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ABSTRACT A current-mode four-phase synchronous buck converter with a dynamic dead-time con-
trol (DDTC) method is presented in this work. A brief analysis of the multiphase buck converter power
efficiency in both continuous conduction mode (CCM) and discontinuous conduction mode (DCM) is
performed to provide design guidelines for minimizing power losses. In synchronous converters, the power
efficiency can always be improved by optimizing the dead-time. Therefore, a gate driver with DDTC is
designed to optimize the dead-time in every switching cycle, thereby improving power efficiency particularly
under heavy load conditions. The proposed buck converter has the ability to deliver a maximum load current
of 6.0 A at a typical output voltage of 1.2 V from a power supply of 3.0 V. A power efficiency improvement
of over 1.0% is achieved when the load current is over 2.0 A, and an improvement of about 2.4% is obtained
at a load current of 4.0 A. A peak power efficiency of 92.8% is measured at an output voltage of 1.8 V.

INDEX TERMS Dynamic dead-time control, high efficiency, multiphase, synchronous buck converter.

I. INTRODUCTION

Portable and battery-powered electronic devices are in great
demand in the modern consumer electronic market. This
demand has led to the rapid rise in requirements for high
efficiency power management systems. Inductor-type switch-
ing mode DC-DC converters with synchronous switches are
widely used for their high efficiency and high power deliv-
ery capabilities [1]-[6]. Compared to single-phase DC-DC
converters, the multiphase topology is much more attractive
and advantageous in low-voltage high-current applications,
exhibiting the advantages of ripple reduction at both the
input and output, fast load transient performance, and flexible
control strategies.

A block diagram of a basic four-phase synchronous buck
converter is presented in Fig. 1. The power efficiency (1) is
determined by the output power (Poyr) and the total power
loss (PLy,;) in the following manner:

n = Pour _ lour x Vour
Pour + PL;y; Iy x Viy

ey
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where Ijy /Ioyr is the input/load current and Viy /Vour is the
input/output voltage.

The PL;,; must be minimized to achieve a higher
efficiency as in (1), which implies that the power
losses of each sub-converter must be minimized. In
synchronous buck converters, the discontinuous conduc-
tion mode (DCM) instead of the continuous conduction
mode (CCM) is applied to prevent the reverse induc-
tor current when the average inductor current I7(uyg) is
smaller than half of the peak-to-peak inductor current
Alp. Moreover, various top-level strategies can be also
applied in the multiphase converters, such as phase-shedding
techniques [1], [2].

In synchronous buck converters, the dead-time is essen-
tially required to prevent the unwanted shoot-through cur-
rent caused by simultaneous conduction of the switches,
as depicted in Fig. 1. However, additional power losses are
incurred during the dead-time period, and the dead-time may
introduce current unbalance in a multiphase converter [3].
Thus, the dead-time should be appropriately optimized. The
optimal dead-time Tpr_g, is heavily dependent on the load
conditions, since the switching node voltage Vsw is dis-
charged by the inductor current [16], as in (2), which makes
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FIGURE 1. Block diagram of a basic four-phase synchronous buck
converter, and the dead-time issues in its sub-converters at the on/off
transition of the switching node.

its optimization a challenging goal.
Tpr_opt = Csw X ViN /1L (avg), 2)

where Cgyy is the parasitic capacitance at the switching node
in a sub-converter.

