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In power electronics efficiency, power density and 

cost of ownership determine product quality. These 

three main parameters are weighted one versus 

another based on application  (Figure 1).

 

Figure 1. Power electronics driving forces.

The greatest priorities in power electronics today 

are to increase efficiency and save energy and 

materials. Government regulations and industry 

initiatives like Energy Star, 80 Plus and the Little 

Box Challenge set challenging goals for power 

designers [1], [2], [3]. Power devices based on SiC 

and GaN promise breakthrough improvements 

versus silicon in power applications like industrial, 

tele- and data communications, renewable energy 

and transportation. This paper examines design 

aspects using WBG power devices to achieve 

higher performance and lower system cost.

After a short introduction to SiC and GaN 

technologies and their benefits in power 

applications, we will focus on specific design issues 

such as optimal drive techniques and a detailed 

switching-performance analysis, illustrated by test 

results at both hard- and soft-switching conditions. 

In another section we cover package and layout 

parasitics, measurement challenges and the  

critical role of advanced simulations when using 

fast-switching devices.

Physical advantages of GaN and SiC 
over silicon

As shown in Table 1, WBG power devices, 

specifically GaN and SiC, exhibit a combination of 

physical parameters that make them a better fit for 

power devices versus silicon.

This paper provides an overview of SiC and GaN FET 

advantages for a power system, followed by a deep 

dive into design, test and simulation challenges.

Emerging wide-bandgap (WBG) silicon carbide (SiC) and gallium nitride (GaN) 

power devices are gaining popularity in power electronics and have the potential to 

significantly increase a power converter’s efficiency and power density. This paper 

describes key features of WBG power devices and how they can be used to achieve 

higher performance and to reduce system cost. We will analyze the switching and 

conduction-loss behavior of WBG power devices, supported by experimental data, to 

ensure a robust design. We will also consider important design issues including drive 

technique, mitigating layout and packaging parasitics, high-frequency measurements, 

and simulations. This paper includes high-frequency converter examples and test 

results using SiC and GaN technologies.
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Higher breakdown voltage (Vbr) and wider bandgap 

(Eg) determine much lower theoretical limits 

of specific on-resistance (Ronspi). Equation 1 

determines the specific Ronspi for silicon and SiC; 

Equation 2 determines the specific Ronspi for 

GaN [4]:

    (1)

  (2)

Using Equations 1 and 2 and the physical properties 

in Table 1, Figure 2 shows the Ronspi limits over 

Vbr plots.

At a 400-V Vbr, the GaN-specific on-resistance is 

2,000 times lower than silicon and six times lower 

than SiC. Certainly, these are theoretical limits; 

it takes time for processes and technology to 

mature until actual commercial products reach the 

performance close to these limits. But this is a good 

illustration of the potential of SiC and GaN-based 

power devices.

Commercial SiC device overview

After the initial introduction of SiC diodes, 

commercial SiC power field-effect transistors (FETs) 

quickly became available from companies like 

Wolfspeed, Rohm, Infineon, STMicroelectronics, 

United Silicon Carbide, Microsemi, Global Power 

and General Electric. Discrete SiC FETs have a 

relatively wide range of rated voltages from 400 V 

to 1700 V and currents from 2.6 A to 60 A, while 

power-module currents exceed 100 A. A wide range 

of 25-1000 mΩ on-resistances are available, with 

figures of merit (FOM) outperforming similarly rated 

silicon FETs. Table 2 lists several commercial SiC 

FETs from various vendors. The market research 

company, Yole, estimated SiC penetration into the 

power-device market at US $200 million in 2015, 

with a compound annual growth rate (CAGR) as 

high as 22 percent [5].

Material Silicon GaN SiC Impact

Bandgap (Eg), eV 1.1 3.4 3.26 Lower leakage, higher operating temperature

Breakdown field (Vbr), V/µm 30 300 200 - <300 Higher breakdown voltage for the same die

Electron mobility (μe), cm2/V∙s 1,500 1,500 700 On par

Thermal conductivity, W/cmK 1.3 >1.5 <3.8 More efficient cooling, higher operating temperature

Dielectric constant, µr 11.7 9 9.7 On par

Table 1. Physical properties of silicon, GaN and SiC.

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
3.351×10!×𝑉𝑉𝑉𝑉𝑉𝑉!×𝐸𝐸𝐸𝐸!!

𝜇𝜇𝜇𝜇×𝜀𝜀!
	  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =
8.725×10!×𝑉𝑉𝑉𝑉𝑉𝑉!×𝐸𝐸𝐸𝐸!!.!

𝜇𝜇𝜇𝜇×𝜀𝜀!
	  

Figure 2. Theoretical Ronspi limits over Vbr for silicon (black), SiC (blue) and GaN (red). 



Texas Instruments 4  September 2016

Power Supply Design Seminar 2016/17

SiC FET market growth relies on specialized 

driver integrated circuits (ICs) such as the Texas 

Instruments UCC27532 gate-driver IC, which 

is optimized for SiC FETs. Figure 3a shows the 

UCC27532 package, while Figures 3b and 3c 

illustrate the device’s block diagram and evaluation 

module [6].

Commercial GaN device overview

Commercial GaN power devices are still lagging 

behind SiC in terms of market share, but they 

demonstrate impressive performance and are 

growing very fast. Key players like Efficient Power 

Conversion, GaN Systems, Transphorm, Panasonic 

and Navitas Semiconductor continue to introduce 

new discrete products; see Table 3. Currently 

available GaN power devices cover a voltage range 

from 30-650 V, and a current range from 15-90 A. 

They demonstrate a wide RDSON range from 1 to 

150 mΩ and an impressive FOM from 20 to 990 

mΩ•nC. According to Yole, the market share for 

GaN power devices was US $10 million in 2015, 

with a compound average growth rate as high as 95 

percent [5].

Vendor Part Vds, V Id, A <100°C Rdson, mΩ Qg, nc FOM, mΩ•nc

Wolfspeed (Cree)
C3M0065090J 900 22 65 30 1950

CPM2-1200-0080B 1200 20 80 49 3920

Rohm
SCT2120AF 650 20 120 61 7320

SCT2080KE 1200 28 80 106 8480

Microsemi
APT70SM70S 700 46 53 125 6625

APT40SM120S 1200 29 80 130 10400

STMicroelectronics SCT30N120 1200 34 80 105 8400

Global Power
GP1T080A120B 600 50 36 40 1440

GP1T080A120B 1200 17 80 64 5120

Infineon IJW120R070T1 (JFET) 1200 25 70 92 6440

United Silicon Carbide UJN1208K (JFET) 1200 13 67 62 4154

Table 2. Several SiC FETs available in the market today.

