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Abstract—High-power silicon field-effect transistors as well as 

IGBTs and particularly wide-bandgap semiconductor transistors 

typically need negative turn-off voltage for a secure off-state, resili-

ence to spurious turn on, and rapid transition through the satura-

tion mode. We present a gate driver configuration with compact 

and very efficient supply of the high and low sides of power transis-

tor bridges with asymmetric bipolar control voltages without the 

need for costly and lossy isolated DCDC converter and only low-

voltage active components. The underlying negative voltage gate 

driver supply circuit consists of only a few cost-efficient compo-

nents, its electrical potential is referenced to the source of the con-

trolled semiconductor power switch, and its operation is synchro-

nized with the gate driver output. It outcompetes the established 

use of isolated DCDC converters in gate circuits with negative 

voltage needs with respect to cost, size, reliability, and efficiency. 

Importantly, the proposed negative voltage supply allows boot-

strapping without the need for controllable high-voltage semicon-

ductors for the sake of further cost reduction. We present detailed 

design rules of the circuit and experimentally validate circuit and 

control. In the automotive prototype implementation, size of the 

gate driver supply was reduced by 61 %, cost by 57 %, and loss by 

more than 16 %. 

Index Terms—Gate driver, asymmetric bipolar power supply, au-

to-tuned charge pump, wide bandgap semiconductors operation. 

I. INTRODUCTION

odern wide-bandgap semiconductors but also high-

power silicon transistors and insulated gate bipolar tran-

sistors (IGBT) often require negative voltage to discharge the 

gate faster and/or to keep the transistor off [2, 3]. Particularly 

in hard-switched half-bridge topologies, a negative gate volt-

age can suppress unwanted spurious turn-on processes during 

commutation or other interference, provide sufficient tolerance 

for devices with low threshold voltage, and speed up (off) 

switching, particularly for a faster transition through the 

threshold and the Miller plateau [4-8]. Wide-bandgap devices, 

particularly silicon-carbide transistors, benefit from negative 

turn-off voltages as threshold voltages may be low and/or 

gate-oxide surface charges introduce hysteresis and have to be 

discharged [9-15]. In the power electronics literature, gate 

drivers and their periphery are an often neglected but omni-

present niche. 

However, this condition also ignores and likely even solidi-

fies the fact that in many real-world power electronic systems 

gate drive circuits are among the most costly individual com-

ponents and in many cases even dominate the cost [16]. Par-

ticularly in highly compacted circuits, such as automotive 

converters and inverters, gate drivers also cover unacceptably 

large space, which cannot be used for active components, and 

generate heat due to their often inefficient supply, while IP69 

requirements on enclosures complicate ventilation and facili-

tate hotspot formation [17]. In consequence, for actual de-

signs, the specific gate driver circuit often has more impact on 

the key market-relevant parameters than the power semicon-

ductor or the controller. 

Furthermore, dependent on the direction of the power flow, 

positive turn-on and negative turn-off voltage are usually not 

only required for low-side but also high-side transistors, which 

typically cannot be controlled relatively to ground any more. 

Negative turn-off voltages are especially important, when a 

transistor bridge has to commutate the load current out of a 

diode with high reverse recovery charge. Such high reverse-

recovery charge often stems from body diodes of high-

performance field-effect transistors (FET) with high doping 

levels and wide drift regions, which can only be partly com-

pensated by carrier life-time control [18-21]. In inverters that 

act as power sources, the low-side transistors typically require 

negative turn-off voltage to stay off, when the current is com-

mutated out of their body diodes to the high-side transistors. 

Should the inverter also need to sink power, the high-side 

transistors may likewise require negative turn-off voltage to 

deal with the reverse recovery.  

Whereas positive supply voltages can be bootstrapped easi-

ly, negative ones cause complications [22, 23]. Instead, small 

DCDC converter modules generate an asymmetric supply in 

typical gate-drive solutions, with a larger positive voltage and 

a smaller negative voltage for switching [6]. Particularly for 

transistors that are not referenced to ground, e.g., high-side 

transistors, these DCDC converters are galvanically isolated. 

However, such galvanically isolated DCDC converters are 

bulky, expensive, and inefficient [24-26]. Some circuit topolo-

gies with many transistors, such as multilevel converters, 

strongly depend on cost-effective driving solutions [27-33].  

Several bipolar high-side gate driving approaches have been 

reviewed in [5]. Whereas bootstrapping of negative voltage is 

complicated, some alternatives can actively boost or generate 

the negative voltage from the positive voltage supply and 

capacitors, transient voltage suppressor (TVS) diodes, induc-
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tors, and/or additional transistors. However, these solutions 

often involve a high device count [5, 34, 35], provide low 

flexibility, are limited to decaying negative voltages only tem-

porarily available during the turn-off transition, reduce the 

practically available positive voltage, decrease turn-on speed, 

and/or generate large losses [36-38]. 

The use of switched-capacitor circuits appears promising in 

gate driving and level shifting of the supply [39], can adjust 

supply voltages [40, 41], and in some cases also provide nega-

tive turn-off voltages [42]. However, they often only act as 

alternative DCDC converters and require active semiconduc-

tors such as transistors that block the entire voltage of the 

driven transistors. 

Several approaches in the literature discuss alternatives, 

such as capacitive biasing [16] or inductive level shifting, 

charging the gate through a transformer [43]. These circuits 

elegantly allow the generation of negative turn-off voltages 

and driving from a different electrical potential, but are more 

complicated to control, intertwine driving as well as power 

supply, and require costly additional components, particularly 

in the case of transformers. 

