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Abstract:
Power electronic converters play a vital role in modern 
power systems. To meet the surging demand for more 
efficient and compact devices for these applications, high 
frequency and high efficiency have become two main areas 
of development in power electronics. Increasing switching 
frequency in power electronics allows for a significant 
size reduction in passive components, thus enhancing 
the power density and reducing overall system size. 
However, high-frequency operation also causes higher 
switching losses and poses several design and efficiency 
challenges. These are further compounded by constraints 
arising from the harsh operating environment, which 
dictates the need to pursue new and better materials and 
circuit approaches to maximize converter efficiency. This 
study has explored the application of latest wide-bandgap 
semiconductor materials, including gallium nitride (GaN) 
and silicon carbide (SiC), as well as ultra-wide-bandgap 
semiconductor materials such as Ga2O3 and AlN. They 
present new opportunities for the development of high-
frequency and high-efficiency power electronic converters 
that significantly allow for higher frequency operation, 
reducing most of the switching losses to achieve overall 
efficiency. Additionally, vital advancements in soft-
switching techniques such as zero-voltage switching (ZVS) 
and zero-current switching (ZCS), also the development of 
new circuit topologies like LLC and DAB converters, are 
evaluated. Further, various gate driver designs, and their 
comparison are considered key strategies toward minimal 
energy losses at high frequencies. The review is based on 
a novel perspective of the bottlenecks left unchallenged so 
far in power conversion systems, considering some critical 
technological deficiencies and showing pathways to more 
efficient, compact, and reliable future solutions.
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1. Introduction
As power electronic converter technology witnessed surg-
ing development within the past several years, character-
istics of high efficiency, high power density, small volume 
and handy manufacturing are urgently expected, espe-
cially in the field of electric vehicles, light emitting diode 
(LED) drivers and energy storage & distribution systems. 
To cope with these issues, an elementary solution is to 
increase the frequency of operation. Since high operating 
frequency greatly reduces the value and volume of com-
ponents in converters, the energy stored during a certain 
period of operation diminishes, effectively boosting power 
density and efficiency.
Nevertheless, switching frequency increment also leads 
to challenges such as high switching loss, high magnetic 
loss, influence of parasitic components, etc. To tackle the 
conflict between those problems and operating frequency, 
improvements in component material and characteristics, 
circuit topology, and driver strategy are three conventional 
solutions.
For component material, wide-bandgap (WBG) semi-
conductors with significantly lower output capacitance, 
higher breakdown voltage and lower ON resistance like 
gallium nitride (GaN) and silicon carbide (SiC) have been 
elected as effective solutions. Despite steady progress in 
the research of those materials, the long-term reliability 
and stability of WBG devices, especially under high-tem-
perature and high-voltage operation conditions, remain a 
deep concern. Therefore, further thermal management and 
EMI control in WBG device management require more 
profound research.
For circuit topology, advancements in high-frequency 
power converters have focused on developing new to-
pologies, including LLC resonant converters, CLCL 
converters and dual active bridge (DAB) converters, etc. 
These designs possess the capability to attain enhanced 
efficiency and power density, especially when integrated 
with wide-bandgap semiconductors. LLC converters have 
gained popularity for their ability to achieve soft-switch-
ing, which minimises switching losses in high-frequency 
applications. Nevertheless, there are still obstacles to op-
timizing these topologies for broader applications, espe-
cially regarding the complexity of the control mechanisms 
and the stability of the system under varying load condi-
tions. The integration of these topologies into compact, 
high-power modules while maintaining thermal efficiency 
also requires further research.
For driver strategy, recent advancements have centered 
on developing gate drivers which are state-of-the-art with 
most advanced technologies, particularly for wide-band-
gap devices such as SiC and GaN. Resonant gate drivers 