(a)          (b)                (c)
Figure 3. UCC27532 driver IC package (a); block diagram (b); and evaluation module (EVM) (c).
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Vendor Part Vds, V Id, A <25°C Rdson, mΩ Qg, nc FOM, mΩ•nc

Efficient Power 
Conversion

EPC2023 30 60 1.0 20 20

EPC2022 100 60 2.4 13 31.2

EPC2019 200 8.5 36 1.8 64.8

Transphorm
TPH3206LD 600 17 150 6.2 930

TPH3205WS 600 36 52 19 988

GAN Systems

GS61008P 100 90 7.4 12 88.8

GS66508P 650 30 55 5.8 319

GS66516T 650 50 27 12 324

Panasonic PGA26C09DV 600 15 71 8 568

Table 3. Several GaN FETs available in the market.
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Figure 4. Integrated 600-V half-bridge GaN power module based on the LMG3410.

Given that GaN devices are switching extremely 

fast and the layout of discrete parts is challenging, 

Texas Instruments focuses on integrated modules 

combining FETs and driver circuits, along with 

protection features. The LMG3410 (Figure 4) and 

LMG5200 (Figure 5) are good examples of this 

approach [7], [8].

Figure 5. Integrated 80-V half-bridge GaN power module.

www.ti.com/product/lmg3410
www.ti.com/product/lmg5200
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Applications and benefits of WBG 
power devices

SiC and GaN’s advantages over silicon are not just 

on the device level; they also extend to system-

level improvements. For the same voltage rating, 

they have lower RDSON and better switching 

performance. This opens up opportunities for new 

topologies, higher operating frequencies, fewer 

passives, adaptive controllers to boost performance 

and lower system cost. Table 4 shows the 

advantages of SiC and GaN technologies in popular 

applications like alternating current/direct current 

(AC/DC) power supplies, motor drives and onboard 

chargers for electrical and hybrid vehicles. You can 

expect increased efficiency of 1 to 3 percent in  

such applications, along with a ~15-40 percent 

power-density increase and ~20-35 percent  

system cost reduction.

Applications like renewable energy and smart grid, 

downhole drilling, avionics and transportation, 

envelope tracking, and Class-D audio also benefit 

from WBG devices. Such applications require 

high-temperature or high-frequency operation, or 

long life. Silicon power devices cannot meet these 

challenging requirements but are addressable with 

WBG technology.

Design challenges using WBG FETs

WBG technology is still at an early stage of growth, 

and there are differences in how to drive SiC and 

GaN FETs. GaN FETs are lateral devices and 

thus require a relatively low optimal drive voltage 

from 5 to 6 V. Some GaN devices use a cascode 

combination of a GaN junction field-effect transistor 

(JFET) with a silicon FET; their drive technique is 

similar to driving silicon FETs. SiC FETs usually 

require 20 V to turn on and negative –5V to turn off 

to prevent accidental turn on because of ground 

bouncing while switching at high voltages and 

currents. A recent trend is to reduce the drive 

voltages of SiC FETs by few volts. Figure 6 shows 

RDSON dependence over Vgs for various WBG FETs 

to illustrate the major differences in optimal 

drive voltages.

Application Topology

Si today WBG Tomorrow

Why?Eff%
Pdens.
W/inch3

Cost,
C/W Eff%

Pdens.
W/inch3

Cost,
C/W

AC/DC Power Supply

PFC + 
DC/DC

92-94.5 >40 <10 94-96 >55 <8
Bridgeless PFC,
>MHz DC/DC

Motor Drive

Inverter 93 180 5 >94 >210 3.3
Integrate motor and inverter, adjustable 
speed drive

EV, HEV Charger

PFC + 
DC/DC

93-94 >50 15 95-96 >70 10
30% power loss reduction, lower cost of 
colling, high temperature

Table 4. Benefits of WBG power devices in popular applications.
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(a) Image: Courtesy of On Semiconductor.

  

(b) Image: Courtesy of Wolfspeed.

  

(c) Image: Courtesy of Efficient Power Conversion Corporation (EPC).

Figure 6. Optimal drive voltages for various WBG FETs: GaN cascode 
12-V drive (a); SiC 20/-5-V optimal drive (b); GaN 5-V optimal drive (c).

The layout of fast-switching discrete WBG devices 

on a printed circuit board (PCB) is challenging. 

One approach integrates and optimizes the driver 

circuit and power devices in the same package 

[7], [8]. This approach reduces package and layout 

parasitics, and optimizes the power stage for best 

performance including protection and diagnostic 

features. The layout of such modules in a system is 

much easier, while the drawback is some reduction 

of design flexibility.

The lower specific RDSON of WBG devices versus 

silicon means that you need a smaller die size 

and lower gate charge to drive the FETs. Figure 7 

shows examples of Vgs over Qgs for similar RDSON 

and voltage-rating devices, comparing the charge 

needed for optimal drive.

(a) Image: Courtesy of Infineon

  
(b) Image: Courtesy of Wolfspeed.
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(c) Image: Courtesy of GaN Systems Inc.

Figure 7. Gate-source voltage over charge for various FET 
technologies: silicon, super JFET (a); SiC FET (b); GaN FET (c).

A silicon super-junction FET rated at 650 V and 

67-mΩ RDSON requires a 138-nC drive charge at 

10 V, while a 900-V, 65-mΩ SiC FET needs only 30 

nC at 15 V, and a 650-V, 55-mΩ GaN needs only 

5.8 nC at 6 V. This means a significant drive power 

reduction for GaN and SiC while operating at the 

same frequency as a silicon FET, or the possibility to 

increase the switching frequency of WBG devices 

versus silicon while still maintaining relatively low 

drive loss.

For fast-switching WBG power devices, the 

impact of the drive loop package and layout 

parasitics becomes significant. Driver IC data 

sheets usually specify the source and sink output 

current measured at DC, or at large capacitive load 

conditions. Such currents do not take into account 

the impact of parasitics during fast switching. 

Assume based on the data sheet that a driver 

provides 4-A source and 8-A sink current. Figure 8 

shows such a drive circuit.

Figure 8. Drive circuit rated with 4-A source and 8-A sink current.

Equations 3 and 4 calculate Vgs rise and fall time, 

respectively:

 trise = (Vdd•Cgs)
    Isource  (3)

 tfall = (Vgs•Cgs)
    Isink   

(4)

Simple calculations, assuming 1-nF typical for GaN 

gate-to-source capacitance Cgs, yield a rise time 2 

ns and a fall time 1 ns. This does not seem realistic 

from a practical design view. A more detailed 

analysis will consider the layout and package 

parasitic inductances, shown in Figure 9.

 

Figure 9. Drive circuit, including package and layout parasitic 
inductances.

Figure 10 shows the related simulated waveforms 

for drive voltage and current.