According to (2), a long dead-time is required for light
load conditions, whereas a short dead-time is adequate for
heavy load conditions. With a fixed dead-time gate driver,
an adequate long dead-time is required for all load conditions,
thereby resulting in a long body-diode conduction time under
heavy load conditions, which greatly degrades the power effi-
ciency. Therefore, numerous dead-time optimization meth-
ods have been reported to adaptively or dynamically adjust
the dead-time, not only for improving the power efficiency
[11]-[16], but also for helping the current balancing com-
pensation [3], [17]. The sensorless optimization approaches
in [3] and [11] are implemented with complex digital algo-
rithms, which are not applicable to analog control-based
power converters. An analog automatic dead-time control
system is presented in [12], which presents an undershoot
voltage detection technique to adjust the dead-time only
for the off-transition of the switching node and leaves a
fixed dead-time for the on-transition interval. An accurate
and fast dead-time error voltage sensor and integrator are
used to adjust the on/off dead-time, independent of the duty
cycle in [13], but it is not easy to achieve an ultra-fast
response time of the sensor and integrator. In [14] and [15],
switched capacitors are applied for dead-time adjustment,
which requires additional capacitors and switches, and the
adjusted dead-time is employed in the next switching cycle.
The asymmetrical dead-time control driver in [16] exhibits
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FIGURE 2. Switching node voltage and inductor current waveforms of an
identical sub-converter in an active N-phase synchronous buck converter
in CCM/DCM mode.

a compact structure that merges a dead-time controller with
a gate driver for CCM operation. The dead-time is achieved
by the designed asymmetrical rising (falling) slopes of the
high-side and low-side switches, which are heavily dependent
on the supply voltage and process.

In this paper, a current-mode four-phase synchronous buck
converter is presented. A dynamic dead-time control (DDTC)
method based on an ultra-fast body-diode conduction sen-
sor (BDCS) is proposed to optimize the dead-time. Therefore,
anear-optimal effective dead-time is achieved immediately in
every switching cycle. Moreover, DCM operation is applied
to prevent the reverse inductor current for light load con-
ditions. A brief analysis of the synchronous buck converter
power efficiency is provided in Section II, which provides
design guidelines for the proposed buck converter discussed
in Section III. The experimental results are presented in
Section IV, and the conclusion is presented in Section V.

Il. EFFICIENCY ANALYSIS
Similar to the efficiency analysis in [2] and [9], the power
losses of an identical sub-converter in an active N-phase
interleaving synchronous buck converter are reviewed here.
As indicated in Fig. 2, the switching node voltage Vsw
and inductor current waveforms of the identical sub-converter
are presented. The sub-converters have the same inductor (L)
and switching frequency (Fy), and share the output capacitor
(Cout)- The on and off transition dead-time are found as
(tg+tar +1m) and (¢, +t4r + 1), respectively. DCM operation
is applied to prevent the reverse inductor current under light
load conditions whenever I7,(avg) < Al /2, where Iy (4vg) and
Al are as given below:

Vin —Vour _ Vour
AIL = X
L x Fg Vin
IL(avg) = IOUT/N- (3)
The steady-state conversion ratio is Voyr/Viy = D in

CCM or Vour/Vin = D1/(D1+ D3) in DCM [27]. In a buck
converter with a fixed Voyr and Vyy, the relationships of Dy,
D5, and D can be found as in (4). The critical value (1 — D)
of the nameless parameter K is found to be the boundary
of CCM and DCM. Namely, when the load resistance Ry,
increases to [2L/(N - Ry, - Ts)] < (1 — Vour/Vin), the buck
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converter will operate in DCM mode.
Dy =.K/(1-D)-D

D> = J/K(1-D)

K =2L/(N-Ry-Ts) < (1 —-D), “)

where the Ty is the switching period, which is the reciprocal
of the switching frequency Fy in the sub-converter.
The effective inductor current 7 () is given as

2
2, 4+ Al (in CCM)
L(avg) 12 (5)

i
2 .
\/m Li(avg (in DCM).

Once the switch is on, there will be conduction loss
PL.on_ s of the high-side switch during DTs and PL.,,_is of
the low-side switch during (1 —D)Ts in CCM, as given in (6).
The Ron_ns (Ron_is) is the drain-source on-resistance of the
high-side (low-side) switch, which is inversely proportional
to the switch size. In DCM, as both switches are off during
D3Ts, the PL¢on_ps and PLc,,_js can be simply determined by
modifying D to Dj and (1 — D) to D; in (6) and using the
DCM value of I (ys)-

IL(rms) =

P Lconﬁhs =1 Lz(rms) . Ranﬁhs -D
PLcon_ls = Ig(rmy) : Ron_ls -(1 = D). (6)

The switching loss PLg, s of the high-side switch and
PLy,, s of the low-side switch are given in (7). Vp is the
forward-direction voltage of the low-side switch body diode.
The rising time #,5, (f,;) and falling time t4, (¢7) of Vsw are
dependent on the inductor current and the drain current of the
power switches; hence, the values of #,; (t,;) and g, (z77) are
dependent on the load current.

