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A three-level buck (TLB) converter has the characteristics of higher voltage conversion effi-
ciency, lower inductor current ripples, output voltage ripples and voltage stresses on switches
when compared with the buck converters in continuous conduction mode (CCM). With a TLB
converter integrated on a chip, we cannot avoid its discontinuous conduction mode (DCM)
operation due to a smaller inductance and load variation. In this paper, we’ll present and discuss
the analysis, design and control of a TLB converter under DCM operation, implemented in a
65 nm CMOS process. Transistor level simulation results show that when the TLB converter
operates at 100 MHz with a 5 nH on-chip inductor, a 10 nF output capacitor and a 10 nF flying
capacitor, it can achieve an output conversion range of 0.7-1.2 V from a 2.4 V input supply, with
a peak efficiency of 81.5%@120 mW. The output load transient response is 100 mV with 101 ns
for undershoot, and 86 mV with 110 ns for overshoot when Iy = 10-100 mA. The maximum
output voltage ripple is less than 19mV.

Keywords: Three-level buck converter; DCM; modeling; fast transient response; low voltage
ripple; voltage mode controller.
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1. Introduction

In recent years, fully-integrated DC-DC converters have gained much attention
because of their elimination of bulky and expensive inductors and capacitors and
their greatly shrunk PCB footprints.! The full-integration is realized by greatly
increasing the switching frequency. Reference 2 presents a fully integrated three-level
buck converter operating in CCM with 50-200 MHz switching frequency and
nanoscale inductance and capacitance. Reference 3 presents a fully integrated three-
level buck converter operating in CCM with 37.28 MHz switching frequency.
References 1, 4-7 present fully integrated buck converters operating at several
hundred MHz. Reference 8 even utilizes switching frequency up to 2 GHz. The three-
level buck (TLB) converter has an attractive characteristic of effectively doubling its
switching frequency (fyy )"
thus reducing the switching ripples and filter elements’ size, and also increasing the

and halving the voltage level across the inductor,

converter open-loop bandwidth and efficiency.? Through appropriate design, its
power MOSFETS can just bear half of the voltage stress when compared with those
of the two-level buck converter, thus lowering operation voltage and dynamic losses.
The TLB converter operating in continuous conduction mode (CCM) has been
studied, which yields the same DC and AC transfer functions as the buck convert-
er.>%10 In portable applications especially powered by battery, the system will enter
lower power mode or sleep mode, to save the power and prolong the running time of
battery.! Thus, the fully integrated buck converter will operate in discontinuous
conduction mode (DCM) operation due to small inductance and such light load
conditions. Reference 3 implements a fully integrated three-level buck converter in
DCM, but the DC and AC operation theory and characteristics are missing,? %1
which are critical to the small-signal characterization and closed-loop control. Fuzzy
logic control without the knowledge of the circuit model has been extensively in-
vestigated in application of DC-DC converters.' "' However, the AD/DA converter
and fuzzy reasoning block make it much more complex, power consuming and of
larger size compared with the conventional analog counterpart. In addition, the
driving scheme is improved, allowing the use of thin-oxide transistors for the drivers
and power MOSFETSs, which will reduce the switching loss and also save the chip
area and thus reduce the cost. In this paper, the main contributions are

(1) The presentation of the DCM driving signal waveforms by using low-voltage
power MOSFETSs, followed by the deduction of the CCM/DCM boundary
conditions, the DC large signal and AC small signal transfer functions, which are
totally different when compared with the conventional buck converter. The AC
small signal transfer functions is obtained by the average switch method'*;

(2) The design presentation of the voltage mode controller, including the loop
type-II compensator, pulse width modulation (PWM) generator, zero current
detection, self-driving scheme and level shifter for the TLB converter;
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(3) The exhibition of the behavioral simulation results of the TLB converter to verify
the DCM analysis, which is important for the DCM closed-loop controller design.
Finally, the design of the closed-loop controlled TLB converter and its imple-
mentation using ST 65 nm CMOS process. Simulation results verify the analysis,
design and control of the TLB converter, in which the performance is comparable
with the state-of-the-art works.

