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Abstract: Active light modulation enables precise
control over such light properties as intensity, phase,
frequency, and polarization. This article examines electro-
optic (EO), acousto-optic (AO), and magneto-optic (MO)
modulation methods, analyzing their principles, advan-
tages, and limitations for high-speed optical systems.

The EO modulation, based on changes in the
refractive index under the influence of an electric field,
provides ultrafast signal modulation but is sensitive to
electromagnetic interference. The AO modulation uses
acoustic waves to periodically vary the refractive index,
allowing high-speed operation but requiring significant
energy. The MO modulation utilizes magnetized materials
for efficient Q-switching, but faces challenges such as
lattice mismatch and photon integration. A comparative
analysis highlights the EO modulation as the optimal one
for high-speed optical networks, AO being fit for
spectroscopy and telecommunications, and MO for Q-
switched lasers and integrated photonics. The results
obtained support advances in next-generation optical
devices, emphasizing the need for further research in
material optimization and system integration.
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1. Introduction

Active light modulation methods are key technologies
in modern photonics, enabling the alteration of light signal
parameters for highly efficient information transmission
and processing. They are used in optical communications,
laser systems, and spectroscopy [1]. The core concept
involves employing external physical influences such as
acoustic waves, electric or magnetic fields to modify the
intensity, phase, or light frequency [2].

Electro-optic (EO) modulation provides high
switching speeds due to changes in the refractive index
under the influence of an electric field, but it is limited by
its sensitivity to electromagnetic interference [3].
Acousto-optic (AO) modulation utilizes acoustic waves,
offering a wide spectral range and device longevity;
however, its efficiency depends on the material properties
of the medium [4]. Magneto-optic (MO) modulation is
based on the interaction of light with a magnetic field

through the Faraday or Kerr effects, opening up prospects
for compact laser systems [5].

The development of high-speed optical systems cau-
ses the necessity of investigating active light modulation
methods. Analyzing the advantages and disadvantages of
each method contributes to selecting optimal approaches
for further advancement of light modulation technologies
[6-7].

2. EO modulation

The electro-optic modulation is based on the change
in the refractive index of a material under the influence of
an electric field. This phenomenon is used to control the
parameters of a light signal, including its phase, intensity,
and frequency [8]. This operating principle relies on
electro-optic effects, the most significant of which are the
Pockels effect and the Kerr effect [9].

The Pockels effect is characteristic of crystals lacking
a center of inversion and is described by a linear
dependence of changing the refractive index on the
strength of an electric field [10]. In contrast, the Kerr
effect is nonlinear and defines the change in the refractive
index proportional to the square of the electric field
strength [11].

Shown in Fig. 1, the operating principle of the electro-
optic modulation is implemented by applying electrical
voltage to the electrodes of an electro-optic crystal which
generates the electric field within the material.
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Fig. 1. Schematic representation of the operating principle
of an EO modulator.

This field alters the optical properties of the crystal,
including birefringence and the light absorption coef-
ficient. As a result, the phase of the transmitted light wave
changes, enabling phase modulation of the signal. The
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addition of polarizing filters to the system allows for
amplitude modulation by altering the intensity of the light
signal.

One of the main advantages of the electro-optic
modulation is its high speed: changes in the refractive
index occur within nanoseconds or even picoseconds,
making real-time operation possible. The electro-optic
modulators operate in a microwave frequency (MW)
range from 300 MHz to 300 GHz, which provides mini-
mize signal transmission delays while maintaining high
data rates [12].

The primary drawback of the electro-optic modulation
is its sensitivity to external electromagnetic interference,
which can affect signal quality [13]. Nevertheless, the
high speed and precision of these devices make them key
components in modern optical communication systems
[14].

3. AO modulation

The acousto-optic modulation is based on changing the
refractive index of a medium under the influence of
acoustic waves, which in turn alters such propagation
parameters of the light signal as its intensity, phase,
frequency, or direction. This type of modulation relies on
the phenomenon of light diffraction caused by the periodic
modulation of the refractive index which is formed by the
acoustic wave within a solid or liquid medium [15] (Fig. 2).
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Fig. 2. Schematic representation of the operating principle
of the AO modulator.

The physical mechanism of the acousto-optic
modulation is explained by the photoelastic effect, when
mechanical stress in the medium leads to local changes in
its optical properties [16]. As a result, coherent radiation
passing through such a medium undergoes the diffraction
on the created periodic structure, thereby altering its
spectral and spatial characteristics [17].