Several bootstrapping approaches for distributing a once 

generated positive and negative supply frame to a number of 

drivers in a half- or full-bridge circuit have been developed, 

but these require complicated DCDC converters [44, 45] or 

active semiconductors, which have to be rated for at least the 

peak voltage of the power semiconductor bridge, which can 

reach kilovolts in some applications [22, 46]. Therefore, boot-

strapping remains a major challenge in bipolar gate driver 

supplies. Furthermore, all of them require a negative supply 

which has to be generated first. 

This paper will present a novel highly compact, efficient, 

and cost-reducing solution to supply high-side and low-side 

gate driver with a negative voltage. Section II presents a de-

sign, analysis, operation and features of the circuit. Section III 

analyzes and evaluates the circuit on a calibrated model and 

experiment circuit. Section IV summarizes key features and 

discusses evaluation results. 

II. CIRCUIT DESIGN

Among the conventional features of gate-drive circuits, the 

presented solution is designed to provide a negative voltage 

for turn-off purpose. The circuit bootstraps the negative volt-

age as a positive one and inverts it locally using a small num-

ber of low-voltage passive components and a pair of comple-

mentarily switching transistors, likewise low-voltage. Thus, 

the level of the negative voltage reflects the input voltage level 

Vm. If bootstrapped for a high-voltage circuit, the only higher-

voltage component to block the high bridge voltage is the 

bootstrapping diode. Control of the complementary switch is 

synchronized with the supplied gate driver output. The self-

reliant operation eliminates the need for an additional control 

circuit and provides possibility to supply a low-side, as well, 

as high-side gate drivers.  

A. Circuit

The circuit comprises a small number of low-cost compo-

nents: a complementary switching pair of low-voltage transis-

tors Q1 and Q2; a pair of diodes D1 and D2; and capacitors C1, 

C2, and C3. Fig. 1 presents two of these circuits implemented 

in a half-bridge topology, where one circuit supplies a nega-

tive voltage to the high-side (Fig. 1a) and the second circuit to 

the low-side gate driver (Fig. 1b). We denote the high-side 

circuit components by superscript ‘h’ and low-side by ‘l’ to 

differentiate between these two circuits comprising the same 

components. 

We split the operation of the circuit into two states defined 

by the state of the complementary switches. The first state 

occurs when the output of the gate driver is low. A low gate 

driver signal turns transistor Q1 on and transistor Q2 off. The 

input capacitor C1 charges capacitor C2 through transistor Q1 

Fig. 1. Implementation and operational principle of the proposed gate driver 

negative voltage supply system in the half-bridge topology, where (a) de-

scribes the high-side and (b) the low-side part of the half-bridge. (a) High-

side transistor Q3
h

in off state: input capacitor C
1

h
 charges the capacitor C2

h

through switch Q1
h

and diode D1
h. Capacitor C3

h
 is disconnected from capaci-

tor C2
h
 and supplies the negative voltage to the gate driver. (b) Low-side 

transistor Q3
l
  in on state: capacitor C2

l
 charges capacitor C3

l
 through switch 

Q
2

l
and diode D2

l . The polarity of capacitor C3
l
 is opposite to the polarity of 

input capacitor C1
l
. 

Fig. 2 Timing diagram of transistor conduction. Safe and efficient comple-
mentary transistor switching is guaranteed by: a) Dead time between conduc-

tion of power transistors Q
3

l
and Q

3

h
; b) overlap protection of complementary 

transistors Q
2

h
and Q

1

h
; and c) overlap protection of complementary transistors 

Q
1

l
and Q

2

l
. 
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and diode D1. Capacitor C3 supplies the gate driver keeping 

the power transistor Q3 off. The second state occurs when the 

gate driver output is high. A high gate driver signal turns tran-

sistor Q1 off and transistor Q2 on. Transistor Q2 pulls the pre-

viously positive terminal of the capacitor C2 to the reference 

potential and connects the capacitor C2 in parallel to the output 

capacitor C3. Capacitor C2 charges the output capacitor C3 

through the transistor Q2 and diode D2 to the negative voltage 

in respect to the reference potential. Capacitor C3 is discon-

nected from the gate circuit of the main power switch. Fig. 1 

shows the principle of operation of the circuit in both states. 

The upper part of Fig. 1a demonstrates operation of the circuit 

during the off-state of the high-side power transistor Q
3

h, the

lower part of Fig. 1b operation of the circuit during the on-

state of the low-side power transistor Q
3

l .

The timing diagram in Fig. 2 illustrates the control and con-

duction of individual transistors in the half-bridge topology of 

Fig. 1 during one switching period. The control circuit of the 

complementary transistors Q1 and Q2 uses diodes to split the 

turn-on and turn-off current paths and sets different turn-on 

and turn-off times to prevent shoot-through during commuta-

tion. Resistor Rdecouple decouples the circuit loop of the main 

power switch Q3 from the circuit loop of the complementary 

transistors Q1 and Q2. The resistor placed close to the gate 

circuit of the main power switch Q3 suppresses conduction of 

crosstalk induced in one of the circuit loops to the other. This 

allows increasing the distance of the presented circuit from the 

gate driver and minimizing risk of spurious turn-on through 

interference caused by the inductive and capacitive coupling 

in the gate circuit of the power transistor. 

B. Function and theoretical analysis

The principle of operation of the circuit is based on two-

stage charge transfer between capacitors, as explained above. 

