IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received August 25, 2020, accepted September 14, 2020, date of publication September 25, 2020, date of current version October 8, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3026678

A 40nm CMOS Hysteretic Buck DC-DC
Converter With Digital-Controlled
Power-Driving-Tracked-Duration
Current Pump

XIANGBIN DING !, (Student Member, IEEE), PAK KWONG CHAN"'!, (Senior Member, IEEE),
AND KA NANG LEUNG "2, (Senior Member, IEEE)

!'School of Electrical and Electronic Engineering, Nanyang Technological University, Singapore 639798
2Department of Electronic Engineering, The Chinese University of Hong Kong, Hong Kong, SAR, China

Corresponding author: Xiangbin Ding (dingxiangbin8 @ gmail.com)

ABSTRACT A fast-transient voltage-mode hysteretic buck converter with digital-controlled power-driving-
tracked-duration (PDTD) auxiliary current pump is proposed. The pump injection current duration is digitally
controlled by the driving signal of the power stage. It aims at enhancing the transient response time which is
limited by the large inductor used in typical buck converters and reducing the multiple undershoot/overshoot
effect encountered in conventional current pump injection technique. The converter has been fabricated
using TSMC 40nm CMOS technology with the silicon area of 830umx620um. The proposed converter
regulates properly in both Continuous Conduction Mode (CCM) and Discontinuous Conduction Mode
(DCM). The measured output ripple is about 30mVpk and the switching frequency is about 1.45MHz.
The peak efficiency is 93%. The measured load transient settling time for a 60-to-300mA/300-to-60mA
load step change is 369ns/335ns, resulting in 350% faster than that of conventional counterpart without
PDTD control scheme. The performance comparison with the representative state-of-art works has shown
that the proposed converter shows good balance on performance metrics and the best figure-of-merit (FOM)

in transient-response efficiency.

INDEX TERMS DC-DC buck converter, hysteretic control, fast-transient, current pump.

I. INTRODUCTION

In recent years, a rapid growth of portable devices, such
as smartphones, tablets, laptops and digital cameras is
resulted from the development of system-on-chip (SoC)
[1]-[8] which have different energy requirements [6]-[9].
Concurrently, low power consumption is one of the pri-
mary design agenda for the battery-powered SoC [10].
Switching converters are widely used due to its high
power-conversion efficiency [9]-[11]. Operating under dif-
ferent modes tends to be an effective method of reduc-
ing power consumption [12], [13]. As such, the embedded
digital systems or microprocessors operating at high speed
need to switch between different modes [14], [15]. Dur-
ing the dynamic loading change and the operation mode
transfer, a massive load current change can induce a large
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undershoot/overshoot from the output voltage for a sig-
nificantly long time owing to the transient regulation
latency [12]. The undershoot voltage may cause missing
of data and operation distortion under high speed scenario,
whereas the overshoot voltage may contribute extra power
loss and even damage the ambient devices and the overall
chip. The long settling time limits the system mode switching
frequency, and thus it may deteriorate the overall system
performance and narrow its application scenarios [4]. In this
prospective, fast-transient response becomes one of the key
requirements for DC-DC converters in high performance
applications [11], [16]-[19].

FIGURE 1 shows the block diagram of a DC-DC con-
verter which comprises the power stage and the controller
stage. The transient response is mainly constrained by the
controller stage delay and the LC limitation of power
stage [20]-[23]. Various techniques have been reported to
achieve fast-transient response and reliable output voltage.
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FIGURE 1. The Conceptual Block Diagrams of a DC-DC Converter.

