three harmonic Fourier sums (red, green, blue), Ref. [35].

Figure 14.
Effective phase-difference modulation of symmetric triangular wave (red-curve) related with its first three
harmonic Fourier sums (blue, green) of CCW and CW optical waves, Ref [35].
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ð18Þ

This way, the first three harmonic Fourier sums can be expressed, respectively,
as:

ð19Þ

ð20Þ

ð21Þ

Then, the conclusion is that when the approximation of first three harmonic
Fourier sum of symmetrical triangular-wave is taken in gyro phase modulation
(blue and green curves in Figure 14), its effective phase-difference (red curve in
Figure 14) can be computed. In this case, one switching circuit is needed.

5. Conclusions

Square, sinusoidal, serrodyne and symmetric triangular waveforms can be used
in phase modulation processes for optical Sagnac interferometer gyros. For open-
loop gyro schemes only one square-wave or sinusoid$$PM) to retrieve the Sagnac
phase shift induced by rotation. However, for closed-loop scheme gyros two wave-
forms are needed, the first one (square-wave or sinusoidal-wave) for the bias phase
modulation and the second one (serrodyne-wave or triangular-wave) for the feed-
back phase modulation aiming the phase cancellation (phase-nulling). In the closed-
loop scheme, the output signal of the phase-sensitive-demodulator (PSD) circuit
passes through a servo-amplifier which drives a phase-shifter transducer placed in
the interferometer path. Then, the phase transducer introduces a non-reciprocal
phase shift that is equal, by in the opposite sign, to Sagnac phase shift induced by
rotation. Thus, the output of the system is the output of the phase transducer.
Closed-loop gyro configuration is advantageous with regard the open-loop one
because a better accuracy (sensitivity) and scale-factor stability of the gyro are
achieved.
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