Theoretical analysis of the circuit is based on the charge trans-

fer between capacitors CA and CB in time t according to 

𝑄t(𝑡) = ∫
∆𝑉0

𝑅AB

(𝜏 exp (−
𝑡′

𝜏
)) d𝑡′

𝑡

0

= 

=
∆𝑉0

𝑅AB

𝜏 (1 − exp (−
𝑡

𝜏
)), 

(1) 

where ΔV0 is the initial voltage difference between capaci-

tors CA and CB, RAB is the resistance of the current path be-

tween capacitors, and τ is the time constant of the RC circuit, 

defined as 

𝜏 =
𝑅𝐴𝐵𝐶𝐴𝐶𝐵

𝐶𝐴+𝐶𝑏
 . 

(2) 

As follows from the equation, there are four factors affect-

ing the circuit performance: initial voltage difference, transfer 

time, time constant and current path resistance. For better 

understanding of the influence of these factors in the circuit 

supplying the gate driver, we analyze the behavior of the cir-

cuit during the initialization and in the steady state. Further, 

we estimate the efficiency of the voltage conversion and ana-

lyze the influence of these factors. 

1) Initialization

Initialization also describes the start-up procedure of the

circuit after longer time of inactivity. Firstly, we describe the 

initial state. If the output of the gate driver is low for longer 

time, the leakage current of the gate driver discharges the 

output capacitor C3 to the sum of the forward voltages of di-

odes D1 and D2 𝑉C30 = 𝑉fwdD1 + 𝑉fwdD2. This voltage has to

leave a sufficient margin from the threshold voltage of the 

transistor Q3 to prevent turning it on spuriously. Simultaneous-

ly, the input power supply charges the capacitor C2 through 

diode D1. The initial voltage of capacitor C2 is 𝑉C20 = 𝑉in −
𝑉fwdD1. When the gate driver starts switching, the circuit

charges the output capacitor C3 to a negative voltage level. 

The negative voltage reaches its steady-state level in few 

switching periods. Nevertheless, the circuit provides certain 

negative voltage already during the first turn-off process. The 

negative voltage value depends on the turn-on time in the first 

switching period and is calculated as 

𝑣C3 = 𝑉C3E ∙ (1 − exp (−
𝐶2 + 𝐶3

𝑅23 ⋅ 𝐶2 ⋅ 𝐶3

𝑡on))  and

(3) 

𝑉C3E = 𝑉C30 +
𝐶2

𝐶2 + 𝐶3

⋅ (−𝑉C20 + 𝑉fwdD2 + 𝑉C30),

(4) 

where VC3E is the capacitor C3 steady-state voltage, R23 is the 

equivalent resistance of the current path between capacitors C2 

and C3, VC30 is the initial voltage of capacitor C3, VC20 is the 

initial voltage of capacitor C2, and VfwdD2 is the forward volt-

age of diode D2. As follows from Equation (3), the negative 

voltage applied during the first turn-off procedure is propor-

tional to the ratio of turn-on time ton and time constant of the 

circuit τ2. Therefore, time constant τ2 shall be designed with 

respect to turn-on time, respectively the switching rate fsw and 

minimal duty cycle, to achieve the desired start-up procedure. 

2) Steady-state

The circuit reaches the steady state when the voltages of

both capacitors C2 and C3 at the beginning of a period equal 

their voltages at the end of the period. The two-stage charge 

transfer splits the steady state into two phases. We analyze the 

Fig. 3. Voltage conversion efficiency of the implemented circuit of different 

buffer capacitors C2 in dependency on the output capacitor C3 (x axis 1) 

which defines ripple of output voltage VC3 (x axis 2). We assume constant 

transferred charge Qt = 117 nC, input voltage Vm = 5 V, current path re-

sistances R1 = 322.7 mΩ as well as R2 = 277.1 mΩ, duty cycle D = 0.5 and 

switching rate fsw = 100 kHz.  
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steady-state operation calculating the voltage of the buffer and 

the output capacitors at the beginning and at the end of each 

phase. Applying the steady-state definition and considering 

continuity of capacitor voltages, we analyze the steady state in 

one of the phases extending the results for the other phase. For 

the analysis, we assume a constant transferred charge Qt, and a 

constant duty cycle, which defines on-state time ton and off-

state time toff of the power transistor Q3. The circuit transfers 

in each period charge Qt from the input supply to the output 

capacitor C3, which supplies the gate driver with the negative 

voltage. The assumption of the constant transferred charge and 

the off-state time determine the initial voltage difference ΔV01 

between the input voltage and voltage of buffer capacitor C2 

necessary to transfer charge Qt in time toff with respect to the 

time constant of the circuit τ1. Initial voltage difference ΔV01 is 

derived from the charge transfer equation (1) per 

∆V01(𝑡off) =
𝑄t𝑅1

𝜏1 (1 − exp (−
𝑡off

𝜏1
))

 , 

(5) 

τ1 = 𝑅1𝐶2,
(6) 

where R1 is the resistance of the current path between the input 

supply and capacitor C2. Similarly, initial voltage difference 

ΔV02 between buffer capacitor C2 and output capacitor C3 

necessary to transfer charge Qt in time ton with respect to the 

time constant of the circuit τ2 follows simply as 

∆𝑉02(𝑡on) =
𝑄t𝑅2

𝜏2 (1 − exp (−
𝑡on

𝜏1
))

, 

(7) 

τ2 =
𝑅2𝐶2𝐶3

𝐶2 + 𝐶3

 , 

(8) 

where R2 is resistance of the current path between capacitors 

C2 and C3. The steady-state voltages of buffer capacitor C2 at 

the end of each phase of the period are calculated as 

𝑉C20 = 𝑉m − 𝑉fwd − ∆𝑉01(𝑡off) +
𝑄t

𝐶2

 and 

(9) 

𝑉C2E = 𝑉C20 −
𝑄t

𝐶2

, 

(10) 

where VC20 is the C2 voltage at the end of the charge transfer 

from the input supply to C2 and VC2E is the C2 voltage at the 

end of the charge transfer from C2 to C3, Vm is the supply 

voltage and Vfwd is the forward voltage of diode D1. Similarly, 

the steady-state voltages of capacitor C3 are calculated as 

𝑉C30 = −(𝑉C20 − ∆𝑉02(𝑡on) − 𝑉fwd) and 
(11) 

𝑉C3E = 𝑉C30 −
𝑄t

𝐶3

 , 

(12) 

where VC30 is the C3 voltage at the beginning of the charge 

transfer from C2 to C3 and VC3E is the C3 voltage at the end of 

the charge transfer. 

