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Abstract: Due to the high switching speed of Gallium Nitride (GaN) transistors, parasitic inductances
have significant impacts on power losses and electromagnetic interferences (EMI) in GaN-based
power converters. Thus, the proper design of high-frequency converters in a simulation tool requires
accurate electromagnetic (EM) modeling of the commutation loops. This work proposes an EM
modeling of the parasitic inductance of a GaN-based commutation cell on a printed circuit board
(PCB) using Advanced Design System (ADS®) software. Two different PCB designs of the commuta-
tion loop, lateral (single-sided) and vertical (double-sided) are characterized in terms of parasitic
inductance contribution. An experimental approach based on S-parameters, the Cold FET technique
and a specific calibration procedure is developed to obtain reference values for comparison with the
proposed models. First, lateral and vertical PCB loop inductances are extracted. Then, the whole
commutation loop inductances including the packaging of the GaN transistors are determined by
developing an EM model of the device’s internal parasitic. The switching waveforms of the GaN
transistors in a 1 MHz DC/DC converter are given for the different commutation loop designs.
Finally, a discussion is proposed on the presented results and the development of advanced tools for
high-frequency GaN-based power electronics design.

Keywords: GaN converter; commutation loop inductance; PCB layout; S-parameter; EM model-
ing; EMI

1. Introduction

The requirements of high power density and compact power electronics systems have
increasing importance in recent years in embedded systems, such as automotive, aerospace.
Increasing the switching frequency of power converters is a notorious solution to reduce
the size and weight of passive devices. However, switching losses in active devices will
increase proportionally with frequency, leading to a negative impact on converter efficiency
and size of cooling systems. Consequently, there is a need of new power devices with
better suitability for high-frequency operation than their silicon counterparts. In this
context, Gallium Nitride (GaN) High Electron Mobility Transistors (HEMTs) are attractive
technologies for efficient power conversion at frequencies higher than the megahertz
due to their higher electron mobility and lower interelectrode capacitances than silicon
components [1]. Several recent works have brought to light the great potential of GaN
power devices for high power density converter design [2-6].

Although GaN transistors are the key to high-frequency power conversion, their switch-
ing speed in the nanosecond range generates high voltage spikes and ringing by exciting
parasitic elements in the commutation cells. Consequently, it is necessary to minimize the
parasitic inductances of commutation loops in order to reduce power losses as well as high-
frequency electromagnetic interferences (EMI) [7]. As shown in Figure 1, the commutation
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loop inductance has two main origins: the internal interconnections in devices packages
and the external interconnections, for example, on a printed circuit board (PCB tracks).

(+)

PCB parasitic

GaN transistor Ty

DC link capacitor

GaN transistor T,

=)
Figure 1. Parasitic inductances identification in the commutation loop on printed circuit board (PCB).

Technological improvements have been achieved in recent years to minimize parasitic
inductances in GaN transistors packaging, leading to a drastic reduction in the component
sizes [8,9]. The monolithic integration of the GaN power transistor and its gate driver,
minimizing the gate loop inductance, contributes to modern challenges for highly efficient
high-frequency power conversion [10,11]. For low power applications, previous works
have shown the possibility of a monolithic integration of the full power stages [12,13].
However, for higher power applications, larger parasitic inductance due to interconnections
between GaN devices and the DC link capacitor is still present in classic commutation loop
configuration. Previous works have highlighted that the proper design of a commutation
loop on a PCB can reduce the resulting parasitic inductance [14-16].

The determination of commutation loop inductance over a wide frequency range
enables an improvement in the modeling of component behavior in high-frequency
power converters. Thus, power losses in devices and electromagnetic interferences (EMI)
can be better predicted. A method to determine the loop inductance using an analytical
model based on the Biot-Savart formula is presented in [17]. Other works have estimated
the parasitic inductance using numerical methods, such as Partial Element Equivalent Cir-
cuit (PEEC) or the Method of Moments (MoM) [18,19]. However, a frequency-dependent
model of commutation loop inductance including power devices usable in an electromag-
netic (EM)/circuit simulation environment is needed to perform accurate predictions of
switching waveforms. Furthermore, to date, an experimental validation of the parasitic
loop inductance modeling has not been proposed.

