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Abstract— Gallium Nitride enhancement-mode high electron 
mobility transistors (GaN E-HEMTs) can achieve relatively high-
efficiency and high-frequency in hard-switching mode. One 
particular reason is that GaN E-HEMTs obtain zero reverse-
recovery loss and also a zero reverse-recovery period. For silicon 
(Si) MOSFETs, it has been a well-known issue that their Qrr is too 
big to switch the transistor in hard-switching mode. Researchers 
have made extensive efforts to calculate the reverse-recovery loss. 
However, few of them pay attention to the Qoss, as the Qrr 
dominates in the turn-on switching loss for Si MOSFETs. For 
GaN HEMTs, the absence of the Qrr makes the Qoss noticeable, 
although the value of the Qoss for GaN HEMTs is still the smallest 
among both Si and Silicon Carbide (SiC) MOSFETs. This paper 
focus on the Eqoss loss in GaN HEMTs. The Eqoss loss mechanism, 
detailed calculation and detailed measurement method for GaN 
HEMTs are provided. In addition, the theoretical results are 
verified by the double-pulse test at different junction 
temperatures and gate resistances. 

Index Terms—GaN HEMT, gallium nitride, double pulse test, 
switching loss, parasitic capacitance loss, turn-on loss, Eqoss loss. 

I. INTRODUCTION 

Compared with silicon (Si) MOSFETs, Gallium Nitride 
enhancement-mode high electron mobility transistors (GaN E-
HEMTs) have gained high popularity recently due to their 
better figures of merit (FOM) and their great potential for 
enabling higher switching frequencies, higher efficiencies, and 
higher power densities for power converters [1-3]. Its 
applications include, but are not limited to, point of load 
converters, power adapters, LED drivers, automotive DC/DC 
converters, battery chargers, PV inverters, motor inverters and 
wireless power [4-11]. 

The hard-switching turn-on of Si MOSFET and GaN 
HEMT are shown in Fig. 1 and Fig. 2, respectively. Due to the 
existence of the body diode in the Si MOSFET, the reverse-
recovery Qrr makes the device hard to work in the hard-
switching mode, especially under relatively high switching 
frequency. For GaN HEMTs, due to the absence of the body 
diode, the current Id waveform is relatively clean. This enables 
the GaN-based power electronic systems can do hard-switching 
at relatively high switching frequency. Nevertheless, a small 
current bump generated by Qoss can still be observed and thus 

the energy loss Eqoss is introduced. Although the value of the 
Qoss in GaN HEMTs is still the smallest among both Si and 
Silicon Carbide (SiC) MOSFETs, the absence of the Qrr in GaN 
makes this current bump noticeable. This energy loss Eqoss is 
not Eoss, which is also known as the capacitance self-
charging/discharging energy. Moreover, the loss Eqoss cannot be 
calculated in the same way as Eqrr loss because during that 
period, the switch voltage Vds is no longer a constant value and 
it already starts falling. In [12-14], the authors mentioned this 
energy loss is due to the discharge of the capacitance at the 
switching node. However, the detailed analysis, measurement 
method and measurement results have not been presented. The 
calculation of the Eqoss is important, as 1) it can provide a more 
accurate calculation for the turn-on switching loss energy Eon; 

 

Fig. 1: Hard-switching turn-on loss of Si MOSFET. 

 

Fig. 2: Hard-switching turn-on loss of GaN HEMT. 
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2) it also enables the users to scale the Eon to other Vds voltage 
precisely [15]. 

The rest of the paper is organized as follows: Section II 
presents the Eqoss loss mechanism and calculation. The analysis 
of the effect of other parasitic capacitances on the Eqoss loss is 
discussed in Section III. The Eqoss loss measurement method 
and its experimental verification are presented in Section V. 
Finally, conclusions are given in the Section VI. 

II. EQOSS LOSS MECHANISM AND CALCULATION 

A. Eqoss loss mechanism 

A typical hard-switching transition for GaN E-HEMTs is 
shown in Fig. 3. S1 is the synchronous switch and S2 is the active 
switch. Once the switch S1 is turned off, deadtime loss occurs. 
As soon as S2 is turned on, the current commutation starts. Due 
to the absence of body diode of GaN HEMT, once the current 
in S2 reaches the load current ILOAD, the voltage commutation 
will start right away. During the voltage commutation period, 
the voltage across S1 increases and the voltage across S2 
decreases. Accordingly, the capacitor C1 and C2 will be charged 
and discharged, respectively. As the two-dimensional electron 
gas (2DEG) of S2 is already conducting, the C2’s self-
discharging current will flow into S2’s 2DEG, which generates 
the Eoss loss. However, Eoss loss cannot be measured directly as 
the current flows internally from C2 to S2’s 2DEG. In the 
meanwhile, the 2DEG of S1 is already turned off. Therefore, 
according to the KCL, the C1’s charging current will also flow 
through S2 and generate a current bump, which yields the Eqoss 
loss. 