3) Efficiency estimation

Calculation of the power conversion efficiency is based on

energy conservation within a period. Difference of energy 

stored in the output capacitor C3 at the beginning and at the 

end of a period defines the output energy. 

𝐸out = 𝐸C30 − 𝐸C3E =
1

2
𝐶3𝑉C30

2 −
1

2
𝐶3𝑉C3E

2

(13) 

Considering constant input voltage, the input energy is ex-

pressed as 

𝐸in = ∫ 𝑉m𝑖md𝑡
𝑇

0
= 𝑉m𝑄t.

(14) 

The theoretical efficiency of the circuit follows as 

𝜂 ≅
𝐸out

𝐸in

=

1
2

𝐶3𝑉C3E
2 −

1
2

𝐶3𝑉C30
2

𝑉m𝑄t

= 

=
𝐶3

2𝑉m𝑄t

(𝑉C3E
2 − 𝑉C30

2 )

=
𝐶3

2𝑉m𝑄t

((𝑉C30 −
𝑄t

𝐶3

)
2

− 𝑉C30
2 )

=
1

2𝑉m

(−2𝑉C30 +
𝑄t

𝐶3

)

=
1

𝑉m

(𝑉m − 2𝑉fwd − ∆𝑉01(𝑡off) +
𝑄t

𝐶2

− ∆𝑉02(𝑡on)

+
𝑄t

2𝐶3

) 

= 1 −
2𝑉fwd

𝑉m

−
∆𝑉01(𝑡off)

𝑉m

−
∆𝑉02(𝑡on)

𝑉m

+
𝑄t

2𝑉m𝐶3

+
𝑄t

𝑉m𝐶2

(15a) 
with the upper boundary 

(a) 

(b) 

Fig. 4. (a) Initial voltage difference between the input voltage and buffer 

capacitor C2 in dependency on duty cycle. (b) Initial voltage difference 
between buffer capacitor C2 and the output capacitor C3 in dependency on the 

charging time. We assume constant transferred charge Qt = 117 nC, input 

voltage Vm = 5 V, diode forward voltage Vfwd = 0.261 V, output capacitance 
C3 = 2.9 µF and current path resistances R1 = 322.7 mΩ and R2 = 277.1 mΩ 

and switching rate fsw = 100 kHz. 
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𝜂 ≤ 1 −
2𝑉fwd

𝑉m

, 

(15b) 

where C3 is the output capacitor, Vm is the input supply volt-

age, VC30 and VC3E are the initial and the final voltage of the 

output capacitor. The efficiency depends on operating condi-

tions, such as switching times and transferred charge, and 

design of the circuit. Proper sizing of buffer and output capaci-

tors C2 and C3 guarantee efficient operation of the circuit in 

specified operating area. Particularly, the forward voltages of 

diodes D1 and D2 represent a major source of losses in applica-

tions requiring low negative voltage, such as silicon FETs, as 

described by Equation (15b). Fig. 3 displays the dependency 

of the conversion efficiency on the size of the output capacitor 

C3. 

C. Component selection and sizing

Proper design of the circuit guarantees safe and efficient op-

eration. The theoretical analysis reveals that the circuit per-

formance is affected by the component selection and sizing as 

well as the operating conditions and requirements. 

Design of the circuit starts with the definition of require-

ments on the output voltage, which follow from the driven 

power transistor or set of power transistors and include the 

minimal and maximal output voltage and the output charge, 

which is derived from the gate charge in dependence of the 

gate–source voltage, and the leaked charge defined by the 

leakage current and the maximal toff. The input voltage of the 

circuit is calculated from the minimal output voltage and for-

ward voltages of diodes D1 and D2 per 

𝑉m = −𝑉out,min + 𝑉fwd,D1 + 𝑉fwd,D2 .

(16) 

The minimal and the maximal output voltages also deter-

mine the maximal initial voltage difference between capacitors 

C2 and C3 

∆𝑉0,max = 𝑉out,min − 𝑉out,max .

(17) 

The initial voltage difference is one of the factors affecting 

the charge transfer performance of the circuit. 

The next step restricts the minimal and maximal duty cycle 

D. This restriction follows a rule similar to the bootstrapping

rule.

With the output charge Qt, the maximal initial voltage dif-

ference ∆V02,max between capacitors C2 and C3, and the mini-

mal ton, we calculate the time constant of the circuit from 

Equation (7). 

Selection of the complementary pair of transistors is a trade-

off between their Rdson and the gate charge introducing addi-

tional load to the gate driver. The on-state resistances Rdson of 

transistors Q1 and Q2 form time constants τ1 and τ2 with re-

spective capacitances (see Eqs. (6) and (8)) which limit the 

minimal ton and toff, thus limiting switching rate fsw and respec-

tive minimal and maximal duty cycles. Diodes D1 and D2 are 

selected with respect to the charging currents. As the forward 

voltage and the reverse-recovery charge lower the efficiency 

of the circuit, Schottky diodes represent the preferable diode 

type [47]. The voltage rating of these diodes has to have suf-

ficient safety margin on top of the input voltage Vm. This ap-

plies to diodes D1 and D2, as well, as for capacitors C1, C2, C3 

and the complementary transistors. The R–D network in the 

gate circuit of complementary transistors Q1 and Q2 defines 

turn-on and tun-off speeds of particular transistors. The turn-

off speed of both transistors is set significantly higher than the 

turn-on speed to supress shoot-through.  