This work proposes a frequency-dependent inductance model of a commutation
cell including GaN transistors on the PCB for high-frequency power converter design.
The proposed model is based on EM/ circuit co-simulations and an experimental extraction
of the parasitic inductance including GaN device packaging effects using S-parameter
measurements over the frequency range 1-500 MHz. The S-parameters method is an
accurate microwave measurement technique showing accuracy to extract parasitics in
power devices [20-23]. In this study, it is proposed to extend existing techniques to the
characterization of parasitic elements in a commutation cell. A calibration procedure and
different 2-port measurement techniques are presented in order to obtain the best accuracy
in the considered frequency range. The obtained experimental results are then used to
validate the developed models but also to adjust the GaN transistor intrinsic inductance.
Two different PCB designs of the commutation loop are studied: a lateral structure (single-
sided) and a vertical structure (double-sided) involving high inductive coupling between
PCB tracks [24]. Both designs are characterized by S-parameters and modeled using
Advanced Design System (ADS®) software. Experimental switching waveforms in a 1 MHz
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DC/DC converter are given for both PCB layouts of the commutation loop. The advantages
of the proposed commutation loop modeling for the development of high-frequency power
converter design tools are finally discussed.

2. Commutation Loop Characterization Method
2.1. Description of the Studied Commutation Loop

In this work, it is proposed to extract the parasitic inductance of a commutation loop
in a wide frequency range. Figure 1 gives a schematic representation of the considered
commutation cell. It is composed of two GaN transistor GS66502B 650 V, 7.5 A and a
DC bus ceramic capacitor of 100 nF in 0603 package, which withstands 630 V. All the
components are connected on a printed circuit board with 35 pm of copper thickness and
400 pm of FR4 height. Referring to Figure 1, the characterized parasitic loop inductance
Ligop is given by (1).

Lloop = Lext + LDT1 + LSTl + LDT2 + LSTZI (1)

where L,y is the external inductance due to PCB interconnects; Lp,,, Lp,,, Ls;,, and Ls,,
are the drain and source intrinsic access inductances of the GaN devices.

In the first approach, the equivalent series inductance (ESL) of the DC bus capacitor is
not considered in the commutation loop inductance. However, this parameter should be
added in the simulation of the whole system.

2.2. Calibration Procedure

S-parameter characterization has demonstrated a good accuracy to extract low in-
ductance values in the nanohenry range up to the gigahertz [20,21]. In order to perform
accurate S-parameter measurements on a PCB commutation loop, test fixtures associated
with a specific calibration method were developed. Thus, it is proposed to design 50 (2
microstrip transmission lines on PCB ended by 50 () Subminiature A (SMA) connectors to
connect the vector network analyzer (VNA) for S-parameter characterization. The geometry
of the transmission lines is determined using the classic formula from [25] and given by (2).

60 5.98 h
Ze, = 1 ) 2
Cr. = J0475e 1067 (0.8 W+ t) @

where Zc,, is the characteristic impedance of the transmission line (50 (2). As represented
in Figure 2a, e, = 4.2 is the relative permittivity of FR4, / is the thickness of the dielectric,
w is the width of the line and ¢ is the conductor thickness. A ground plane is located on the
PCB bottom side.

LTL

Lluup

DC bus
capacitor
location

Cu ¢
& FR4 h
Cu

(a) (b)

Figure 2. Characterization fixture (a) microstrip transmission line parameters (bottom layer as

ground plane); (b) lateral commutation loop connected to transmission lines.

Figure 2b gives a first design of the commutation loop in a lateral configuration on PCB
connected to transmission lines for the 2-port S-parameter characterization. According to
Figure 2b, the measured inductance is given by (3), where Lt} is the inductance induced
by the transmission lines.

Lineas = Lloop + LrL, 3)
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Fixture 1

In order to determine the loop inductance Lo, it is necessary to obtain accurate
values of L7y, over the studied frequency range. Thus, the proposed method can be divided
into three different steps. Figure 3 gives the organizational chart of the proposed method.
First, S-parameter measurement is performed on fixture 1 which consists of two transmis-
sion lines connected without any coupling between lines. This measurement is compared
with the EM simulation in ADS software permitting us to adjust the modeling of the
SMA connectors. Then, the inductance Lt} of the transmission lines in fixture 2 is deter-
mined by simulation over the characterization frequency range. A second step consists
in extracting the inductance of a PCB loop with a design close to those of the commuta-
tion loop. Then, the experimental results are compared with simulations. Once this second
step is validated, it consists in modeling the drain—source inductance added by the GaN
devices packaging. The last part of the work is performing S-parameter measurement on
the commutation loop including the GaN devices and comparing experimental results with
EM simulations.