2. DCM Operation Principle of the TLB Converter

Figure 1 shows the topology and details of the driving scheme of the TLB converter,
where Vi, Vour and Vygp are the input, output and reference voltages; C'y and Vs
are the flying capacitor and its voltage. In steady state, Viy ~ Vi /2 if C; is large
enough®; L and C are the inductor and filtering capacitor; R is the load resistor;
Ioyr, I, and I are the output, inductor, and capacitor currents, respectively. A
capacitive level shifter'” is applied for the TLB converter. The capacitive level shifter
is described in detail in Sec. 7.3. The upper part of Figs. 2(a) and 2(b) show the
controller PWM signals and the gate driving signals for the four power MOSFETs
with duty ratio D < 0.5 and D > 0.5 in DCM. The left column signals in the upper
part of Figs. 2(a) and 2(b) are the control signals from the controller and the right
column are the gate driving signals, which are generated by the corresponding
control signals from the controller passing through the level shifters and drivers.
Vior is of the same voltage level with Vpwaibor, and Vipop is shifted by Vin/2. The
flying capacitor supplies the level shifters and drivers in the middle, such that the
voltage level is dependent on the switching state of the converter.

Vin
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|
Vror MPTOPl
l | Vin/2 % Veio I
e 1} Sy i,
l | + V, L4 > Vour
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Fig. 1. TLB converter topology and driving scheme.
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Circuit states of the TLB converter in DCM, (a) duty cycle D < 0.5 and (b) D > 0.5.
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Fig. 2. (Continued)
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As the upper part of Fig. 2(a) shows, for the case D < 0.5, in switching state 1,
Viop and Vpor is at Viy and Vin/2 level, respectively, and the power MOSFET
MProp (PMOS) turns off while MNpop (NMOS) turns on, thus Vi, and Vi, are
at Vin/2 and GND level, therefore Vypp and Vygpy are the same voltage level with
Vewnmidp a0d Vewnimian, then the power MOSFET MPyp (PMOS) turns on while
MNyp (NMOS) turns off. The flying capacitor Cy charges the inductor L, as Fig. 2(a)
circuit state a shows (the power MOSFET in gray color means in off state). As
shown in Fig. 2(a) circuit states a, b and ¢, MPpop and MNpot keep in the same
circuit state in switching states 1/2/3/5/6. In switching state 2, as Fig. 2(a) circuit
state b shows, MPyyp turns off while MNy;p turns on, the inductor L discharges
until the inductor current decreases to zero, then the control circuit cuts off the I,
negative current flow path and keeps I; = 0 in switching state 3, as Fig. 2(a) circuit
state ¢ shows. In the second half of the switching cycle, MProp turns on while
MNpor turns off in switching state 4 (Fig. 2(a) circuit state d), so Vi, and Vg, are
at Viy and Viy/2 level, then Vypp and Vypy are shifted by Viy/2, thus MPyp turns
off while MNyp turns on, and the inductor L is charged by Viy through the flying
capacitor Cf, as Fig. 2(a) circuit state d illustrates. Switching states 5 and 6 are
identical to the switching states 2 and 3, respectively.

A similar analysis approach can be applied for the case D > 0.5. The difference is
that inductor L is charged by Vix and discharged through the flying capacitor. The
discharging switching states 2 and 5 (Fig. 2(b) circuit states b and d) are the only
different switching states between the first and the second half switching cycle as
shown in the upper part of Fig. 2(b). The discharging path is through Vjy and the
flying capacitor with negative terminal connected to the inductor L in switching
state 2 (Fig. 2(b) circuit state b), while only through the flying capacitor C; with
positive terminal connected to the inductor L in switching state 5 (Fig. 2(b) circuit
state d). (This difference is to keep the flying capacitor C; charge balance to keep
the capacitor voltage at Vin/2 level, so do the switching states 1 and 4 (Fig. 2(a)
circuit states a and d) for D < 0.5.) The lower part of Fig. 2(b) shows the circuit
state and switching state corresponding to the control signal in the upper part
of Fig. 2(b).

Table 1. Terminal voltage of the power MOSFETsS in the steady-state.

D <05 D>05

1 2 3 4 5 6 1 2 3 4 5 6

VTOP VIN VIN VIN VIN/2 VIN VIN I/IN/2 VIN/2 VIN/2 VIN/2 VIN VIN/2
VCmp VIN/2 VIN/2 VIN/2 VIN VIN/2 VIN/2 VIN VIN VIN VIN VIN/2 VIN
V!\IIDP 0 I/II\'/2 V]N/2 V]N VIN/2 V]N/2 VIN/2 VIN VIN V[N/2 0 V[N
VX VIN/2 0 V()UT VIN/2 0 V()UT VIN VH\'/2 V()UT VIN VH\'/2 V()UT
VMIDN 0 VIN/2 0 VIN VIN/2 0 VIN/Q VL\I VIN/2 VL\I/Q 0 VIN/2
V(?bot 0 0 0 VIN/2 0 0 VIN/Z VH\'/2 VIN/2 VIN/2 0 VIN/2
Veor Vin/2 Vin/2 Vin/2 0 Viy/2 Vi/2 0 0 0 0 Vn/2 0
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Table 1 summarizes the terminal voltages of the four power MOSFETSs, where f,
is the switching frequency and T'(1/f,,) is the switching period. All of the voltages
across them are less than or equal to Viy/2, which avoids the use of high-voltage
tolerant power MOSFETS, thus saving area, cost and loss.