aim to recover energy and minimize switching losses in 
high-frequency applications. However, additional chal-
lenges remain in managing conduction losses during res-
onance. The utilization of current source drivers has been 
demonstrated to facilitate enhanced switching speeds and 
reduced losses, particularly in scenarios characterized by 
hard switching. However, the deployment of continuous 
current drivers can potentially engender elevated overall 
losses. Future research will seek to optimize these strate-
gies, particularly by integrating intermittent current source 
drivers for variable frequency applications, to fully har-
ness the potential of wide-bandgap semiconductors.
Given the significant challenges in high-frequency power 
converter design—ranging from increased switching loss-
es to complex thermal management—the motivation for 
this review stems from the need to address these critical 
issues through a comprehensive exploration of the latest 
developments in the three areas mentioned above. By 
doing so, this work provides new insights into how these 
innovations can overcome existing limitations in high-fre-
quency power converters, offering pathways for future 
research and practical applications.
The following sections are organized around three key 
components: materials, topology, and driver techniques. 
Section 2 discusses the application of WBG and UWBG 
semiconductors in power electronic converters, including 
their characteristics and challenges. Section 3 covers ad-
vancements in converter topologies and driver strategies, 
emphasizing the critical role of soft-switching techniques 
in achieving efficiency and reliability. Section 4 provides 
an in-depth analysis of gate driver design, focusing on the 
utilization of voltage-source, current-source, and resonant 
gate drivers in high-frequency power converters. Their ef-
ficiency, challenges, and trade-offs in modern applications 
are also evaluated further.

2. Application of WBg semiconductors 
in power electronic converters

2.1 Material Characteristics
As an indispensable part of power electronics converters, 
innovations in power semiconductor devices and semi-
conductor technology have made the onward and upward 
progress of the whole power electronics industry possible. 
Since the thyristor came into being in the 1950s, Si-based 
semiconductor devices have held important positions for 
a long period because of the abundant material resources, 
low production costs, and simple manufacturing process-
es.[1] Nevertheless, Si shows some significant disadvan-
tages regarding voltage blocking capability, normal oper-
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ation temperature and maximum blocking capability.[1] 
Specifically, using Si-based power devices becomes infea-
sible when the voltage exceeds 6.5 kV, the current exceeds 
2 kA, or the temperature exceeds 250℃[2]. In contrast, 
WBG semiconductors, signified by GaN and SiC, offer 

significant advantages in these areas due to their physical 
properties, as summarized in Table 1 summarizes the crit-
ical parameters of standard WBG counterparts to replace 
Si components.

Table 1. Material Properties For Si and Conventional WBg semiconductors [1]

Material Eg  (eV) @ 300K µn (10^3cm²/V·s) µ p (100cm²/V·s) Vsat (10^7cm/s) Ec  (10^7V/cm) λ (W/cm·K) r

Si 1.12 1.45 4.5 1 0.03 1.3 11.7
GaAs 1.4 8.5 4 2 0.04 0.54 12.9

3C–SiC 2.3 1 0.45 2.5 0.2 5 9.6
6H–SiC 2.9 0.415 0.9 2 0.25 5 9.7
4H–SiC 3.2 0.95 1.15 2 0.3 5 10

GaN 3.39 1 0.35 0.5 0.5 1.3 8.9
Diamond 5.6 2.2 18 3 5.6 20 5.7

In the past thirty years, the applications of wide bandgap 
semiconductors have advanced towards maturity, result-
ing in successful commercialization in various domains, 
including light-emitting diodes, radio frequency devices, 
and power switches. [5-6]. While GaN and SiC still have 
been the most widely adopted in power electronic devices, 
as analyzed before, the performance of WBG semicon-
ductor-based devices is nearing theoretical limits. Con-
sequently, the semiconductor community is currently ex-
ploring next-frontier devices based on ultra-wide bandgap 

(UWBG) semiconductors, including diamond, Ga2O3, 
Hexagonal boron nitride (h-BN), and AlN, to prepare for 
future demanding electrical and photonic applications. 
These UWBG materials have attracted significant research 
attention across various research fields regarding power 
electronics due to their distinctive material characteristics, 
including ultra-high critical electric field and chemical in-
ertness.[7] Table 2 illustrates the major properties and the 
parameters of selected WBG and UWBG materials.

