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Abstract—The objective of this work is to show the intrinsic limitations of a CMOS technology for the realization of an Active
Gate Driver (AGD) with active dv/dt control loop. Due to a theoretical study using first order models of CMOS submicron transistors,
the main equations providing the link between feedback loop bandwidth and specific technology parameters are obtained. This
optimization study allows us to determine the theoretical limits in terms of bandwidth and silicon area. Then, it becomes possible to
determine the most appropriate switching control method to implement depending on the application requirements (high efficiency,
low EMI), i.e. active feedback with adjustable gain, while ensuring suitable time delays. A feedback loop bandwidth of 1.59 GHz
using an 1pF integrated capacitor to address a switching speed of 175 V/ns is demonstrated. Experimental results and simulations
using accurate technology models confirms the theory.

Keywords—Active gate driver, GaN, switching analysis, dv/dt, EMI, power electronics, ASIC for power IC.

I. INTRODUCTION

Switching times of wide bandgap power transistors are extremely high (hundreds of V/ns for 600V GaN or 1.2kV SiC
MOSFET) [1]. Therefore, practical useful guidelines are provided to the designer to determine the best trade-off in terms of
integrated high voltage capacitive dv/dt sensor (Cs), current mirror gain and PMOS/NMOS transistors sizes in order to design an
integrated dv/dt control system [2]-[4]. Systematic comparison between theoretical predictions and CADENCE™
simulation/layout use-case designs are investigated to demonstrate the validity of the approach. Experimental results confirm the
theoretical study allowing the design of sub nanosecond response systems. At last, it becomes possible to determine the most

appropriate technology to implement the AGD controlling high dv/dt of wide-bandgap transistors.

Il. DV/DT CONTROL FEEDBACK LOOP

Fig. 1 shows the transistor level schematics of the proposed CMOS AGD. As already demonstrated in [2] from the same
authors, the dv/dt can be controlled by changing the value of the gain. The gain is made by the width ratios of transistors involved
in a PMOS and a NMOS current mirrors. By increasing this gain, the dv/dt of a power device can be reduced independently from
the di/dt.

The main idea of this method is to sink a current from the gate node during the turn-on event. Therefore, a virtual capacitor
is emulated, only during the dv/dt phase, between the gate and drain nodes of the WBG power device. One should note that this
gain G results from the association of a first and second current mirror stages, respectively made of PMOS and NMOS transistors,

obtaining G = Gp x Gn. Neglecting the load current effect and some other second order physical phenomena, the dv/dt can be

expressed by (1):
dVDS - _ Vorvy ~Vm iFiB —_ Vorvy ~Vm (1)
dt RGCrss Crss RG(Crss + GCS )

where vpry is the power supply voltage of the driver and v is the Miller plateau voltage.


mailto:plinio.bau@irt-saintexupery.com

Author version of the accepted article published in the IEEE ISPSD2020 proceedings —
https://doi.org/10.1109/ISPSD46842.2020.9170106

i
! Vewm|

‘.main stage driver  dv/df control loop ./

WBG power transistor

Fig. 1. Schematic of the AGD to control turn-on dv/dt values.

This work shows a step-by-step analytical analysis aimed to optimize the parameters of the circuit shown in Fig. 1, circuit

previously presented in details in [2].

TABLE |
THEORETICAL EXPECTED DV/DT ATTENUATION
Attenuation dv/dt GCs/ GCs G
factor (Ax) attenuation Crss (Crss=2pF) | (Cs=1pF)
1 0% 0 0 0
4/3 25% 1/3 0.6pF 0.3
2 50% 1 2pF 2
4 75% 3 6pF 3
A = Wos | Wos |y, BCs (2)
dt |o, dt | Ci

where dvps/dt|o and dvps/dt|cL and are respectively the open-loop and closed-loop vps variations and Cyss represents the gate-to-
drain capacitor during the Miller plateau.

Table | shows the value of the product GCs to consider for a given expected dv/dt attenuation Ay for the GaN power device
GS66508T (Crss=2pF). Choosing an attenuation Ay (for example 50% from 175V/ns to 87.5V/ns) the best distribution between
the values of G and Cs has to be determined, both in terms of feedback loop bandwidth and silicon area. Next chapters present

optimization studies for a given constant GCs, related to a specific application (GCs=10pF, dvps/dt|cL =80V/ns).