3. Boundary Between CCM and DCM of the TLB Converter

It is important to understand the boundary conditions between CCM and DCM of
the TLB converter. Assuming that L, Cy and the power MOSFET are ideal, and Cy
is large enough so that Vi ~ Vix/2, Fig. 3 shows the idealized switching node voltage
Vx and inductor current I; waveforms in DCM. For D < 0.5, in steady state, the
inductor current ripple amplitude AI; in switching state 1 and A, in switching state
2 can be expressed as

1 [oT 1/1
Al =+ ; vp(t)dt =+ { 5 Vin = Vour | DT, (1)
1
Al =+ VourDT (2)

where D, is the duty cycle in switching states 2 and 5. Output load current
Iout = Vour/R, which also equals the average current [, flowing through inductor
L in one switching cycle,

1 (7 D+ D, (1
ILT/0 ZL(t)dtL2<2ViNVOUT>DT- (3)

The output load resistance Rp and output load current Igyrp at the CCM/DCM
boundary can be determined when D + D, = 0.5. With I} = Iy = V%“‘, Egs. (1)
and (2) and some mathematical manipulation, the boundary output load resistance

Rp and current Ioyrp at D < 0.5 can be obtained as Eqgs. (4) and (5). With similar
deduction approach, Rz and Ioyrg at D > 0.5 can be obtained as Egs. (6) and (7),

2L
Rplp<os = 05-D)T "’ (4)

_>DT<_ Vin/2 Q-Oir V
IN IN
|/)(123456\/OUT VX123456V0UT
0 Vin/2
>l >l
/NN /AN
> >
0 0.5T T 0 0.5T T

(a) (b)
Fig. 3. The idealized steady-state Vx and I, of the TLB converter in DCM, (a) D < 0.5 and (b) D > 0.5.
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Vour(0.5 — D)T

IOUTB|D§0.5 = T ) (5)
2LD

R = 6

.  Vour(1—D)(D —05)T :

OUTB |DZO.5 — 2LD ( )

in which the boundary output load resistance Rp and current Igyrp are different
from the traditional two-level buck converter.'® The differences are due to the fact
that the Vy of the three-level buck converter switches between 0 and Viy/2 for
D < 0.5, Vix/2 and Viy for D > 0.5, while between 0 and Vjy for the two-level buck
converter.

4. DC Characteristics of the TLB Converter in DCM

From Egs. (1) and (2) together with Eq. (3), after some manipulation, the output
voltage Voyr for D < 0.5 and D > 0.5 can be obtained as Egs. (8) and (9) show,

vD2+2K —D)D
Vour = ( oK ) VN, (8)

<\/((D ~05)2/K —05)2+4(D—05)2/K) (D—05)2/K — o.5>
Vour = Vix

2 2
9)

where K = %. It is clear that the TLB converter obtained a different Voyr when
compared with the traditional two-level buck converter.' Figure 4(a) plots the TLB
and traditional two-level buck converter DC characteristics (voltage conversion
gain M = Voyr/Vin) in MATLAB environment with L =5nH and 7 = 10ns

400

o

o
Boundary Cufrent(Amps) ™

— Boundary resistance
-==Boundary current

—6—K=0.04,Buck 200

—K=0.02,TLB

—+—K=0.02,Buck

—K=0.01,TLB

.~ CCM  —e-K=0.01,Buck

0 0.1020.30405060.70809 1
Duty D

(a) (b)
Fig. 4. (a) Conversion gain M and (b) CCM/DCM boundary Rp and Ioyrp for TLB converter.

Boundary Resistance(ohm)

o
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(few = 100 MHz), for both CCM (M = D) and DCM with several different K values,
which clearly shows that they have different DCM gain characteristics even
though they are same in CCM. Figure 4(b) plots the boundary output load resistance
Rp and boundary output load current Igyrp between CCM and DCM for the TLB
converter.