PLgy ns = ViN - Ip(avg) - Fs - (trn + ) /2
PstJs =Vp 'IL(avg) < Fs - (tn + tﬂ)/z @)

The parasitic output capacitances of the power switches
also cause switching loss, PLogss, as in (8). The total parasitic
capacitance Csy at the switching node is proportional to the
power switches size.

PLoss = Csw - Vi - Fs/2. ®)

The reverse recovery power loss PL, and conduction loss
PLcon_pa of the low-side switch body diode are given in (9).
The 4, (t4r) is the conduction time of the body diode at the
on (off) transition of Vg ; the Q,, is the reverse recovery
charge, which is linearly proportional to the body diode con-
duction time when the dead-time is less than the diode reverse
recovery time (i.e. typically 50-150 ns) [3].

PLyy = ViN - Fs - Opr
PLcon_bd = VD : FS 'IL(avg) ' (tdr + tdf)~ (9)

The gate charge loss PLg of the power switches is given
in (10), where Cp1 (Cp2) is the gate parasitic capacitance of
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the high-side (low-side) switch, and Vi is the gate driver
voltage that is generally equal to Vjy.

PLG = (Cp1 + Cp) - V& - Fs. (10)

The power loss of the output inductor comprises the core
loss due to the magnetic properties of the inductor core [2],
and the conduction loss PL,, 1, in (11) caused by the DC
resistance (DCR) Rpcr of the inductor.

PLeon 1 = ILZ(,mS) - Rpckr. (1D

The power loss PL.,, ¢ of the output capacitor Coyr
is caused by its equivalent series resistance (ESR) Rgsg,
as given in (12), where Al¢ is the current of Coyr.

AlZ
PLeon_c = EVN - Rgsr (12)
ﬂ _ [m — floor(m)] - [1 — m + floor(m)] (13)
Al N-D-(1-D) ’

where m = N - D, the floor(m) is the integer of m.

The power loss PL4c. of the bonding wires and print
circuit board (PCB) traces can be estimated as in (14), which
is caused by the parasitic resistance Ryygce-

PLtrace ~ [(2)UT : erace~ (]4)

Moreover, there are power losses caused by the controller
and the input capacitors. Usually, low-power controllers are
designed to efficiently control power switches; the ceramic
capacitors are then selected for both the input and output
capacitors because of their low ESR properties.

Among the power losses above, the conduction and switch-
ing losses of the power switches result in major power loss of
the buck converter. As in (6)—(10), conduction losses can be
reduced by decreasing Aly or the on-resistance of switches,
whereas switching losses can be reduced by decreasing
Fg or the rising (falling) time. However, there are certain
trade-offs between these parameters, power losses, and the
performance. An ultra-wide size is required to reduce the
on-resistance of the switches, which not only occupies a large
chip area but also increases the parasitic capacitance. Conse-
quently, the conduction losses in (6) are reduced at the penalty
of the increased switching losses in (7)—(8) and the gate
charge loss in (10). Decreasing Fs will reduce the switching
losses and the losses caused by the body diode at the penalty
of the increased conduction loss and the degraded transi-
tion performance. Therefore, the power switches, the output
inductor (capacitor), and Fg must be carefully designed to
meet the output (voltage, current, and ripple) requirements at
a balance point between the conduction loss and switching
loss. Regardless of these trade-offs, the body-diode-related
power losses in (9) can be minimized by a well-designed gate
driver that obtains the optimal dead-time.