A. Feedback loop circuit model

Fig. 2(a) shows the feedback loop circuit used to control dvps/dt considering the intrinsic capacitances Cgsp and Cgsn Of the
PMOS and NMOS transistors. Fig. 2(b) provides a representation of the circuit layout showing the silicon area required for the
transistors M1 to M4. The case with Gp=2 and Gn=2 for the gains of the two current mirrors M1-M2 and M3-M4 is illustrated.

An elementary size for the transistor M1 has to be chosen. This size depends both on the input current ics provides by the
sensing capacitor Csand the minimum value of vinu that can be tolerated. It can be noticed that M2, M3 and M4 sizes depends

on M1. A minimum size for M1 has to be computed in order to reduce the overall surface of the circuit.
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Fig. 2. (a) Two-stage current mirror with its parasitic capacitances, (b) Circuit layout assuming a area factor of 2.5 between NMOS and PMOS transistors
(Gp=2 and GN=2).

B. Sizing M1

Fig. 3 shows the characteristics of a diode-connected PMOS transistor. Due to short channel effect observed in submicron
CMOS technologies, two different operating zones may be distinguished, a low current and a high current zones. Therefore, the
classic square law has to be linearized for using the transistor at high current level, the well-known square law is no longer valid
and a direct proportionality between drain current and gate-to-source voltage has to be considered. With parametric simulations,
at vgs constant, it is observed a constant current per width ratio in a wide range of values for W1. Considering the length L of the
transistor channel minimum, this constant io/W ratio is very useful to make the link between the size of the capacitor Cs in one
hand, and in the other hand the resulting size of the mirrors.

The transistor M1 will operate at the operating points 1, 2 and 3 indicated in Fig. 3. At the beginning, when no switching
event occurs, ip=0. At first, slightly before a turn-on order, a pre-biasing current ivias (Se€ Fig. 1) of about 50 pA is generated
biasing M1 at the point 1. Then, when a switching event occurs, the transistor M1 reaches the point 2 during a short transient
less than 1ns. Just after a short delay, the feedback loop acts to reduce dvps/dt, the current ics decreases and M1 reaches the point
3. Then, it remains on this biasing point 3 for the rest of the switching, assuming a perfect trapezoidal vps waveform. If vps is not
perfectly trapezoidal, W1 will still operate between points 1 and 3.

Fig. 3 also shows that the temporary operating point 2 should not exceed the maximum voltage vovr+0,6V otherwise the
protection diode Dp may conduct and clamp the voltage to -0,6V. The minimum width of M1 is calculated to place point 3 at
Ves_cL=Vprv/2 and it is verified that point 2 will operate under safe operation area. Finally, the expression W1, the width of M1
is:

i L
W _ D_CL ~MIN 3
H ng(VGSpL _V'TH ) ( )

where Lmin is the minimum transistor length possible of the technology to withstand 5V, 500 nm in our case, and v 'ty is the

effective threshold voltage of the linear model shown in Fig. 3 around 1.5V. peert is the effective mobility of the PMOS transistor

at high current (in the linear zone).
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Fig. 3. Diode-connected transistor PMOS characteristic and 1st order model parameter extraction.

C. Sizing W3 as a function of W;

The transistor M2 is a multiple of M1 depending the gain Gp of the 1%-stage current mirror. Now, sizing M3 to operate at
Vpss=Vprv/2 Will make M2 always operate in its saturation region. Then, to guarantee the appropriate biasing of M3, the ratio
between W2 and W3 has to be equal to the ratio ¢ of the effective mobility of the PMOS and NMOS transistors. In our case, a

ratio equal to 2.5 is obtained.

W, Hettn

Hesip

I11. BANDWIDTH ANALYSIS

One expression for bandwidth as a function of gain or Cs in order to address very fast transient response, with a constant
factor GCs imposed by the application, the bandwidth of the feedback loop has to be determined. Its value may depend on the
gains Gp and Gy and on the value of the capacitor Cs. The total intrinsic capacitances at the gate of the PMOS and NMOS

current mirrors are respectively given by (5) and (6).

CP = (1 + GP )CGSp + GPCGDp (1 -a,, )+ CDSp + CS_PAR (5)
CP = (1+ GP )CGSp + CS_PAR
CN = (1+GN )GPCGSn +GNGPCGDn (1_av,n )+GPCDSH + GPCDSp (6)

CN = (1+GN X;PCGSn +GPCDSp

where ay, p and ay , are the small signal voltage gains of the common-source stage made by M2 and M4 respectively, both close
to one, and Cgs, Cep and Cps, are the intrinsic capacitors of the transistors.