 

Figure 10. Simulated drive voltage and current, including parasitics.
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The waveforms for the drive circuit with parasitic 

inductances show a reduction of sink current from  

8 A down to 4.6 A. The gate-current and gate-source 

voltage waveforms have significant ringing, with 1-V 

overshoot and –3-V undershoot for Vgs. Overshoot 

during turn off that exceeds the device’s turn-on 

threshold might cause spurious turn on and system 

failure. Turning on the FET caused similar ringing 

and source-current reduction caused by inductive 

parasitics as well.

Another impact of package and layout parasitics 

is associated with a high slew rate dV/dt of the 

drain-source voltage during switching. External 

and internal gate resistors and the driver IC’s large 

output impedance make dV/dt issues worse.  

Figure 11 shows a simplified schematic to illustrate 

the issue and related measured waveforms.

During FET turn off with high dV/dt, a significant 

charge current of Cgd capacitance causes a voltage 

spike at Rsink and Rg. This voltage spike could 

elevate Vgs above the FET’s turn-on threshold. 

This effect is called the Miller spike and might 

cause spurious turn on of the FET. The waveforms 

in Figure 11, with 40-V/ns dV/dt causing a 4-V 

spike, illustrate the case. Various approaches exist 

to mitigate this problem, including using a negative 

bias during turn off, or using a split output driver or 

drivers employing an additional Miller clamp circuit. 

This clamp circuit includes an additional switch 

connected directly to the gate to pull it down if the 

Miller spike becomes too high.

In many cases you must isolate the drive signal of 

power devices. The reasons for isolation include 

safety, level shift and improved noise immunity. 

Accordingly, the related insulation is rated as 

reinforced, basic or functional. Table 5 lists some 

possible isolation solutions and their pros and cons.

Figure 11. Noise spike at Vgs voltage caused by high dV/dt of the Vds voltage.

Table 5. Comparison of various drive isolation techniques.

Implementation

Driver and xfrmr Digital Isolator and High-Voltage Driver Isolated Driver

Prop. Delay, ns 100 to 150 100 to 250 20 to 50

Area ratio 8:1 2:1 1

Height ratio 10:1 1 1

dV/dt immune Medium Poor Good

Bandwidth 20 kHz to 500 kHz DC to 1 MHz DC to 5 MHz

Summary Does not fit WBG Partially fits WBG Best option for WBG
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The traditional approach using a nonisolated 

driver IC and a gate transformer is bulky and has 

limitations in frequency and duty-cycle range. 

Combining a digital isolator and a high-voltage driver 

IC provides a compact, wide-bandwidth solution, 

but the propagation delay and dV/dt immunity 

does not always meet WBG device requirements. 

Recently, fully isolated driver ICs have become 

available including reinforced insulation levels. These 

drivers fit best with fast WBG FETs because they 

accommodate a wide frequency range and have no 

duty-cycle limitations, along with short propagation 

delays and high specified dV/dt immunity.

Driving FETs using bulk gate transformers has many 

drawbacks, but this approach does not need an 

additional bias supply. A high-voltage and isolated 

driver IC needs a bias supply on the driver side 

capable of reliably operating under high-frequency 

common-mode pulses from rail to rail. The two main 

approaches are bootstrap diode-based (Figure 12) 

or an isolated bias supply (Figure 13).

Figure 12. Bootstrap diode based bias supply.

 

The bootstrap diode-based approach looks simple, 

but there are a number of drawbacks that could limit 

its use with WBG FETs:

• The diode must have low Qrr.

• SiC or GaN diodes may be necessary when the bus 

voltage is at or above 600 V.

• The bias voltage is not precise.

• A regular Cboot capacitor recharge is necessary.

• Cannot be used in multilevel topologies, as shown in 

Figure 13.

• Limited by dV/dt.

Isolated bias supplies are generally more expensive, 

but the provided benefits offset the cost in many 

applications. The advantages include:

• Always available.

• Can be used with any topology.

• Stable, accurate bias voltage.

• High dV/dt immunity provided by low capacitance Ciso 

through isolation.
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Figure 13. UCC2752EVM-538 driver board, including driver IC and isolated bias supplies.
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The example shown in Figure 14 illustrates the 

following layout and optimal drive rules for best 

WBG FETs switching performance. These rules are 

especially critical with fast-switching WBG devices.

• Locate the driver next to the FET.

• Separate noisy grounds as shown in Figure 14.

• Locate the decoupling capacitor close to VDD and GND.

• Use split output drivers to optimize turn on/turn off.

• Use a split rail to mitigate Miller turn on.

• Select components with low parasitics.

• Minimize high di/dt loops.

• Minimize high dv/dt areas.

• Use wide traces whenever possible.

• Use simulators to extract parasitics.

Figure 14. Optimal layout example for WBG power FETs.

FOM for FET selection

Identifying the proper FOM for specific operating 

conditions is critical for optimal FET selection and 

design. The most general FOM is the product of 

RDSON and Qg, given by Equation 5. But Equation 

5 does not differentiate switching conditions and 

rated Vds and drive voltages that are important for 

power electronics applications. Therefore, separate 

FOMs for hard- and soft-switching conditions of 

power converters are needed that take into account 

switching specifics. Equations 6 and 7 are FOMs for 

hard-switching power conversion and soft-switching 

power conversion, respectively:

(5)

(6)

(7)

where Qg is the total gate charge, Qgs2 is the 

charge needed to reach the Miller plateau from the 

Vgs threshold during turn on, Qgd is the charge 

needed to discharge Cgd capacitance, Qrr is the 

reverse-recovery charge of the body diode, Qoss is 

the charge associated with Coss capacitance and 

k is the coefficient that takes into account some 

conduction-loss increase to achieve soft switching. 

It could be from 0.1 to 0.2, depending on the 

topology chosen.

Figure 15 shows the charge parameters needed for 

FOM evaluation.

Figure 15. Diagram showing selection of charge parameters for FOM.
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The use of a multilevel topology or series connection 

of FETs affects the voltage ratings design parameter. 

For example, for an inverter with 800-V input, you 

could use either a 1200-V rated SiC FET with a 

bridge configuration, or a 600-V rated GaN FET 

using a three-level topology. For this purpose, we 

recommend Vds and Vgs-based normalization of 

FOM. A normalized FOM enables you to select FETs 

with the optimal voltage and topology for specific 

design requirements. To normalize FOM, consider:

• For the same power, if V ↑, then I ↓. This allows you to 

select a higher RDS
ON

 FET with a higher voltage rating

• The impact of Qg, Qgs2 and Qgd depends on the drive 

voltage

• The impact of Qoss depends on the operating voltage

 Qrr depends on power and does not need normalization

Based on these considerations, we suggest using 

Equations 8 through 12 to calculate parameters 

normalized to Vds = 30 V and Vgs = 12 V for 

normalized FOMs:

 (8)

 (9)

 (10)

 (11)

 (12)

WBG FET switching behavior and 
loss

Data sheets usually provide small-signal Coss, Ciss 

and Crss over Vds so that designers can model 

FET parasitic capacitances. Modern FETs have very 

nonlinear behavior of Coss and Crss, as illustrated 

by the plots in Figure 16 and the related empirical 

equation for Coss.

