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Abstract—In this article, a novel dual-switch discontinuous
current-source gate driver (CSD) suitable for driving the high-side
MOSFET (HS MOSFET) of buck voltage regulator module (VRM)
is presented. The proposed gate driver completely solves the gate
current diversion problem, which most of the previous CSDs suffer
from, during turn-OFF transition. Thus, in comparison to most of
the previous CSDs, the proposed gate driver achieves to turn-OFF
the power MOSFET considerably faster and with much higher effec-
tive gate current, which leads to significant reduction of turn-OFF
losses. Whereas, turn-ON losses of buck VRM HS MOSFET driven by
the proposed CSD and the previous CSDs are equal. Furthermore,
the introduced gate driver consists of the minimum number of
control switches and circuit elements, compared to previous CSDs.
The proposed gate driver is analyzed and a prototype of the driver
operating at 1 MHz is implemented in order to validate the theo-
retical analysis.

Index Terms—Buck voltage regulator module (VRM), current
diversion problem, current-source gate driver (CSD), switching
losses, voltage-source driver (VSD).

I. INTRODUCTION

ON THE basis of Moore’s law, it has been predicted that the
number of transistors per chip will double every 18 months

[1]. As a result of the increase in the numbers of transistors on
microprocessors, the current demand of new-generation CPUs
keeps increasing while the operating voltage is reducing to
subvolt [1].

Voltage regulator modules (VRMs) are used to supply CPUs
in computers. Most of today’s VRM topologies are based on
the multiphase buck converters owing to their simplicity, low
component-count, and low cost [2]. The switching frequency
of VRMs has increased to MHz range in order to enhance the
power density, reduce the size of passive components, and reach
ultrafast dynamic response [2]–[5]. From the performance point
of view, classical buck VRMs with conventional voltage-source
drivers (VSDs) are no longer appropriate for MHz VRMs [6].
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Fig. 1. (a) Synchronous buck VR with parasitic inductances. (b) Equivalent
circuit for HS MOSFET.

Since by increasing the switching frequency, buck converters
with conventional VSDs have two main problems.

1) High gate drive losses: The gate drive losses of VSDs
is Qg.Vcgs .fsw, where Qg is the total gate charge, Vcgs is
the applied gate–source voltage, and fsw is the switching
frequency.

2) High turn-OFF switching losses: Turn-OFF losses of the
high-side MOSFET (HS MOSFET) of buck VRMs are a
great challenge in high frequency buck VRMs. Fig. 1(a)
shows a circuit diagram of a buck VRM including par-
asitic inductances (created by bonding wires within the
MOSFET’s package and by printed circuit board (PCB)
traces). The equivalent circuit for the HS MOSFET is il-
lustrated in Fig. 1(b). The loop inductance (i.e., Lloop =
Ld1 + Ld2 + LS2) tends to reduce the effective drain
voltage, vds1, during turn-ON transitions, hence it reduces
the turn-ON losses. However, as it creates an over voltage
during turn-OFF, it increases turn-OFF losses [7]–[9]. Thus,
the turn-OFF losses are much higher than the turn-ON
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losses [7]–[9]. Additionally, the output inductor current
ripple effectively reduces the current at turn-ON instants
and increases the current at turn-OFF instants. This further
reduces the turn-ON switching losses and increases the
turn-OFF switching losses [10]. Therefore, the turn-OFF

losses mainly contribute to efficiency degradation and are
the focus of this article.

In the HS MOSFET of buck VRM with VSD, the common
source inductance, Ls1 , and the gate resistance, rg1 , contribute
to the turn-OFF switching losses (turn-ON switching losses are
negligible) [11]–[13]. The induced voltage across Ls1 and rg1
decreases the effective gate current (and in turn the effective gate
drive voltage) of the power MOSFET during switching intervals.
It leads to reduced switching speed (increased turn-OFF losses)
of the MOSFET using VSD [11]–[13].

Resonant gate drivers (RGDs) have been proposed in order
to recover the gate drive losses in VSDs [14]–[19]. Although
RGDs considerably reduce the gate drive losses, they are unable
to decrease the switching losses [11]. These drivers are suitable
for applications where the switching losses are not dominant
(e.g., synchronous rectifiers in buck VRMs) [12].

In order to reduce both switching losses and gate drive
losses, current-source gate drivers (CSDs) have been proposed
[11]–[13], [20], [21]. In CSDs, the input capacitance of power
MOSFETs is charged/discharged by a nearly constant current
[12]. Therefore, CSDs reduce the turn-ON/turn-OFF transition
times and consequently have a considerable reduction in the
switching losses [12]. The CSDs are classified into the con-
tinuous CSDs [22]–[26] and the discontinuous CSDs [11]–[13],
[27]–[29] based on the type of the inductor’s current of the CSDs.
Compared to the continuous CSDs, discontinuous ones show
very low circulating losses, much smaller inductance, and better
transient performance (against step changes in the duty cycle)
[30]. However, continuous current-source gate drivers require
fewer control switches [30].

A study between the performance of a buck VRM with CSDs
and that of other architectures (e.g., TI buck [31], soft-switching
phase shift buck converter [32], and self-driven soft-switching
buck derived converter [33]) has been performed in [22]. Ac-
cording to this study, the buck VRM with CSDs has the same
structure as today’s VRMs, featuring low cost and simple con-
trol, while improving the efficiency in a cost-effective manner
[21], [22]. Whereas, coupled inductor based approaches [31]–
[33] need extra magnetic components leading to high cost and
high complexity of the control circuits, and reduced power den-
sity [21], [22]. Thus, the buck VRMs with CSDs are appropriate
for MHz VRMs to power microprocessors.

In VSDs, the gate drive current depends on the gate drive
supply voltage. In addition, rg1 and the induced voltage across
Ls1 decrease the effective gate current and increase the turn-OFF

losses [11]. Whereas, in ideal CSDs, the gate current of the power
MOSFET is merely determined by the current-source independent
ofLs1 and rg1 [11], [34]. Fig. 2(a) shows a power MOSFET driven
by an ideal CSD during the turn-OFF times. The gate terminal
voltage of the MOSFET (and in turn the voltage across the ideal
current-source) can have any reasonable values. Therefore, the
voltage drop acrossLs1 and rg1 can be compensated by changing

Fig. 2. Equivalent circuit of CSDs during turn-OFF. (a) Ideal CSD. (b) CSDs
introduced in [20]–[27], [29], and [35]–[39]. (c) CSD introduced in [12] and
[13]. (d) CSD introduced in [11].

the voltage across the ideal current-source. However, in many
CSDs [20]–[27], [29], [35]–[39], the voltage drop across Ls1

and rg1 adversely affects the switching speed. As illustrated
in Fig. 2(b), a portion of the driver current is diverted through
body diode, D, instead of discharging the gate capacitance of
the power MOSFET. The gate terminal voltage used in [20]–[27],
[29], and [35]–[39] (the CSDs with current diversion problem)
cannot vary freely as in the ideal CSD and it is clamped to
the ground during turn-OFF times. This is referred to as the
current diversion problem or body diode clamping [11]–[13].
The current diversion problem increases the turn-OFF switching
losses.