Some of them focus on speeding up the controller stage at the
expense of increased system complexity. Although the adap-
tive bandwidth compensation techniques [24], [25] and the
capacitor multiplier techniques [26] aim to extend the com-
pensated bandwidth, their transient responses are still limited
by the OTA bandwidth through the frequency compensation
in compromising overall closed-loop stability. In addition,
V2 converters are successful by introducing the feedforward
path to bypass the slow error amplifier (EA) [12], [18], [27],
but this approach may suffer from the subharmonic oscilla-
tion [8], [27]. Regarding the hysteretic converters, they offer
faster response time and better-guaranteed stability using
the compensation-free controller stage [28]-[33]. Moreover,
these converters can operate at Pulse Frequency Modulation
(PFM) mode automatically under the light load conditions to
reduce the frequency-dependent switching loss, thus improv-
ing the light load efficiency [27], [34]. However, the transient
speed of existing hysteretic converters is still constrained by
the inductor. To overcome this limitation, an auxiliary current
pump is applied to bypass the inductor, compensating the load
current change for enhanced transient response [35]-[39].
The prior reported analog control topology in [4] is applied
to achieve an instant current injection and a smooth turning-
off, but it requires careful design of compensation network
for stability whilst at expense of circuit complexity. Transient
improvement of the auxiliary current is degraded by the
compensated bandwidth of the error amplifier control loop.
Besides, several voltage-triggering current pump sources
inject auxiliary current by detecting the output voltage
directly, supporting fast auxiliary current injection [36]-[38].
However, without output tracked turning-off control, mul-
tiple undershoot/overshoot may be induced when the cur-
rent pump sources are turned off instantly, thus deteriorating
the expected transient performance and the system stability.
Although digital slope control scheme can avoid instantly
turning-off control for current pump [20], [39], it requires
complicated components and topology. In this work, a fast-
transient hysteretic buck converter with a digital-controlled
Power-Driving-Tracked-Duration (PDTD) scheme for the
auxiliary current pump source is proposed. The auxiliary
current is injected and hold for a long enough time to opti-
mize the transient improvement of the auxiliary current. The
current duration is well-defined to track the output variation
through the effective digital control method. Due to hysteretic

VOLUME 8, 2020

based design, it can eliminate the need of compensation
network as encountered in analog approach whilst it yields
low cost design by using simple digital components. It
overcomes the above stated drawbacks whilst providing
the optimal performance tradeoff arising from the transient
enhancement technique.

This paper is organized as follows. Section II presents
the respective time-domain transient analysis for the conven-
tional and proposed voltage-mode hysteretic DC-DC convert-
ers. Section III presents the system and circuit design of the
proposed fast-transient DC-DC converter. Section IV shows
the circuit and system implementation. Section V discusses
the measurement results and the performance comparison
with the representative reported works. Section VI gives the
concluding remarks.

Il. LOAD TRANSIENT RESPONSE ANALYSIS

In this Section, the undershoot transient response for the
voltage-mode hysteretic converter is analyzed at the output
node shown in Fig. 2(a) and Fig. 2(b). The current-voltage
relationships in Fig. 2(a) are obtained as follows:

Ir(t) = IL(t) + Ic(?) ey
Vour (1) = Ve(t) — Ic(H)Rc @

The transient behavior of the inductor current I (¢) and the
load current Ig(¢) are assumed as

mit 0 <t < tggee

Ig() = y 3
Ig IEdge < T < IRecover
mot 0 <t < tya

I.(t)= 4)
—m3t + (my + m3)tyax  Ivax <1t < IRecover

where m; and m; are the ramp-up slopes of Ir(¢) and I1(¢),
respectively and my 3> my. -mj3 is the falling slope of I7.(¢).
Vour is the designed dc output voltage and Igp = Voyr/R is
the corresponding load current at Voyr.

Proposed Auxiliary
Ix(t) »1 Pump
Control Currnet
1, f IP(’) I (t
—&}I L Vour(t) —)}["(t ;(tL Vour(t) x
VE_SR(t
Tun R i Th(f)
VC(t)tI Vc(t)

(b)

FIGURE 2. Output Node of the Voltage-mode Hysteretic DC-DC Converter
(a) without Ip (t) (b) with PDTD Ip(t).

A. WITHOUT Ip (T)

The analysis is based on Fig. 2(a). and the case A timing
waveforms are shown in Fig. 3. The key response waveforms
are shown in Fig. 4.
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FIGURE 3. Timing Diagrams of I (t), I (t) [dotted line] for Case A and
I (8), 1(t) [full line], Ig4(t) and Ip(t) for Case B.
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FIGURE 4. Response Waveforms for I¢(t), V¢ (t) and V. (£) in Case A.