Figure 16. Small-signal Coss, Ciss and Crss provided in data sheets 
by FET vendors. Image: Courtesy of Infineon

FET switching energy and loss are based on the 

large-signal switching process. Thus, you cannot 

use small-signal and nonlinear Coss for estimating 

switching loss directly. But with a simple half-

bridge test setup (Figure 17), you can measure 

the switching loss associated with FET parasitic 

capacitances and derive the average large-signal 

parameters Eson and Cson (Equations 13 and 14). 

Figure 17. Test setup for large-signal Cson switching-loss evaluation.
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𝑄𝑄𝑄𝑄𝑄𝑄! = 𝑄𝑄𝑄𝑄𝑄𝑄×
𝑉𝑉𝑉𝑉𝑉𝑉
12𝑉𝑉 	  

𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄! = 𝑄𝑄𝑄𝑄𝑄𝑄𝑄𝑄×
𝑉𝑉𝑉𝑉𝑉𝑉
30𝑉𝑉 	  
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You can then use those parameters to estimate 

switching energy and loss as a function of input 

voltage Vs.

  (13)

  (14)

Figure 18 shows the test setup and example 

waveforms. To minimize the impact of board-based 

parasitic capacitances on the Cson measurements, 

we used the UCC21520 isolated driver with a 

battery-based bias supply. The FETs with isolated 

heat sinks were located on opposite sides of the 

board to minimize capacitance between FETs. We 

then used the charge current waveform to estimate 

Cson charge losses that for nonlinear capacitances 

are not equal to the discharge losses.

Based on the large-signal Cson measurements, the 

plots of Cson over Vs shown in Figure 19a 

compare the similarly rated silicon FET 

SPP11N60CFD (Vds = 600 V, RDSON = 0.44 Ω) 

and the GaN FET TPH2002PS (Vds = 600 V, 

RDSON = 0.26 Ω). Experimental solid-line curves 

show that the Cson of the GaN FET, which is the 

blue curve, is significantly lower than the Cson of 

the silicon FET, which is the red curve. Empirically, 

Equation 15 approximates the measured Cson 

plots for the SPP11N60CFD, while Equation 16 

does the same for the TPH2002PS, to generate 

the analytical model shown in the plots as dots. 

You can see that there is good correlation between 

the measurements and the model sufficient 

for engineering calculations. We averaged the 

equations and plots per single FET and single-

switching event. To determine the switching power 

loss of a half bridge at a specific frequency and 

input voltage, using Equation 17, multiply the base 

value from plot by four, because there are two FETs 

in half bridge and two switching events within the 

switching cycle.

 

Figure 18. Large-signal switching loss evaluation test setup and waveforms.

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑉𝑉𝑉𝑉𝑉𝑉 =
𝑉𝑉𝑉𝑉×𝐼𝐼𝐼𝐼×𝑇𝑇

4 	  

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑉𝑉𝑉𝑉𝑉𝑉 =
2×𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝑉𝑉𝑉𝑉𝑉𝑉)

𝑉𝑉𝑉𝑉! 	  

www.ti.com/product/ucc21520
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(a)

 

(b)

Figure 19. Measured (solid) and modeled (dots) Cson over Vs for WBG 
FETs versus silicon comparison: Cson of 600-V silicon FET versus GaN 
(a); Cson of 900-V silicon FET versus SiC (b).

Figure 19b shows the Cson comparison between 

the similarly rated silicon FET IPW90R340C3 

(Vds = 900 V, RDSON = 0.34 Ω) and the SiC FET 

C3M0280090D (Vds = 900 V, RDSON = 0.28 Ω). 

Again, the SiC FET demonstrates significant 

switching-loss reduction versus silicon. Empirically, 

Equation 18 for IPW90R340C3 and Equation 19 for 

C3M0280090D show good correlation between the 

measurements and the analytical approximations. 

You can use Equations 15 through 19 to optimize 

conditions for zero voltage switching (ZVS) in power-

converter designs:

SPP11N60CFD: 

  (15)

TPH2002PS:   

(16)

  

(17)

IPW90R340C3:    

(18)

C3M0280090D:   

(19)

A detailed analysis of the switching process is 

important in order to minimize switching loss in the 

case of a soft-switching converter and to determine 

power-loss limitations in the case of hard switching.
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Figure 20. Equivalent circuits for half-bridge switching events: drive signal (a); analyzed circuit (b); QHS = on, QLS = off (c); QHS: off, QLS = on (d).
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𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑉𝑉𝑉𝑉 = 1617𝑝𝑝𝑝𝑝×
20𝑉𝑉 + 5𝑉𝑉
𝑉𝑉𝑉𝑉 + 5𝑉𝑉

!.!"

	  

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑉𝑉𝑉𝑉 = 427𝑝𝑝𝑝𝑝×
20𝑉𝑉 + 5𝑉𝑉
𝑉𝑉𝑉𝑉 + 5𝑉𝑉

!.!"

	  

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑉𝑉𝑉𝑉 =
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝑉𝑉𝑉𝑉)×(𝑉𝑉𝑉𝑉)!

2×𝑇𝑇 	  

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑉𝑉𝑉𝑉 = 5389𝑝𝑝𝑝𝑝×
20𝑉𝑉 + 5𝑉𝑉
𝑉𝑉𝑉𝑉 + 5𝑉𝑉

!.!"

	  

𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑉𝑉𝑉𝑉 = 396𝑝𝑝𝑝𝑝×
20𝑉𝑉 + 5𝑉𝑉
𝑉𝑉𝑉𝑉 + 5𝑉𝑉

!.!"
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As we mentioned earlier, the charge energy and loss 

are not equal to the discharge energy and loss of 

the nonlinear capacitor Coss. Figure 20 shows the 

equivalent charge and discharge circuits applied to 

half-bridge switching.

Note that:

• Capacitors store energy but do not dissipate power.

• The losses are only in the resistor that represents the FET 

channel.

• Charge current is called ic(t) and discharge current is 

called id(t).

The charge and discharge loss of nonlinear 

capacitances do not depend on the current 

waveforms, but are determined only by the total 

charge through the FET channel at a specified 

input voltage Vs. You cannot directly measure the 

discharge current id(t) because it is in the channel 

of FET. But you can find the related discharge loss 

as the difference between the overall switching 

loss and the measurable charge loss. During each 

switching event, Equation 20 shows the sum of 

currents ic(t) and id(t) flowing through channel:

  (20)

From here, you can use Equation 21 to calculate the 

average switching loss PRav in half bridge:

(21)

Transistor data sheets usually provide Coss over Vs 

plots; Figure 21a shows an example for a SiC FET. 

Many data sheets also provide energy plots Ed over 

Vds that are equal to Vs, as in Figure 21b.