Key advantages of the acousto-optic modulation
include high control speed, enabling devices to operate in
the range from hundreds of megahertz to gigahertz,

making them suitable for high-speed optical systems [18].
The contactless control mechanism minimizes component
wear, increasing the durability of the devices [19]. An
additional benefit is the wide spectral operating range,
which allows acousto-optic modules to be used in spectro-
scopy, laser technologies, and telecommunication systems
[20]. Moreover, acousto-optic modulation provides high
efficiency in altering light signal parameters with a
minimal energy loss, which is critically important for
high-performance optical systems [21].

At the same time, the acousto-optic modulation has
certain limitations. In particular, the efficiency of light
interaction with the acoustic wave depends on the material
properties of the medium and the frequency of the induced
oscillations, which may limit its applicability in specific
cases [22]. Moreover, effective modulation requires
considerable energy input to generate acoustic waves,
which can complicate the design of compact devices [23].
Another limitation is a signal delay caused by the forced
propagation of acoustic waves through the medium being
a critical factor for high-speed optical communications
[24]. Additionally, there is a constraint on spatial reso-
lution, as the effectiveness of spatial control over the light
signal is determined by the characteristics of interaction
between acoustic and optical waves which can affect
signal quality in precision optical systems [25].

4. MO modulation

The interaction between light and the magnetization
of a material is referred to as the magneto-optical (MO)
effect, the Faraday effect and the magneto-optical Kerr
effect being its examples [26]. The MO effect has found
applications in optical isolators and circulators, which
prevent unwanted reflections and enable unidirectional
light transmission in optical communication networks
[27]. There have been attempts to use it for Q-factor
modulation in miniature laser systems [28-29, 33].

For practical applications of the MO effect, a
magnetic material with low optical losses is desirable.
Rare-earth-doped YIG (yttrium iron garnet) films have
been proposed as suitable materials [30] due to their
significant MO activity. However, integrating ferrite gar-
net structures presents both opportunities and challenges,
such as addressing lattice mismatch issues with common
substrates [31] and optimizing film growth techniques to
minimize defects and enhance performance [32].

The use of ferrite garnets and their integration into
MO Q-factor modulation is based on the Faraday effect —
a phenomenon where the polarization plane of a light
beam rotates as it passes through a magnetic material
under the influence of an external magnetic field. This
effect underlies the operation of Q-modulators [28], which
enable tuning the quality factor of the resonator by placing
a film inside it. Magnetic domains in the ferrite garnet
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film change their structure under the influence of an
external magnetic field (H), as illustrated in Fig. 3.
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Fig. 3. Domain movement under the application
of a magnetic field (H) [28].

The use of such films enables fast Q-factor control in
compact laser systems, as the speed of magnetic domain
movement is not a limiting factor. In particular, pulse
widths of 5 and 24 ns were achieved in [28, 33]. However,
for the effective light modulation, it is necessary to apply a
bias field using a permanent magnet to reduce the control
voltage in a rare-earth-doped ferrite garnet film with a
thickness of up to 190 um, used for the MO Q-modulation
in a system with linearly polarized light based on an
Nd:GdVO[H resonator (Fig. 4).
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Fig. 4. Schematic illustration of a resonator
with active Q-modulation [28].

During the research, certain drawbacks of the system
were identified, specifically, that implementing MO
modulation technology requires proper alignment and
connection between all components of the setup.

5. Modulation for unpolarized light

The next direction in the application of the MO
modulation involved working with unpolarized light. The
goal was to develop a system capable of generating

randomly polarized radiation. The laser source was a
diode-pumped Nd:YAG laser at 808 nm. Experiments
confirmed that magnetic garnet films can be effectively
used in such a configuration without the need for pola-
rizers [33].
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Fig. 4. Dependence of output power on magnetic field [33].

Fig. 4 illustrates the dependence of output power on
the magnetic field. In this case, stable generation of laser
pulses with random polarization was achieved, opening
new possibilities for the MO modulation. However, the
mechanism of such modulation is not associated with the
Faraday effect and requires further investigation.

Research by Goto et al. demonstrated high efficiency
in systems using polarized light, allowing for predictable
control over pulse characteristics. However, in 2017,
Morimoto et al. showed that the use of magnetic films for
unpolarized light is also promising, although it still
requires further studies and the development of a mathe-
matical model to describe the interaction. Polarized light
offers greater stability and precision, whereas systems for
unpolarized light are better suited for general-purpose
applications and rely on less expensive materials.