In [12], five diodes have been used to create a negative gate
voltage (−3.5 V) in order to deal with the current diversion prob-
lem. However, a portion of the inductor’s energy is dissipated in
the diodes. Although the proposed circuit in [12] can mitigate the
current diversion problem compared to the CSDs with current
diversion problem, it is not able to completely rectify the issue.
This is because the gate voltage of the power MOSFET (and
the voltage across current-source produced by an inductor) is
clamped to −3.5 V during turn-OFF instants. Thus, the current
diversion effect happens as shown in Fig. 2(c). Furthermore,
it requires many extra components (five control switches and
five diodes). In [11], the current diversion problem has been
studied and a circuit has been proposed, which can solve this
problem completely. The performance of this CSD is similar to
the ideal CSD during turn-OFF transitions as shown in Fig. 2(d)
and the gate current is determined by the inductor current.
However, additional conduction losses are produced owing to the
undesired resonance between the gate resistance, the gate drive
inductor, and the gate capacitances. Also, this resonance may
lead to undesired triggering of the power MOSFETs. Additionally,
this method utilizes several components (four switches and two
diodes).
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The main objective of this article is to introduce a new
driver circuit, which operates as an ideal CSD (does not have
the current diversion problem) during turn-OFF transitions, and
uses minimum number of extra components. A new gate drive
circuitry is proposed for driving the HS MOSFET of buck VRMs,
which is able to overcome the aforementioned difficulties. The
main idea behind the proposed drive circuit is to combine the
current-source structure (i.e., CSD) with the resonant gate drive
circuitry (i.e., RGD). This combination can drastically reduce
the turn-OFF losses (the turn-ON losses of HS MOSFET are in-
significant) of buck VRM. Basically, the proposed gate drive
circuit discharges the gate capacitance of the MOSFET with an
approximately constant current without being influenced byLs1

and rg1 (the idea of ideal CSDs) and charges the gate capacitance
with zero initial inductor current (the idea of RGDs). Generally,
the RGD structure is suitable where switching losses are not
dominant and the CSD structure is useful where switching losses
are considerable. It is noted that one important limitation of this
driver is, similar to [39], that it can only be used for narrow
on-time. The main features of the proposed gate drive circuitry
are listed as follows.

1) It is able to perform as an ideal CSD (solve the current di-
version problem completely) during turn-OFF transitions.

2) Turn-ON losses of buck VRM HS MOSFET driven by the
proposed CSD and the previous CSDs are equal.

3) It has discontinuous inductor current.
4) It includes only two control switches and one inductor.
5) It tremendously reduces the gate drive losses.
6) It can achieve a negative gate drive signal which improves

the reliability of VRMs.
In Section II, the topology and the operation principles of

the proposed CSD are presented. Section III describes the pro-
cedures to calculate the losses along with the optimal design
of the CSD inductor. The advantages of the proposed CSD are
elaborated in Section IV. Section V presents the experimental
results, and finally the conclusion is presented in Section VI.

II. PROPOSED GATE DRIVE CIRCUIT

In this section, the proposed current-source gate drive circuit
is described in detail. Fig. 3(a) shows the proposed gate drive
circuit, and a buck VRM driven with the proposed CSD is
illustrated in Fig. 3(b). According to Fig. 3, the proposed driver
includes two control switches, S1 (n-channel), S2 (p-channel),
and a small inductor Lr. VCC is the drive supply voltage, switch
Q1 is the HS MOSFET of the buck VRM, Ls1 is the common
source inductance, and Lloop = Ld1

+ Ld2
+ LS2

is the loop
inductance. Fig. 4(a) shows the key waveforms of the drive
circuit including the signals for the control switches S1 and
S2, the power MOSFET gate–source voltage vgs1 , the inductor
current iLr, the drain–source voltage of HS MOSFET vds1 , and
the drain–source current of HS MOSFET ids1 , and the simulation
waveforms are given in Fig. 4(b).

There are two main assumptions considered in analyzing
the proposed gate driver. The first assumption is related to
the nonlinear behavior of the MOSFET’s parasitic capacitances,
which are described in [9] (the nonlinear equations given in [9]

Fig. 3. (a) Proposed gate driver. (b) Buck VRM with the proposed gate driver.

are used in the analysis). The output capacitance, cds1 , and the
gate–drain capacitance, cgd1 , are given by [9]

cds1 =
Cj1√
1 +

vds1
φ1

(1)

cgd1 =
1

1
Cgd−0V

+
vx

ds1
Cj2

. (2)

The coefficients Cj1, φ1, x, Cgd−0V , and Cj2 can be extracted
from the nonlinear capacitor’s curves given in the datasheets.
It is noted that other parasitic capacitors (i.e., the gate–source
capacitance, cgs1 ) can be accurately estimated as a constant value
[9]. The second assumption is related to the fact that the main
difficulties with driving the HS MOSFET is related to its turn-
OFF switching losses and the current division problem (that is
generally a drawback of CSD drive circuits).

According to Fig. 5, the operation of the proposed drive circuit
can be described in 11 modes. These modes are described as
follows.