Ill. PROPOSED MULTIPHASE BUCK CONVERTER

A. CIRCUIT DESIGN AND IMPLEMENTATION

As depicted in Fig. 3, the proposed buck converter consists
of four identical sub-converters, a clock generator, and a
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FIGURE 3. Block diagram of the proposed four-phase buck converter.
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high-gain operational transconductance amplifier (OTA) with
type-II compensator. The sub-converters are implemented
in the current mode. The peak current control scheme is
applied for current sharing among the phases because of the
simple design and small effects on device parameters [5],
[10], [17]. The clock generator generates four short-pulse
clocks, CLK1—CLKj4, that have 90° phase differences from
each other, which ensures that the four sub-converters operate
in an interleaved manner. Therefore, the ripple cancellation
property is achieved, which indicates that the power loss
caused by the output capacitor in (12) is reduced. Since the
inner current loop compensates the voltage feedback loop,
the type-II compensator that introduces a pole and a zero is
adequate for the current-mode buck converters [22].
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The identical sub-converter consists of a gate driver with
dynamic dead-time control (DDTC), a body-diode conduc-
tion sensor (BDCS), a current sensing circuit, an artificial
ramp generator, and a pulsewidth-modulator (PWM). The
gate driver with DDTC is designed to dynamically optimize
the dead-time, which will be discussed in detail later. The
instantaneous current sensing circuit senses the current flow-
ing through the high-side switch, and forms the inner cur-
rent loop and peak current control. An artificial ramp signal
Vyamp 1s generated and added to the current sensing signal
Visense fOr generating the reset signals, thereby avoiding the
oscillation problem whenever the steady-state duty cycle is
greater than 0.5 in the current-mode buck converters. The
PWM signal is generated via a clocked SR latch that involves
the reset signals, then it is enhanced by the gate driver to
adequately control the wide-size power switches. To prevent
the reverse inductor current in synchronous buck converters
when I1(avg) < AlL/2, the SW-EN generator is designed and
applied to disable the power switches under such conditions.
As depicted in Fig. 4, the output over-voltage protection is
also implemented in the SW-EN generator.

B. GATE DRIVER WITH DDTC

A gate driver is essentially required to not only adequately
control the power switches but also consume less power,
as in (9) and (10), since the ultra-wide size power switches
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FIGURE 5. Proposed gate driver with dynamic dead-time control (DDTC).
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FIGURE 6. Waveforms of the proposed gate driver (with DDTC effects
represented by the dashed lines).

are applied to support a large load current and to obtain small
on-resistance for less conduction loss, as in (6).

The proposed gate driver with DDTC is depicted in Fig. 5
and its corresponding waveforms are presented in Fig. 6.
Unlike the dead-time optimization methods in [12]-{15] that
utilize complex circuit implementations and/or require addi-
tional capacitors and switches, the proposed DDTC method
can be easily inserted into the conventional fixed dead-time
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gate driver in the synchronous buck converters via the addi-
tional DDTC path and BDCS circuit, which can dynamically
optimize the effective dead-time at both on and off transitions
of Vg in every switching cycle for efficiency improvement.

A fixed dead-time gate driver is firstly designed based on
the fast and slow paths, which relieves the requirements of the
inverter-based driving chains and requires no delay capaci-
tors [1]. The dead-time is generated by the propagation delay
of the driving chains and the slewing time (7, of the gate
voltages Vyp and Vip, where Ty, accounts for the major
proportion and is controlled by the size of M|_4. The size of
the fast path transistor M (M,) is designed to around one-
twenty-fifth of the power switches Msp(Msy ), and the size of
the slow path transistor M3 (My) is set to around one-tenth
of My (M>). An adequate fixed dead-time is generated via
the fast and slow paths, whereas the switching noise and
power loss of the gate driver are reduced [1]. However, a long
body-diode conduction time will occur under medium and
heavy load conditions, as discussed according to (2), which
will cause large power losses, as in (9).