5. AC Characteristics of the TLB Converter in DCM

To obtain the AC characteristics, the averaged switching network modeling
method'® !¢ is applied, identified in the dashed box with terminal quantities as Fig. 1
shows. v; equals Vjy, and i; equals the inductor current when MPrqp turns on and
equals to zero otherwise. v, equals Vy and i, equals the inductor current.'® 6
Figure 5 plots the waveforms of the switching network terminals in one switching
cycle. Taking D < 0.5 for example, averaging the terminal quantities and applying

the inductor volt-seconds balance principle,'*™'0 it yields,
vi(t) = vin(t), (10)
. 1
i(t) = 7 (0 (t)/2 = va(t), (11)
vy(t) = vour(t) (12)
. 1 0.5U1 t) — ’Uz(t)
t) =— ——————" vt 1
7’2( ) Re ’UQ(t) Ul( )) ( 3)

where R, = DZ—ZLT is the effective resistor of the average switching network. After
perturbation, linearization and some manipulation, ' the parameters of the small
signal model of the switching network can be obtained as Fig. 6 illustrates. With
a similar deduction approach, the small signal parameters for D > 0.5 can also
be obtained. Table 2 summarizes the results, where M = % = % represents the
voltage conversion gain.

By taking partial derivative of 4; and i, in Egs. (11) and (13) with respect to Voyr,

D and Viy, together with expression 7, = —Voyut/Te + jod + o1y obtained from
D<0.5 D=0.5
DT DT
> > DT . DT .

—_——Vn — VN2 '——HV — Vin

V1723 4[5 6 VZWVOUT Vil7T23 4556 INVZWVO
uT

; ; 0 Vin/2
1/ N, | e

0 05T T 0 05T T 0 05T T, 0 05T T

Fig. 5. TLB converter switch network terminal voltage and current waveforms in one switching cycle
under DCM.
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DCM switch network small signal ac model
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! g1V2 &2V1 | -
! I
[ "
]
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Fig. 6. Low-frequency AC small signal model of the TLB converter.
Table 2. Small signal parameters of TLB converters in DCM.
9 J1 ™ 92 J2 T2
D<05 1 Vin(1 —2M) 2R, 1-M Vin(1 — 2M) 2M?R,

R, DR, 2MR, DMR,

D>05 M-M?—} Wi(1—-MM R (M- 1% 2M - M?—1 2Vx(1—M) 2R, (M- 1)

R(M~-3® DR(M-3) ~— 1 R.(M_1) DR.(M-})

Table 3. Comparison of small signal parameters of
Buck and TLB converters in DCM.

Buck TLB

0<D<1 0<D<05 05<D<1

B2 Wn(1-M) Vi(1-2M)  2Vn(1- M)
DMR, DMR, DR, (M —0.5)
- M?2R, IM?R, 2R, (M — 0.5)2

Fig. 6, the parameters 7y, j, and g, can be found. Finally, from Fig. 6, the TLB
converter small signal transfer function G4(s) is expressed in Eq. (14). As 9y = 0 for
finding G ,4(s), g» can be neglected.'” Table 3 compares the DCM small signal model
parameters with traditional buck converters, which show different small signal
parameters.

Gao

Gua(s) = Ts/wp

(14)

with Gag = jo(R//r2) and w, = bz

6. Simulation Results of the TLB Frequency Response

The parameters for simulation are: Viy =2.4V, L =5nH, C' = 10nF, C; = 10nF,
fsw =100 MHz; Vour =0.72V, R=10Q for D < 0.5, and Voyr =1.5V, R=200Q

2050011-10
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Fig. 7. The simulation frequency response of the TLB converter in DCM, (a) D < 0.5 and (b) D > 0.5.

for D > 0.5. Figure 7 shows the behavioral simulation results of the frequency re-
sponse of the TLB converter as shown in Fig. 1, compared with the small signal
model Eq. (14). The red dot line shows the frequency response behavioral simulation
results, which are obtained by applying a small sinusoidal signal over duty cycle D
and measuring the corresponding response in the output V. The solid blue line is
the MATLAB simulation results of Eq. (14). As Fig. 7 shows, the magnitude re-
sponse matches up to half of f,, while the phase begins to deviate from about one-
tenth of f,,, which is due to the low-frequency approximation model neglecting the
high-frequency pole near f,. But these results are precise enough for closed-loop
controller design. The control-to-output transfer function of the traditional buck
converter'® in DCM is also shown in dash black line in Fig. 7. Table 3 and Fig. 7
clearly show that the TLB and buck converters have different DCM transfer func-
tions and characteristics, even though they have the same CCM ones. If one designed
the TLB DCM based on the buck DCM one, the DCM closed-loop controller of the
TLB converter may yield an unsatisfactory performance. Thus, it is important to
analyze the DCM characteristics of the TLB converter.