1) Mode 1 (t0 ≤ t < t1) [see Fig. 5(a)] (Turn-ON delay):
This mode starts at the beginning of the turn-ON process. It is
assumed that before t0 and beginning of the turn-ON process,
a negative voltage is applied to the gate–source of power MOS-
FET (vgs1(t0) = vgs1(t10)) and |vgs1(t0)| > VCC + Vfd2, where
Vfd2 is the body diode forward voltage of S2. When it is desired
to turn ON the power MOSFET (at t0), S1 turns on under zero
current switching. Then, the input capacitance Ciss1 , which
is composed of cgs1 and cgd1 charges from −|vgs1(t0)| to the
threshold voltage Vth in a resonant manner. This interval ends
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Fig. 4. Key waveforms of the proposed CSD. (a) Theoretical waveforms.
(b) Simulation waveforms.

when vgs1 reaches Vth. The gate–source voltage vgs1 and the gate
current ig are derived by

vgs1(t) = e−α0t

(
A0 cos

√
ω2
0 − α0

2t+B0 sin
√

ω2
0 − α0

2t

)

ig(t) = (cgs1 + cgd1)
d

dt
vgs1(t)

A0 = vgs1(t0), B0 =
A0α0√
ω2
0 − α0

2
(3)

α0 =
Ron

2(Lr + Ls1)

Ron = rg1 +Rds(on),S1
+Rac

ω0 =
1√

(Lr + Ls1)(cgs1 + cgd1
)

(4)

where rg1 is the gate resistance of the power MOSFET, Rds(on),S1

is the ON-resistance of S1, and Rac is the ac resistance of the
inductor. Drain–source current ids1 is equal to zero during this
mode, becausevgs1 is lower than the threshold voltageVth. There-
fore, there is no switching losses during this interval (the load
current still circulates through the body diode of the synchronous
rectifier Q2.)

2) Mode 2 (t1 ≤ t < t2) [see Fig. 5(b)] (Transition Period):
At t1, vgs1 reaches Vth. During this mode, the drain–source
current ids1 starts to increase, and the drain–source voltage
vds1 begins to fall. The voltage drops across Ls1 (i.e., vLs1

=

Ls1
d(ids1+iLr )

dt ) and rg1 are large enough to force the body diode
ofS2 to turn ON. Therefore, the gate terminal of the HS MOSFET is
clamped to VCC + Vfd2, where Vfd2 is the body diode forward
voltage of S2. Then, the proposed CSD operates similar to a
VSD with power supply voltage equal to VCC + Vfd2, and the

gate current is equal to ig(t) =
VCC+Vfd2−vLs1

(t)−vcgs1
(t)

rg1
.

During this mode, two different operating modes may occur
as shown in Fig. 6.

1) vgs1 − Vth remains lower than Vin − vLloop − vLs1
[see

Fig. 6(a)], and the power MOSFET operates in the saturation
region during this state.

2) If the induced voltages across Lloop and Ls1 are large
enough, vds1 reduces dramatically to a voltage value lower
than vgs1 − Vth [see Fig. 6(b)], and it causes the power
MOSFET to enter the ohmic region before ids1 reaches Io −
ΔiL
2 , where ΔiL is the output inductor current ripple of

the buck converter.
In buck VRMs, with low input voltage and high output

current, vds1 is likely to enter the ohmic region within a
short time and normally drops to zero before ids1 reaches its
peak value [9]. With this assumption, Case B is described as
follows.

The accurate equations of vgs1 , ids1 , and vds1 in this state are
given in [9]. This mode ends when the power MOSFET enters the
ohmic region.

3) Mode 3 (t2 ≤ t < t3) [see Fig. 5(c)] (Continuing the
Increase of Drain Current): At the beginning of this mode,
the power MOSFET has entered the ohmic region and ids1 will
continue to increase until it reaches its peak value, which is
larger than the load current (due to the reverse recovery of the
SR body diode [40], [41]). During this interval, the induced
voltage across Ls1 keeps the body diode of the control switch
S2 forward biased. Thus, the proposed gate driver still behaves
similar to a VSD, and VSD circuit equations still apply to this
state, and vgs1 rises.

4) Mode 4 (t3 ≤ t < t4) [see Fig. 5(d)] (Reverse Recovery
Current Falling): At t4, ids1 reaches its peak value. The SR body
diode starts to block the SR drain–source capacitance voltage
[41]. Then, ids1 decreases to reach Io − ΔiL

2 .
During this interval, a negative voltage is inducted acrossLS1

,
and the gate current charges the gate capacitance to a voltage
higher thanVCC + Vfd2. When the reverse recovery is complete,
vgs1 drops back toVCC + Vfd2. Effects of resonance between the
SR output capacitance and parasitic inductances are neglected
in the analysis.
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Fig. 5. Operating modes of the proposed CSD. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e) Mode 5. (f) Mode 6. (g) Mode 7. (h) Mode 8. (i) Mode 9.
(j) Mode 10. (k) Mode 11.

Fig. 6. Equivalent circuits of mode 2. (a) Saturation region. (b) Ohmic region.

Fig. 7. Magnified simulation waveforms of mode 1 to mode 4.

The magnified simulation waveforms of mode 1 to mode 4
is illustrated in Fig. 7 to achieve a better understanding of the
operating modes of the proposed CSD.

5) Mode 5 (t4 ≤ t < t5) [see Fig. 5(e)] (Energy Recovery
Interval): When vgs1 reaches VCC + Vfd2, the body diode of
S2, DS2

, continues to conduct. Afterwards, S2 can be turned
on under zero-voltage switching (ZVS) condition. During this
mode, the remaining energy in the inductor Lr is fed back to
VCC , and iLr linearly decreases to reach zero at the end of this
interval. It should be noted that during mode 2 to mode 4, a
portion of the energy stored in Lr is recovered back to VCC .

6) Mode 6 (t5 ≤ t < t6) [see Fig. 5(f)] (Inductor Current
Precharge Interval): During this interval, iLr increases in the
opposite direction (iLr = −VCC

Lr
t), and the gate of power MOS-

FET Q1 is clamped to VCC . Duration of this mode is determined
by the on-time of the HS MOSFET.

7) Mode 7 (t6 ≤ t < t7) [see Fig. 5(g)] (Turn- OFF Delay): At
t6, the switches S1 and S2 are turned off under ZVS condition
(due to the conduction of body diode and the gate capacitance
Ciss1 , respectively), which allows iLr

to discharge the MOSFET

gate capacitance. This interval ends when vgs1 reachesVth +
Io
gfs

.
The equations of vgs1 and the gate current during this mode are
given by

ig(t) = (cgs1 + cgd1)
d

dt
vgs1(t) (5)

vgs1(t) = Vfd1 + e−α1t

(
A0 cos

(√
ω2
0 − α1

2t

)

+ B0 sin

(√
ω2
0 − α1

2t

))

A0 = VCC − Vfd1, B0 =
A0α1 +

Ipre

(cgs1+cgd1 )√
ω2
0 − α1

2
(6)

α1 =
rg1 +Rac

2(Lr + Ls1)
. (7)
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The initial condition for this mode is vgs1(t6) = VCC , and
ig(t6) = −VCC

Lr
(t6 − t5) = Ipre. According to the power MOS-

FET parameters, the equations are obtained for ω0 > α1.
8) Mode 8 (t7 ≤ t < t8) [see Fig. 5(h)] (Miller Plateau):

During this mode, vgs1 remains fixed at the Miller plateau
voltage, Vmil. The gate drive current discharges cgd1 , and vds1
increases accordingly. This interval ends when vds1 reaches the
buck converter input voltage Vin. During this interval, vds1 , and
ig are derived as

ig(t) =
Vmil−Vfd1

rg1+Rac
+

(
iG−T7 − Vmil − Vfd1

rg1+Rac

)
e

−(rg1+Rac)
Lr+Ls1

t

vds1(t) = vds1(t7) +
1

cgd1

⎡
⎢⎣− Vmil − Vfd1

rg1 +Rac
t

+

⎛
⎝ iG−T7 − Vmil−Vfd1

rg1+Rac

−(rg1+Rac)

Lr+Ls1

⎞
⎠
(
1− e

−(rg1+Rac)
Lr+Ls1

t
)⎤⎥⎦.