6. Conclusions

Active light modulation plays a crucial role in modern
optical systems, providing precise control over light
properties for a variety of applications. The electro-optical
(EO) modulation is advantageous for high-speed optical
communications due to its fast response, although it
remains sensitive to electromagnetic interference. The
acousto-optical (AO) modulation offers spectral flexibility
and mechanical robustness but requires significant power
for effective operation. The magneto-optical (MO)
modulation, which relies on magneto-optical effects,
shows promise in Q-switched laser systems and photonic
integration but faces challenges such as lattice mismatch
and material processing.
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The comparative analysis of these methods shows that
the EO modulation is best suited for high-speed optical
networks, AO modulation is ideal for spectroscopy and
telecommunications, while MO modulation finds appli-
cations in Q-switched lasers and integrated photonics.
Further research is needed to enhance material perfor-
mance, optimize fabrication techniques, and improve
integration strategies to fully unlock the potential of these
modulation technologies.

7. References

[11 A. Korpel, Acousto-Optics, 2nd ed., Marcel Dekker,
1997.

[2] J. Xu and R. Stroud, Acousto-Optic Devices: Prin-
ciples, Design, and Applications, Wiley, 1992.

[3] N. Uchida and A. Ohmachi, “Elastic and Photoelastic
Properties of Silicon and Their Application to the
Brillouin Scattering”, Journal of the Physical Society
of Japan, vol. 34, No. 2, pp. 651-655, 1973.

[4] P. Yeh, Optical Waves in Layered Media, Wiley,
1988.

[51 R. W. Boyd, Nonlinear Optics, 3rd ed., Academic
Press, 2008.

[6] S. E. Harris, “Modulation of Light”, in Quantum
Electronics: A Treatise, vol. 1, H. Rabin and
C. L. Tang, Eds., Academic Press, pp. 1-64, 1975.

[71 B. Saleh and M. Teich, Fundamentals of Photonics,
2nd ed., Wiley, 2007.

[8] B. E. A. Saleh and M. C. Teich, Fundamentals of
Photonics. Hoboken, NJ, USA: Wiley, 2019.

[91 A. Yarivand P. Yeh, Photonics: Optical Electronics in
Modern Communications. New York, NY, USA:
Oxford University Press, 2007.

[10] R. W. Boyd, Nonlinear Optics. San Diego, CA, USA:
Academic Press, 2020.

[11] E. Hecht, Optics. New York, NY, USA: Pearson,
2017.

[12] G. P. Agrawal, Fiber-Optic Communication Systems.
Hoboken, NJ, USA: Wiley, 2010. https://doi.org/
10.1002/9780470918524

[13] S. Kasap, Optoelectronics and Photonics: Principles
and Practices. New York, NY, USA: Pearson, 2013.

[14] V. Ristic, Principles of Acoustic Devices. Hoboken,
NJ, USA: Wiley, 1994.

[15] A. Yariv, Optical Electronics in Modern Commu-
nications. New York, NY, USA: Oxford University
Press, 1997.

[16] M. Born and E. Wolf, Principles of Optics.
Cambridge, U.K.: Cambridge University Press, 1999.

[17] A. Korpel, Acousto-Optics. New York, NY, USA:
Marcel Dekker, 1988.

[18] M. J. Weber, Handbook of Optical Materials. Boca
Raton, FL, USA: CRC Press, 1991.

[19] A. Ghatak and K. Thyagarajan, Optical Electronics.
Cambridge, U. K.: Cambridge University Press, 2010.

[20] T. C. Poon and P. P. Banerjee, Contemporary Optical
Image Processing with MATLAB. Amsterdam,
Netherlands: Elsevier, 2001. https://doi.org/10.1016/
B978-008043788-0/50007-X

[21] R. W. Dixon, “Acousto-optic devices and appli-
cations”, Proc. IEEE, vol. 55, No. 10, pp. 1681-1705,
Oct. 1967.

[22] R. K. Chang, “Acousto-optic tunable filters”, IEEE
Trans. Sonics Ultrason., vol. 23, No. 1, pp. 26, Jan.
1976. https://doi.org/10.1109/T-SU.1976.30835

[23] V. Ristic, Principles of Acoustic Devices. Hoboken,
NJ, USA: Wiley, 1994.

[24] A. Ballato, “Piezoelectric materials for acoustic wave
applications”, IEEE Trans. Ultrason., Ferroelectr.,
Freq. Control, vol. 32, No. 6, pp. 937-956, Nov. 1985.

[25] M. V. Klein and T. E. Furtak, Optics. Hoboken, NJ,
USA: Wiley, 1986.