Fixture 2 Fixture 3 Fixture 4

Modeling transmission

Modeling switching

Modeling PCB loop

lines loop with GaN devices
*  S-parameters measurement *  S-parameters measurement *  S-parameters measurement
on fixture 1 on fixture 3 on fixture 4 in Cold FET using
*  PCB model of fixture 1 in ADS *  Substraction of evluated an auxiliary circuit
*  SMA connectors modeling in inductance of fixture 2 *  Substraction of evluated
ADS * Comparison between inductance of fixture 2
* Inductance evaluation of simulated and measured *  Comparison between
fixture 2 using ADS models inductances of the PCB loop simulated and measured

inductances of the complete
loop including GaN transistors

Figure 3. Organizational chart of the proposed modeling method.

In order to obtain accurate modeling of the SMA connectors, a “Thru” S-parameter
measurement was performed on fixture 1, shown in Figure 3, from 1 to 500 MHz. An EM
model was obtained from the PCB layout of the test fixture using the setup given in Table 1.
A classical LC modeling (Lsara, Cspa) of the SMA connector can be determined from
the well-known Formulas (4) and (5) adapted to a coaxial connector [26,27], where g is
the permeability constant, €j is the permittivity constant, €, is the relative permittivity
of dielectric in connectors (e, = 2), a is the inner diameter and b is the outer diameter
and [ is the length of the connector. This modeling was further improved by considering
the observed frequency dependence of the inductance. The modeled SMA connector is
presented in Figure 4a, and the proposed equivalent circuit for this connector is given in

Figure 4b.

b
Lowa = 421n( 3 )1, @

27€L€)

()"

Q)

Csma =
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Table 1. Electromagnetic (EM) simulation setup for PCB design modeling.

S-Parameters Reference Frequency Plan Mesh
Bottom layer (ground plane) 1-2 GHz (adaptive) 50 cells per wavelength
Lsma Csma
ekl i FraTgl Fmmsse= 1

ouT
Num=2

(a) (b)

Figure 4. SMA connector: (a) presentation of the connector; (b) proposed equivalent circuit.

Figure 5a shows the experimental and simulation setups. The measured and simulated
inductance of fixture 1 is compared in Figure 5b. It can be noted that measurements
are noisy below 10 MHz due to the low impedance values. The relative error between
measurement and simulation is less than 3% in the frequency band 10-500 MHz. Once the
SMA model and the EM simulations are set off, the inductance, Lt;y, of the fixture 2 is
determined by simulation over the considered frequency range.

12

1 Measurement
- ‘J Simulation

8 4

Inductance (nH)
(<))
1

—— 1 4 -
3 R i ver ]
I;:l;;::, s one s ooe. J;;;':‘ 2
Z=50 Ohm — Y Z=50 Ohm <4
] —" 0 ; .
Lt 1, 10 100 500
L= Frequency (MHz)
(a) (b)

Figure 5. Fixture 1 characterization and modeling: (a) experimental (photos) and simulation (circuit) setup; (b) measured vs.
simulated inductance.

2.3. S-Parameter Measurement Techniques

Extracting the low parasitic values in GaN-based commutation loops requires ac-
curate S-parameter measurement techniques. The three different ways to measure an
impedance Zj using S-parameters are presented in Figure 6. The classic 1-port S-parameter
reflection in Figure 6a has good accuracy to measure impedances close to 50 Ohms. How-
ever, the measurement error increases rapidly when the impedance differs from 50 Ohms.
In order to perform accurate extraction of a low inductance over a wide frequency range,
2-port S-parameters techniques, such as Shunt-Thru and Series-Thru (in Figure 6b,c, re-
spectively), are preferred to the 1-port measurement [28,29]. It has been shown that when
the impedance value is below 50 (), the Shunt-Thru measurement demonstrates the best ac-
curacy. By opposition, when the impedance values are higher than 50 (), the Series-Thru
technique gives the best results. As the impedance of an inductance increases with the fre-
quency, the Shunt-Thru method is the most suitable for low-frequency measurements,
while Series-Thru is most suitable for high-frequency characterizations. Theoretically,
considering inductance values around 10 nH or lower, the Shunt-Thru technique is the
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Portl

(@)

most accurate over the complete characterization frequency range in this work. However,
in Shunt-Thru configuration, a T-SMA connector is needed to connect the 2 ports together.

