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Abstract. The aim of this work is to design and implement an embedded system 

capable to characterize some relevant figures of merit of Gallium Nitride and 

Silicon Carbide transistors in a wide range of frequencies. In particular, the 

designed system is focused on measuring the parameters involved in both the 

power loss phenomena and the reliability of the device during switching 

operations. Both the employment of a low-cost microcontroller unit and the 

equivalent-time sampling technique contributed to make the measurement 

system flexible, affordable and capable of enhanced sampling performance. As a 

result, different GaN and SiC devices were compared, in order to characterize the 

behavior of the measured quantities with respect to the switching frequency. 

1   Introduction 

 
Reducing power losses in conversion systems has always been a critical issue in most 

power electronics applications. Nowadays, systems with low losses, and high 

efficiency, allow for a better power conversion with enhanced performance and lower 

costs. As explained in [1], main losses in power electronics systems are caused by the 

different phenomena related to each switching device (HEMT, MOSFET, BJT, IGBT) 

but all of them can be seen as the sum of several terms:  

𝑃𝐿 = 𝑃𝑜𝑛 + 𝑃𝑠 + 𝑃𝑜𝑓𝑓   . 
(1) 

 

Where, 𝑃𝐿  is the total power loss, 𝑃𝑠 represents commutation losses due to switching 

operations, 𝑃𝑜𝑛 is the conduction loss during the on-state and 𝑃𝑜𝑓𝑓  is the leakage term 

collecting losses related to the off-state. 

Since the drain current is almost zero (~µA), when a device is off, the related 𝑃𝑜𝑓𝑓 term 

can be generally neglected, then the total power loss can be well approximated with the 

sum of switching and conduction losses: 

 

𝑃𝐿 ≅ 𝑃𝑜𝑛+𝑃𝑠 . (2) 

 



Conduction losses occur during the transistor’s on-state and can be expressed as: 

 

𝑃𝑜𝑛 = 𝑅𝐷𝑆𝑜𝑛𝐼0
2 𝑡𝑜𝑛

𝑇𝑆
 .     (3)  

In which 𝑅𝐷𝑆𝑜𝑛 is the on-resistance of the switching device, 𝐼0 is the on-state current, 

𝑡𝑜𝑛 is the on-state time and 𝑇𝑆 is the switching period. So, as it can be seen from the 

previous equation, conduction losses depend on the on-resistance and, consequently, 

they can be minimized using switching devices with low 𝑅𝐷𝑆𝑜𝑛, like SiC MOSFET or 

GaN HEMT because the theoretical limit of the on-resistance for these devices is much 

lower if compared with the limit of Silicon devices. 

Switching power losses occur when, during the on- or off- state transition, the drain-

source voltage 𝑉𝑑 and the drain current 𝐼0 are simultaneously different from zero. 

 

𝑃𝑠 =
1

2
𝑉𝑑𝐼0𝑓𝑠(𝑡𝑐(𝑜𝑛) + 𝑡𝑐(𝑜𝑓𝑓)) . (4) 

 

It is possible to notice that 𝑃𝑠 linearly depends, as well as on the switching frequency 

𝑓𝑠, on the switching time 𝑡𝑐(𝑜𝑛)  and 𝑡𝑐(𝑜𝑓𝑓), which are obviously related to the parasitic 

capacitance of the switching device. For this reason, the input capacitance 𝐶𝑖𝑠𝑠 is a 

common parameter to be considered and its value can strongly affect power conversion 

performances. So, it is desirable to have a device with small input capacitance, in order 

to reduce the switching times and, therefore, switching power losses. 

Furthermore, transistors’ reliability can strongly be affected by threshold voltage 

instability phenomena. A negative threshold voltage shift can bring to unwanted turn-

on of the device, while a positive shift can make switching times longer and affect the 

on-resistance, so this phenomenon can increase the device’s power losses if there is an 

increase of 𝑅𝐷𝑆𝑜𝑛, this will particularly bring to larger conduction losses. 