D. Features

Simplicity, efficiency, size, and low cost are among the

most important features of the proposed circuit. The low cost 

and size are mainly the result of the absence of high potential 

differences in the circuit. Low potential differences allow 

selection of low-voltage components and alleviate require-

ments with regard to board area. The benefit of low voltage 

ratings of all the circuit components especially applies to the 

complementary transistors since the gate charge, the on-state 

resistance, and the size significantly drop with the voltage 

rating. Further, the decoupling resistor in the gate circuit of the 

complementary transistors allows placement of the circuit 

relatively far from the gate driver, leaving more space in the 

already tight area near the gate driver and the power transis-

tors.  

Fig. 5. Evaluation board with half-bridge topology. Low-side gate driver 
supplied by 12 V, negative voltage generator supplied by 5 V. High-side gate 

driver and voltage inverting circuit supplied by bootstrapped voltages. 
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TABLE I 

CIRCUIT COMPONENTS 

Part number Description Manufacturer 

IAUT300N10S5N015 Power switch Q3 (100 V, 

300 A) 

Infineon 

SI8233BB-D-IM Gate driver Silicon Labs 

BSZ15DC02KD Complementary switches 

Q1, Q2 

Infineon 

1PS79SB30 Diodes D1, D2 and diodes 

in the R–D overlap protec-

tion of Q1 and Q2 

Nexperia 

MGJ1D241505MPC Isolated reference DCDC Murata 

TEST EQUIPMENT 

Part number Description Manufacturer 

HDO8000A 12-bit oscilloscope Teledyne 

Lecroy 
HVD3206A wide-bandwidth differen-

tial probes 

Teledyne 

Lecroy 

XC7Z010-1CLG400C PWM controller Xilinx 
SN74LVC8T245-Q1 Gate signal level shifter Texas Instr. 

Due to the simplicity, the presented circuit can provide a 

dedicated negative voltage generator for each set of gate driv-

ers, referenced to the same potential. In half-bridge applica-

tions, we can accordingly place one negative voltage generator 

for the low side, controlled through the low-side gate driver, 

and one negative voltage generator for the high side, con-

trolled through the high-side gate driver (see Fig. 1). The low-

side circuit is supplied from a power source referenced to the 

source of the low-side power transistor. The high-side negative 

voltage generator is supplied from a power source referenced 

to the source of the high-side power transistor. This introduces 

a simple bootstrapping solution to supply the high-side circuit 

with bipolar voltage. 

The circuit starts up very fast. The output of the circuit 

reaches the steady state in few periods (see Fig. 7). Moreover, 

the circuit provides certain negative voltage already during the 

first turn-off procedure, depending on the sizing of capacitors 

C2 and C3, and the turn-on time ton of the first period. The 

higher ratio of C2 to C3 and ton, the higher the turn-off voltage. 

Particularly, the negative turn-off voltage during the first turn-

off procedure inherently provides soft-start behavior. Im-

portantly, the circuit requires certain minimal and the maximal 

on-state time, similarly to conventional bootstrapping. The 

limiting factors here are the time constants of the circuit influ-

encing the performance of the circuit in various ways, as de-

scried in the analysis section. 

III. ANALYSIS

We decided to use a hybrid approach for analyzing the cir-

cuit behavior and the performance: in addition to an experi-

mental setup that provides measurements, a precise mathemat-

ical model of the circuit is calibrated to the experimental sys-

tem to represent parameter tolerances and parasitics. The 

model better demonstrates the principles, provides access to 

otherwise experimentally inaccessible properties and allows a 

parameter and sensitivity analysis. 

A. Experimental setup

We implemented the gate-drive circuit for experimental val-

idation of the functionality as well as the design rules and 

analysis of the performance (see Table 1). In addition, the 

setup provides reference measurements to calibrate the com-

putational circuit model. The gate-drive circuit feeds a half-

bridge switching cell (see Fig. 5). The supply provides 5 V and 

12 V relative to signal ground. The low-side channel directly 

connects to these two voltages, whereas the high-side channel 

bootstraps both. The actual power transistor gates are charged 

through SI8233BB-D-IM isolated half-bridge driving stage. 

The circuit independently inverts the 5 V supply voltage for 

both low- and high-side channel. We selected the specific 

MOSFETs for their relatively large input capacitance (CiSS = 

12.3 nF), which loads the gate driver. We further implemented 

the complementary switching pair of low-voltage transistors, 

pair of diodes, 22 μF input capacitor, 10 μF buffer capacitor 

and 9.4 μF output capacitor. The R–D network in the gate 

circuit of the complementary switches Q1 and Q2 implements 

diodes, 10 Ω resistors for turn-on, and 50 Ω resistors for turn-

off. 

A control board generates gate signals with arbitrary switch-

ing period Tsw and duty cycle D with a field-programmable 

gate array and a level shifter. We used a 12-bit oscilloscope 

and wide-bandwidth differential probes for all measurements, 

including the voltage across the inverting capacitors vC2, volt-

age across the output capacitor vC3 and gate-to-source voltage 

vgs. Signals for the model calibration exhibit sampling rates of 

at least 5 GS/s. 