This added connector increases the inductance of the measurement setup, possibly increases

the measurement error and complicates the calibration process. Thus, both Shunt-Thru
and Series-Thru methods are compared in this work.

Zy Portl Zy Port2 Portl Port2

(b) ()

Figure 6. S-parameter measurement techniques: (a) 1-port reflection; (b) 2-port Shunt-Thru; (c) 2-port Series-Thru.

The Series-Thru S-parameter measurement setup and its equivalent circuit are pre-
sented in Figure 7. In this equivalent circuit, Z,.;, is the open impedance due to capacitive
coupling between lines and ground plane, Zt;, is the impedance of both transmission
lines obtained according to the calibration procedure described in Section 2.2 and Zj
is the characterized impedance. After transforming the measured S-parameter matrix
[Sse—7] into admittance parameters [Ys._ 7], the impedance Zj can be determined using
Equation (6). Considering Zj is purely resistive and inductive, the desired inductance
value Ly is obtained using Equation (7).

1
Zy = ~Zr1, (6)
Va1, 1
Im(Z
L= %), @)
w
AR
Port1l Zopen Zopen | Port2
(b)

Figure 7. Series-Thru characterization: (a) measurement setup; (b) equivalent circuit.

The Shunt-Thru S-parameter measurement setup and its equivalent circuit are pre-
sented in Figure 8. After transforming the measured S-parameter matrix [Sg;_r] into
impedance parameters [Zg;,_ 7], the impedance Zj can be determined using Equation (8).
As previously mentioned, considering Z is purely resistive and inductive, the desired
inductance value L is obtained using Equation (7).

1
Zy= ——————Zr1, ®

ZﬂSh—T o Zopen
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Port 1
Zr—sma Zr—sma
Port 2
T-SMA ZrL
Port1 Zopen Port2
Ground 2 Zo
Termination
(a) (b)

Figure 8. Shunt-Thru characterization: (a) measurement setup; (b) equivalent circuit.

The impedance Zopm can be determined by a first measurement without connecting
the ground termination shown in Figure 8a.

3. Characterization and Modeling of a Lateral Commutation Loop Inductance

In this section, it is proposed to characterize the inductance of a lateral PCB loop and
a lateral commutation cell including the GaN transistors in the loop. The followed method-
ology is presented in Figure 3. For each commutation loop, S-parameter measurements
and simulations were performed and results were compared. For experimental charac-
terizations, the calibration procedure described in Section 2 was used. For simulations,
EM models of the loops were developed using ADS Momentum®. In order to improve the
simulation results on the complete commutation loop, a method is proposed to obtain an
equivalent EM modeling of the GaN transistors packaging.

3.1. Inductance of a Lateral PCB Loop

In order to validate the S-parameter characterization procedure, the PCB loop shown
in Figure 9a was designed with equivalent sizes to the lateral commutation loop shown
in Figure 2b. An EM modeling of the PCB layout was performed in ADS Momentum
using the setup given in Table 1. Figure 9b presents the corresponding simulation setup
implemented in the software. Using the calibration procedure described in Section 2.2
and Equations (6)—(8), the inductance of the lateral PCB loop Lpcg_j,+ can be determined.
Figure 10a gives the inductance values extracted from measurement and simulation in the
frequency band 1—500 MHz. A good agreement between experimental and simulated
results with less than 10% of relative error over the frequency range is shown in Figure 10b.

SMA connector

LPCB—lat LTL

(a) - (b)

Figure 9. Lateral PCB loop: (a) test fixture; (b) simulation setup.
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15 Inductance (nH)

Relative error (%)

E Measurement 10 -

1 Simulation
W

i \ 1
] 0.1
I I 0.01 , ‘
1 10 100 500 1. 10 100 500
Frequency (MHz) Frequency (MHz)

(a) (b)

Figure 10. Lateral PCB loop inductance extraction: (a) measurement vs. simulation; (b) relative error.