All these considerations lead to the necessity of a direct measurement of some 

important figures of merit of the switching devices, such as the on-resistance, the input 

capacitance and the threshold voltage variations. It is also important to evaluate the 

behavior of these quantities with respect to the switching frequency, in order to 

characterize the device in a wide range of frequencies. 

The presented measurement system provides a low-cost portable solution compared 

with commercially available products, as in [2][3], usually more than an order of 

magnitude more expensive. In particular, the present work employs a separated power 

supply, in contrast to the integrated one of the aforementioned products. Beside this, it 

has to be stated that the maximum frequency for the capacitance measurement reaches 

10 MHz, while the present work currently reaches a maximum of 1 MHz - even if this 

limit may be pushed ahead in future work. Finally, thanks to the equivalent time 

sampling, the developed embedded platform can achieve a high equivalent sampling 

frequency with a simpler and cheaper design, while keeping a high grade of flexibility. 



2   Embedded System Design 

 
2.1   System Requirements  

To perform all the measurements of interest, the designed system must satisfy some 

requirements due to the number of quantities to be measured and to the nature of the 

involved signals. The system, in fact, must be able to sample at the same time at least 

two different signals between the gate voltage, the drain current and the drain voltage. 

All the measurement must be performed in a wide range of switching frequency. In 

particular, the selected frequency range is between 10kHz and 1MHz, in order to 

investigate the behavior of high frequency devices like the Gallium Nitride HEMTs. 

 

2.2   Designed System 

 

In order to satisfy all the requirements, most importantly the frequency requirements, 

the STM32H743ZI microcontroller has been selected. This choice was due to the 

relatively high clock frequency (480MHz), the presence of three independent ADCs 

and the presence of a high resolution timer (HRTIM), which can use the microcontroller 

clock as a clock source. 

The diagram in Fig. 1 and the circuits’ schematics in Appendix show the measurement 

system structure, where the drain current, drain voltage and gate voltage sensing circuit 

as well as the gate driver are included. 

The load resistor act also as sensing element for the drain current. The 𝑅𝐺 selection sets 

the gate voltage equivalent time constant. The gate voltage sensing circuit is essentially 

a level shifter in order to adapt the gate signal to the MCU’s ADC input voltage range. 

Finally, a power relay is used to decouple the on-resistance measurement from the 

others setup, since within the drain voltage sensing circuit, a power diode could affect 

the drain voltage falling time. 

 

Fig. 1. Measurement system block diagram 

The threshold voltage was extracted using the constant current method explained in 

[4]. So, the threshold voltage is calculated as the gate voltage corresponding to a 

predetermined drain current. To select the constant drain current 𝐼𝐶 , the absolute drain 



current measurement uncertainty, 𝑢𝐼𝐷
, is considered. The selected drain current value 

is chosen equal to 100 times 𝑢𝐼𝐷
. So, during the OFF-ON transition the constant current 

threshold is 𝐼𝐶 , while during the ON-OFF transition the current threshold is the  

ON-state drain current value, lowered by a quantity equal to 𝐼𝐶 . 

The drain-source on-resistance is measured starting from the drain current 𝐼𝐷 and the 

drain voltage 𝑉𝐷, since 𝑅𝐷𝑆𝑜𝑛 is equal to the ratio between these two quantities. A gate 

signal with 90% duty cycle is used in order to switch the device and during conduction 

state, an average value of 𝑉𝐷 and 𝐼𝐷 samples is calculated, and these averaged values 

are used to extract 𝑅𝐷𝑆𝑜𝑛 measurements. 

The input capacitance is instead calculated using the following equation, which relates 

this quantity to the rising time of the gate voltage. 

 

𝐶𝑖𝑠𝑠 =
𝜏

𝑅𝑔
 . 

(5) 

Where 𝜏 is the time constant of the gate voltage transient and 𝑅𝑔 is the external gate 

resistance. 