The energy plots in Figure 22 show how to derive 

Ed from Coss plots using double integration. 

We digitized the original data-sheet plot to 

reconstruct the Coss function over v in data format 

to enable further mathematical manipulations; 

see Figure 22a. Digital integration of Coss over v 

(Equation 22) yields the stored charge Qs over v 

shown in Figure 22b. For the second integration, 

we used the function v over q (Equation 23) 

because the energy stored in the capacitor is 

actually the sum of elementary charges. Every time 

an elementary charge is being removed from the 

capacitor, requires the work against an electrical 

field that is reduced nonlinearly. Figure 22c shows 

the work needed to remove all charges from the 

capacitor. After the second digital integration, the 

result yields the same dependence of Ed over v, as 

provided in the data sheet (Figure 21b).

(a) Image: Courtesy of Wolfspeed.       (b) Image: Courtesy of Wolfspeed.
  
Figure 21. Capacitance Coss and energy Ed over Vs plots from data sheet: Coss over Vs (a); Ed over Vs (b). 

Coss(Vs)	  =	  20pF@900V	  from	  DS	  

Figure	  21a	  

Ed(Vs) = 9 µJ at 900 V from DS 

Figure	  21b	  

𝑄𝑄
𝑇𝑇
2 = 𝑖𝑖𝑖𝑖 𝑡𝑡 + 𝑖𝑖𝑖𝑖 𝑡𝑡 𝑑𝑑𝑑𝑑

!/!

!
	  

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 =
2 ∙ 𝑉𝑉𝑉𝑉 ∙ 𝑄𝑄(𝑇𝑇2)

𝑇𝑇
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(22) 

 

(23)

  

(a)

  

(b)

(c)

Figure 22. Derivation of Ed over v from original function 
Coss over v: Coss over v (a); Qs over v (b); Ed over v (c).

An important result of this manipulation is that the 

switching-loss estimation based on Ed over Vs 

contains only discharge loss and does not include 

the loss associated with the charging of Coss.

To estimate charge energy and related loss, you 

need to use a Qson over Vs plot based on either 

the experiment in Figure 18 or the mathematical 

analysis in Figure 22b. Figure 23 shows this plot, 

where the area above the Qson(Vs) curve and below 

the red line represents stored energy. This is the 

energy usually provided in data sheets. The area 

below the Qson(Vs) curve and above the x axis 

represents the charge energy. During hard-switching 

operation, the Coss-related switching losses are 

the sum of the discharge and charge loss that is 

proportional to the red rectangular area. Note that in 

most topologies, FET capacitances are charged and 

discharged within every switching cycle.

Figure 23. Distribution of charge and discharge energy.

Experimental comparison of SiC vs 
silicon FETs in a buck converter

The simplified diagram in Figure 24 compares 

the performance of a SiC FET and silicon FET 

with similar voltage and RDSON ratings in a buck 

converter. Both devices are rated for 900-V Vds. 

The C3M0280090D SiC FET has an RDSON of 280 

mΩ, while the IPW90R340C3 silicon FET has an 

RDSON of 340 mΩ. The input voltage for these 

tests is 800 V and the output voltage is 400 V, as 

it could be for a hybrid electric vehicle (HEV) and 

𝑄𝑄𝑄𝑄 𝑣𝑣 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑣𝑣 𝑑𝑑𝑑𝑑
!"

!
	  

𝐸𝐸𝐸𝐸 𝑣𝑣 = 𝑣𝑣(𝑞𝑞)𝑑𝑑𝑑𝑑
!(!")

!
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EV converter. We used the UCC21520 dual-isolated 

driver to drive the FETs connected as a half bridge, 

with the C4D02120E SiC diode providing the 

bootstrap bias voltage to drive the high-side FET.

The converter operates at 100 kHz with a 1-μs fixed 

dead time. The relatively low frequency enables 

better comparison between the SiC and silicon 

FET. Figure 25 shows major waveforms of the 

buck converter with SiC FETs. The red and green 

waveforms at the bottom are gate-source voltages 

applied to the high- and low-side FETs. The blue 

curve is the Vds of low-side FET, called PHASE. 

The pink curve is the inductor current.

As expected for a synchronous buck converter, 

it operates in ZVS mode at a no-load condition 

(Figure 25a). Figure 25b shows the hard-switching 

condition while turning on the high-side FET with 

the output power increased to 300 W. The rising 

Vds edge at hard switching is much sharper versus 

soft switching. This causes some ringing at the 

inductor current, caused by parasitic capacitance 

between inductor turns that becomes worse 

with SiC FETs operating at faster dV/dt. Carefully 

designing the inductor windings to reduce parasitic 

capacitances minimizes such ringing. The falling 

Vds edge of the buck converter is always under a 

soft-switching condition.

(a)

(b)

Figure 25. Major switching waveforms. PHASE (blue) 200 V/div, IL 
(pink) 0.9 A/div, low gate (green) and high gate (red) 20 V/div, time 
2 μs/div: soft switching at POUT = 0 W (a); hard switching at 
POUT = 300 W (b).

Figure 24. Simplified diagram of a buck converter to compare SiC versus silicon FETs.
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Figure 26 shows the expanded rising Vds edge 

for soft- and hard-switching conditions. The time 

scale of the left scope shot showing soft switching 

is 500 ns/div and the Vds slew rate is 1.5 V/ns 

(Figure 26a). We observed very smooth waveforms 

and no ringing at soft switching. The time scale of 

the right scope shot showing hard switching is 

20 ns/div and the slew rate is 40 V/ns (Figure 26b). 

This high slew rate rising edge causes some ringing 

in the circuit. It is important to design the converter 

layout with minimum parasitics to mitigate potential 

electromagnetic interference (EMI) issues during 

hard switching.

(a)

 

 
(b)

Figure 26. Expanded waveforms. PHASE (blue) 200 V/div; IL (pink) 
0.9 A/div; low gate (green); high gate (red) 20 V/div; time 
500 ns/div (a); 20 ns/div (b). Soft switching: dV/dt = 1.5 V/ns (a); 
and hard switching: dV/dt = 40 V/ns (b).

Figure 27 shows the buck-converter efficiency.

 

Figure 27. Converter efficiency at a fixed frequency and dead time 
versus adaptive frequency and dead time to maintain ZVS over the 
whole output power range.

The red curve is the efficiency of the converter 

operating at a fixed 100-kHz frequency and a 

fixed 1-μs dead time. As the output power 

reaches about 230 W, the converter is losing the 

ZVS condition. As a result, the efficiency drops 

from 96.5 percent at 230 W to the lowest point, 

93.5 percent at 360-W output power. By using 

adaptive frequency and dead-time control provided 

by a capable analog or programmable digital 

controller, you can maintain ZVS over the entire 

output power range. The blue curve shows the 

related efficiency plot. The efficiency curve with 

ZVS is smooth and reaches peak 98.5 percent 

at about a 650-W output. Power loss during soft 

switching is mostly conductive, while switching 

loss is minimal.