Gate transmission line Drain transmission line

3.2. GaN Transistors Drain—Source Inductance

The determination of the drain-source inductance of the GaN transistors is required in
order to obtain an accurate estimation of the commutation loop inductance by simulation.
This inductance is a combination of internal parasitic inductance due to the packaging and
inductive effects of devices footprints on PCB. Therefore, in this work, it is proposed to
develop an EM model of the drain-source inductance based on the characterization of the
GaN device soldered on PCB.

A 2-port S-parameter measurement was performed on the GaN transistor using
specific characterization fixtures on PCB as detailed in [20]. The experimental setup is
given in Figure 11a. It can be noted that the thickness of PCB is 1.6 mm for this fixture.
The Cold FET measurement technique was used to create a resistive and inductive path
between drain and source of the device [30]. The equivalent circuit of the transistor in
Cold FET conditions is presented in Figure 11b, where C¢ and G are the capacitance and
conductance of the gate diodes, and Ry, is the channel resistance depending on Vg voltage.
R, Rp and Rg are the access resistances and L, Lp and Lg are the parasitic inductances
at each terminal of the device.

Transistor

Source grounded
transmission line

Figure 11. Characterization of the drain—source inductance of a GaN transistor: (a) test fixture; (b) Cold FET equivalent

circuit of the device.

After calibration, the obtained S-parameters in the plane of the device [St]| were trans-
formed into Z-parameters [Zt]. According to the circuit shown in Figure 11b, the drain—
source inductance, Lps,, can be determined using Equation (9). Measurements were
performed in the frequency band 1-500 MHz at V;s = 6V using Bias Tees. Experimental re-
sults and a first modeling using R-L circuits are given in Figure 12. It was observed that
the results converge to an equivalent drain—source inductance of 2.5 nH in the frequency
range 1-500 MHz.

Lps, = Lp + Lsg = ———=, )
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3 T T
o PBes T\
e N\~
£ 9t i
o 900 pH
2 6mQ P
S
o 1+ 2nH |
3 o < —— Measurement
=
- —Mode

0 I L I PR T R | 1 " I PR S R | n

10° 10’ 10°

Frequency (Hz)

Figure 12. Experimental determination of the drain-source inductance Lpg, and electrical modeling.

Accurate modeling of the commutation loop requires an EM modeling of the equiv-
alent drain—source inductance. A first simulation, presented in Figure 13a, analyzed the
inductance due to the PCB footprint of the device, called Lpcp,. Simulation results given
in Figure 14 show that there is a difference of about 20% between Lpcp, and the measured
drain-source inductance Lpg,. It is assumed that this difference comes from a parasitic
inductance due to interconnections in the device packaging.

@ «—71 Drain e
footprint A‘?ded _
microstrip
line P
+] sHihiedE— Source +
e footprint i
50Q . 50Q i
GAN_RCB_MODEL_v2 GAN_RCB_MODEL_v2
- = 15
L = L =

(a) (b)

Figure 13. Simulation of the GaN transistor drain—source inductance: (a) EM model with device
PCB footprint; (b) EM model with device PCB footprint and added microstrip line.

1
25 —_—

£ 2
g 15
C
g 1 Measurement
3 EM model without microstrip line
£ 05— EM model with microstrip line

¢ | |

1 10 100 1000

Frequency (MHz)

Figure 14. Comparison between experimental drain-source inductance and EM modeling.

To adjust the EM modeling with experimental results, a piece of microstrip line was
added into the drain to source path. The microstrip line inductance, L;;s, was determined
using Equation (10) derived from [31,32], where L is the length of the line. The inductance
is given in pH. L, w and & are in inches in the formula. The simulation model with the
added microstrip line is presented in Figure 13b. Simulation results with this improved
modeling give a maximal difference of 2% according to experimental results, as shown in

Figure 14.
2L w+h
Lyus = 0.00508 L <1n <w+h) +0.5+0.2235 <L> > (10)
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3.3. Inductance of a Lateral Commutation Loop Including GaN Devices

The experimental extraction of the commutation loop inductance is only possible
if both GaN transistors are in conductive states. As detailed in Section 3.2, the drain—
source path is resistive and inductive when GaN devices are in Cold FET conditions.
Therefore, it is proposed to bias both transistors at Vgs = 6 V during measurements using
an auxiliary circuit, as shown in Figure 15. The driver SI8275 allows us to apply control
signals to the transistors in a half-bridge configuration with separated ground references.