[26] K. Hinagawa, ‘“Faraday and Kerr Effects in Fer-
romagnets”, in Magneto-Optics, S. Sugano and
N. Kojima, Eds. Berlin/Heidelberg, = Germany:
Springer, 2000, pp. 137-178. https://doi.org/10.1007/
978-3-662-04143-7 5

[27] V. Zayets and K. Ando, “Magneto-optical devices for
optical integrated circuits”, in Frontiers in Guided
Wave Optics and Optoelectronics, 2010, p. 674.
https://doi.org/10.5772/39543

[28] T. Goto, R. Morimoto, J. W. Pritchard, M. Mina, H.
Takagi, Y. Nakamura, et al., “Magneto-optical Q-
switching using magnetic garet film with micro-
magnetic domains”, Opt. Express, vol. 24, No. 16, pp.
17635-17643, Aug. 2016. https://doi.org/10.1364/
OE.24.017635

[29] F. Z. Zhou, W. T. Hu, Y. M. Chen, Z. S. Li, L. Q.
Shen, X. Q. Fen, et al., “Compact, magneto-optic Q-
switched, neodymium-doped bismuth germinate
crystal (Nd: BGO) laser pumped by a laser diode”,
Appl. Opt., vol. 34, No. 21, pp. 4266-4268, Jul. 1995.
https://doi.org/10.1364/A0.34.004266

[30] G. F. Dionne, Magnetic Oxides. Berlin, Germany:
Springer, 2009. https://doi.org/10.1007/978-1-4419-
0054-8

[31] M. Shone, “The technology of YIG film growth”,
Circuits, Syste ms Signal Process, vol. 4, pp. 89-103,
1985. https://doi.org/10.1007/BF01600074

[32] P. W. Jang and J. Y. Kim, “New growth method of
solid phase epitaxy in sputtered YIG films”, /[EEE
Trans. Magn., vol. 37, No. 4, pp. 2438-2440, Jul.
2001. https://doi.org/10.1109/20.951196

[33] R. Morimoto, T. Goto, T. Taira, J. Pritchard, M. Mina,
H. Takagi, et al, “Randomly polarised beam
produced by magnetooptically Q-switched laser”,
Sci. Rep., vol. 7, No. 1, p. 15398, Nov. 2017.
https://doi.org/10.1038/s41598-017-15826-3



Methods of Active Light Modulation 5

METO]I AKTUBHOI
MOJYJISILIT CBITJIA

Banenrun bxxeHuakiBCbKUi

AKTHBHa MOZYJSLIsL CBIIA Ja€ 3MOTYy TOYHO KOHTPO-
JIIOBAaTH Taki BJIACTHBOCTI CBITJa, SIK IHTEHCHBHICTH, (hasa,
4acToTa Ta MOJApu3alis. Y CTarTi po3riIsHyTO €IeKTPOONTHYHI
(EO), axycroonruyni (AO) Ta marnitoonruysi (MO) meronu
MOZYJISILi, NMpoaHaIi30BaHO X HPUHIMIY, NepeBard Ta obMe-
MKEHHsI ISl BUCOKOIIBH/IKICHUX ONTHYHUX CHCTEM.

EO Momynsuisi, ocHOBaHa Ha 3MiHAX ITOKa3HUKA 3aJIOMJICHHS
IIJ €0 ENeKTPHYHOro IoNs, 3a0e3redye HaJIIBHIKY MOIY-
JALII0 CUTHAIly, ajle YyIJIiBa /IO €JIEeKTPOMArHITHUX MEpEeIIKO.
Monyssiiist AO BUKOPUCTOBYE aKyCTHYHI XBUJI VISl EPIOAMYHOL
3MiHU [OKa3HUKA 3aJIOMJICHHS, 10 MiATPUMYE POOOTY Ha BUCOKii
MIBUAKOCTI, ane mnorpedye 3HauHoi eHeprii. MO-Momymsuis
BHKOPHCTOBY€E HAMarHiueHi Marepiaiy Ui epeKTUBHOIO NepeMHu-
KaHHsI JOOPOTHOCTI, aJle CTHKAETHCS 3 TaKUMH HPOOJIEMaMH, SIK
HEBI/NOBIIHICTb IPATKH Ta (J)OTOHHA IHTErpallisl.

[opiBusutbHMiA  aHami3 BUcBiTIIOE EO Momymsmio sk
ONTUMAJIBHY JUISl BUCOKOIIBHIKICHUX ONTHYHUX Mepex, AO Juist

CIeKTpockomii Ta TenekoMyHikauid, a MO s nasepiB i3
MOZYJIALI€I0 TOOPOTHOCTI Ta iHTerpoBaHoi (¢oroHiku. OrprmaHi
JTaHl MATBEPIKYIOTh NPOrPec B ONTUYHUX NPUCTPOSIX HACTYII-
HOTO TIIOKOJNIHHSA, IIJIKPECITIOI0YN HEOOXIHICTh TOJAIBIINX
JIOCTI/KEHb 3 ONTHMI3allii MaTepiaiiB i CHCTEMHOI iHTerparii.
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