Therefore, the additional DDTC path controlled by the
BDCS circuit is designed and inserted into the gate driver,
which dynamically optimizes the effective dead-time by
adjusting Tje of Vip (Vup) via M3, (Mag,). The additional
DDTC path requires no quiescent current, and only consumes
little switching power when it is activated at the on/off tran-
sition of Vgw. The size of M3, (My,) is set to one-third of
M; (M), which is about three times larger than the size
of M3 (My). The Ty, of Vip (Vyp) is reduced once M3,
(Ma,) is activated by the control signal Pcoy (Ncon); hence,
the switching speed of the power switches is increased and
the effective dead-time is reduced, as depicted in Fig. 6.

As illustrated in Fig. 6, at the on transition of Vg, once
VN becomes high, Vrp will be discharged down to ground
quickly via the fast path (M>) to turn off Mgy immediately.
After a short delay, VN1 becomes high to attempt to turn
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on My; hence, Vgp will be slowly discharged low via the
slow path (M4—M>) to turn on Msp when My is turned
on. During this on dead-time interval, the body diode con-
ducts the inductor current and would be forward-conducted.
Once the body-diode conduction is detected by the BDCS
circuit, the signal Ncop is activated to quickly discharge the
parasitic capacitor Cp via the DDTC path (M4,). Then, Vip
is pulled down quickly to turn on Mgp in order to prevent the
body-diode conduction, as the dashed lines in Fig. 6.

Similar operations are performed at the off transition of
Vsw. When VP becomes low, Vyp will be charged up to
Vin quickly via the fast path (M) to turn off Mgp imme-
diately. After a short delay, VP1 becomes low to attempt
to turn on M3; hence, Vrp will be slowly charged high via
the slow path (M1—-M3) to turn on Mgy when M3 is turned
on. During this off dead-time interval, the body diode con-
ducts the inductor current and would be forward-conducted.
Once the body-diode conduction is detected by the BDCS
circuit, the signal Pcoy is activated to quickly charge the
parasitic capacitor Cp; via the DDTC path (M3,). Then, V. p
is pulled up quickly to turn on Mgy in order to prevent the
body-diode conduction, as the dashed lines in Fig. 6.

By using the proposed design, the effective dead-time
is dynamically optimized. Theoretically, with an appropri-
ately designed BDCS circuit that predicts the excessive
dead-time, the body diode cannot be turned on since Mgp
(Mgy) will be turned on just before the body diode is
forward-conducted. However, due to the propagation delay
of the detector and driving chains, the body diode might
be still forward-conducted for a short time. In this work,
the body-diode conduction time is adjusted to be around 1 ns
via the proposed BDCS circuit and additional DDTC path.
Therefore, the body-diode-related power losses in (9) are
reduced, particularly under medium and heavy load condi-
tions.

C. BODY-DIODE CONDUCTION SENSOR (BDCS)

As illustrated in Fig. 7, the proposed BDCS circuit consists of
a detector and a control signal generator. The detector detects
the body-diode conduction via the Vsw signal, and activates
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the detection signal Vprs. Then, the control signal generator
differentiates the Vprg signal into two control signals: Ncoy
and Pcoy for the on and off transitions of Vg, respectively,
to control the additional DDTC path.

Instead of the complex undershoot detector and on-off
circuit in [12], the detector is implemented by an NMOS
transistor Mpg biased by a DC gate voltage Vgp. The Vigp
determines the detection level of Vg at the transition inter-
vals. The value of Vg is between Vss and (Vrap — Vpson)),
where Vryp is the threshold voltage of Mpg, and Vpg(on) is
the on drain-source voltage of the low-side switch. In this
work, Vrgp is about 610 mV, and Vgp is set to 200 mV;
hence, when Vg is less than —410 mV, Mpg will be turned on.
The detection can be completed just before the body diode is
forward-conducted where Vg is about —750 mV. Therefore,
the detector predicts the excessive dead-time.

In a standard CMOS process, the bulk of Mpg is directly
connected to the substrate, which is different from the source.
The threshold voltage of Mpg is slightly decreased due to the
body effect since Vg is always negative during the detection
process, thereby leading to better detection.