1) REGION_AT:0 <t < tedge
In this region, assuming V¢ (0) = V,,,(0) = Voyr, we have

Ic(t) = Am x t (5
1

VC(t) = —iAmtz + VOUT (6)
1

Vour(t) = —EAmﬁ — AmRct + Vour 7

where Am = m; — mjy.Since Ic(t) > 0, the output capacitor
C is discharged and a negative Vgsg(?) is induced across Rc.
As aresult, both V(¢) and Vi, (¢) decrease within [0, tggg.],
causing large undershoot variation. If /g(¢) ramps very rapidly

where % <« Rc can be easily fulfilled, then

Vour(t) = —AmRct + Vour (8)

The output variation AV,,(t) = Vour — Vou(t) mainly
consists of the negative Vgsg(¢) and hence V,,;(¢) decreases
linearly.

2) REGION_A2: tegge<t < tytax

Ic(t) = —mat + IR )
Velt) = ——myr® — Ry 4 i +V, (10)
= —m _ —
¢ 2 T ¢ Toamce "o
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1 5 Ig 12
Vour () = imzl +(m2RC_E)t_IRRC+2m1C+VOUT
(1D

Ic(t) is decreasing, and I¢(¢) = 0 when I,(¢) = Ig. Solving
dVe(t)/dt = 0 to yield tggua = Ig/m2. Hence, at t = tgqual,
we have

2
Aml f

— 12
2mymyC (12)

Ve (Omin = Vour —

Similarly, solving dV,,,,(¢)/dt = 0 to yield Vi, (¢)min at the
time t,,;, = Igr/my-CRc, we have

Aml}  myR%LC
2mimyC 2

Vout ()min = Vour — (13)

The undershoot variation AVyy is obtained as follows:

AmI3  myRLC
2m1m2C 2

AVyn = Vour — Vour(Omin = (14)

Since V,,;(t) of the voltage-mode hysteretic converter is
regulated by itself, when >t,i,, Vou:(t) rises continuously
until V,,,(t) reaches the high-side boundary of the window
comparator Vg. The settling time fg.y. is assumed when
Vout(t) = Vour. As such, the settling time expression is
obtained as

2CAV 1
L 2VUN + R —RcC (15)
nmy nmy

ISettle =

When, V,,;(t) = Vg, we have

— — RcC  (16)
my

2C(AVwin + AVyy)  Ir
Max = my +

AV is the hysteretic window, given by AVyiy = Vg —
Vour-

3) REGION_A3: tpax<t < trecover
In this region, the /7 () ramps down and we have

Ic(t) = m3t + [Ig — (my + m3)tppax] an

In this case, Ic(f) < O and it continuously charges up
C. When t = fRecover> Ic(t) = 0 and Vius(tRecover) =
Vi (tRecover)- At this juncture, I¢(¢) finishes one complete dis-
charging and charging cycle after the change of load current.

Table 1 summarizes the time domain expressions for key
parameters. Both AVyy and tgeye are highly dependent on
the load current magnitude /g. The transient performance can
be improved by reducing . Of particular noted, the I is the
magnitude value over [#g4ge, IRecover ]. This gives the proposed
improvement by means of adding the current pump Ip(¢),
as illustrated in Fig. 2(b), to bypass L so as to compensate
the change of Iy (¢). In order to enhance the transient perfor-
mance, the Ip(¢) in this work is designed to be hold until tg,4
as indicated in Fig. 3.
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TABLE 1. Transient parameters for Case A and Case B.