Table 2. Physical Properties selected WBg and UWBg Materials [7-9]

WBG UWBG
Material GaN 4H-SiC AlGaN/AlN β-Ga₂O₃ Diamond
Bandgap (eV) 3.4 3.3 Up to 6.0 4.9 5.5
Thermal Conductivity (W/m·K) 253 370 253–319 11–27 2290–3450
Cutting-edge substrate quality (dislocations 
per cm²)

≈10⁴ ≈10² ≈10⁴ ≈10⁴ ≈10⁵

Cutting-edge substrate diameter (inches) 8 (on Si) 8 2 4 1
Proven capability for p-type doping Good Good Poor No Good
Proven capability for n-type doping Good Good Moderate Good Moderate

As shown in Table 2, Ga2O3 possesses remarkable char-
acteristics from the standpoint of the electronic industry. 
Firstly, it possesses a bandgap that exceeds 4.5 eV, result-
ing in a formidable breakdown electric field of around 
9 MV cm1. Furthermore, its estimated Baliga figure of 
merit (BFOM) surpasses that of WBG SiC and GaN (albeit 
having a comparatively lower mobility), but falls short of 
UWBG values. This has generated significant impetus for 
the advancement of Ga2O3 power semiconductors. [10-
11]

From the optoelectronics point of view, Ga2O3 has a 
bandgap in the deep-ultraviolet region, making it useful 
for solar-blind DUV photodetectors and flame detectors. 
However, its complexity and inability to dope p-type hin-
der its application in bipolar devices. [10]
Also, according to Table 2, from an electronic perspective, 
it possesses a direct bandgap of approximately 6.0 eV, 
along with a high breakdown field exceeding 10 MV/cm 
and saturation velocities over 10^7 cm/s. Regarding opto-
electronic properties, AlN offers wide spectral transparen-
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cy ranging from the ultraviolet to the mid-infrared region, 
along with a 12 MV/cm high critical electric field.

2.2 Applications in Power Electronic Convert-
ers
Gallium oxide (Ga2O3) is becoming a promising option 
for some categories of power electronics, solar blind UV 
photodetectors, solar cells, and sensors surpassing current 
technology capabilities.
Beyond electronics or optoelectronics, Ga2O3 finds ap-
pealing uses in signal processing under harsh thermal con-
ditions, electronics operating in demanding environments, 
and designated wireless communication systems. Regard-
ing operation in complex environments, the intrinsic sta-
bility of Ga2O3 against oxidation and its broad bandgap 
are crucial characteristics.
Generally, as mentioned above, AlN exhibits very favor-
able fundamental physical characteristics. These excep-
tional properties of AlN mentioned make it an excellent 
choice for an extensive variety of high-performance appli-
cations, especially in challenging conditions that demand 
high temperature, high frequency, and high-power de-
mands. Its thermal conductivity and large breakdown field 
enable it to function in high-power devices, particularly 
those running in challenging ambient circumstances. For 
instance, AlN is increasingly being utilized in power tran-
sistors and amplifiers specifically engineered for micro-
wave and RF systems. Furthermore, AlN’s large bandgap 
and UV transparency make it particularly well-suited for 
deep-UV LEDs and laser diodes, which play a crucial role 
in applications such as disinfection, water purification, 
biomedical analytics, and even sensors and optical detec-
tors.

2.3 Technical Challenges and Future Prospects
For WBG and UWBG semiconductors, a major challenge 
is that these materials, despite their superior physical 
properties, generate high power densities during opera-
tion, leading to substantial self-heating causing severe in-
fluence on the reliability and performance of the devices.
[21] The thermal conductivity of some UWBG materials, 
such as Ga₂O₃, is relatively low compared to conventional 
semiconductors like SiC, exacerbating the thermal man-
agement problem. Also, measuring the materials’ thermal 
conductivity features is challenging. Many WBG and 
UWBG materials are transparent to light at energies be-
low their bandgap, making direct thermal measurements 
difficult without using a thin metal film layer.[22]
Another difficulty that threatens the future development of 
those materials is the fabrication techniques. For instance, 
manufacturing high-performance vertical GaN transistors 