(8)

The initial condition for this mode is vgs1(t7) = Vmil,
ig(t7) = ig(t7 − t6) = iG−T7, and vds1(t7) = I0Rds−ON.

9) Mode 9 (t8 ≤ t < t9) [see Fig. 5(i)] (Drain Current
Falling): At t8, vds1 reaches the buck converter input voltage.
Then, the drain current starts to decrease, and the body diode
of SR turns on. The power MOSFET operates in the saturation
region during this interval, and ids1 = gfs(vgs1 − Vth). During
this interval, vds1 keeps increasing due to the induced voltage
across LS1

and Lloop. In this mode, the total current of the
driver inductance iLr

flows through the gate (i.e., iLr
= ig), and

discharges the power MOSFET gate capacitance. In the proposed
CSD, the induced voltage across LS1

and rg1 does not impact
the gate current of the power MOSFET, and the proposed CSD
operates as an ideal CSD. However, in the CSD circuits with
current diversion problem, the CSD inductor current is diverted,
which reduces the effective current to discharge the power
MOSFET gate. This interval ends when vgs1 reaches Vth. The
equations of vgs1 , ids1 , and vds1 during this interval are given by

vgs1(t) = A1 +B1e
(−α2−

√
α2

2−ω0
2)t + C1e

(−α2+
√

α2
2−ω0

2)t

A1 = Vfd1

B1 =
(Vmil − Vfd1)(−α2 +

√
α2
2 − ω0

2)− iG−T8

(cgs1+cgd1 )

2
√

α2
2 − ω0

2

C1 =
(Vmil − Vfd1)(α2 +

√
α2
2 − ω0

2) + iG−T8

(cgs1+cgd1 )

2
√
α2
2 − ω0

2

(9)

ids1(t) = gfs(vgs1(t)− Vth) (10)

vds1(t) = Vin − (Lloop + Ls1)
dids

dt
+ Ls1

dig
dt

(11)

α2 =
(rg1 +Rac)(cgs1 + cgd1) + Ls1gfs

2(Lr + Ls1)(cgs1 + cgd1)
(12)

where gfs is the MOSFET’s transconductance. The
initial condition for this interval is vgs1(t8) = Vmil, and
ig(t8) = ig(t8 − t7) = iG−T8. According to the power MOSFET

parameters, the equations are obtained for ω0 < α2.
10) Mode 10 (t9 ≤ t < t10) [see Fig. 5(j)] (Remaining Gate

Discharging): At t9, vgs1 reaches Vth and the power MOSFET

turns off. Thus, vgs1 keeps decreasing until it reaches zero. Then,
the polarity of vgs1 is inverted and the energy stored in Lr is
transferred to the gate capacitance of the power MOSFET. This
interval ends when the inductor current becomes zero, and vgs1
reaches its negative peak value. During this interval, ig and vgs1
are derived as

vgs1(t) = Vfd1
+ e−α1t

(
A2 cos

(√
ω0

2 − α2
1t

)

+ B2 sin

(√
ω0

2 − α2
1t

))
(13)

A2 = Vth − Vfd1

B2 =
A2α2 +

iG−T9

cgs1+cgd1√
ω0

2 − α2
1

(14)

ig(t) = (cgs1 + cgd1)
d

dt
vgs1(t). (15)

The initial condition for this interval is vgs1(t9) = Vth, and
ig(t9) = ig(t9 − t8) = iG−T9.

11) Mode 11 (t10 ≤ t < t11) [see Fig. 5(k)] (Noise Immunity
Interval): During this mode, iLr

remains zero, and a negative
voltage is applied to the gate–source of the power MOSFET, which
protects it from unwanted triggering.

III. LOSS ANALYSIS AND DESIGN PROCEDURE

In order to obtain a precise study of losses of buck VRM for
various loads, and to indicate the significance of the turn-OFF

losses at full load, the loss analysis of the buck VRM is pre-
sented with accurate mathematical equations. Then, the tradeoff
between the switching losses and the gate drive losses yields the
optimum gate drive inductor value.

A. Loss Analysis

1) Turn-OFF Losses: The turn-OFF switching losses of HS
MOSFET greatly impact the buck VRM performance. Turn-OFF

losses are calculated as follows:

Poff = fsw

(∫ t9

t7

(ids1vds1)dt−
1

2
Qoss−SRVin

)
(16)

where fsw is the switching frequency, and the derivations for ids1
and vds1 are given in modes 8 and 9 (see Fig. 4).

The common-source inductance causes the current diversion
problem and reduces the effective gate current during transition
times. As shown in [13], the switching losses of the HS MOSFET

almost proportionally increase to I2o .
2) Turn-ON Losses: At turn-ON transition times, during mode

2 where ids1 and vds1 waveforms overlap, the proposed gate
driver operates similar to a VSD with the supply voltage of
VCC + Vfd2. Thus, the turn-ON losses can be calculated using
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the equations presented in [9]. It is noteworthy that the turn-OFF

losses of the HS power MOSFET is much higher than the turn-ON

losses, due to the effect of the loop inductance and the high
output inductor ripple of the buck converter.

It is noteworthy that, as shown in [9], the drain–source voltage
of the HS MOSFET in low-voltage high-current high-frequency
buck VRMs becomes zero before the current reaches the steady-
state value. Therefore, the turn-ON losses of the HS MOSFET is
independent of load (in a specific range).