Normally, Mpg is off since (Vgp — Vsw) is smaller than
Vrap, and Vprs is charged to Vi via the resistor Ry. Once
Vsw is pulled down to make (Vgp — Vsw) larger than Vrgp,
the Mpg is turned on, quickly decreasing Vprs to even neg-
ative values. Thus, a resistor Rp is inserted between Ry and
Mps to prevent the latch-up issues that might be caused by a
negative Vprs. When Mpg is on, its resistance is negligible
because of its wide size; hence, the Vprg level can be calcu-
lated in the following manner:

Rp
Vin — Vsw) + Vsw.

v 15
Ry + Rp (13)

Vprs &~

The Vprs level can be well controlled by an appropriately
selected Ry and Rp. In this work, Ry is set to 18 k€2 and Rp
is set to 5 k2. Thus, Vprs is quickly discharged when Mpg is
on, and it is slowly charged when Mpg is off. In this manner,
the detector achieves an ultra-fast detection, and the effective
width of Vprg is extended, as depicted in Fig. 7. Moreover,
Vprs is regulated by the inverter Uj, where Uj is designed
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with a large length to suppress the shoot-through current
to less than 20 wA at the transition intervals. In addition,
the effective width of the control signals Pcony and Ncon
are further extended by a short delay to ensure the validity
of controlling the additional DDTC path. The ENprc is an
off-chip enable signal for testing purposes.

IV. EXPERIMENTAL RESULTS

The proposed four-phase synchronous buck converter is
designed and fabricated using a 0.35-um standard CMOS
process. The buck converter is laid out in a 5.0 mm x 4.0 mm
die for a quad flat package (QFP). The chip micrograph is
presented in Fig. 8, which illustrates an active chip area of
about 3.4 mm x 3.5 mm. The active area of each phase is
about 1.35 mm x 1.75 mm, where the block of gate driver
with DDTC consumes about 450 um x 350 pum and the
BDCS circuit occupies about 75 um x 75 um. The additional
DDTC path occupies about 12% active area of the block of
gate driver with DDTC, which introduces an increment of
approximately 0.64% of the entire active chip area. The buck
converter employs an inductor (L) of 1 ©H in each phase and
a shared output capacitor (Coyr) consisting of four 22 uF
ceramic capacitors to form the output LC filter.

The measured steady-state waveforms are depicted
in Fig. 9, consisting of a DCM case and a CCM case. The
measured duty cycle is slightly increased compared to the
ideal value due to the parasitic component effects. The buck
converter is able to support a wide range of output voltage
from 1.0 V to 2.5 V, with the input supply voltage varying
from 2.5 V to 3.3 V. With a 3.0 V input supply, a maximum
load current of 6.0 A is obtained under a typical 1.2 V
output voltage, whereas a maximum load current of 4.0 A
is measured with a 1.8 V output voltage.

The measured on/off transition of the switching node volt-
age Vgw with DDTC in phase-I is illustrated in Fig. 10,
at various load conditions. The negative peak voltage of Vs
is increased as the load current increases due to the higher
power supply fluctuation [12] and parasitic ringing [13].
Without DDTC, a fixed dead-time of about 9.6 ns is gener-
ated and applied at both the on and off transitions; whereas
with DDTC, the effective dead-time is dynamically optimized
from the fixed value to a near-optimal value. The measured
effective dead-time with DDTC at various load conditions
is summarized in Table 1. Since the rising time #,;, of Vsw
is with the slope (Ip mg — IL(avg))/Csw at the on transition
[13], the effective dead-time is slightly increased as Iy (avg)
increases; whereas the falling time #7, of Vs is with the slope
—I1(avg)/Csw at the off transition, the effective dead-time
is decreased as I (a1g) increases. The body-diode conduction
time of about 1 ns is obtained with DDTC at both the on and
off transitions.