7. Circuit Implementation
7.1. Voltage mode controller

Figure 8 shows the overall block diagram of the closed-loop voltage mode controller
for a TLB converter in DCM.*® The output voltage is scaled down by R; and R,. The
scaled feedback voltage Vg is compared with the reference voltage Vygr through a
Type-II compensator. Then the error voltage is amplified, generating V., which is
compared with the sawtooth signal V,,,,. The output control signal Vi is generated
from the comparator, which is used to generate the duty cycle control signal. The
half cycle delayed duty cycle signals Vpywan and Vpwae, along with the zero current

2050011-11
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Fig. 8. DCM closed-loop voltage mode controller for a TLB converter.'

indication signal Vyy, generate the gate control signals driving the power MOSFETSs
by the level shifter, nonoverlap controller, logic gates and driver circuit block.

7.2. Loop compensator

Since the deduced model of the TLB converter in DCM is a single pole system as
Eq. (14) shows, a Type-II compensation scheme is applied to compensate the closed-
loop of the TLB converter. The first stage of the error amplifier (EA) is a single-
ended telescopic cascade amplifier, which provides high DC gain, and the second
stage is a common source amplifier, which provides high output voltage swing. The
AC simulation results of the error amplifier shows that the DC gain is about 58 dB,
cross-over frequency is about 414 MHz and the phase margin is about 73°. This
specification is sufficient for the TLB converter loop compensation.

To verify the stability of the closed-loop TLB converter, Fig. 9 shows the bode
plot of the Type-II compensator in dashed red line and the loop transfer function of
the closed-loop TLB converter in blue line. The cross-over frequency of the closed-
loop transfer function of the TLB with compensation is about 11.6, 26 and 31 MHz,
and the corresponding phase margin is 65.5°, 62° and 63°, for 10, 72 and 120 mA load
current, respectively. Considering the phase deviation as Fig. 7 shows, the actual
phase margin is sufficient for the control loop stability.

7.3. Control circuit implementation

This section presents the other control circuits in detail, including PWM, zero cur-
rent detection and self-driving scheme.

The dashed box in Fig. 8 shows the PWM generation block. The duty cycle is
generated by comparing the error amplifier output V, with a sawtooth signal V.
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Fig. 9. Bode plot of the Type-II compensator and the loop transfer function of the closed-loop TLB
converter transfer function at load current 10, 72 and 120 mA.

The sawtooth signal generator utilizes a so-called single-boundary ramp generator.*
More details can be found in Ref. 1. The PWM comparator circuit topology is
implemented by a source-coupled differential pair with positive feedback to provide
a high gain.'® The frequency of the ramp signal is twice of the switching frequency.
The duty cycle control signal for the TLB converter is generated via the output of
the PWM comparator V. Figure 10 shows the schematic of the duty cycle control
signal generator, in which the outputs of the two DFF's, V) and Vj,,, are rectan-
gular waves with 50% duty cycle and their frequency is half of the ramp signal
Viamp- DFF1 is triggered on the rising edge of Vi; and DFF2 is effectively triggered
on the falling edge of Vi;. Thus, Vj, is delayed by the duty cycle width compared

During DCM operation, the power MOSFET MNpgt as shown in Fig. 1 should be
turned off when the inductor current decreases to zero, in order to prevent the reverse

DFF1
oL Var

Vewm1
wal
DFF2
0" a Var L(:>—|:> Vewmz

Ve D—H > .

Fig. 10. Duty cycle control signal generator.
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Fig. 11. Zero current detection scheme.

inductor current loss. Figure 11 shows the zero current scheme (zero current de-
tection block in Fig. 8) for the TLB converter. When the inductor current decreases
to zero, the voltage on node Vy increases from negative to zero. The comparator
output becomes low, and then the Vzor becomes low, turning off the power MOS-
FET MNpgor to prevent the inductor current decreasing to negative value. The
comparator for DCM control has a certain offset to cope with the propagation delay
of the RS flip—flop, AND gate and the driver. The signal Vqri is twice that of the
switching frequency. Signal Vi turns on the MNpgr at the beginning of every half
switching cycle.