3) Conduction Losses of HS MOSFET and SR MOSFET: As
presented in [42], the conduction losses can be calculated as

Pon−H =

[
Io

2 +
(Ip − Iv)

2

12

]
Rds−HS

Vout

Vin
(17)

Pon−L =

[
Io

2 +
(Ip − Iv)

2

12

]
Rds−SR

(
1− Vout

Vin

)
(18)

where Ip = Io +
ΔIL
2 , Iv = Io − ΔIL

2 , and ΔIL = Vin−Vout
Lffsw

×
Vout
Vin

. Rds−HS and Rds−SR are ON resistance of HS and SR MOS-
FETS, respectively.

4) Switching Losses of SR MOSFET: Based on the work in
[43], the switching losses of SR MOSFET are given by

Psw−SR =

(
t2VF + t3

VF + 1.1IoRds(on)−SR

2

)
Iofsw (19)

t2R = K2R(Rdriver +Rg)Ciss

K2R = ln

(
VCC

VCC − VSP

)
− ln

(
VCC

VCC − Vth

)
(20)

t3R = K3R(Rdriver +Rg)Ciss

K3R = ln

(
VCC

VCC − 0.9VSPEC

)
− ln

(
VCC

VCC − VSP

)
(21)

t2F = K2F (Rdriver +Rg)Ciss, K2F = ln

(
VSP

Vth

)
(22)

t3F = K3F (Rdriver +Rg)Ciss, K3F = ln

(
0.9VSPEC

VSP

)

(23)

where VSP = Vth +
Io
gfs

, t2 = t2R + t2F , t3 = t3R + t3F ,

VSPEC is the gate voltage for the highest specified Rds(on)
according to the datasheet, and Rdriver is the driver circuit’s
output resistance.

5) Reverse Recovery Losses: Fig. 8 shows the characteristic
current waveform during the reverse recovery effect of the body
diode of SR MOSFET.

The reverse recovery losses of the SR MOSFET body diode can
be derived as

Prr = VinQrrfsw (24)

whereQrr is the reverse recovery charge of SR body diode which
depends on di

dt ratio and forward current of the SR diode. Gen-
erally, a single measurement point for Qrr is given in datasheet
of the MOSFET. The accurate equation of Qrr based on di

dt ratio
and forward current of the SR diode is presented in [44]. It

Fig. 8. Characteristic current during the reverse recovery effect of the SR body
diode.

should be noted that, as shown in [9], Qrr of the body diode of
SRs lower than 30 V, when loop inductance Lloop is higher than
3 nH, has low sensitivity to the variations of di

dt . Therefore, Qrr

is assumed to be independent of di
dt for calculating the reverse

recovery losses, and it only changes with the forward current of
the diode.

6) MOSFET Output Capacitance Losses: The output capaci-
tance losses of SR MOSFET are given by

PCoss−SR =
1

2
Qoss−SRVinfsw (25)

where Qoss−SR is the output charge of SR MOSFET.
For calculating the output capacitance losses of the HS MOS-

FET, a portion of the energy is stored in the output capacitance
of HS MOSFET after the turn-OFF transition ends. This energy is
dissipated when the HS MOSFET turns on. Thus, the equations
of the switching losses for the HS MOSFET cover the output
capacitance losses as well.

7) Dead Time Losses: The dead time losses occur when both
the HS MOSFET and the SR MOSFET are OFF, and it can be
calculated according to [43]

Pdead time = tdead timefswVF Io (26)

tdead time = tdelay +
Qgs(rg2 +Rdriver)

VCC − Vth
2

(27)

where Vth is the gate threshold voltage of SR MOSFET, andQgs �
2Qg(th).

8) Gate Drive Losses: The total losses of the proposed gate
drive circuit include the conduction losses of the control switches
Pcond-switch, the conduction losses of the body diodes of the
control switches Pbody, the total conduction losses (Pcond-total =
Pcond-switch + Pbody), the gate resistance losses of the power
MOSFET Prg1

, the gate driver inductance lossesPind, and the gate
losses of the control switches. Since, the control switches S1, S2

operate under soft-switching condition, no additional switching
losses are considered for S1 and S2.

The power absorbed from the driver power supply is equal
to the summation of Pcond-switch, Pbody, Prg1

, and Pind. Thus, the
total power dissipated in the proposed gate driver is expressed
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as

PCSD = VCCIavg + Pgate (28)

where Iavg is the average current of the driver power supply and
Pgate is the gate losses of the control switches S1 and S2, which
is given by

Pgate = (Qgs1vcgs1 +Qgs2vcgs2)fsw (29)

where Qgs1 and Qgs2 are the total gate charges of the control
switches S1 and S2, respectively.

The gate drive losses of SR MOSFET with VSD is

Pdrive−SR = QgVCCfsw (30)

where Qg is the total gate charge of the SR MOSFET. The gate
drive losses of the HS MOSFET driven by the proposed CSD are
calculated in [17], and the gate drive losses of the HS MOSFET

with the CSD introduced in [39] and with the VSD are given
in [39].

9) Operation Loss of IC: The power consumption of the
control circuit is derived as

PIC = VICIIC (31)

where VIC is the supply voltage of the IC, and IIC is the current
consumption of the control IC.

10) Output Inductance Losses: The output inductance losses
include the conduction losses and the core losses. The conduc-
tion losses of the inductor are given by [9], [13]

Pcond−Lf
= RacILf ,RMS

2 = Rac

(
Io +

Vo
2(Vin − Vo)

2

12Lf
2Vin

2fsw
2

)
.

(32)
The core losses can be obtained using [45]

Pcore = K1fsw
xByVe (33)

where K1 is a constant for the core material, B is the peak
flux density in the core, x is the frequency exponent, y is the
flux density, and Ve is the effective core volume. Thus, the total
losses of the output inductance are

PLf
= Pcond−Lf

+ Pcore. (34)

11) Input and Output Capacitance Losses: As explained in
[42], the input and output capacitance losses of buck VRMs are

PCin = ESRCinICin(RMS)
2 (35)

ICin(RMS) = Io

√
(Vin − Vo)Vo

Vin
(36)

PCf = ESRCfICf(RMS)
2 (37)

ICf(RMS) =
ΔIL

2
√
3

(38)

where ESR is the equivalent series resistance of the capacitor.
With regards to the mathematical equations, power dissipation

ratio for the buck VRM driven by the proposed CSD, the CSD
in [39] and the VSD for different load currents are illustrated.
Parameters of the buck converter are Vin = 12 V, fsw = 1 MHz,

VCC = 5 V, HS MOSFET: IRF7811AV, low side (LS) MOSFET:
IRF6691, and VSD: ISL6207. Since the dynamic response is
improved with the reduction of the output inductance, the power
dissipation ratio is presented for various output inductances
including 200, 100, and 50 nH. The reason for choosing the CSD
in [39] for the comparison study is that, as given in Table III, the
proposed gate driver and the CSD presented in [39] are the only
two switch discontinuous current CSD circuits.