Figure 28a shows power loss of the same buck 

converter using silicon FETs versus similarly rated 

SiC FETs.

The black curve is related to the 900-V, 340-mΩ 

silicon FET that has extreme Coss and body-diode 

losses at hard switching. The power loss in this 

case reaches 60 W at 400-W output power and 

is thermally limited at that point. The red curve is 

related to the 900-V, 280-mΩ SiC FET that has 
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much lower Coss and body-diode losses at hard 

switching. Even at hard switching, a SiC-based 

design has much lower power loss: 29 W at 

560-W output power. You can see the difference 

in power loss between SiC and silicon is from 

50 to 70 percent depending on operating point. 

The blue and pink curves show power loss of 

the SiC- and silicon-based designs, respectively, 

using adaptive control to maintain ZVS conditions. 

Because the FETs have similar RDSON, the 

conduction loss at ZVS is almost the same, but the 

drive losses of the SiC FET shown in Figure 28b 

are much lower. In these plots, the black curve 

shows drive losses when using silicon FETs, while 

the red curve shows drive losses for the SiC FETs. 

Drive losses of the SiC FETs are only 25 percent 

of the drive losses of silicon FETs at the same 

switching frequency. Drive loss becomes a limiting 

factor while operating at higher frequencies.

This example shows that SiC FETs can operate 

at frequencies four times higher than silicon FETs 

of similar ratings and still have driver losses at the 

same level. This is not the only difference at soft-

switching operation. The silicon FETs require much 

more energy to provide soft switching versus SiC 

FETs. This contributes to additional conduction 

losses as well because of increased root-mean-

square (RMS) current to maintain ZVS.

Measurement and simulation

Measurement bandwidth requirements for 

WBG semiconductors

When measuring the picosecond rise time of 

a WBG transistor, even a 1-GHz scope/probe 

measurement setup may be inadequate. Accurately 

measuring a GaN transistor’s rise and fall time 

requires a measurement setup with sufficient 

bandwidth. The bandwidth of an oscilloscope, for 

example, is characterized by its –3-dB frequency, 

a frequency at which the amplitude of a sine wave 

displayed on the oscilloscope has dropped by 1/√2 

of the input signal. As such, an oscilloscope will 

have a 30 percent amplitude attenuation error if the 

input signal is equal to the scope’s bandwidth.

As a rule of thumb, if your scope is rated with a 

bandwidth of X, then the maximum signal frequency 

you can faithfully measure to within 3 percent is X/3. 

For 1 percent accuracy, your signal should be no 

greater than X/5. If you are using a digital storage 

oscilloscope (DSO), the sampling rate imposes other 

restrictions. One often-missed restriction is that the 

scope’s specified sampling rate is in general divided 

by the number of active channels; a four-channel, 

1-Gsps DSO will typically only have 250-Msps 

capability when using all four channels. Nyquist 

sampling requirements are also important 
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Figure 28. Power loss of buck converters using silicon (black and pink) and SiC FETs (red and blue): power-stage power loss (a); drive power loss (b).
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to consider when measuring a fast rise time in order 

to capture the ringing waveform. The oscilloscope 

probe also adds error to the measurement and can 

be modeled as a resistor-capacitor (RC) low-pass 

circuit. Mathematically, you can estimate the probe’s 

output to an applied voltage step with Equation 24:

(24)

Rise time is most often expressed in terms of an 

output transition from 10 percent to 90 percent of 

its final value. Using Equation 24, the 10 percent 

point is then at 0.1 RC and the 90 percent point 

is at 2.3 RC. Since the bandwidth of the probe 

is also defined by ½ πfRC, you can determine an 

expression for bandwidth in terms of rise time, tr, 

using Equation 25:

(25)

Therefore, the required bandwidth is = 0.35/tr. 

This relationship enables you to assess a signal’s 

equivalent bandwidth in terms of rise time. For 

example, if you expect your GaN device to turn 

on in 500 ps, then you need a scope capable of 

at least 0.35/500 ps = 700 MHz – but you also 

need a probe with at least that much bandwidth. 

Knowing your probe and scope bandwidth, you 

can apply a root sum square (RSS) to estimate the 

actual rise time based on the statistical error of the 

associated measurement equipment as described 

in reference [9]. Equation 26 can help ensure that 

the measurement system is capable of faithfully 

measuring the rise time of the switch node. Simply 

use Equation 26 to solve for t_HALF-BRIDGE and 

compare with the measured result:

(26)

Bandwidth limitation examined with 
the LMG5200 half-bridge power 
stage

To validate these expected requirements, we 

evaluated three measurement setups. The first was 

with a 100-MHz/500-Msps handheld TekScope; the 

second was with a 500-MHz/2.5 Gsps DPO4051, 

and the third was a 1-GHz/5-Gsps MDO4104-6. 

We set up the LMG5200 eGaN half bridge to 

convert 24 V to 12 V at 5 A with a switching 

frequency of 1 MHz [10]. The recorded duty cycle 

was 52 percent and the power-conversion efficiency 

was 96 percent.

We used scope cursors to measure the rise time. 

The scope will interpolate the waveform if enough 

sample points are available; Nyquist requires at least 

two, but capturing the ringing waveform of a switch 

node requires more. If the rise time is less than 1 ns, 

then a 5-Gsps sampling capability would give you 

five points. Note that in some cases, a scope/

probe system may have more or less capability than 

specified depending on the manufacturer, setup 

calibration, and age of the scope and probes. As 

such, a 1-GHz system bandwidth is an absolute 

minimum requirement for measuring a WBG switch 

transition, and 5 GHz would be more suitable.

Using the low-inductive probing technique 

described in reference [11], the 100-MHz TekScope 

measured a rise time of 3 ns – an erroneous 

measurement as you can see when compared with 

the 1-GHz bandwidth system measurement shown 

in Figure 29 where the rise time was measured 

at 780 ps; the 500-MHz scope measured a rise 

time of 1 ns. From this simple exercise, it should 

be clear that an accurate rise-time measurement 

necessitates sufficient scope/probe bandwidth.

VOUT  =  VIN  (1-‐e^t/RC)  VOUT  =  VIN   𝟏𝟏− 𝒆𝒆!
𝒕𝒕
𝑹𝑹𝑹𝑹   

RC  =  tr/(t90%  -‐  t10%)  =  tr/2.2RC  =  1/2πf  

t_measured  = 𝑡𝑡_𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠! + 𝑡𝑡_𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝! + 𝑡𝑡_ℎ𝑎𝑎𝑎𝑎𝑓𝑓!"#$%&
! 
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Figure 29. A 1-GHz, 5-Gsps scope system measures a rise time of 
780 ps.

Using the RSS approach discussed earlier, we 

calculated that the 780-ps measurement was  

29 percent slower than what could have otherwise 

been measured with a higher-bandwidth system. 