encounters challenges like refining epitaxial growth tech-
niques and minimizing defect concentrations. For UWBG 
materials like Ga₂O₃, the challenges are even greater due 
to their relatively nascent state of development. These ma-
terials require advancements in material quality, doping 
techniques, and thermal management strategies to handle 
the high power densities and extreme thermal conditions 
they are designed to operate under.[23]
Looking forward, the co-design of devices and packaging 
with an emphasis on electrothermal properties is a crucial 
area of research, aiming to optimize electrical perfor-
mance and thermal stability. Advanced thermoreflectance 
techniques such as pump-probe thermoreflectance (TR) 
and thermoreflectance thermal imaging (TTI) offer po-
tential solutions for overcoming the current challenges in 
characterizing these materials. Another promising direc-
tion is the development of high-temperature packages that 
can withstand the extreme conditions expected in wide 
band gap and ultra-wide bandgapdevices.
If the challenges related to material quality and heat man-
agement can be addressed, these technologies can poten-
tially revolutionize power-switching applications across a 
wide range of industries even further.

3. Topologies and Design Optimization

3.1 Soft-Switching Converters Overview
Upon selecting the correct semiconductor material, mini-
mizing the switching losses brought by the surged switch 
frequency is the next challenge to overcome. The most in-
stinctive and effective way is to improve the topology and 
the converter circuit design.
The conventional low-frequency power electronic con-
verters usually operate in the hard-switching mode, deto-
nating the phenomenon where the power switch’s current 
and voltage overlap significantly during turning on or off 
as shown in Figure 1. This is exactly the primary cause of 
losses in power electronic converters. At elevated switch-
ing frequencies —a trend in modern power electronics— 
the efficiency of converters operating in hard-switching 
mode diminishes while switching losses and associated 
stress markedly escalate. This hampers the progress of 
high-frequency power electronics and introduces issues 
such as substantial current spikes, oscillations during 
switching events, additional losses during the diode’s re-
verse recovery period, and severe electromagnetic inter-
ference.
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Fig. 1 Comparison of Losses in Soft-Switching (Left) and Hard-Switching (Right)
Soft-switching techniques are employed to overcome 
these challenges. Soft switching involves using passive 
components in series or parallel with the switching device 
to generate resonance, resulting in the current or voltage 
during turn-off resembling a sine waveform. This ap-
proach does not eliminate switching losses but transfers 
them to the resonant circuit, where they are dissipated. 
Under soft-switching conditions, the switch is deacti-
vated when the current reaches zero and activated when 
the voltage reaches zero. Consequently, circuits utilizing 
soft-switching technology exhibit reduced device stress, 
negligible switching losses, and lower di/dt and du/dt, sig-
nificantly enhancing the operating frequency and efficien-
cy of the converter.
Achieving soft switching requires appropriate circuit 
topologies that realize zero-voltage switching (ZVS), ze-
ro-current switching (ZCS), or ideally both.

3.2 Topology Classification Methods
Several classification methods are utilized to analyze 
these soft-switching converter topologies systematically. 

Some classify them based on operating principles [12], 
where resonant converters rely on resonant components to 
achieve ZVS or ZCS, and non-resonant converters employ 
other control strategies. Others categorize soft-switching 
techniques based on converter type and switching meth-
ods, such as dividing soft-switching techniques for DC-
DC converters into QR-based, SR/PR/SPR-based, MR-
based, and RT-based techniques [13].
However, these methods either provide a high-level under-
standing lacking specificity or offer detailed distinctions 
without explicitly considering the resonant and non-reso-
nant nature of the techniques.
To address these limitations, we propose a new classifica-
tion scheme. As depicted in Figure 2, soft-switching con-
verters are first categorized into four essential types (DC-
DC, DC-AC, AC-DC, AC-AC) and then further classified 
into resonant and non-resonant converters based on their 
operating principles. Finally, they are detailed based on 
different technical soft-switching methods. This proposed 
classification system combines the advantages of both ap-
proaches, providing a more precise and structured frame-
work for analyzing soft-switching converters.
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Fig. 2 A New Classification Scheme of Soft-Switching Converters
For a more digested and focused analysis of design spec-
ifications, the following sections will elaborate on two 
primary categories, resonant and non-resonant converters.