I_ VIA VDDA [— 6V GaN
viB VOA —@«’: Transistor
GNDI GNDA [T GS66502B L port 1

VDDB |— 6v GaN - Port2
VDDl yoB ~': Transistor
v GNDB V\ GS66502B
Driver
SI8275

Commutation Loop

Figure 15. Schematic representation of the commutation loop characterization circuit.

Figure 16a presents the experimental characterization circuit. Using the calibration
procedure described in Section 2.2 and Equations (6)—(8), the inductance of the lateral
commutation 100p Ljsyp 14t can be determined. An EM modeling of the PCB layout was
performed in ADS Momentum using the setup given in Table 1. The EM models of the
GaN devices developed in Section 3.2 were added to the simulation. Figure 16b presents
the corresponding simulation setup in the software.

:y— 6V supply 4»
; i .. - .

SMA models
r--

Commutation loop
(Z100p)
with GaN devices

(@) (b)
Figure 16. Lateral commutation loop: (a) test fixture; (b) simulation setup.

Figure 17a gives measurement and simulation results of the commutation loop induc-
tance in the frequency band 1-500 MHz. A good agreement between experimental and
simulated values globally less than 10% of relative error is shown in Figure 17b. It can be
noted that due to the auxiliary circuit in the test setup, measurement results are noisier
than those presented in Section 3.1. This can impact the calculation of the relative error.
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Inductance (nH) Relative error (%)

20 100
] Measurement
] Simulation
15 —
i 10 o
10 -
] 14
57
0 \ T 0.1 T \
1 10 100 500 1 10 100 500
Frequency (MHz) Frequency (MHz)
(a) (b)

Figure 17. Lateral commutation loop inductance extraction: (a) measurement vs. simulation; (b) relative error.

4. Characterization and Modeling of a Vertical Commutation Loop Inductance

In this section, the proposed method was applied to an improved design of the
commutation loop. The vertical configuration of the commutation loop presented in
Figure 18 allows us to reduce the loop inductance due to the magnetic flux where opposite
current directions occur in the top and bottom layers [14].

GaN transistors DC bus capacitor

l

| | <——— Top layer
<«—— Current go path
Current return path ——

Vias

Bottom layer

Figure 18. Vertical commutation loop configuration.

Although the inductance of a lateral commutation loop can be accurately simulated us-
ing a simple circuit simulation, the vertical commutation loop simulation is more complex
due to high inductive couplings and via holes. Therefore, EM simulations become neces-
sary. The GaN transistors will have an impact on the inductive coupling between layers;
therefore, an experimental characterization of the vertical loop inductance including GaN
devices is required to obtain accurate results. First, the extraction of a PCB vertical loop
inductance was studied. Then, the method was applied to the complete commutation loop
including the GaN transistors.

4.1. Inductance of a Vertical PCB Loop

The vertical PCB loop shown in Figure 19a was designed according to sizes of GaN
transistors in the vertical commutation loop represented in Figure 18. As previously de-
scribed, transmission lines were added for S-parameter characterizations. An EM modeling
of the PCB layout was performed in ADS Momentum using the setup given in Table 1.
Figure 19b presents the corresponding simulation setup in the software. Using the cali-
bration procedure described in Section 2.2 and Equations (6)—(8), the inductance of the
vertical PCB loop Lpcg—_qyer can be determined. Figure 20a gives the extracted inductance
by measurement and simulation in the frequency band 1-500 MHz. A good agreement
between experimental and simulated values with less than 10% of relative error in the
frequency range 10-500 MHz is shown in Figure 20b. Measurements are noisy below
10 MHz due to low impedance values.
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SMA models
p— = : %50 Q

I—J ._‘:—WEJAO;ELI g

Ll o

(@) (b)
Figure 19. Vertical PCB loop: (a) test fixture; (b) simulation setup.
s Inductance (nH) 100 Relative error (%)
Measurement

Simulation

07 T 0.1 T T
1 10 100 500 1 10 100 500

Frequency (MHz) Frequency (MHz)
(a) (b)

Figure 20. Vertical PCB loop inductance extraction: (a) measurement vs. simulation; (b) relative error.