One of the main issues to be faced when addressing the microelectronic imple-
mentation of a switching power converter is the breakdown voltage (V,,,,) of the thin
gate oxide of the power MOSFETSs. As a consequence, the thick gate oxide tran-
sistors are usually used as power MOSFETSs because of their thicker gate dielectric,
at the expense of larger channel lengths.”

The self-driving scheme, which is shown in dashed green box of Fig. 1, is intended
to solve the breakdown issue to allow the use of thin gate oxide transistors. The self-
driving scheme comprises of three level shifters and four buffers. The power of top
buffer is supplied by Viy and Vin/2, the bottom one is supplied by Vix/2 and GND,
the two middle buffers are supplied by the flying capacitor. So that the buffer and the
power MOSFETS can be designed with thin oxide MOSFETSs, which will save chip
area.

Floating level shifters are used to shift the potential of control signals from circuits
powered by low voltage power rails to the potential of circuits with floating power
and ground rails. In this paper, a capacitive floating level shifter proposed in Ref. 20
is applied for the TLB converter. Figure 12 shows the schematic of the capacitive
floating level shifter, which comprises of three parts, a latch holding the level
shifted voltage, two coupling capacitors connected with the latched nodes, and two
inverters driving the coupling capacitors. This type of capacitive level shifter is
simpler, and the chip area, current consumption and propagation delay are also
small. However, this capacitive level shifter may fail to operate if not designed
properly. The design considerations for the capacitive floating level shifter can be
referred to Ref. 17.
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Fig. 12. Capacitive floating level shifter.'”

8. Simulation Results

The TLB converter is built at transistor level in ST 65nm CMOS technology.
We present and discuss its corresponding simulation results in Cadence environment
in this section. Table 4 summarizes the specification and parameters of the
TLB converter. Figure 13 shows its operation and gate driving signal waveforms,
the output voltage Vyyr, the inductor current I, the switching node voltage Vx
and the gate driving signal of the four power MOSFETSs, under a 50 mA output
load current. These waveforms are identical to the previous analysis, as Fig. 2
shows.

Figure 14 shows the conversion efficiency and output voltage ripple from a 10—
120 mA output load current under different process corners (TT, SS, SF, FF, FS).
The maximum efficiency and ripple are 81.5% and 18.1 mV, respectively, at 120 mA
load current.

Figure 15 shows the transient response with a load current step from 10 to 100 mA
and from 100 to 10mA. We obtained a result of 100 mV undershoot with 101 ns
response time, and 86 mV overshoot with 110 ns response time.

Figure 16 shows the transient response with the same load current step change
condition as in Fig. 15, only under different process corners (TT, SS, SF, FF, FS).
The maximum undershoot is about 105mV with 101ns response time, and the

Table 4. System parameters of TLB converters.

Vix (V) fo (MHz)  C (nF) L (nH)

2.4 100 10 5

C (uF) R, () Vour (V) Max. Ioyr (mA)
10 150 m 0.72 100
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Fig. 13. Waveform of the TLB converter under 50 mA output load current, from top to bottom: output
voltage Voyr, inductor current I, switching node voltage Vy, power MOSFET MPop gate voltage Viop,
MPyqp gate voltage Virpp, MNyip gate voltage Vinpn, MNgot gate voltage Vor.

maximum overshoot is about 92 mV with 115 ns response time. We obtained almost
the same load transient response under process variations.

Figure 17 shows the Monte-Carlo simulation results of the transient response with
the same load current step change condition as in Fig. 15. The maximum undershoot
is about 114 mV with 110 ns response time, and the maximum overshoot is about
110 mV with 150 ns response time. The TLB converter works well under different
mismatch circumstances.

20 100

-
o

Vripp_lf:(mV)
o
efficiency(%)

(mA)

IOUT

Fig. 14. Conversion efficiency and output voltage ripple versus output current under different corners
(TT, SS, SF, FF, FS).
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Fig. 15. Transient response of load current step from 10 to 100 mA.
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Fig. 16. Transient response of load current step from 10 to 100 mA, different corner simulation results
(TT, SS, SF, FF, FS).
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Fig. 17. Transient response of load current step from 10 to 100 mA, Monte-Carlo simulation results.
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Table 5. Comparison with prior works of integrated DC-DC buck and TLB converters.