3.3 Topology Design Methods

3.3.1 Resonant Converters

Resonant converters utilize resonance phenomena in their 
circuit design to achieve high-efficiency power conver-
sion. Their design can usually be split into four blocks: 
power switches, a resonance tank, a transformer and a 
rectifier. Further, resonant converters can be classified 
into series resonant, parallel resonant and series-parallel 

resonance converters.[12] The series and parallel resonant 
converters are foundational types that serve specific appli-
cations. However, for higher efficiency and performance, 
the focus often shifts to series-parallel (LLC) ones.
The primary circuit topology for LLC converters are 
shown in Figure 3. Its ability to enable zero-voltage 
switching (ZVS) for all devices over the whole spec-
trum of loads and zero-current switching (ZCS) while 
operating at or below resonance for the secondary-side 
rectification circuit is highly welcomed in various fields 
of applications. However, In high-frequency (HF) applica-
tions, the design of LLC resonant converters faces several 
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significant challenges, particularly when combined with 
wide-bandgap (WBG) devices. However, LLC converters 
come with certain inherent disadvantages. One notable 
issue is that they are typically designed to operate around 

the resonant frequency for optimal system efficiency. 
Thus, the transformer turns ratio must be adequately ele-
vated to get the requisite input-to-output voltage ratio.

Fig. 3 The topology for LLC Converters
To deal with the inborn demerits of LLC converters, al-
ternative topologies such as Class-E converters, CLCL 

converters and Dual Active Bridge (DAB) (as shown in 
Figure 4) converters, etc.

Fig. 4 The topology for DAB Converters
Class-E converters achieve zero-voltage switching (ZVS), 
significantly reducing switching losses and improving ef-
ficiency, particularly in high-frequency applications.
CLCL converters enhance voltage gain flexibility and mit-
igate wide frequency variations, thereby enabling superior 
output control without the necessity for excessively high 
transformer turn ratios.
DAB converters enable bidirectional power flow and offer 
effective performance across a range of load conditions, 
thus further enhancing efficiency and adaptability in pow-
er electronics systems.
3.3.2 non-Resonant Converters

Traditional soft-switching techniques often rely purely on 
resonance to achieve ZVS or ZCS. In contrast, quasi-res-
onant converters use a combination of resonant and PWM 
control, allowing for more flexible operation across a 
broader range of load conditions.
Non-resonant converters are not born with the capability 
of soft-switching. They often utilize resonant compo-

nents but not in the same manner as complete resonant 
converters, achieving soft-switching on the foundation of 
hard-switching using different technical approaches.
A typical example is the Quasi-Resonant converters, 
hard-switching circuits added by some extra resonant el-
ements. They also realize ZVS and ZCS just as resonant 
converters do. Quasi-Resonant converters may present 
greater complexity in design and control compared to ba-
sic hard-switching converters; yet, they provide enhanced 
performance benefits.
Paper [14] first proposes a systematic approach to synthe-
sizing and analyzing Quasi-Resonant (QR) converters by 
adding resonant elements to traditional PWM topologies. 
The study introduces six classes of QR converters and 
highlights the advantages of smoother waveforms, which 
reduce switching losses and improve efficiency. The study 
also compares zero-voltage switching (ZVS) and zero-cur-
rent switching (ZCS), favoring ZVS for most applications.
However, it notes that QR converters can place higher 
stress on switches and involve more complex designs, re-
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quiring advanced modeling and more robust components, 
leaving open challenges in the practical implementation of 
highly complex QR systems.
To solve this, Paper [15] focuses on high-frequency qua-
si-resonant converter technologies, addressing key issues 
such as reducing switching losses and stresses through 
zero-voltage switching (ZVS) and zero-current switching 
(ZCS) techniques. This study also explores topological 
innovations and high-frequency performance, which help 
mitigate switch stress and efficiency challenges raised in 
the Paper [14]. Additionally, it highlights advanced gate 
drive designs and control techniques, providing potential 
solutions for reducing design complexity and ensuring 
stable operation in quasi-resonant converters.
The choice of converter topology is crucial for optimizing 
high-frequency power electronic systems by reducing 
switching losses. Resonant converters, such as series, 
parallel, and LLC configurations, use resonance for 
soft-switching, improving efficiency and minimizing inter-
ference. However, they face challenges in high-frequency 
applications, particularly for WBG devices. Non-resonant 
methods, like quasi-resonant converters, combine resonant 
components with hard-switching architectures, enhancing 
performance and efficiency.