4.2. Inductance of a Vertical Commutation Loop Including GaN Transistors

The experimental extraction of the vertical commutation loop inductance with the
GaN transistors is based on the same circuit shown in Figure 14. Figure 21a presents
the experimental characterization circuit. Using the calibration procedure described in
Section 2.2 and Equations (6)—(8), the inductance of the lateral commutation loop Ligop—ver
was determined. An EM modeling of the PCB layout was performed in ADS Momentum
using the setup given in Table 1. The EM model of the GaN devices developed in Section 3.2
was added to the simulation. Figure 21b presents the corresponding simulation setup in
the software.

E
Auxiliary circuit Vertical v -
4 commutation ~ y Sl\'ll_ALnTells
loop with /]_' Iz
GaN devices “I! 4 - [] —

i
LTI

:|500

nnnnnnnn

(a) (b)

Figure 21. Vertical commutation loop: (a) test fixture; (b) simulation setup.
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Figure 22a gives the vertical commutation loop inductance values extracted from the
measurement and simulation in the frequency band 1-500 MHz. A good estimation of
the commutation loop inductance with globally between 20 and 30% of relative error in
the whole frequency range between measurement and simulation is shown in Figure 22b.
As for the lateral commutation loop, due to the auxiliary circuit in the test setup, mea-
surement results are noisier than those presented previously. This can impact the relative
error calculation. Furthermore, the characterization of a vertical commutation loop is more
complex than the lateral configuration due to strong inductive couplings and the presence
of via holes. One explanation for the higher relative error can be the copper thickness in
the metallized vias set off in simulation, which is only an estimation. Accurate modeling of
the via holes should be investigated in future works.

Inductance (nH) Relative error (%)
10 1000
Measurement
8 Simulation
1 100
6 —
10
4 I
1
2
0 T T 0.1 T T
1 10 100 500 1 10 100 500
Frequency (MHz) Frequency (MHz)
(a) (b)

Figure 22. Vertical commutation loop inductance extraction: (a) measurement vs. simulation;
(b) relative error.

Table 2 shows the experimental and simulated inductance values at 10 and 100 MHz
for each characterized loop including the GaN devices. It was observed that the proposed
method enables a good estimation of the commutation loop inductance in the different
tested configurations and over a wide frequency range. As shown in Table 2, the vertical de-
sign of the commutation loop allows us to reduce the parasitic inductance by approximately
a factor of 3. Measurement and simulation results are in good agreement.

Table 2. Measured and simulated inductance values at 10 and 100 MHz for the different characterized loops.

10 MHz 100 MHz
Lioop—1at (nH) Lioop—ver (nH) % Lioop—1at (nH) Ligop—ver mH) %
Measurement 12.35 4.85 0.39 12.19 4.70 0.39
Simulation 12.52 3.94 0.32 12.36 3.80 0.31

5. Analysis of GaN Transistors Switching Waveforms for Two Commutation Loops

In this section, it is proposed to analyze the effect of the parasitic inductances on
switching waveforms of the GaN transistors. The test circuit is presented in Figure 23a.
The DC bus voltage is 200 V, and the switched current is about 2 A. The switching frequency
is 1 MHz. The gate-source voltage, Vs, and the drain—source voltage, Vpg, of the low
side transistor T, were measured using optically isolated voltage probes IsoVu® (TIVM1
and TIVHO08) with a bandwidth of 1 GHz. The current in the transistor was not measured
because the introduction of current probe would modify the parasitic inductance of the
switching loop. Figure 23b gives the switching waveforms during the measurement. The re-
alization of both converters with lateral and vertical loop are presented in Figure 24a,b,
respectively, and the measurement setup is given in Figure 24c. The experimental Vg
and Vpg waveforms at turn-off and turn-on of the transistor T; are given in Figure 25a,b,
respectively. No notable difference was observed at turn-on transition. However, it can
be observed that the overvoltage at turn-off is greatly reduced using the vertical design
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of the commutation loop. Experimental results give 50% overvoltage with the lateral
commutation loop and 27% overvoltage with the vertical configuration. Voltage ringing
frequencies at turn-off were estimated to 240 MHz with the lateral loop and 600 MHz with
the vertical loop. The Vs waveform comparisons at turn-off show that the high dv/dt
(22100 V/ns) of the transistor generate important disturbances in the gate drive circuit by
the Miller effect [33]. It was observed that the vertical commutation loop gives a better
immunity to these possible “false turn-on”.