Parameters Case A [Without Ip(t)] Case B [With Ip(t)]
Aml,} Am'L?
. V. R V. — R
VC(t)mm our 2m,mzC our 2m1mz'C
Al C-R’? 2 "R 1,2
Vout(®) min Vour = r_ MR R Vour — Ly + m'yR.C N Mylpgge
2mm,C 2 2m', C 2 2C
AV, Aml +mzC-RCZ Am'Il +m2'C~RCZ
UN 2mmC . 2 2mpm,'C 2
2CAVy . Iy 20V —k) g, s ,
— 4+ L-RC o =8 | (ZELY L (R.C) +-E—R.C
LSeute U m K A (RO + R
t 2
k N.A. k:_ﬂt 2+”’1 Edge |y
plod 2C our

B. WITH PDTD Ip (T)

The analysis is based on Fig. 2(b) and the Case B timing
waveforms in Fig. 3. The key response waveforms are shown
in Fig. 5. In this case, the Ip(¢) in [0, tgyq] is described as

myt O0<t<tp
Ip(t) = (18)
Ip tp <t < lEnd

1) REGION_B1:0 < t < tgqge

Ic(t) = Am't (19)
1
Velt) = —%Am/ﬂ + Vour (20)

1
Vour (1) = —%Am’ﬂ — Am'Ret +Vour  (21)

If l;% < R, we have
Vour (1) = —Am'Rct + Vour (22)

where Am' = my — my — my and Am’ < Am.With the
injected Ip(¢), a smaller I¢(¢) is required to compensate the
change of I1.(t) while V¢ (¢) and V,,;(¢) become larger. This
is because Ip(¢) helps to compensate the change of Ig(¢),
reducing the discharge current /¢ (#). Consequently, V(¢)
decreases with a smaller rate and AVgsg becomes smaller,
leading to reduced AVyy.

2) REGION_B2: trgge<t <tp

In this region, Ir(t) = Ig while Ip(¢) keeps on increasing.
As a result, Ig,;(t) = Ig-mat is reducing and the same goes
for I¢(t). The corresponding transient relationship for I¢ (%),
Ve (t) and V(1) can be obtained as follows:

Ic(t) = —mht + Ig (23)
2
1 I Milgge,

Ve(lt)= — / t2 — —1 __—ase V, 24
c(t) o™ C + 5C + Vour (24)

> miRcC—Ig  Mitig,,—2IRRcC
Vour (1) = —2 2 £ +Vour

2C C 2C

(25)
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where m,2 = my + my. Solving dVc(t)/dt = 0 to yield t =
téqual = IR/m/z, we have

12 mlt]%d e

Ve(min = —=—= £ +v 26
C( )mm 2m’2C 20 + Vour ( )
Solving dV,,,(t)/dt = 0, it yields tnn = tl/?quul — RcC,

assuming fin> tgdge WE have

2 mRAC. mith,
Vour Omin = —[ —Z zC €4V, 27
out( )mm [2m/2C D) ]+ 20 +Vour ( )
12 wm,RAC mith,,

AVyy =2 2 C - = 28
UN [2m’2C + > 5C (28)

Comparing with Case A, Ic(¢) decreases with a larger slope in
this region. V¢ (f)min becomes larger. Equation (27) indicates
Vour()min Vvaries with respect to m), in which m/, = my +
my, and it gives W over [0, % — myp]. Assumed
that #,,in>tEdge >0, we have m4<1% — my. Hence, Vo () min
increases with respect to my4 over [0, 1% — my] and becomes
larger in Case B, and hence the AVyy is reduced through

Ip(1).

3) REGION_B3: tp<t < t'jax

In this region, Ip(#) = Ip and the equivalent output current
Ig,(t) = Ig; = Ig — Ip. The corresponding transient relation-
ship for Ic(t), Vo (t) and V,,,,,(¢) can be obtained as follows:

Ic(t) = —mat + gy (29)
2 2
my » IEq malp mltEdge
Ve(t) = —t° — —t — —— \% 30
c() 2C C °C °C + Vour (30)
my I
Vour (1) = Eﬂ — ?qt +moRct
2
my mitg,
—Ig,Rc — it}% che + Vour (3D

In this region, Ic(t) < 0, C is charged up. Both V¢(¢) and
Vout (¢) rise with an increasing slope over [7p, tl’wax]. As such,
the transient settling time will be significantly reduced.
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FIGURE 5. Response Waveforms for I¢(t), V¢ (t) and V, (t) in Case B.