The expressions of the total capacitances Cp and Cn shown by the gate nodes of the PMOS and NMOS transistors can be
drastically simplified.

To calculate the bandwidth, knowing the capacitances of the circuit, the associated dynamic impedances have to be
computed. Mainly, the impedances seen at the gate nodes are provided by the diode-connected transistors M1 and M3. Their
values are related to the transconductances gm. The time constants T can be written as follow:

G __ Gy
gml gDSZ + gm3

where gm1 and gms are M1 and M3 transconductances and gps: is the drain-to-source admittance of M2.

Tp

(")

Then, the cutoff frequency for the PMOS and NMOS current mirrors respectively are expressed by:
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The expression of the transition frequency fr for the NMOS transistors, which indicates the maximum bandwidth that can
be reached with a given technology, is provided below:

= (©)
2E(CGS + CGD)
Indeed, increasing W increases both gm and the intrinsic capacitor values. Then, the cutoff frequency of the current mirrors
can be related to this transition frequency. Because M1 and M3 are diode-connected transistors, they always work in their

saturation region where Cgp can be neglected comparing to Ces. Now, neglecting the contributions of Cs par and Cosp in Eg.
(5) and (6), one can estimate:

fT

~ = f

cN 1+ GN CN_est (10)
1 f

© % 3TeG, )

Fig. 5 shows a good correlation between simulated points in CADENCE™ and the estimation expressed by Eg. (10).
A. Gain G distribution between Gp and Gy

Depending on the distribution of the gain G among the two current mirror gains Gp and Gy, the overall feedback-loop
bandwidth f. changes. An optimal distribution can be identified. So, an expression of the bandwidth using a geometrical
averaging of the two time constants is proposed:

l/fc_est = \/1/ch_est2 + :I'/ch_est2 (12)

Fig. 4 shows the optimal choice of Gp depending on the value of G. Note the higher G, the lower the bandwidth.

0.2

“ T B GGG G0

_,’;‘ 0.15 o E‘l;g
g 1=5
g G | optimal Gp
E« 0.1 5 1.64
Sy ' 10 |24
= ) , 20 | 3.39
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0"
0 5 10 15 20
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Fig. 4. Normalized cutoff frequency of the feedback-loop as a function of the PMOS mirror gain Gp for several values of G.
B. Distribution between G and Cs

For a targeted attenuation of dvps/dt, the product GCs is imposed. Now, an optimal distribution of values between the gain
G and the capacitor Cs, has to be determined to maximize the feedback loop bandwidth f.. Indeed, the higher Cs, the lower G
but the current ics increases and the transistor size accordingly.
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Fig. 5. Bandwidth of one NMOS current mirror as a function of its gain.

To compute accurately f;, all the intrinsic capacitances present in Eq. (5) and (6) are taken into account. Fig. 6 shows the
Matlab™ computations using the appropriate technology parameters with GCs equals to 10pF. Simulation results using Cs=

100fF, 1pF and 10pF confirm the theoretical projections.

e
N T o]
GC~=10pF
= ' oe2a
jan) T,=300K
g external
o Cy
o
- et feN
parasitic o feP
capacitor —fc
range internal Cg | ® fc simulated
0.01 T
10fF 100fF 1pF 10pF

Input Cy capacitor (F)
Fig. 6. Feedback-loop bandwidth as a function of Cs for a constant GCs = 10pF.
IV. SURFACE ANALYSIS

Now, considering a given product GCs constant, the separate values of G and Cs have an impact on the silicon area required.

The surface Swp and Sup of the PMOS and NMOS current mirrors can be expressed respectively by:

SMp = (1 + GP )aLMINWlMIN (13)

Swn =Gp (1+ Gy )aLMINW3MIN =

a (14)
(GP + G)g LainWani

where o is the swell factor, i.e. the ratio between the active areas and the actual total area required by the transistors.
It should be noted that Waimin is a function of the size of Cs due to the increase of the current ipcL) when Cs increase. According

to Eq. (3) it is possible to write:

2L dvys |
W (C ): MIN ' DS ;
HUNETS Hper Cox (VGS_CL _VTH) dt ‘CL ° (15)
1 dv
W, (Cs) = DS
HNEE Jpbyn 0t o :

where Jp is the current density of M1 linked to the choice of vgs_cL (see Fig. 3).