Therefore, it can be summarized that the Eoss loss is 
introduced by the capacitance self-discharging current of the 
switch device itself and Eqoss loss is introduced by the 
capacitance charging current from the opposite switch device. 
As discussed in [15], the switching loss distribution in GaN 
HEMTs is shown in Table I.  

TABLE I. SUMMARY OF SWITCHING LOSS DISTRIBUTION IN GAN HEMTS 

Loss distribution Theoretical Measured 

Turn-on loss Eon EVIon + Eqoss + Eoss EVIon + Eqoss 

Turn-off loss Eoff EVIoff EVIoff + Eoss 

 

Fig. 3: Hard-switching transition, (a) S1 conducting, (b) Deadtime, (c) Current commutation, (d) Voltage commutation, (e) S2 conducting. 

 

Fig. 4. Eon loss distribution for GS66508T. 

 

Fig. 5. Switch node capacitance of GS66508T. 

 

Fig. 6. Displacement charge of GS66508T with Vdc=400V. 
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Fig 4 shows the Eon loss distribution for GS66508T at 
Tj=25°C, Vds=400V and Rg_on=10Ω. Clearly, Eqoss and Eoss loss 
affect the overall Eon loss, especially under light load operating 
condition where the channel current Id is relatively small. 
Therefore, accurate Eqoss and Eoss loss calculations are necessary 
in order to obtain an accurate overall Eon loss. 

B. Eqoss loss calculation 

As the parasitic capacitance Coss is dependent on the voltage 
Vds, a switch node capacitance example can be plotted in Fig. 5, 
if GS66508T is applied. Accordingly, the displacement charge 
can also be plotted in Fig. 6. Clearly, with the switch node 
voltage decreased from 400V to 0V, the total amount of charge 
for each C1 and C2 during the voltage commutation period are 
exactly the same. However, the loss of Eoss and  Eqoss are not the 
same. The equations to calculate the Eoss and Eqoss can be 
derived as below, ܧ௢௦௦ = න ௗܸ௦ ∙ ݀௢௦௦(௏೏ೞ)ܥ ௗܸ௦௏೏೎଴  (1) 

௤௢௦௦ܧ = න ( ௗܸ௖ − ௗܸ௦) ∙ ݀௢௦௦(௏೏ೞ)ܥ ௗܸ௦௏೏೎଴  (2) 

From the above two equations, the Eoss and Eqoss losses 
under different operating voltages for GS66508T can be 
obtained in Fig. 7. It is clear that the Eqoss loss is higher than Eoss 
loss. The reason is that usually the capacitance Coss of the device 
is higher at lower voltage Vds region. In fact, for Si MOSFET, 
most likely, as its capacitor Coss is more nonlinear than GaN, its 
Eqoss loss will be even larger. An Eqoss loss comparison between 
Si MOSFET and GaN HEMT under different operating 
voltages is shown in Fig. 8. 

III. ANALYSIS OF OTHER PARASITIC CAPACITANCES ON THE 

EQOSS LOSS 

It needs to be point out that during the circuit-level testing, 
the measured parasitic capacitive energy loss Eoss/Eqoss not only 
includes the parasitic capacitance of the semiconductor device, 
but also the parasitic capacitances from PCB and inductor.  If 
double-pulse test (DPT) circuit is applied, the parasitic 
capacitances distribution can be plotted in Fig. 9. The parasitic 
capacitances Cpcb and Cpl are not voltage-dependent, but they 
also contribute to the Eoss and Eqoss loss. Therefore, by taking 
the capacitances Cpl and Cpcb into account, the complete 
equations to calculate the Eoss and Eqoss for this circuit are, 

 

Fig. 7. Eoss/Eqoss loss of GS66508T at different operating voltage. 

 

Fig. 8. Eqoss loss comparison between Si MOSFET and GaN HEMT. 

 

Fig. 9. Parasitic capacitances distribution of Eqoss loss in DPT circuit. 

 

Fig. 10. PCB parasitic capacitance from switching node to bus+/- node. 
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௢௦௦ܧ = න ௗܸ௦ ∙ ݀௢௦௦(௏೏ೞ)ܥ ௗܸ௦௏೏೎଴ + 12 ൫ܥ௣௟ + ௣௖௕൯ܥ ௗܸ௖ଶ  (3) 

௤௢௦௦ܧ = න ( ௗܸ௖ − ௗܸ௦) ∙ ݀௢௦௦(௏೏ೞ)ܥ ௗܸ௦௏೏೎଴ + 12 ൫ܥ௣௟ + ௣௖௕൯ܥ ௗܸ௖ଶ  (4) 

In order to extract the parasitic capacitance value from the 
PCB of the testing setup, a Q3D simulation has been performed 
for the GS66508T evaluation board [16]. The PCB parasitic 
capacitance from switching node to bus node is shown in Fig. 
10. The simulated PCB parasitic capacitance is 14 pF. By 
adding other parasitic capacitances together, the total voltage-
independent capacitance is about 20 pF in this case. 

