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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. 

 
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). 

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. 

 
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 µm, used for the MO Q-modulation 
in a system with linearly polarized light based on an 
Nd:GdVO₄ resonator (Fig. 4).  

 
 

 
 

 

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]. 

 
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. 

Fiber couple laser 

Pump light 
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Output coupler 
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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. 
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МЕТОДИ АКТИВНОЇ  
МОДУЛЯЦІЇ СВІТЛА  
Валентин Бженчаківський 

Активна модуляція світла дає змогу точно контро-
лювати такі властивості світла, як інтенсивність, фаза, 
частота та поляризація. У статті розглянуто електрооптичні 
(ЕО), акустооптичні (АО) та магнітооптичні (МО) методи 
модуляції, проаналізовано їх принципи, переваги та обме-
ження для високошвидкісних оптичних систем. 

EO модуляція, основана на змінах показника заломлення 
під дією електричного поля, забезпечує надшвидку моду-
ляцію сигналу, але чутлива до електромагнітних перешкод. 
Модуляція AO використовує акустичні хвилі для періодичної 
зміни показника заломлення, що підтримує роботу на високій 
швидкості, але потребує значної енергії. МО-модуляція 
використовує намагнічені матеріали для ефективного переми-
кання добротності, але стикається з такими проблемами, як 
невідповідність ґратки та фотонна інтеграція. 

Порівняльний аналіз висвітлює EO модуляцію як 
оптимальну для високошвидкісних оптичних мереж, AO для  

спектроскопії та телекомунікацій, а MO для лазерів із 
модуляцією добротності та інтегрованої фотоніки. Отримані 
дані підтверджують прогрес в оптичних пристроях наступ-
ного покоління, підкреслюючи необхідність подальших 
досліджень з оптимізації матеріалів і системної інтеграції. 

 

 

Valentyn Bzhenchakivskyi – a PhD 
student at the Department of Semicon-
ductor Electronics, Institute of Informa-
tion and Communication Technologies 
and Electronic Engineering, Lviv Poly-
technic National University, Ukraine. 
His research interests include magneto-
optical phenomena, tele-communica-
tions, the physical principles and 
technologies of semiconductor devices, 
robotic systems, and sensors 

. 
Received: 03.10.2024, Accepted: 03.11.2024 
 
ORCID: 0009-0004-2865-0731 

 