Accurately measuring the rise time to within  

1 percent would require a measurement system 

bandwidth of 4 GHz. Assuming that this equipment 

was available, the measured 780-ps rise time would 

have been 600 ps – that is a 40-V/ns slew rate and 

about 30 times faster than typical DC/DC   

converters with silicon FETs.

Direct 48 V to 1 V at 8 A – really? 

A direct, nonisolated conversion of a 48-V input 

and 1-V output voltage will result in a very small 

duty cycle that is not practical with silicon metal-

oxide semiconductor FETs (MOSFETs). But is it 

possible with GaN technology? To evaluate this, 

we configured the LMG5200 as an open-loop 

48-V to 1-V DC/DC converter. The LMG5200 

integrates two 18-mΩ enhancement-mode GaN 

(eGaN) FETs and a GaN FET driver.

The LMG5200 EVM has an output filter and 

programmable dead-time circuit; the dead time is 

set by an RC network on the Schmitt trigger inverter. 

Precise control of dead time is essential in achieving 

high efficiency with eGaN, as the third-quadrant 

current flow from source to drain results in a high 

forward voltage that is typically three times that of a 

silicon MOSFET. Note that the LMG5200’s internal 

circuit isolates power ground from the internal 

control ground circuits. Likewise, it is important 

to ensure that the PCB power return currents find 

their way to power ground and not to the LMG5200 

signal ground pin. Ground disturbances within the 

LMG5200 can result in control uncertainty, switch 

node jitter, board resonances and the potential for 

device failure.

A TI Piccolo™ microcontroller (MCU) USB 

controlSTICK [14] generated a single PWM signal 

used to convert 48 V to 1 V at 8 A and 500 kHz 

(Figure 30). We measured the resulting on time and 

duty cycle at 51 ns and 2.7 percent, respectively. 

Questions abound – is this duty cycle even 

practical? What kind of efficiency did we observe? 

Can you close a loop around this short of a duty 

cycle? Surprisingly, even without optimizing the 

dead time or output filter, the recorded power-

conversion efficiency was 76 percent.

The Piccolo C2000™ MCU has been popular in 

digital power applications for 10 years. This device 

has a PWM resolution of 150 ps, so there is plenty 

of resolution to optimize dead time and respond 

to line and load changes. Using the VisSim visual 

block diagram environment [15], there is no need to 

be a programmer. VisSim is a visual programming 

language equipped with all of the necessary 

programming blocks to interface with the Piccolo 

C2000 MCU-based development system. Users 

simply construct a block diagram of the function 

and configure the blocks; the software compiles  

the block-level function into C code portable to the  

USB controlSTICK.
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Figure 30. 48-V to 1-V direct power conversion at 8 A.

EMI of a much faster power 
transistor

Today, gigahertz processors powered by 

high-frequency multiphase DC/DC converters 

communicate with memory at gigahertz speeds.  

At these frequencies, component and PCB parasitic 

impedances create frequency-dependent voltage 

drops, antenna structures and PCB resonances 

that in turn create EMI, signal integrity and power 

integrity (SI/PI) issues. Engineers advancing these 

systems have had to comprehend microwave  

circuit behavior to ensure electromagnetic 

compliance (EMC).

Similarly, with the increased switching speed of 

WBG power semiconductors, the challenge of 

meeting EMC will require radio frequency (RF) 

know-how. Parasitic circuit elements and PCB 

antenna structures that were benign with slower 

MOSFET transistors can be 10 to 100 times more 

active when replaced with GaN transistors. The 

good news is that there are low-cost ways to help 

measure, visualize and isolate problems on the 

bench before heading to an EMC certification lab. 

Ultimately, these tools will help accelerate a GaN 

design to compliance.

The first piece of equipment necessary for 

measuring EMI is a spectrum analyzer (SA). 

Acceptable performance is available for around 

US $1,500, but as always, with test equipment you 

get what you pay for. For the measurements in this 

paper, we used a MDO4104-6 mixed-domain (time 

and spectrum domain) oscilloscope with an SA 

input good to 6 GHz.

E-field and H-field probes can be effective in 

localizing problem areas on the board; Figure 31 

shows both the MDO4104-6 and field probes. 

When picking H-field and E-field probe shielding, 

resolution and sensitivity are important. Years ago, 

Bruce Carsten developed a near-field “EMI sniffer” 

probe that was able to localize EMI problems at  

the PCB trace level – spatial resolution was about   

1 mm [12]. A probe set like those in Figure 31 can 

be purchased for around US$300.

Transverse electromagnetic cell for 
pre-compliance testing

Figure 31 shows a transverse electromagnetic 

open (TEM) cell that can quickly determine radiation 

patters on a PCB. The TEM is a versatile, low-cost 

piece of equipment for pre-compliance-radiated 

emission testing. See reference [13] for details on 

how the TEM works and how to build one.

 

Figure 31. TEM cell setup testing 24 V to 12 V at 1 MHz and 24 W.
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Basically, the TEM is a two-port stripline device 

where the center plate, called the septum, is 

sandwiched between two ground planes; the 

impedance of the septum is designed for 50 Ω. 

Figure 32 illustrates the connection between the 

device under test (DUT) and the SA. Agency-

standard units for EMI are in dBµV for conducted 

emissions and dBµV/meter for radiated emissions. 

Note that when measuring radiated emissions with 

the setup shown in Figure 32, the SA will display 

radiated emissions in dBµV.

The procedure and mathematics to convert this 

dBµV measurement into an effective reading in 

dBµV/meters is complicated and, even when done 

correctly (in all three ordinations), the correlation 

with a certified lab is only good to about 6 dB at 

best. For this reason, the open TEM is best used 

for qualitative measurements. For example, given 

the geometry of the TEM cell, if the SA displays 

spurs greater than 40 dBµV, the possibility of failing 

radiated emissions in a certified EMC chamber 

exists. As we will show later, the TEM will isolate 

PCB board resonances that can make an otherwise 

good design fail emissions.

Figure 33 shows what the SA sees between 500 

kHz and 1 GHz with the LMG5200 EVM converting 

24 V to 12 V at no load and at 24 W. The lower 

black trace is representative of the ambient noise. 

The upper black trace is the LMG5200 switching, 

but without a load, and the brown trace is with a 

24-W DC load.

 

Figure 33. TEM cell measurement of the LMG5200.

The fact that there is relatively little difference 

between the upper black trace and the brown 

trace suggests a pre-existing condition that was 

isolated to the input caps using field probes. The 

250-MHz resonance has a peak of over 62 dBµV at 

24 W – about 100 times greater than what would 

be acceptable before going to a compliance lab. 

Later, we will use a full-wave 3-D electromagnetic 

simulator to isolate the component and layout issue 

causing the resonance.