IV. EQOSS LOSS MEASUREMENT METHOD AND EXPERIMENTAL 

VERIFICATION 

The Eqoss loss should be only relevant to the capacitor 
charging energy. In other words, the loss should only be a 
function of voltage Vds and the parasitic capacitance which is 
mainly the Coss. Therefore, most likely, load current ILoad, 

junction temperature Tj and switching speed should not affect 
the Eqoss loss value. In this section, the load current 
independence is verified first. Then, a simple Eqoss loss 
measurement method is presented and a DPT with closed-loop 
temperature control is built up. The junction temperature and 
switching speed independence are both verified by this test 
setup. 

A. Load current independence 

It is important to verify the load current independence for 
the Eqoss loss of GaN, as this can also verify the absence of body 
diode in GaN HEMT. It is well known that for Si MOSFET, 
the Qrr loss is dependent not only on the load current, but also 
on the di/dt rate [17-18]. This makes the hard-switching Eon 
loss calculation relatively difficult and complicated for Si 
MOSFET. Unlike to Si MOSFET, the zero Qrr loss of GaN 
HEMT not only results in a lower Eon loss, but also leads to a 
more accurate and more straightforward Eon loss calculation 
than Si MOSFET. 

Several double pulse testings based on GS66516T under 
different load currents were performed. The Id current 
waveforms are shown in Fig. 11. To better observe the current 
bump generated by the Qoss, the current bump comparison 
under different load current are zoomed and shown in Fig. 12. 
It is clear that the current shapes are about the same, which 
indicates the load current independence. 

B. Eqoss loss measurement method 

In order to verify the impact factor and also the value of the 
loss, the DPT platform with closed-loop temperature control is 
applied. The device under test (DUT) is GS66508T and the 
setup is shown in Fig. 13 [15]. The junction temperature of the 
device is monitored by an NTC thermistor. A power resistor is 
applied to heat up the device accordingly. 

During the DPT, the Eqoss can be measured either upon turn-
on of the first pulse or on the turn-on of the second pulse as 
shown in Fig. 14. However, the Eon on the second pulse 
includes both Eqoss loss and the IV overlapping loss. Since the 
load current is zero at the turn-on of the first pulse, all the loss 
should be contributed by Eqoss only, which simplifies the loss 
measurement. Therefore, in this paper, the Eqoss is measured at 
the turn-on of the first pulse. 

 

Fig. 11. Measured Id current waveforms of GS66516T under different 
load currents.  

 

Fig. 12. Current bump comparison of GS66516T under different load 
currents. 

 
Fig. 13. DPT setup with junction temperature control [15]. 
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C. Junction temperature and switching speed independence 

Fig. 15 shows the measured first pulse waveforms under 
different operating voltage Vdc, Tj, and external Rg_on. As the 
purpose of the test is to prove the switching speed 
independence and also measure the Eqoss energy loss as 
accurate as possible, in this paper, the Rg_on is chosen as 30 ohm 
and 50 ohm, respectively. Therefore, relatively clean 
waveforms can be obtained in Fig. 15. 

Fig. 16 summarizes all the test results. It indicates that the 
Eqoss is also independent on the junction temperature and 
switching speed. Fig. 17 shows the comparison between the 
measured and calculated results. It is clear that by considering 
the other parasitic capacitances from the PCB and power 
inductor, the discrepancy between the theoretical values and 
measured values is relatively small, verifying the calculation 
method. 

 
Fig. 14. Two possible Eqoss Measurement methods in DPT. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 15. Eqoss testing waveforms at (a) 100 Vdc with Tj=75°C and Rg_on=30 ohm, (b) 200 Vdc with Tj=25°C and Rg_on=30 ohm, (c) 300 Vdc with Tj=25°C 
and Rg_on=50 ohm, (d) 400 Vdc with Tj=75°C and Rg_on=30 ohm. 
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V. CONLUSIONS 

In this paper, the detailed Eqoss loss mechanism, calculation 
and measurement method for GaN HEMTs are presented. The 
Eqoss loss of the active switch is contributed by the charging 
current mainly from the parasitic capacitance Coss of the 
opposite switch in the half bridge. In addition, the loss is 
independent of load current, junction temperature and 
switching speed for general power electronic applications. A 
DPT platform with closed-loop temperature control is applied 
to validate the theory. Experimental results verify the Eqoss loss 
calculation method and also prove that the loss is only a 
function of voltage and the corresponding capacitances. 

This Eqoss loss calculation can help engineers and 
researchers to calculate the switching-on energy loss of GaN 
and evaluate the overall efficiency of GaN-based systems more 
accurately.  
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Fig. 16. Measured results with different Tj and Rg.  

 

Fig. 17. Comparison between measurement and calculation results. 
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