Ref. 3 Ref. 10 Ref. 1 Ref. 21 Ref. 22 This work
Year 2008 2011 2013 2016 2017 2018
Types & Topology 3 Level Buck 3 Level Buck  Buck Buck Buck 3 Level Buck
Operating mode DCM CCM DCM CCM CCM DCM
Process/nm 250 130 130 65 65 65
Vin/V 3.6 2.4 1.2 2-2.2 1.0 2.4
Vour/V 1 0.4-1.4 0.9 1.2 0.5-0.8 0.7-1.2
Max. Ioyr/mA 100 1000 370 700 180 120
Poyr/mW 100 1000 330 840 126 144
fow/MHz 37.3 50-200 100 500 450 100
Phase 2 4 1 2 1 1
L/nH 26.73 4 5.5 1.54 (2) 1.8 5
C'/nF 25.9 10 9.8 1.83 4 10
C;/nF 5 18 — — — 10
Peak efficiency/% 69.7 7 83.2 76.2 76.1 81.5
Load transient step (mA) — 220-370 10-100  200-700  90-180 10-100
Vour undershoot/ — 80/100* 38/25 83/100 32/42 100/86

overshoot (mV)
Settling time under/ — 70* /80* 400*/ 100000*/  2000*/ 101/110
over (ns) 300%* 150000%* 2000%*
Voltage ripple/mV (max) 49.4 150 75* 80 14.5 18.1
Level of Integration bondwire on-chip bondwire  on-chip on-chip bondwire
spiral spiral spiral

Note: *Estimated from the figure presented in corresponding paper.

Table 5 shows the comparison with prior works of the integrated DC-DC buck
and the TLB converters. This work obtains 11.8% higher efficiency, 2.7z as small as
the output voltage ripple with 5.3x as small as the inductance and 2.7z as small as
the output capacitance when compared with the most similar TLB DCM work of
Ref. 3. The efficiency, output voltage ripple and transient response are competitive
when compared with the state-of-the-art works.

9. Conclusions

This paper first analyzed the DCM operation principle of the TLB converter, in-
cluding the driving scheme using low-voltage power transistors, the CCM/DCM
boundary, plus its DC and AC characteristics. The DCM voltage gain and small
signal transfer function are different from the traditional two-level buck converter,
even though they have the same CCM. Behavioral and Cadence transistor level
simulation results verify the deduced DCM analysis, which is important for the
closed-loop controller design of the TLB converter. Then, we discussed the design
and control of a TLB converter under DCM operation, which we implemented using
an ST 65 nm CMOS process. Transistor level simulation results show that it operates
at 100 MHz with a 5nH inductor, a 10nF output capacitor and a 10nF flying
capacitor achieving an output conversion range of 0.7 to 1.2V from a 2.4V input
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supply, with a peak efficiency of 81.5%@120 mW, an output load transient response
of 100 mV with 101 ns for undershoot, and 86 mV with 110ns for overshoot when
Ioyr = 10/100 mA and a maximum output voltage ripple of less than 19mV.

Acknowledgments

This work was supported by the Macao Science and Technology Development
Fund (FDCT) (FDCT 120/2016/A3 and SKL/AMS-VLSI/WMC/FST) and
the Research Committee of University of Macau (MYRG2018-00020-AMSYV,
MYRG2015-00030-AMSV).

References

1.

10.

11.

12.

C. Huang and P. K. T. Mok, An 84.7% efficiency 100-mhz package bondwire-based fully
integrated buck converter with precise dem operation and enhanced light-load efficiency,
IEEE J. Solid-State Cire. 48 (2013) 2595-2607.

V. Yousefzadeh, E. Alarcon and D. Maksimovic, Three-level buck converter for envelope
tracking in rf power amplifiers, Twentieth Annual IEEE Applied Power Electronics Conf.
and Exposition, APEC 2005, IEEE, 2005, pp. 1588-1594.

G. Villar and E. Alarcon, Monolithic integration of a 3-level dcm-operated low-floating-
capacitor buck converter for dc-dc step-down conversion in standard cmos, Power
Electronics Specialists Conf. PESC 2008, IEEE, 2008, pp. 4229-4235.

H. K. Krishnamurthy, V. Vaidya and P. Kumar, A digitally controlled fully integrated
voltage regulator with on-die solenoid inductor with planar magnetic core in 14-nm tri-
gate cmos, IEEE J. Solid-State Circ. 53 (2018) 8-19.

M. Kar, A. Singh, A. Rajan, V. De and S. Mukhopadhyay, An all-digital fully integrated
inductive buck regulator with a 250-mhz multi-sampled compensator and a lightweight
auto-tuner in 130-nm cmos, IEEE J. Solid-State Circ. 52 (2017) 1825-1835.