This experiment illustrates how RF test equipment 

and know-how will become increasingly necessary 

for power-supply designers. Tools like TEM cells 

and field probes are essential for anyone working 

with WBG technology because they help empirically 

isolate EMI problems for the purpose of pre-

compliance radiated and conducted emission 

testing that accelerates time to market.

Figure 32. Configuring a DUT for emissions testing.
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Simulation tools help analyze WBG 
circuit and EMI behavior

Designing high-speed mixed-signal PCBs requires 

highly experienced engineering personnel and 

equipment resources. As such, development cost 

can be high, especially when achieving compliance 

requires multiple board iterations. EMI, SI and PI 

design issues delay product release, and when 

uncovered after product release result in customer 

returns, product recalls and a loss in consumer 

confidence. The profitability of a company depends 

on careful analysis of its products; as operating 

frequency increases, so too does a need to 

understand the electromagnetic field behavior   

of PCBs.

Fortunately, high-speed gigahertz processors 

and memory have enabled a new paradigm in 

circuit design: highly advanced circuit-level 3-D 

electromagnetic simulation. As many already 

know, you can use circuit simulation to optimize 

circuit performance and even perform worst-case 

circuit analysis of known PCB devices. But can 

you simulate the “hidden” PCB and component 

parasitic elements that are the source of EMI and 

SI/PI issues? Fortunately, the answer today is 

most definitely yes. 3-D EM field solvers have been 

available for many years and continue to use higher 

speed multicore processing and memory to make 

electromagnetic analysis possible. For example, 

we imported the LMG5200 evaluation board as 

an OBD++ file into CST Design Studio [16] to 

characterize the PCB plane, trace and component 

impedances to a measured and simulated 

broadband excitation signal.

Careful examination of a PCB’s traces, plane 

structure, vias and component placement is 

essential in advancing any high-speed circuit board, 

but even the experienced designer will miss problem 

areas that cause EMI. In a 3-D electromagnetic 

analysis, these areas can become visible as surface 

current crowding or field pattern resonances. For 

example, in CST EMC Studio, we found that the 

power ground was connected to a smaller split 

plane on layer two Figure 34. When applying the 

excitation to the solid ground plane instead of 

the split plane, the simulated radiated emissions 

improved significantly. The result correlated well with 

results previously measured using a TEM cell.

Figure 34a shows how the input “power ground” is 

connected to a split plane on layer two (the purple 

plane). Figure 34b shows the ground plane (in 

green) on layer 3.

             (a)                             (b)

Figure 34. Layer stack-up visualization in CST EMC Studio.
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Co-simulation – using a full-wave 
simulator with SPICE simulation or 
measured result

A simulation program with integrated circuit 

emphasis (SPICE) circuit simulation of the LMG5200 

in TINA-TI™ (Figure 35) predicted the switching 

behavior of the DC/DC converter operating at 

VIN = 24 V, VOUT = 12 V and Po = 24 W. We found 

very close correlation with these measurements. 

Figure 35. Excitation signal for 3-D EM simulation.
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Figure 36. Co-simulation – SPICE excitation into 3-D EM field simulation.

We then applied this switching waveform to the 3-D 

EM simulation result in a “co-simulation” shown in 

Figure 36 using CST Design Studio. Beware, however, 

that 3-D electromagnetic simulation is computationally 

intense – solving Maxwell’s equations in a complex 

circuit-board mesh takes time. In fact, the 3-D EM 

simulation took over six hours to run on a quad-core 

computer with a graphic processing unit and 8 GB of 

memory.
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Once a 3-D simulation of the board is complete, any 

subsequent simulation with different components 

runs much faster. It is the physical board structure 

that takes time to simulate. If it does not change, 

neither does the electromagnetic behavior of the 

board. The input/output capacitors and excitation 

signals are represented as ports inside CST Design 

Studio; Figure 37 shows the e-field result.

The simulation result in Figure 37 is a record of 

each e-field probe placed around board in a sphere 

of probes at 3 meters. Resonances at specific 

frequencies correlated well with TEM cell measured 

results. You can see from the result that probes at 

certain locations had higher levels of emissions, 

providing insight into potential problem areas on 

the board. It is clear from this basic application of 

a powerful 3-D electromagnetic simulator that it is 

possible – and increasingly important – to simulate 

the microwave behavior of PCBs when attempting 

to design high-speed power converters, power 

distribution networks (PDNs) and other high-speed 

signal/communication buses. 

Circuit board designs using WBG semiconductors 

like the LMG5200 will have to deal with picosecond 

rise times and voltage slew rates of over 40 V/ns. 

Power conversion like this necessitates higher 

sensitivities to electromagnetic field behavior when 

advancing solutions compliant with EMC. 

Fortunately, 3-D electromagnetic field solvers have 

advanced to help engineers isolate problems earlier 

in the design phase, saving cost and accelerating 

product time to market.

Conclusion

It has been said that “necessity is the mother of 

invention.” And when it comes to advancing a 

more efficient power transistor, the “necessity” is 

the preservation of our economy, ecology and even 

our way of life – and this is no exaggeration. The 

promise of WBG semiconductors is real and much 

needed. From simple DC/DC converters to electric 

transportation, telecommunication and grid power, 

WBG technology is a foundational technology for 

our future.

According to the Energy Information Administration 

(EIA), a division of the Department of Energy, we 

are consuming over twice the amount of electricity 

we did 40 years ago. Projections suggest that if we 

do not make any changes, we will use about 50 

percent more electric energy in 2050. The impact 

on our global economy and ecology of this use 

scenario is not welcome. For 30 years, the silicon 

MOSFET and isolated gate bipolar transistor (IGBT) 

have dominated power electronics. But silicon is not 

the only semiconductor material. As WBG transistor 

process technology matures, many are predicting 

the end of the road for silicon as the primary power 

electronic switch.

Figure 37. Sphere of probes and e-field measurement at 3 m. 
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In this paper, we highlighted the physical properties 

of WBG semiconductors that differentiate them 

from other semiconductor materials. We showed 

how familiar MOSFET data sheet parameters may 

not represent the device’s switching characteristics 

very well and how to apply the right FOM for an 

application. We highlighted key applications using 

WBG devices and presented a novel approach to 

accurately evaluate switching losses in a   

WBG switch. 

The successful application of WBG power 

transistors necessitates that we are not caught in 

the paradigms associated with using silicon power 

MOSFETs. Integration for the purpose of reducing 

parasitic inductance and increasing power density 

will be increasingly important in applying higher 

speed FET technology. With dv/dt approaching  

50 V/ns, power-supply designers will need to brush 

up on their RF knowledge when advancing an 

EMC-friendly power solution. Building models and 

correlating them on the bench will provide great 

insight into making the most of this technology. This 

will likely require upgrading bench test equipment 

and quality time in front of a computer, learning to 

use simulation tools that can perform 3-D full-wave 

electromagnetic analysis.
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