Fig. 6. Efficiency of the evaluation circuit extracted from the calibrated 

model under different duty cycles (black lines) compared to conventional 

isolated DCDC efficiency (red line) [1]. The colored areas in the figure 
represent the losses of the evaluation circuit caused by forward voltage drop 

of diodes (grey area) and the loss caused by charge transfer between particu-

lar capacitors (red area). The x axis represents the load current relative to the 

maximum current of the DCDC in percent (Imax = 50 mA). Efficiency of the 

evaluation circuit is extracted at duty cycles (a) D = 0.98, (b) D = 0.02, (c) 

D = 0.5; and switching rate fsw = 100 kHz.  
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For reference, we implemented an equivalent gate-drive 

circuit using isolated DCDC converters for supply with 

bipolar voltages (see Table 1). 

B. Model calibration

The mathematical model describes the circuit by two sets of

differential equations, each for a different state of the com-

plementary switching pair of transistors. This state corre-

sponds to the output state of the gate driver. If the gate driver 

output turns low (Stage 2), we describe the circuit as 

𝑉m = 𝑅in𝑖in + 𝑣C1,
(18a) 

𝑉C1 = 𝑅1𝑖C2 + 𝑣C2 + 𝑉fwd,D1 ,

(18b) 

𝑖C2 = 𝐶2

d𝑣C2

d𝑡
, 

(18b) 

𝑣gs = −𝑉fwd,D2 − 𝑣C3 + 𝑅g2𝑖g,

(18c) 

𝑖C3 = −𝑖g,

(18d) 

𝑖C3 = 𝐶3

d𝑣c3

d𝑡
, 

(18e) 

𝑖g = 𝐶g

d𝑣gs

d𝑡
, 

(18f) 

where Rin is the supply internal resistance, Rg2 is the resistance 

of the turn-off current path in the gate circuit, iin is the input 

current, ig is the gate current and vgs is the gate to source volt-

age. If the gate driver output goes high (Stage 1), we describe 

Fig. 7. Evaluation board measurement of the start-up procedure (black line) compared to the behavior of the calibrated model (red line). Measurement was 

performed at switching rate fsw = 100 kHz, duty cycles D1 = 0.1, D2 = 0.5 and D3 = 0.9 (columns, from left). 

TABLE II 

MODEL PARAMETERS 

Sym

bol 
Description 

Accounted component 

values 
Calibration 

R1 Current-path resistance 
in Stage 2b 

Rdson,Q1 90..310 mΩd  322.7 mΩ 
rD1 unknown 

R2 Current-path resistance 

in Stage 1a 

Rdson,Q2 37..95.0 mΩd 277.1 mΩ 

rD2 unknown 

Rg1 Gate-circuit current-
path resistance in 

Stage 1a 

RGD,source ≤ 2.7 Ω 1.4 Ω 
Rg,ext 3.3 Ω 

Rg,int unknown 

Xcap unknown 

Rg2 Gate-circuit current-

path resistance in 

Stage 2b 

RGS,sink ≤ 1.0 Ω 1.0 Ω 

rd,off unknown 

Rg,int unknown 

Rin Supply internal  

resistancec 

unknown 2.1 Ωc 

C1 Input capacitance C1,on-board 3..22 µFe 53.5 µFc 

Csupply unknown 

C2 Buffer capacitance 1..10 µFe 1.4 µF 

C3 Output capacitance 1..9.4 µFe 2.9 µF 

Cg Gate capacitance of the 
controlled power switch 

12.3 nF 6.9 nF 

Vm Input supply voltage 5 V 5 V 

Vp Turn-on voltage of the 

controlled power switch 

12.0 V 12.5 V 

Vfwd Diode forward voltage 250..320 mVf 261.9 mV 

Model parameters obtained from datasheets compared to parameters ex-
tracted from the calibration to the evaluation board measurement.  
a Stage 1 occurs when the gate driver output is high 
b Stage 2 occurs when the gate driver output is low 
c Parameter describing the dynamic behavior of the power supply 
d Channel on-state resistance depending on gate-to-source voltage 
e DC voltage bias characteristic 
f Forward current dependency 
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the circuit as 

𝑉c2 = −𝑣𝐶3 + 𝑉fwd,D2 − 𝑅2𝑖C3,

(19a) 

𝑖C2 = 𝐼C3,
(19b) 

𝑖C3 = 𝐶3

d𝑣C3

d𝑡
, 

(19c) 

𝑖C2 = 𝐶2

d𝑣C2

d𝑡
, 

(19d) 

𝑉p = 𝑅g1𝑖g + 𝑣gs,

(19e) 

𝑖g = 𝐶g

d𝑣gs

d𝑡
, 

(19f) 

where Rg1 is the resistance of the turn-on current path in the 

gate circuit, vp is the turn-on supply voltage. 

The mathematical model switches between these two sets of 

differential equations with respect to the switching function 

and allows simulation of the circuit under different conditions, 

such as start-up and steady state. 