This gives
2C(Vour —k) | Ik I
Settte = \/m—2+(m—;’)2+(RcC)2+m—Z —RcC

(32)

When V,,;(t) = Vg, the time becomes

2C(Vyg — k 1 I
tl/\lax = \/M + (ﬂ)2+(RCC)2+ﬂ_RCC
ny np ny

(33)
2
. 2 mltEdge
where k is a constant and k = —3ctp + =6 + Vour.
Comparing with Case A, we have Ig; < Ig, and it can be
proved that g, <tsee With Ip<Ig.

4) REGION_B4: T'pax <t<tend
In this region, Iy (¢) decreases. Ic(#)<0 and it is given as

Ic(t) = m3t + [Igg — (ma 4+ m3)t pax] (34

The Ic(t) continuously charges up C. When ¢ = £’ gecovers
Ic(t) = 0 and Vour(tg,cover) = VC(Recover)- At this juncture,
Ic(t) finishes one complete discharging and charging cycle
after the change of load current. The transient parameters in
Case A and Case B are summarized in Table 1. It proves that
both AVyy and s can be reduced through holding on the
Ip(1).

Ill. CIRCUIT AND SYSTEM IMPLEMENTATION

Fig. 6 illustrates the whole system architecture of the voltage-
mode hysteretic buck converter with the proposed PDTD
control stage. The output capacitor is required to have a
large ESR value to provide sufficient output voltage ripple
AV (t). As suggested in [31], [40], the required minimum
ESR value can be estimated by

L(Vyg =V, 1
Re > (Vu L)( n
C Vin — Vour
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FIGURE 6. Overall system of the proposed PDTD buck converter.

where Vp is the low-side boundary of the window com-
parator and the other symbols have been defined before.
With the large ESR, V,,;(¢) is dominant by the VEgsg(#) and
it is fed to the hysteretic comparator, generating the volt-
age signal Vyyy as well as the adaptive control signals of
undershoot/overshoot detection circuit, ONyy and ONpy .
Vwin is used to regulate Iy (¢) through controlling the power
transistors. The PFM control is added to improve the light
load efficiency. Dual current pump sources are employed
to compensate the large current difference between Ig(¢)
and /7.(¢). They are triggered on by the undershoot/overshoot
detection signal. The Ip(¢) turning-on duration is modulated
by the power-driving-tracked-hold stage whereas the turning-
off mechanism is controlled by the hold-period delayed ramp-
ing generator. The detailed circuit implementation of the
proposed transient enhanced stage will be described in the
following sub-sections.

A. UNDERSHOOT/OVERSHOOT DETECTION STAGE

In this work, the undershoot/overshoot is detected through
a pair of adaptively-biased comparators [41]. As shown in
Fig. 7, the adaptive biasing signals ONyy and ONgy are
generated through the hysteretic comparator. They are added
to reduce the standby power consumption of the undershoot
and overshoot detection comparators. Once Vpp is larger
than the overshoot detection reference Vyy, the OV goes
to high. When Vpp is smaller than the undershoot detection
reference Vrr,, UN goes to high.

B. POWER-DRIVING-TRACKED-HOLD STAGE

In this work, the Ip(¢) hold-on duration is designed to track
Vour(t) variation such that a sufficient hold-on duration is
guaranteed to enhance the transient response. In the mean-
time, once V,,;(¢) settles down, Ip(¢) will be turned off to save
power.
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Iy, I{u Overshoot Detection
‘ ONgy
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A

VLL

Undershoot Detection

FIGURE 7. Undershoot/overshoot detection stage.

This methodology is realized through the power-driving-
tracked-hold stage in Fig. 8. It consists of two sub-stages: (1)
wide pulse trigger stage with an exclude stage logic which
is formed by the cross-coupled NAND gates and (2) pulse
duration control stage.

: UN Hold Stage !
'
_:_» Pulse Duration| ENvy | ) WPyx E
Py Control Stage Wide Pulse f
' .
h Trigger Stage
UNr >
.
g W A
poemememmeecmccccccccccccccccccc e o N
.
@’é. Wide Pulse
N ! |Pulse Duration _ | Trigger Stage VHOLD,,
— L wP,, '
Control Stage | EN,,,, ov :
OV Hold Stage :

FIGURE 8. Power-driving-tracked-duration hold stage.