The efficiency curve of buck VRM with different parameters
versus load current is presented in Fig. 9.

Detailed power losses of buck VRM driven by the proposed
CSD, the CSD in [39], and VSD with the following parameters
are presented in Table I: Vin = 12 V, Vout = 1.3 V, fsw =
2 MHz, Lf = 200 nH, and Io = 30 A. As shown in Fig. 10
and Table I, the significant part of the total losses in a 12 V
buck VRM at full load is related to the turn-OFF losses of the
HS MOSFET.

B. Optimal Design

There is a tradeoff between the turn-OFF switching losses and
the gate drive losses reduction. The design optimization of the
gate driver inductor tries to optimize this tradeoff. Reducing
the gate drive inductance (increasing the gate drive current)
minimizes the turn-OFF transition time, which results in a notice-
able reduction in the turn-OFF switching losses of HS MOSFET.
However, it increases the inductor rms current, which leads to
higher gate drive conduction losses [22]–[24].

In order to achieve the optimal design, the proposed CSD
is used to drive the HS MOSFET of a buck VRM converter, as
shown in Fig. 5(a). The parameters of the buck VRM driven by
the proposed gate driver are: Vin = 12 V, Vo = 1.3 V, VCC =
5 V, IO = 20 A, fsw = 1 MHz, Lf = 200 nH, HS MOSFET:
IRF7811AV (gate resistance: rg1 = 1Ω), SR MOSFET: IRF6691,
and control switches S1: FDN335N (on resistance = 55 mΩ;
total gate charge = 3.5 nC @ Vgs = 5 V), S2: FDN342P (on
resistance = 62 mΩ; total gate charge = 6.3 nC @ Vgs = 5 V).

Generally, the value of the power MOSFET parasitic inductance
is measured by the semiconductor manufacturer in [46] and [47],
and it ranges from 250 pH to 1 nH for power PAK SO-8 package
[13]. Thus, it is assumed that Ls1 = Ls2 = Ld1

= Ld2
= 1 nH.

In order to find the optimal design point, the turn-OFF losses
of the HS MOSFET Poff, and the gate drive losses PCSD (along
with their summation by using (8)–(12), (17), (18), Psum =
Poff + PCSD) are derived for different values of the gate drive
inductances as illustrated in Fig. 11(a). The summation of these
losses, Psum = Poff + PCSD, has a U-shaped curve and the opti-
mal point (i.e., the optimal inductance value) is at the minimum
point. Fig. 11(b) illustrates Ipre based on Lr and maximum
negative voltage of gate–source (vgs1(t) at t = t10).

The value of Lr is selected with respect to the minimum
Psum = Poff + PCSD, and guaranteeing that |vgs1(t10)| is lower
than the maximum negative gate voltage rate that the power
MOSFET can tolerate (i.e., |vgs1(t10)| < |vgs1(max)|).

In order to minimize the delay of the control loop, t65 should
be selected small. On the other hand, hardware limitations of
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Fig. 9. Efficiency curve of buck VRM versus load current with different parameters. (a) Lf = 200 nH, Vout = 1.3 V, fsw = 1 MHz. (b) Lf = 100 nH, Vout =
1.3 V, fsw = 1 MHz. (c) Lf = 500 nH, Vout = 1.3 V, fsw = 1 MHz. (d) Lf = 200 nH, Vout = 1.5 V, fsw = 1 MHz. (e) Lf = 100 nH, Vout = 1.5 V, fsw = 1 MHz.
(f) Lf = 50 nH, Vout = 1.5 V, fsw = 1 MHz. (g) Lf = 200 nH, Vout = 1.3 V, fsw = 2 MHz.

TABLE I
DETAILED POWER LOSSES OF BUCK VRM DRIVEN BY DIFFERENT DRIVERS

the complex programmable logic device (CPLD) on generating
narrow pulses constraints the reduction of t65. Thus, the duration
of t65 is selected equal to 70 ns.

The optimal value of Lr that meets the aforementioned
constraints is obtained: Lr = 160 nH; Hence Ipre at t =
t6 (see Fig. 4) is equal to Ipre(t6) = 2.12 A, as shown
in Fig. 11.

The logic circuit presented in Fig. 12(a) can be employed
to generate the control signals for S1 and S2. Pulsewidth
modulation (PWM) signal is generated by the converter con-
troller to control the HS MOSFET. Fig. 12(b) illustrates the logic
waveforms of the controller. Delay line D1 delays the PWM
signal as much as the time period from t0 to t4.

IV. COMPARATIVE ANALYSIS

A. Advantages of the Proposed CSD

In this section, the performance of the proposed gate driver is
compared to that of previously proposed CSDs [11]–[13], [20]–
[27], [29], [35]–[39] in order to show its superior performance.
Some of the main advantages of the proposed gate driver are
listed as follows.

1) Turn-OFF Losses: As illustrated in Fig. 4, during the
turn-OFF transition, the overlap between the voltage and current
waveforms occurs only at the Miller plateau interval (i.e., mode
8) and during the drain current falling interval (i.e., mode 9).
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Fig. 10. Power dissipation ratio of buck VRM for various output currents. (a) Buck VRM with the proposed CSD—Lf = 200 nH. (b) Buck VRM with the
proposed CSD—Lf = 100 nH. (c) Buck VRM with the proposed CSD—Lf = 50 nH. (d) Buck VRM with the CSD in [39]—Lf = 200 nH. (e) Buck VRM with
the CSD in [39]—Lf = 100 nH. (f) Buck VRM with the CSD in [39]—Lf = 50 nH. (g) Buck VRM with VSD—Lf = 200 nH. (h) Buck VRM with VSD—Lf

= 100 nH. (i) Buck VRM VSD—Lf = 50 nH.
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Fig. 11. Optimal design curves.