In order to sample signals which frequency can reach 1MHz using a microcontroller 

system, normal techniques would bring to use ADC with very high sampling frequency, 

while we wanted to keep it relatively low. In fact, the maximum sampling frequency is 

limited by the embedded ADC conversion time. For this reason, the equivalent-time 

sampling method has been implemented. This sampling technique can be used only if 

the measured signal is periodic. It consists in sampling the input signal with a sampling 

period equal to the signal period plus an additional time defined as 𝑇𝐸𝑇 = 𝑇 𝑛⁄ , where 

𝑇 is the input signal period and 𝑛 is the desired number of samples. So, the sampling 

period can be written as:  

 

𝑇𝑆 = 𝑇 + 𝑇𝐸𝑇 . 
(6) 

Exploiting the equivalent-time sampling technique allows to sample a signal with a 

sampling frequency even slightly lower than the signal’s frequency. In order to enhance 

system’s sampling performances the conversion is triggered by the embedded HRTIM 

and the converted data is transferred to memory with the aid of the internal DMA. 

Moreover, the ADC conversion and DMA transfer are triggered by internal signals, 

achieving a reduced execution time without interrupt routines. In this way, the 

computational burden of the processor is lowered and the sampling period can be 

minimized.  

 

3   Experimental results 
 

The experimental tests carried out in order to characterize GaN and SiC devices were 

performed on the following three products:  a 900V 15A GaN-Cascode,  a 650V 15A 

GaN E-mode and a 900V 11.5A SiC MOSFET.  

The measurements for GaN devices extend to 1 MHz, while for SiC MOSFET the 

maximum achieved switching frequency is equal to 200 kHz. Moreover, the bias 

conditions of the tested devices are different: for GaN Cascode and E-mode the power 

supply is 60V and 0.4A, while for SiC MOSFET is 50V and 2A. This choice is due to 



the different characteristics of SiC devices, whose saturation needs a higher drain 

current level. Furthermore, SiC device is driven with a 0-15V gate voltage, while for 

GaN devices a driving voltage of ±5V is already enough to push an pop from saturation. 

In Table 1 the absolute measurement uncertainties of the considered quantities are 

shown. The absolute uncertainties are calculated as follows: 

 

𝑢 =  √∑ (
𝑑𝑓

𝑑𝑥𝑖
)

2

𝑢𝑥𝑖
2

𝑖  . (7) 

Where 𝑓 is the function that defines the measurement, 𝑥𝑖  are the measured samples, 

𝑢𝑥𝑖
 is the absolute uncertainty related to each single measurement, while 𝑢 is the 

calculated absolute uncertainty. 

Since for the threshold voltage extraction the constant current method is employed, the 

absolute uncertainty cannot be calculated and so the relative one is presented. This was 

calculated as: 

 

𝑢 =  √∑ 𝑢𝑥𝑖
2

𝑖  . (8) 

Table 1.  Measurement absolute uncertainty of the devices’ figures of merit 

Figure of merit Uncertainty Type of uncertainty 

Ciss 35 pF (worst case) Absolute 

RDSon 0.022 mΩ Absolute 

ΔVth 0.007 % Relative 

 

 

Fig. 2. Input capacitance vs switching frequency 



As shown in Fig. 2, the input capacitance of all the tested devices approximately 

doubled their low frequency value in the considered range of frequencies. The physical 

phenomenon behind this behavior resides in the electron trapping occurring within the 

switching period. 

In Fig. 3 the extracted relation between 𝑅𝐷𝑆𝑜𝑛 and the switching frequency is shown. 

The measured values are referred to the on-resistance at a switching frequency of 10 

kHz. This choice is motivated by the difference in the 𝑅𝐷𝑆𝑜𝑛 values between the devices 

under test, allowing for a better visualization of the frequency behavior. In SiC device, 

the variation is minimal, while GaN devices show a more consistent increase in the 

high-frequency region, approximately 25-30 % at 1 MHz. 