The model is calibrated with 13 degrees of freedom (R1, R2, 

Rg,on, Rg,off, Vfwd,D1, Vfwd,D2, C1, C2, C3, Cg, Vm, Rin and Vp) 

through nonlinear programming in Matlab (The MathWorks, 

Natic (MA), USA) to catch parameter tolerances, parasitics, 

and other unaccounted effects. Each of these parameters has a 

specific influence on the circuit performance, as described in 

Section II. The calibration objective function implements the 

squared deviation of the time courses of voltage across capaci-

(a) 

(b) 

Fig. 8. Measurement of signals in the HB topology; channels: C1 is the low-side gate voltage Vgsls, C2 the inverted low-side buffer capacitor voltage −VC2ls, C3 

the low-side output capacitor voltage VC3ls, C4 the low-side input capacitor voltage VC1ls, C5 the high-side gate voltage Vgshs, C6 the inverted high-side buffer 

capacitor voltage −VC2hs, C7 the high-side output capacitor voltage VC3hs, and C8 the high-side input capacitor voltage VC1hs. The measurement was performed at a 

switching rate fsw = 100 kHz and duty cycles (a) D = 0.05 as well as (b) D = 0.95. 
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tor C3, gate-to-source voltage of the power switch, and voltage 

across capacitor C2 from their measured counterparts, 

weighted with factors wC3, wgs, wC2 respectively. These three 

factors normalize the voltage range and reflect importance of 

the set of parameters related to the respective voltage. 

C. Performance and efficiency

Due to the sufficiently large output capacitance of 9.4 µF,

the gate-drive supply circuit can deliver peak currents of 5 A 

with minimal voltage drop so that the overall gate driver of the 

experimental setup is mostly limited thermally as well as by 

the impedance of the gate-drive output stage. The presented 

solution reduces the gate driver supply footprint by 61 % 

compared to the reference circuit implementing isolated 

DCDC (MGJ1D241505MPC, Murata) to 230 mm
2
, including 

the low- and high-side supply (see Fig. 5). 

We evaluated the circuit performance using the aforemen-

tioned experimental setup at three different duty cycles rang-

ing from 0.1 to 0.9 and switching rate of 100 kHz. We meas-

ured the output voltage of the proposed circuit VC3, voltage 

across the buffer capacitor VC2 and the gate-to-source voltage 

of the controlled power switch Vgs. The circuit is initialized 

rapidly so that the output voltage reaches −4 V in seven 

switching periods under all test conditions. Moreover, the 

circuit provides an output voltage of already −1 V during the 

first turn-off event at a duty cycle of 0.1 (see Fig. 7). Further 

we evaluated the circuit in half-bridge configuration to com-

pare the performance of the low-side circuit supplied from 5 V 

power supply and the high-side circuit supplied by 5 V voltage 

bootstrapped from the low side (see Fig. 8). The circuit at the 

high side exhibits a  similar behavior as the low-side circuit. 

The measured signals of the start-up procedure were used to 

calibrate the model parameters (see Table 2). Table 2 com-

pares accounted component datasheet values to parameters 

extracted by the model calibration. Datasheet values provide a 

very good estimation for the initial design where no semicon-

ductors with side-spread equivalent impedance distort the 

behavior and parasitics are low. Particularly for component 

parameters strongly depending on the operating condition, the 

actual effective value in the circuit cannot be set easily. More-

over, the manufacturers did not specify a sharp parameter 

range, let alone exact values for all properties of the used 

semiconductors, for example gate driver channel resistances. 

The calibration process extracts model parameters based on 

real system behavior and dynamics considering precise operat-

ing condition, involving parasitics and other hidden effects. 

Some of the model parameters subsume more than one physi-

cal component. 

For example, the current-path resistance R1 includes the on-

state resistance of transistor Q1 and resistance rD1 approximat-

ing the behavior of the diode D1; the diode equivalent re-

sistance can be estimated from the calibrated value 

R1 = 322.7 mΩ and the specified value of Rdson,Q2 for a fully 

open channel as rD1 ≈ 232.7 mV/A. Similarly, current path 

resistance R2 includes the on-state resistance of transistor Q2 

and resistance rD2 approximating behavior of the diode D2; the 

diode resistive behavior can be estimated likewise, consider-

ing datasheet value of Rdson,Q2 for the fully open channel and 

calibrated value R2 = 277.1 mΩ as rD2 ≈ 239.6 mV/A. Accord-

ingly, the values of rD1 and rD2 show high consistency, sup-

porting the approach. The gate-circuit current-path resistance 

Rg1 in Stage 1 subsumes the rather variable internal source 

resistance of the gate driver RGD(source), the external gate re-

sistance Rg,ext, the impedance of all parallel capacitances Xcap, 

particularly the barrier capacitance of the diode and parasitics, 

the internal gate resistance Rg,int from the transistor pin through 

the via onto the semiconductor, and trace resistances. Re-

sistance Rg1 determines the turn-on speed of the power transis-

tor Q3, thus affecting only the rising slope of Vgs, as follows 

from Equation (19e) so that the rapidly sampled dynamics data 

provide a relative accurate means for calibration. The capaci-

tances effectively reduces the value in steady-state operation 

below the sum of the involved component values; underfitting 

of the turn-on procedure by the first-order approximation and 

lower weight factor wgs can occur and may reflect low impact 

of the extra information in the signal vgs on the performance of 

the proposed circuit. Furthermore, the value of Rg1 has only 

low influence on the loss of the gate circuit. Still, the time 

constant of the first-order approximation formed by Rg1 and Cg 

well fits the measured counterpart, whereas considering only 

accounted components with datasheet values, the time con-

stant is wrong by factor of seven. 

Resistance Rg2 defines discharging of capacitor C3 during 

the turn-off process of transistor Q3, thus a tight calibration of 

its resistance has a higher priority than Rg1. Resistance Rg2—

i.e., the circuit in Stage 2—includes the resistance of the gate

driver turn-off channel RGD(sink), internal gate resistance Rg,int,

and resistance rD,off approximating the diode behavior. Consid-

ering rd,off ≈ 200 mΩ and RGS(sink) = 1 Ω, the calibrated value

Rg2 = 1 Ω is in good agreement with the accounted parameter

values. Capacitors C1, C2, and C3 on the evaluation board are

ceramic capacitors. Particularly for Class-II ceramic capacitors

with high dielectric constant (X5R, X7R), the nominal capaci-

tance strongly depends on the operating point. Parameters C1

and Rin increase the order of the model to describe dynamic

behavior of the power supply. Capacitance C1 and resistance

Rin represents the physical capacitors installed on the evalua-

tion board, the output capacitance of the power supply, and the

parasitics of cables. Nevertheless, these physical representa-

tions are overruled by approximating the dynamic behavior of

the laboratory power supply, as follows from the calibrated

values of these parameters.