4. gate Driver Design

4.1 Introduction and Classification of the Gate 
Driver
Considering the further design optimization of power 
converters, careful and sufficient attention should be paid 
to the design of gate drivers for switch components. In 
high-frequency power converters, gate driver design be-
comes even more critical, particularly when dealing with 
wide-bandgap (WBG) semiconductors. As frequencies in-
crease, several challenges arise. For instance, parasitic ele-
ments such as gate resistance and gate-source capacitance 
significantly affect switching performance, leading to is-
sues like voltage ringing and electromagnetic interference 
(EMI), which degrade overall efficiency. Additionally, 
high switching frequencies exacerbate switching losses, 
especially during the overlap of current and voltage in the 
power switches, resulting in heat generation and reduced 
system efficiency. WBG devices, with their high rate of 
change in voltage and current, are particularly sensitive to 
these parasitic components, requiring careful gate driver 
design to avoid overstressing the switches.[16]
Specifically, gate drivers can be categorized based on their 
design and functionality. Typical classifications include 
resonant gate drivers, which recycle switching energy 
to minimize losses; current-source gate drivers, which 

provide better control over switching transitions; and volt-
age-source drivers, widely used for general applications 
but may require further adaptation for high-speed WBG 
devices.

4.2 Voltage-Source gate Driver (VSD)
Figure 5 gives a simplified topology of the traditional 
voltage-source gate driver. As shown in the figure, the 
gate capacitor Cg is charged by a supply voltage through 
a parasitic resistance Rv, which mitigates the oscillation 
brought by the parasitic inductor and input capacitance 
(omitted from the figure). Paper [12] gives specific for-
mulations for switching losses and a total gate driving 
loss, indicating that increasing frequency, especially super 
high-frequency scenario, decreases the efficiency of the 
conventional Voltage-Source gate driver circuit, leading 
to significant energy losses and thermal challenges (large 
energy dissipation without recovery). It also confirms an 
elementary upper-frequency threshold and insufficient 
anti-interference capability for VSD circuits, so these cir-
cuits are not ideally fit for high-frequency operation.

Fig. 5 Simplified Topology for VSD[16]

4.3 Current-Source gate Driver (CSD)
In order to mitigate the losses brought by VSD topologies 
under high-frequency working scenarios, Current-Source 
Gate Drivers (CSD) are first introduced, and a typical 
topology for them is depicted in Figure 6. In contrast to 
VSDs, which provide a voltage pulse to the gate of the 
switching device, CSDs deliver a continuous current for 
gate charging and discharging. Also, the existing current 
source inductor enables the recovery of energy stored in 
the gate capacitance. Paper [16] gives the detailed cal-
culation of dissipated energy and operation efficiency of 
CSDs, reflecting a significant improvement in adaptability 
in high-frequency conditions.
Nonetheless, whereas CSDs provide enhanced regulation 
of switching transitions and diminish the related losses 
during charging, they still possess constraints. A notable 
disadvantage is the continuous current flow demanded by 
the driver, even while the switch is not undergoing active 
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transition. This results in circulation losses, especially 
when the gate is fully charged or drained, rendering CSDs 
less efficient at marginally lower frequencies or under 
light loads.

Fig. 6 Simplified Topology for CSD[16]

4.4 Resonant gate Driver (RSD)
To rectify this inefficiency mentioned, Resonant Gate 
Drivers (RGD) were designed as a superior alternative 
for high-frequency applications. Resonant Gate Drivers 
can be classified into different operation modes: Full reso-
nance and Stamped resonance.[16]
Under full resonance mode, the resonant inductor Lr 
transfers all its energy to the gate capacitance Cg during 
the switching cycle. Once the gate is charged, the current 
in the resonant circuit drops to zero, ensuring the switch 
operates under either zero-voltage switching (ZVS) or ze-
ro-current switching (ZCS) conditions.
The gate voltage or current is restricted for clamped res-
onance mode once it attains a specified threshold. Instead 
of permitting the energy to oscillate among the resonant 
components completely, clamped resonance diverts or re-
cycles surplus energy once the gate is sufficiently charged.
Like the elementary gate driver circuit, the RSDs can also 
be classified into Voltage Source Gate Driver and Current 
Source Gate Driver based on their supply source varia-
tions.
4.4.1 Voltage Source Resonant gate Driver