Thus, there are turn-OFF switching losses only during these
two intervals. A comparison between the turn-OFF losses of the
buck VRM HS MOSFET driven by the proposed gate driver, the
CSDs with current diversion problem, the CSD proposed in [12],
[13], the CSD proposed in [11], and the conventional VSD is
presented as follows.

a) Miller plateau: During the Miller plateau interval, the
drain–source current ids1 remains constant, hence there is no
current diversion problem. For all CSD circuits and the proposed
CSD, entire driver inductance current flows through the gate of
the power MOSFET during this mode, and cgd1 is charged with
almost constant current. Therefore, in the CSD circuits and in
the proposed CSD the Miller time is reduced, and in turn the
turn-OFF switching losses are decreased compared to that of
VSDs.

b) Drain current falling: During this interval, ids1 is decreas-
ing and a voltage is induced acrossLs1 , labeled asvLs1

. In VSDs,

vLs1
reduces the effective gate current (since ig =

vgs1 (t)−vLs1

rg1
),

and increases the turn-OFF switching losses. As illustrated in
Fig. 2(b) and in [12] and [13], vLs1

causes the body diode,
D, to turn ON in the CSDs with current diversion problem;
and a portion of the gate drive current is diverted through the
body diode, D, [see Fig. 2(b)] instead of discharging the gate
capacitance of the power MOSFET. In fact, during this interval the
CSDs with current diversion problem operate similar to a VSD
with a negative driver voltage (approximately equal to the body
diode voltage drop −VD); and discharge the power MOSFET gate

Fig. 12. Logic circuit and logic waveforms used to create the control switch
gating signals of S1 and S2.

capacitance with a current equal to ig =
vgs1 (t)+VD−vLs1

rg1
. Thus,

the effective gate current of the CSDs with current diversion
problem is slightly higher than the VSD gate current.

As shown in Fig. 2(c), the CSD proposed in [12] and [13]
behaves similar to a VSD with driver voltage equal to −nVD by
using the series diodes, where n is the number of series diodes
and VD is the voltage drop across the diode. The CSD proposed
in [12] and [13] discharges the gate capacitance of the power
MOSFET with a higher negative voltage compared to the CSDs
with current diversion problem; which leads to smaller turn-OFF

losses. The effective gate current of the CSD proposed in [32]

is equal to ig =
vgs1 (t)+nVD−VLs1

rg1
during this interval.

The proposed CSD and the CSD presented in [11] [see
Fig. 2(d)] operate as an ideal current-source during turn-OFF

transition. Thus, the gate current of the HS MOSFET is determined
only by the gate driver inductance current and it is not affected by
Ls1 . It should also be noted that in [11], additional conduction
losses are generated due to the undesired resonance between
the gate driver inductance, the gate resistance, and the gate
capacitance. This resonance may lead to undesired triggering
of the power MOSFET.

The comparison between turn-OFF losses and average gate
current of the proposed CSD, the CSDs with current diversion
problem, the CSD proposed in [12] and [13], and the VSD
by using derived equations is summarized in Table II. This
comparison is performed for a buck VRM under the following
parameters: Vin = 12 V, Vout = 1.3 V, Io = 30 A, HS MOSFET:
IRF7811AV. It is observed that the proposed gate driver achieves
a turn-OFF losses reduction of 2.99 W in comparison with the
VSD. Even compared to the CSDs with current diversion prob-
lem, the proposed bipolar CSD improves the losses by 2.08 W.
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TABLE II
COMPARISON BETWEEN THE PROPOSED GATE DRIVER AND OTHER

INTRODUCED CIRCUITS DURING TURN-OFF

Fig. 13. Simulation waveforms of the turn-OFF losses for the proposed CSD,
CSDs with current diversion problem, and for VSD.

Fig. 14. Equivalent circuit of the proposed CSD and CSDs [20]–[27], [29],
[35]–[39] during turn-ON.

Furthermore, the simulation waveforms of the turn-OFF losses
that confirm the derived turn-OFF losses (given in Table II) are
presented in Fig. 13.

2) Turn-ON Losses: The equivalent circuit for the proposed
gate driver and the one for the CSDs with current diversion
problem during the power MOSFET turn-ON time is shown in
Fig. 14. During the interval where ids1 and vds1 waveforms
overlap (i.e., the turn-ON losses), ids1 is increasing (see Fig. 4).
The induced voltage acrossLs1 causesDs2 to conduct; and both
the proposed CSD and the CSDs with current diversion problem
operate similar to a VSD (during the overlap of ids1 and vds1 ).
Therefore, the turn-ON losses of the buck VRM HS MOSFET

driven by the proposed CSD and the one driven by the CSDs
with current diversion problem are equal. It is noted that during
the turn-ON time, the parasitic inductances function as a current
snubber given in [10]. Therefore, the turn-ON losses of the buck
VRM HS MOSFET are negligible.

3) Number of Components: The proposed gate driver is con-
sisted of only two control switches and a small inductor. Thus, it
contains the lowest number of circuit components compared to

Fig. 15. Loss break-down and the total loss of the proposed CSD in comparison
with the CSDs presented in [37] and [39].

the previously proposed CSDs. Furthermore, the proposed CSD
operates in discontinuous mode (discontinuous CSD). Unlike
continuous CSDs, discontinuous CSDs can achieve lower drive
losses, and they are more suitable for driving the buck VRM
HS MOSFETs as illustrated in [30]. Table III summarizes the
comparison between the proposed gate driver and the CSDs
proposed in [11]–[13], [23], [27], [29], [37], and [39].

4) Gate Drive Losses: Fig. 15 illustrates the loss break-down
and the total losses of the proposed CSD in comparison with the
CSDs presented in [37] and [39]. This comparison is performed
for the proposed CSD with the parameters given in Section III.

According to Table II, the effective gate current of the pro-
posed CSD is much higher than the one for the CSDs introduced
in [37] and [39], which leads to higher gate resistance losses for
the proposed CSD. However, a portion of the CSD inductance
current flows through the diodeD for the CSDs presented in [37]
and [39] [see Fig. 2(b)]. This causes excessive diode conduction
losses, which do not exist in the proposed CSD. Moreover, since
the proposed CSD and the CSD presented in [39] contain lower
number of control switches than the CSDs presented in [37],
the gate losses of the control switches and the conduction losses
are reduced. Also, the operating modes of the CSD introduced
in [39] include a freewheeling mode, which imposes excessive
conduction losses, and cause the CSD in [39] to have higher total
conduction losses, Pcond-total, compared to the proposed CSD.

B. Disadvantages of the Proposed CSD

The disadvantages of the proposed CSD are listed as follows.
1) The proposed CSD and the CSD introduced in [39] are

only suitable for narrow on-time applications such as buck
VRM. While most of the discontinuous CSDs have wider
applications. For example, the discontinuous CSD intro-
duced in [27] is used as buck VRM and boost converter
gate driver in [21] and [37], respectively.

2) Since the proposed CSD in unable to reduce the turn-ON

losses of MOSFET, it is not suitable for applications where
the turn-ON losses of MOSFET are dominant.