The efficiency of the evaluated circuit is extracted from the 

calibrated model, and is compared to a conventional isolated 

asymmetrical bipolar DCDC convertor designed for gate-

TABLE III 

ALTERNATIVE SUPPLY SOLUTION 

Part number 
Output 

voltage 
Costa Sizeb 

Peak 

Efficiency 

Isola-

tion, 
peakc 

MGJ1D241505MPC +15/−5 4.77 € 299 mm2 

(3 mm) 

65 % 5.7 kV 

PQP1-D24-D12-D ±12 5.66 € 196 mm2 
(9 mm) 

77 % 1.5 kV 

TMV24159HId +15/−9 6.85 € 146 mm2 

(10 mm) 

75 % 5.2 kV 

JCD0512D09d +15/−9 6.55 € 185 mm2 

(10 mm) 

80 % 3.0 kV 

 Comparison of alternative supply solutions. 
a Price per piece for at least 1000 pcs. 
b Footprint size and height of the component 
c Transient dielectric strength, 60 sec. 
d Efficiency of the proposed circuit at output voltage VC3 = –9 ranges from 85 % to 95 % 
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driver supply [1] (see Fig. 6). The efficiency of the conven-

tional DCDC was extracted from the datasheet. The efficiency 

strongly depends on the output load. The efficiency is ranging 

from 20 % at light load with 10 % of the maximal output cur-

rent, up to 64 % at the full load (Imax = 50 mA). Similarly, we 

evaluated the efficiency of the circuit under the same load 

conditions and at three different duty cycles to fully map the 

operating area. The equivalent load condition is achieved by 

calculating the equivalent transferred charge Qt derived from 

the load current and the switching rate. 

We recognize two basic loss mechanisms in the proposed 

circuit: voltage drop introduced by the forward voltages of 

diodes D1 and D2; and charge transfer between particular ca-

pacitors, as follows from Equation (15a). The diode loss is 

constant over the whole operating area and does not depend on 

the load or the duty cycle (see the gray area in Fig. 6). The 

second source of losses is proportional to the transferred 

charge and the initial voltage differences ∆V01 and ∆V02 (see 

the red area in Fig. 6). Whereas energy loss of charge transfer 

between two capacitors is a well-known phenomenon, the 

influence of an initial voltage difference on efficiency deserves 

increased attention. As follows from Equation (5), a charging 

time toff close to the time constant of the circuit τ1 drives ca-

pacitors C2 and C3 to higher initial voltage difference ∆V01 to 

compensate the charging time deficit while transferring charge 

Qt. Similar aspects apply for Equation (7), on-state time ton, 

and initial voltage difference ∆V02. Both cases are depicted in 

Fig. 6, line (a) for short toff (D = 0.98) and line (b) for short ton 

(D = 0.02). The circuit exhibits lower efficiency at these duty 

cycles, compared to the line (c) corresponding to balanced 

charging times (D = 0.5). Nevertheless, the demonstration 

board is designed such that the efficiency does never drop 

below 70 %, even at extreme duty cycles such as D = 0.02 and 

D = 0.98. 

Further, we provide a comparison of alternative supply so-

lutions, which typically implement isolated DCDC converters 

(Table III). These DCDCs, often flyback converters, use a 

transformer to generate a floating output voltage, which is 

split accordingly by the output circuit to generate the asym-

metrical bipolar voltage [5, 24]. The high isolation capability 

of these DCDCs—transient isolation in the kilovolt range—is 

inherently provided by the internal transformer. The overall 

size and manufacturing cost does not decrease strongly for 

lower isolation capability of the transformer as one might 

expect; on the contrary, sufficient isolation capability increases 

the market segment as a number of standards such as 

IEC 60664 or IEC 60601 use those levels as test voltages, 

reducing the price through economy-of-scale effects. The 

proposed circuit is referenced to and controlled by the gate 

driver output. The isolated gate driver provides isolation 

(about 3 kV) of the control signal from the gate driver input 

signals. 

IV. CONCLUSION

The paper presents a novel bootstrapable bipolar voltage 

supply circuit for low-side and high-side gate drivers. Among 

the major features of the proposed circuit is synchronization of 

the circuit control with the supplied gate driver and referenc-

ing to the source of the controlled power semiconductor intro-

ducing low potential differences in the circuit. The absence of 

high potential differences allows for the use of low-voltage 

components and high integration of the circuit. The polarity 

and referencing of the supply voltage of the proposed circuit 

enables bootstrapping of the voltage from low-side gate driver 

using diodes. 

We described and analyzed the circuit and provided design 

rules for sizing of the circuit components for safe and efficient 

operation of the circuit. We developed a precise model and an 

evaluation board to validate the behavior. Further, we calibrat-

ed the model parameters to the measurement on the evaluation 

board in different operating points. The calibrated model pro-

vided access to otherwise hidden features of the circuit, such 

as efficiency. 

In the automotive prototype, we managed to reduce size of 

the half-bridge gate driver supply by 61 %, cost by 57 % and 

the loss by at least 16.6 %. 
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