The measured load transient response waveforms with a
typical 1.2 V output voltage and a 3.0 V input supply are
illustrated in Figs. 11 and 12. For load current steps from
0.1 mA to 1.0 A and vice versa, the output spike voltages
are less than 38 mV and the load regulation is calculated as
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FIGURE 9. Measured steady-state waveforms of the proposed buck
converter: (a) a DCM case and (b) a CCM case.

TABLE 1. Measured Effective Dead-Time at Various Load Conditions.

Load Conditions effective dead-time with DDTC
It (avg) = loUT /4 at on transition | at off transition
03A 6.8 ns 8.8 ns
05A 6.8 ns 8.4 ns
0.8 A 6.9 ns 7.8 ns
1.0A 7.8 ns 6.6 ns
1.2A 7.4 ns 5.6 ns
1.5A 7.3 ns 5.2 ns

* dead-time without DDTC is about 9.6 ns at both on and off transitions.
** measured at Viny =3.0Vand Voyr =12 V.

12 mV/A. Due to the parasitic resistances of the bonding
wires and PCB traces being more sensitive to heavy load
conditions, the output spike voltage is increased and the load
regulation is degraded to 33 mV/A for load current steps from
0.1 mA to 4.0 A and vice versa.
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TABLE 2. Performance Comparison with Reported Integrated Multiphase Buck Converters.

Parameters [1] (8] [12] [13] [19] [20] [21] This Work
Year 2014 2015 2007 2013 2015 2018 2019 2020
Technology 0.18-um 0.13-ym | 0.13-pm | 0.35-um 0.065-pm 0.18-um 0.35-um 0.35-um
BCDMOS BCDMOS CMOS CMOS CMOS CMOS CMOS CMOS
Control Scheme CM PWM/PFM | CM PWM PWM VM PWM | T-PID PWM CCSs SAW Hysteretic | CM PWM
No. of Phases 4 4 1 1 4 4 4 4
Fg [MHz] 2.0 225 1.0 1.0 30-70 30 25 2.0
Vin [V] 27-5.0 2.8-5.0 3.7 33 1.8 33 3.3 25-33
Vour [V] 0.8-Vin 0.68 - 1.92 1.8 1.5 0.6-1.5 0.7-3.0 03-2.6 1.0-25
IoUT (maz) [A] 4.5 4.0 0.6 0.3 0.8 25 6.0 6.0"
L [uH] 0.47 0.47 N/A N/A 0.09 0.22 0.2 1.0
Cour [uF] 2x22 88 N/A N/A 0.47 0.62 2.47 4x22
Peak Efficiency [%] 91.6 91.1 92.8" 90" 87 88.1 88.1 9.8
(Vin/VouT) [VIV] (2.7/1.8) (2.8/1.0) | 37/1.8) | (3.3/15) | (1.8/1.0) | (3.3/25) (3.3/25) (3.0/1.8)

* measured maximum IouT(maz): 6-0 A with 1.2 V output voltage and 4.0 A with 1.8 V output voltage from a 3.0 V input supply.
** simulation results.

(a). on transition

e = 0.5 A

Iy =08 A

......... —r i

Loy =1.0A

Iy =1.2A
A, e e

(b). off transition

FIGURE 10. Measured on/off transition of the switching node voltage
Vs with DDTC in phase-I at various load conditions, with V;, = 3.0 V.

The measured line transient response waveforms are pre-
sented in Fig. 13. When the 3.0 V input supply with a £10%
voltage variation is applied, the 1.2 V output voltage remains
unchanged (within £0.5%) at a 1.0 A load current.