 

 

Fig. 3. RDSon/ RDSon(10 kHz) vs switching frequency 

 

The last characterized figure of merit is the threshold voltage variation during a 

switching period, as shown in Fig. 4. The post-processed values of Δ𝑉𝑡ℎ are calculated 

as difference between the positive threshold voltage variations during the on-state and 

the negative ones during the off-state. GaN Cascode shows an almost null variation of 

its threshold voltage as a function of switching frequency. GaN E-mode’s threshold 

voltage variation increases at high switching frequencies of hundreds of mV. Finally, 

the highest variation occurs for the SiC device, whose threshold voltage increases over 

4V at increasing switching frequencies. 

 



 

Fig. 4. ΔVth vs switching frequency 

4   Conclusions 
The frequency behavior of the extracted figures of merit physically resides in the 

electron trapping and de-trapping times. For GaN devices, the electron trapping time is 

orders of magnitude lower than the de-trapping time [5]. Increasing the frequency, both 

the off-state and on-state times are reduced, but since the trapping time is much smaller, 

this will not affect the electron trapping but only the electron de-trapping. This leads to 

a bigger amount of trapped electrons at higher frequencies and so to an increase of the 

on-resistance and threshold voltage variation [6]. 

For SiC devices, during off-state, electrons tunnel out of the oxide causing a negative 

shift of 𝑉𝑡ℎ. During on-state, electrons can tunnel back into the oxide, causing a positive 

shift of 𝑉𝑡ℎ [7] [8]. Since the device is driven with 0-15V gate voltage, the positive 

variation is much higher than the negative one leading to a higher positive Δ𝑉𝑡ℎ. 

The present work shows the behavior of the most relevant figures of merit of GaN and 

SiC transistors. However, the investigation is still under progress to deepen the involved 

phenomena and their causes [9]. 
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Appendix: Driving and sensing circuits schematics 

In this appendix paragraph, the driving circuits of the measurement setup related to 

Fig.1 are briefly described. For the drain current sensing circuit, as shown in Fig. 5, in 

order to protect the operational amplifier (in differential configuration) from the high 

voltage of the DUT’s power supply, two voltage dividers are applied at both terminals 

of the sensing resistor. 

In Fig. 6 the drain voltage sensing circuit is shown. Here, the main issue when 

measuring the DUT’s drain current is the high difference between the off-state and on-

state voltage. In order to overcome this problem, as represented, the voltage across a 

diode, placed between the drain and ground, is measured. This solution is implemented 

to avoid the attenuation of the drain voltage to an acceptable value for the amplifier 

input, since it would make the drain current in on-state indistinguishable from the noise. 

Consequently, in the off-state the amplifier input voltage will be the diode threshold 

and it will be not considered, while in conduction state, the true drain voltage can be 

sampled.  

 

      Fig. 5. Drain current sensing circuit           Fig. 6. Drain voltage sensing circuit 

              𝑅1 = 𝑅2 = 𝑅3 = 𝑅4 = 10 𝑘Ω           𝑅1 = 𝑅2 = 𝑅3 = 𝑅4 = 10 𝑘Ω 

              𝑅5 = 𝑅7 = 604 𝑘Ω      𝑅5 = 2.5 𝑘Ω 

              𝑅6 = 𝑅8 = 40.2 𝑘Ω 



In Fig. 7 the gate driver is shown. It is a non-inverting summing amplifier with the aim 

of shifting the input level from the MCU to the driving voltage range of the DUT.  

Finally, in Fig. 8, the gate voltage sensing circuitry is presented. Here, an operational 

amplifier is employed in non-inverting unity-gain summing configuration. The output 

voltage is fed to the MCU with a simple voltage divider. 

 

 

     Fig. 7. Gate driving circuit (e.g. for GaN)     Fig. 8. Gate voltage sensing circuit (e.g. for GaN) 

           𝑅1 = 50 𝑘Ω              𝑅1 = 𝑅2 = 50 𝑘Ω 

           𝑅2 = 10 𝑘Ω               𝑅3 = 59 𝑘Ω 

           𝑅3 = 𝑅4 = 100 𝑘Ω          𝑅4 = 100 𝑘Ω 

           𝑅5 = 31.6 𝑘Ω 

           𝑅6 = 22.1 𝑘Ω 