In this type of gate drivers, the gate capacitance is charged 
up by a fixed voltage source. The primary feature of these 
drivers is their dependence on a constant voltage to acti-
vate the gate, whereas the resonant circuit, which is made 
up of inductors and capacitors, regulates the energy trans-
fer.
The basic topology is shown in Figure 7. By adding an 
inductor in the VSD circuit, the excessive energy stored 
in gate capacitor Cg can be restored by transmitting to 
resonant inductor L, which works in full resonance mode. 
However, these so-called conventional RSDs obtain inher-
ited disadvantages. Given that the resonant inductor and 
gate capacitance are connected in series with the supply 

voltage, the inductor is charged earlier than the capacitor, 
resulting in an exceeding energy supply compared to the 
actual gate requirement. Even if some of this energy may 
get recycled, it brings further conduction losses.

Fig. 7 Simplified Topology for conventional 
RSD (clamped)[16]

The other two most utilized topologies are the H-bridge 
and half-bridge gate drivers, which works under clamped 
resonance mode; both offer unique benefits and trade-offs, 
especially in high-frequency applications.
Figures 8 and 9 illustrate that the half-bridge circuit re-
quires two additional diodes compared to the H-bridge 
configuration. However, controlling the MOSFETs at 
the end of each resonant period in the H-bridge is more 
complex due to the Miller Effect. On the other hand, the 
diodes in the half-bridge design effectively block reverse 
resonant currents, thereby simplifying the control process.

Fig. 8 Topology for H-bridge RSD[12]
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Fig. 9 Topology for half bridge RSD[12]
In the half-bridge circuit, a low-resistance resistor is ap-
plied to regulate the switch gate, unlike the inductor-based 
clamping technique utilized in the H-bridge configuration. 
The resistor mitigates gate voltage fluctuation during rap-
id fluctuations in the drain-source voltage. This function, 
however, leads to increased energy losses from power 
dissipation in the resistor. This approach, albeit simple, 
compromises efficiency for improved noise management.
4.4.2 Current Source Resonant gate Driver

Like CSDs, in Current Source Resonant Gate Drivers 
(CSD), a constant current source is employed to charge 
the gate capacitance. This facilitates enhanced manage-
ment of the gate’s switching characteristics, particularly 
in high-frequency operations, where accurate control over 
switching transitions is essential to reduce losses.
Current Source Resonant Gate Drivers are widely used in 
various high-frequency power applications. In high-fre-
quency DC-DC converters, such as synchronous buck 
converters, CSDs enhance switching speed and reduce 
the impact of parasitic inductance, leading to better 
performance than traditional gate drivers.[18] They are 
also effective in driving GaN power devices, where they 
significantly lower hard-switching losses by providing a 
constant gate current, making them ideal for high-power, 
high-frequency applications.[19] Additionally, CSDs are 
used in Silicon Carbide (SiC) MOSFETs to reduce switch-
ing losses in high-voltage environments, achieving up to 
55% power loss reduction compared to conventional gate 
drivers.[20]

5. Conclusion
This review has examined developments in wide-bandgap 
(WBG) and ultra-wide-bandgap (UWBG) semiconduc-
tor materials and resonant and non-resonant converter 
topologies and gate driver designs for high-frequency 

power electronic converters. Incorporating WBG mate-
rials such as GaN and SiC, along with UWBG materials 
like Ga2O3 and AlN, greatly improves power density and 
efficiency. Additionally, soft-switching techniques (ZVS/
ZCS) effectively reduce switching losses. Innovations in 
circuit topologies, including LLC and DAB converters 
and advanced gate driver designs (voltage and current 
source resonant drivers), showcase enhanced performance 
in high-frequency applications. The recent developments 
lead to enhanced efficiency, compactness, and superior 
performance in power converters, particularly for use in 
electric vehicles, renewable energy systems, and telecom-
munications. Future investigations should concentrate on 
enhancing the integration of UWBG materials and further 
fine-tuning gate driver topologies to tackle the new chal-
lenges that higher-frequency, high-power applications 
present.
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