The power efficiency plots are presented in Figs. 14 and 15,
including the simulation results and measurement results. As
loyr increases, the Ipyr related power losses in (6), (7),
(9), (11), and (14) also increase; hence, the power efficiency
decreases as the load current increases. A simulated peak effi-
ciency of 96.1% (94.2%) is obtained ata 1.8 V (1.2 V) output
voltage, whereas the measured peak efficiency is decreased
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*#* measured peak efficiency from the efficiency plots.
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FIGURE 11. Measured load transient response of the proposed buck
converter at Vjy = 3.0V, Voyr = 1.2V, and Igyr from 0.1 mA to 1.0 A.
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FIGURE 12. Measured load transient response of the proposed buck
converter at Vjy = 3.0V, Voyr = 1.2V, and Igyr from 0.1 mA to 4.0 A.

to0 92.8% (91.8%). This is because of the inherent parasitic
component effects of the bonding wires and PCB traces,
particularly under low-voltage high-current conditions; for
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FIGURE 13. Measured line transient response of the proposed buck
converter at Voyr = 1.2V, Igyr = 1.0 A, and V), from2.7Vto 3.3 V.
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FIGURE 14. Efficiency versus load current plots of the proposed
four-phase buck converter at V;y = 3.0 Vand Voyr = 1.2 V.
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FIGURE 15. Efficiency versus load current plots of the proposed
four-phase buck converter at V;y = 3.0 Vand Voyr = 1.8 .

example, the load resistance Ry is about 300 m<2 at 4.0 A
load current with 1.2 V output voltage, whereas Ry4c. can be
as much as 20 mS2 [16], which indicates about 6.7% power
loss, as in (14). Since the optimized dead-time is obtained
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FIGURE 16. Peak efficiency of the proposed four-phase buck converter at
various Vgyr /V)y conditions.

with DDTC, the power efficiency is improved compared to
the one without DDTC, particularly under medium and heavy
load conditions. Under light load conditions, the DDTC path
nearly cannot be activated because the initial fixed dead-time
of about 10 ns is applied in this work; hence, there is little
difference between the power efficiency plots with or without
DDTC. However, under medium and heavy load conditions,
the measured efficiency is improved by over 1.0% when the
load current is over 2.0 A, and an efficiency improvement of
about 2.4% is obtained at a load current of 4.0 A with a typical
1.2 V output voltage.

A brief performance comparison with previously reported
works is summarized in Table 2. The multiphase topology is
used for high-current delivery capability and low output volt-
age ripples. Moreover, high switching frequencies are usually
applied for output filter size reduction and a fast transient
response. However, as analyzed in Section II, there are certain
trade-offs between the power efficiency, switching frequency
(Fs), and transition performance, because the power losses
in (7)—(10) are proportional to Fs. In this work, a moderate
Fg of 2.0 MHz for each phase is applied to meet the transient
response requirements and to obtain a high power efficiency,
simultaneously. A measured maximum load current of 6.0 A
(4.0 A) is obtained with an output voltage of 1.2 V (1.8 V)
and input supply of 3.0 V, respectively. In addition, the peak
efficiencies at various Voyr/Viy conditions are presented
in Fig. 16, which indicates a better peak power efficiency.

V. CONCLUSION

A high-efficiency current-mode four-phase synchronous
buck converter is presented in this work. A brief analysis
of the power losses in the synchronous buck converter is
reviewed to provide design guidelines. In spite of the design
trade-offs between the power losses, switching frequency,
size of power switches, and output filter, the dead-time can be
optimized to improve the power efficiency in the synchronous

VOLUME 9, 2021



J. Tang et al.: Current-Mode Four-Phase Synchronous Buck Converter

IEEE Access

buck converters. Thus, a dynamic dead-time control (DDTC)
method is proposed to reduce the power losses caused by the
body diode, which can be easily inserted into a conventional
fixed dead-time gate driver. A near-optimal dead-time adjust-
ment is achieved via the DDTC method in every switching
cycle, which not only prevents the shoot-through current but
also minimizes the power losses caused by the body diode. A
peak power efficiency of 92.8% is achieved at a 1.2 A load
current of the proposed buck converter with a 1.8 V output
voltage from a 3.0 V input supply. The power efficiency is
improved for the moderate and heavy load conditions by over
1.0% when the load current is over 2.0 A, and an efficiency
improvement of about 2.4% is achieved at a 4.0 A load current
with a typical 1.2 V output voltage.
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