L. Wang, M. Zhao, X. Wu, X. Gong and L. Yang, Fully integrated high-efficiency high
step-down ratio dc—dc buck converter with predictive over-current protection scheme,
IET Power Electron. 10 (2017) 1959-1965.

T. Vekslender, E. Abramov, Y. Lazarev and M. M. Peretz, Fully-integrated digital av-
erage current-mode control 12V-to-1.xV voltage regulator module IC, Applied Power
Electronics Conf. Ezxposition, APEC 2017, IEEE, 2017, pp. 2043-2959.

J. Tianyu and G. Jie, A fully integrated buck regulator with 2-ghz resonant switching for
low-power applications, IEEE J. Solid-State Circ. 53 (2018) 2663-2674.

J. D. Shen and W. Q. Wang, A modeling method for the tl buck dc-dc converter
with input and output sharing the ground, J. China Univ. Posts Telecomm. 18 (2011)
148-152.

W. Kim, D. Brooks and G. Y. Wei, A fully-integrated 3-level dc-dc converter for nano-
second-scale dvfs, IEEFE J. Solid-State Circ. 47 (2012) 206-219.

P. Mattavelli, L. Rossetto, G. Spiazzi and P. Tenti, General-purpose fuzzy controller for
dc-dc converters, IEEE Trans. Power Electron. 12 (1997) 79-86.

T. Gupta, R. R. Boudreaux, R. M. Nelms and J. Y. Hung, Implementation of a fuzzy
controller for dc-dc converters using an inexpensive 8-b microcontroller, IEEE Trans.
Industrial Electron. 44 (1997) 661-669.

2050011-19



JCIRCUIT SYST COMP 2020.29. Downloaded from www.worldscientific.com
by UNIVERSITY OF MACAU on 07/01/20. Re-use and distribution is strictly not permitted, except for Open Access articles.

W.-M. Zheng et al.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

R. W. Erickson and D. Maksimovic, Fundamentals of Power Electronics (Springer, US,
2001).

Y. Qiu, M. Xu, K. Yao, J. Sun and F. C. Lee, Multifrequency small-signal model for buck
and multiphase buck converters, IEEE Trans. Power Electron. 21 (2006) 1185-1192.
V. Vorperian, Simplified analysis of pwm converters using model of pwm switch.
ii. discontinuous conduction mode, IEEE Trans. Aerospace Electron. Syst. 26 (1990)
497-505.

D. Maksimovic and S. Cuk, A unified analysis of pwm converters in discontinuous modes,
IEEE Trans. Power Electron. 6 (2002) 476-490.

W. M. Zheng, C. S. Lam, S. W. Sin, Y. Lu, M. C. Wong, S. P. U and R. P. Martins,
Capacitive floating level shifter: Modeling and design, IEEFE Region 10 Conf., TENCON
2015, IEEE, 2015, pp. 1-6.

Y. W. Tan, C. S. Lam, S. W. Sin, M. C. Wong and R. P. Martins, Design and control of an
integrated 3-level boost converter under dem operation, IEEE Int. Symp. Circuits and
Systems, ISCAS 2018, IEEE, 2018, pp. 1-5.

C. F. Lee and P. K. T. Mok, A monolithic current-mode cmos dc-dc converter with
on-chip current-sensing technique, IEEE J. Solid-State Circ. 39 (2004) 3-14.

T. Tanzawa, Y. Takano, K. Watanabe and S. Atsumi, High-voltage transistor scaling
circuit techniques for high-density negative-gate channel-erasing nor flash memories,
IEEE J. Solid-State Cire. 37 (2002) 1318-1325.

M. Lee, Y. Choi and J. Kim, A 500-mhz, 0.76-w/mm?2 power density and 76.2% power
efficiency, fully-integrated digital buck converter in 65nm cmos, IEEE Trans. Industry
Appl. 52 (2016) 3315-3323.

N. Tang et al., Fully integrated buck converter with fourth-order low-pass filter, IEEE
Trans. Power Electron. 32 (2017) 3700-3707.

2050011-20



	Analysis, Design and Control of an Integrated Three-Level Buck Converter under DCM Operation&lowast;
	1. Introduction
	2. DCM Operation Principle of the TLB Converter
	3. Boundary Between CCM and DCM of the TLB Converter
	4. DC Characteristics of the TLB Converter in DCM
	5. AC Characteristics of the TLB Converter in DCM
	6. Simulation Results of the TLB Frequency Response
	7. Circuit Implementation
	7.1. Voltage mode controller
	7.2. Loop compensator
	7.3. Control circuit implementation

	8. Simulation Results
	9. Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 900
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