V. EXPERIMENTAL RESULTS

A. Key Waveforms

In order to verify the theoretical analysis, a buck VRM proto-
type with the proposed gate driver has been implemented. Fig. 16
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TABLE III
COMPARISON BETWEEN THE PROPOSED GATE DRIVER AND OTHER INTRODUCED CIRCUITS

Fig. 16. Buck VRM prototype with the proposed gate driver.

TABLE IV
DESIGN PARAMETERS

shows the experimental prototype. According to Fig. 3(a), the
proposed gate driver is applied to the HS MOSFET of the buck
VRM, whereas the low-side SR MOSFET is driven with a con-
ventional VSD.

The specifications of the buck VRM along with the selected
components are presented in Table IV. The technique used to
level-shift the signals and to drive switches S1 and S2 is quite
similar to the one used in [12]. In order to drive the control
switches S1 and S2 and to generate the gate signals, a CPLD
(XC95144XL) along with the MOSFET gate drivers (ISL6207)
is used. Gate signals generated by the CPLD are fed to the
MOSFET drivers, which in turn deliver current pulses at 1 MHz
to the gates of S1 and S2. The key waveforms of buck VRM are
shown in Fig. 17. The two top waveforms in Fig. 17 illustrate
the gate signals of S1 and S2, respectively; the third waveform
illustrates iLr

, and the gate–source voltage of the HS MOSFET

(vgs1 ) is shown at the bottom of the figure. According to Fig. 17,

Fig. 17. Experimental waveforms of vgs1 and iLr with control signals of S1

and S2. (a) Time/div = 200 ns. (b) Time/div = 100 ns. (c) Time/div = 50 ns.

the terminal gate–source voltage of the HS MOSFET (and in turn
the voltage across the driver inductor) can have any appropriate
values during the turn-OFF time (i.e., any value that does not
damage the MOSFET gate). Therefore, the voltage drop across
the common source inductance and the gate resistance can be
compensated by changing the voltage across the inductor. In
other words, the proposed gate driver behaves similar to an ideal
CSD [see Fig. 2(a)] during the turn-OFF time. The experimental
waveforms for the drain–source voltage and the gate–source
voltage of the buck VRM are presented in Fig. 18.

It should be noted that the parasitic components of the
differential probe will have an impact on the gate–source voltage
of HS MOSFET. Thus, the experimental waveforms illustrated in
Fig. 17 are slightly different from the actual waveforms.
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Fig. 18. Experimental waveforms of the drain–source voltage and the gate–
source voltage (Time/div = 200 ns).

Fig. 19. Effect of gate resistance on performance of the gate driver.
(a) Simulation results. (b) Experimental waveforms (Time/div = 200 ns.)

The experimental and simulation waveforms of vgs1 for dif-
ferent gate resistances (that is obtained by adding external series
resistors) are shown in Fig. 19. According to these waveforms,
the proposed CSD has satisfactory performance for different
values of the gate resistances. The reason for the difference

Fig. 20. Prototype of buck VRM (a) with the CSD in [39], (b) with VSD.

between the experimental and simulation waveforms is related to
the trace resistances and the resistance used to sense the current.

B. Comparison of the Proposed Gate Driver With VSD and
the CSD Presented in [39]

In order to perform an accurate comparison study between the
proposed gate driver, the CSD proposed in [39], and the VSD,
three buck VRMs with the same specifications and different
drivers have been implemented. The experimental prototypes of
the three buck VRMs are shown in Figs. 16 and 20.

The operation of the CSD proposed in [39] is very similar
to the ones with current diversion problem during the turn-OFF

times [see Fig. 2(b)]. The reason for choosing it for the com-
parison study is that, as given in Table III, the proposed gate
driver and the CSD presented in [39] are the only two switch
discontinuous current CSD circuits. It is noteworthy to mention
that, in order to achieve an accurate comparison the same PCB
for power stage has been used.

As shown in [39], the terminal gate–source voltage of the
CSD presented in [39] is unable to vary freely unlike the ideal
CSD, and it is clamped to the voltage drop of the body diode
(� −0.7 V). Thus, in the CSD presented in [39], a portion of
the driver current is diverted through the body diode instead of
discharging the gate capacitance of the power MOSFET, whereas
in the proposed CSD, the entire driver current flows through the
gate.

Because measuring the gate current ig would disturb the
circuit operation, the measured waveform of ig is not presented
in this article.

Fig. 21 presents the efficiency comparison between the three
buck VRMs driven by the proposed gate driver, by the CSD
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Fig. 21. Efficiency comparison.

Fig. 22. Efficiency of buck VRM driven by the proposed CSD with different
inductance values.

in [39], and by the VSD with the buck gate driver ISL6207.
The buck VRMs operate with: Vin = 12 V, Vo = 1.3 V, fsw =
1 MHz, and Lf = 200 nH. It should be noted that the values
of the driver peak current and the driver inductance of the gate
drivers are optimally designed for the efficiency comparison, as
illustrated in Fig. 11 and in [39].

According to Fig. 21, the efficiency of the proposed CSD is
improved by 4.4% compared to the one for the CSD proposed
in [39], and it increase by 7% compared to the one for the VSD
at 30 A output current. This is due to the fact that the buck
VRM with the proposed gate driver has lower turn-OFF switching
losses compared to the buck VRM with the CSD in [39], and
the VSD.

The efficiency comparison of a buck VRMs driven by the
proposed CSD with different inductance values are presented
in Fig. 22 to confirm the optimal design of the proposed CSD.
As can be observed, the efficiency of buck VRM with CSD
inductance of 160 nH is highest at 20 A load.

VI. CONCLUSION

This article introduced a new discontinuous CSD with the
ability to fully overcome the current diversion problem during
the turn-OFF transitions, due to its performance as an ideal
current-source. The presented gate driver uses minimum number
of extra components, and also has attractive features such as
gate energy recovery, high C dv

dt immunity, and low circulating
losses. Turn-OFF losses of the HS MOSFET of the buck VRM
driven by the proposed gate driver is lower than most of existing

CSDs [12], [13], [21]–[27], [29], [35]–[39], whereas its turn-ON

losses are similar to the ones for the CSDs with current diversion
problem. This article has also presented an optimal design for
the reduction of turn-OFF losses and the gate drive losses. In
order to verify the theoretical analysis, three 12 V buck VRM
prototypes with the proposed gate driver, with the CSD in [39],
and with the VSD have been implemented. It has been shown
that the efficiency of the buck VRM with the proposed gate driver
is significantly improved compared to the ones for the CSD in
[39] and the VSD.
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