DC (+) . —lateral loop
> 8
v —vertical loop
+6V S ! Time (ns)
. $ 1500 -1000 - 50§ 1000 1500
. &
1 1 T,
+5V — : |—1 -
H s —Ilateral loop
: & —vertical loop
g
Gate —— 31uF Q
T LI L orving - 2 |
. > Time (ns)
1 — 500 1500
1
K
: :T o = 3 —lateral loop
: :_2 bs g 2 —vertical loop
0 5
Ves 50Q ;1 W\
§ ° Time (ns)

DC (-) -1500 -500 500 1500
(a) (b)
Figure 23. Switching waveforms measurement: (a) schematic representation of the test setup; (b) voltage waveforms of T,

and load current.

Gate driving  Lateral loop Gate driving Vertical loop Commutation cell R,L LOAD

Figure 24. Converters tests: (a) commutation cell with lateral loop; (b) commutation cell with vertical loop; (c) test setup
with commutation cell, DC load and optically isolated voltage probes.

Figure 26 gives the spectral analysis of the Vpg voltage waveform (in dBuV) of the
transistor Tp. These results show that the influence of the two commutation loop parasitic
inductances on the Vpg spectrum appears in a frequency band from 100 to 700 MHz.
The ringing frequencies identified on Vpg waveforms at turn-off are well identified on
these spectra.
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Figure 25. Experimental switching waveforms: (a) at turn-on of T5; (b) at turn-off of T>.
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Figure 26. Spectral analysis of GaN transistor T, Vpg voltage for the two stuided commutation loops.
6. Discussion

In this work, S-parameter characterization and EM modeling of the commutation
loop parasitic inductance in PCB were developed, and its impact on the performances of
a 200 W 1 MHz GaN-based power converter was studied. Two different designs of the
commutation cell were considered: the lateral design on a single layer of the PCB and
the vertical design with magnetic flux canceling effect. The proposed characterizations
and modeling were developed in the frequency range 1-500 MHz to cover the switching
frequency and the very high-frequency ringing.

First, a calibration procedure was proposed for accurate 2-port S-parameter mea-
surement. Then, for both designs, experimental and simulation results were compared
firstly for a full PCB loop and secondly for the complete commutation cell including the
GaN transistors packaging connections. For this purpose, S-parameter characterization
was applied to the commutation cell using the Cold FET technique, and a method was
detailed to obtain an accurate EM modeling of the GaN devices intrinsic inductance in the
simulation software.

A good agreement was observed between the measured and simulated parasitic
inductance values in the considered frequency range with less than 10% error for the lateral
commutation loop and less than 30% for the vertical configuration. These results highlight
the potential of the EM/ circuit modeling and simulations for optimizing the design of
high-frequency GaN-based power converters. Future work on the vertical commutation
loop should analyze separately the impact of via holes and the flux canceling effects on the



Energies 2021, 14, 1495 16 of 17

simulation results. These information are also of great interest for high-frequency power
electronics designers, as it can then be implemented in an automation design tool.

It has been shown by the proposed characterization and modeling method that the
vertical design of the commutation loop allows a drastic reduction in the total parasitic in-
ductance, divided approximately by three compared to the lateral configuration. These re-
sults were confirmed by the switching waveform comparisons of the GaN transistors
with both designs. Voltage spikes and ringing at turn-off of the device are reduced with
the vertical design, leading to lower power losses, better gate immunity and lower EML
Although the vertical configuration of the commutation loop seems a better option for
high-frequency power converter design, in some cases, it may not be applicable due to
thermal management conditions of power devices. Additionally, an important reduction
in the parasitic inductance in vertical design requires low PCB substrate thickness, which
induces higher parasitic capacitances between top and bottom layers and can amplify
common mode effects. Even if a lateral design of the commutation loop is required, the pro-
posed modeling method is of great interest for optimizing the design and performances of
high-frequency power converters.

It was demonstrated in the spectral analysis that the ringing frequencies with the
vertical commutation loop are close to 600 MHz. Thus, future work should focus on
the extension of the characterization and modeling frequency range for adequacy with
optimized commutation loop designs.
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