The total silicon area Sio: required for the proposed circuit is the surface of both current mirrors plus the in-chip high-voltage

capacitor Cs surface. Its expression is the following:
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G |1 Cc
Stot(CS ) = ((1+ GP)+ Gp{l + E] 5JaLMINW1MIN(CS )7L Cis. (16)
P s
Sml(cs ) = li dVDS (An - 1)Crss +
03, dt |y
1 d 1 (17)
((1+Gp(l+ ))i Vos| 4 JCS
6°)J, dt |y, Cq

where Cisis the GaN power device reverse transfer capacitance, Cs’ is the capacitance per surface unit in the CMOS technology
between the metal layers 4 to 6.

Eq. (17) has a minimum value is achieved for low values of Cs. Fig. 7 shows the surface St versus Cs for a constant GCs
product. Sy increase proportionally with Cs at high Cs values.

106 « —> ¢ - >+
parasitic internal Cy
o capacitor external
i range ) Cs
~ 4 o
o 10 — 3
T B D S
& ~ 4+— Csarea .
E minimal value .
g 102~ X
.9 +--P mirror
ﬁ * O N mirror
+ PMOS area ——both mirrors
1 + proportional to Cg [——total arca
1fF 10fF 100fF 1pF 10pF

Input Cg capacitor (F)
Fig. 7. Silicon surface as a function of the input sensing capacitor Cs for a constant attenuation product GCs=10pF.

V. EXPERIMENTAL RESULTS

In order to achieve the best bandwidth a higher value of Cs is chosen even if it will consume more surface. It can be seen in
Fig. 5 the bandwidth is inversely proportional to the gain.

(?—)J‘ - Sub nanosecond response
400V

-175V/s |

Vs Open-loop !

\

4 ns/div = B NSRS |
A i
2 4.00ns 2.50G5/s = - f 108V
[ ®2 500V 4.06 |10k points
Value Mean Min Max Std Dev
- vax 392y 3.93 3,84 4.04 57.5m
2

(1252, 2019)
15:35:12

Fig. 8. (a) Experimental waveforms of AGD controlling dv/dt from 175V/ns to 120V/ns with in-chip HV capacitor of 1pF (b) microscope picture of the ASIC
AGD

Fig. 8 (b) is the AGD designed with the high voltage in-chip capacitors. Attenuation factor of 1.45 (Ax=175/120 V/ns) is
demonstrated in Fig. 8 (a) with Cs=1pF and G=10. A difference between expected attenuation in dv/dt and obtained experiment
value is observed. The first reason is due to the presence of parasitic elements inside the chip and the PCB that are not taken

into account in the theoretical study. The second reason is because some extra current is required to put M5 transistor in
saturation mode before the feedback loop becomes effective.
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A sub-nanosecond response with the proposed technology is experimentally demonstrated. It can be seen in Fig. 8 the

derivative of vps of the GaN transistor starts to change in less than 1ns due to the feedback-loop effect. Fig. 9 shows the output

voltage of the feedback-loop starts to change in less than 1ns just after the GaN transistor vps falling-edge.

Tek Prevu

Sub l'l'dl'IUSCCUﬂd [‘L‘h|]t\l1SL‘

2300V -
L3V

\ : Vp, connected

\ to a resistor to Vg,
- Vs open-loop -
. ns
. £ 4 (A%
4 ns/div R R A T

:’ 500V 2 - '|I‘c nons 7250080 | @ 7 v
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Fig. 9. Experimental waveforms of the propsed system showing an open-loop response with a resistive load (Re=14.7Q2) connected to Vpgry.

VI. CONCLUSION

This paper develops a theoretical analysis to provide the optimum distribution between the gains of the two current mirrors

and the value of the sensing capacitor to maximize the bandwidth of a dv/dt feedback control loop. It is demonstrated that the

bandwidth of the proposed circuit is correlated to the transition frequency of the CMOS technology. Therefore, choosing a

technology with the highest transition frequency, with appropriate voltage capabilities to sustain 5V for GaN and 25V for SiC

and IGBT applications, is the best choice. It is also demonstrated that for a given constant GCs product, the higher the sensing

capacitor Cs, the higher the bandwidth for the feedback-loop. However, the silicon surface increase with Cs and a trade-off has

to be considered.
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