The wide pulse trigger stage is to extend the under-
shoot/overshoot detection signal UN/OV such that it pro-
vides a long enough turning-on duration for Ip(¢). The end-
point of wide pulse signal WPyn/WPoy is determined by
the pulse duration control stage, which detects V,,;(#) by
monitoring the power transistor driving voltage P and N.
The exclude stage logic is to guarantee that UN and OV are
exclusively extended. WPy y/WPoy is the inverting signal of
WPyn/WPoy . ENyy and ENgy is the pulse duration control
signal for undershoot and overshoot wide pulse trigger stage,
respectively. HONDyny/HONDyy is the output signal of the
dual pulse hold stage for undershoot/overshoot.

C. WIDE PULSE TRIGGER STAGE
In Fig. 7, the UN/OV state of output signal changes whenever
Vg crosses Vyp / Vi, giving fast detection speed. However,
this narrow UN/OV pulse output causes insufficient turning-
on duration for the Ip(¢). To guarantee fast detection as well as
sufficient turning-on duration, the turning-on and turning-off
mechanism of Ip(t) is separated in this work. This is realized
through the wide pulse trigger stage as illustrated in Fig. 9.
When ENyy = 1, the equivalent wide pulse trigger stage is
shown in Fig. 10(a). When Vg < Vi, the narrow detection
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ov) D ENw\F} D WPyn

(ENov) (WPoy)

FIGURE 9. Wide pulse trigger stage.

pulse UN goes to high, setting WPy to 0 and WPy to high.
When Vgp>Vyy, UN drops to 0. Due to the feedback logic,
WPyn will be latched to O by itself and the WPy is kept
at high. In this case, a wide pulse WPyy can be triggered
by the narrow UN pulse and the pulse duration of WPyy is
independent of UN. When ENyy = 0, the equivalent circuit
is shown in Fig. 10(b). In this case, ENyy will cut off the
logic path and reset the wide pulse WPyy to O regardless of
UN state. The narrow trigger pulse UN is extended to a wide
pulse WPy to provide sufficient hold-on duration for current
pump Ip(t). The rising edge of WPyy is only triggered by
UN when ENyy = 1. On the other hand, the falling edge of
WPyy is only controlled by the falling edge of ENyy . In this
way, the turning-on and turning-off mechanism of Ip(¢) is
then separated. The falling edge of ENyy is realized through
the pulse duration control stage.

UN WPy WPyy -

(a)
Don’t Care
UN D EN=0 DW-DO_ Llp N
(b)

FIGURE 10. Equivalent Circuit for Wide Pulse Trigger Stage (a) ENyy = 1,
(b) ENyy = 0.

The exclude stage logic circuit, which consists of the cross-
coupled NAND gates, is added after the wide pulse trigger
stage. It is to ensure the wide pulse WPyy/WPoy cannot be
passed at the same time. As such, it avoids turning on the
dual auxiliary current pump simultaneously. Hence, it helps
to protect the overall system and reduce the power loss.

D. PULSE DURATION CONTROL STAGE

To improve the transient response of the voltage-mode hys-
teretic DC-DC converter, /p(t) is required to be hold for a long
enough time. After V,,,(¢) recovers back, Ip(t) is required
to be turned off to save power. In this work, the endpoint
of Ip(t) duration is designed to be at tg,s in Fig. 3. In the
voltage-mode hysteretic buck converter, a large ESR value
is required to keep V,,(¢) in phase with I7 () and I7 (¢) is
directly controlled by the power PMOS/NMOS transistor.
Hence, the endpoint tg,,; can be determined by monitoring the
power PMOS/NMOS transistor driving voltage P/N. This is
realized through the circuit as depicted in Fig. 11.
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FIGURE 11. Pulse duration control stage.

DFF_P and DFF_N represents the positive and negative
edge triggering D flip flop, respectively. WPyy is the wide
pulse triggered by the undershoot detection signal UN. P is
the power PMOS transistor driving voltage. Edges (1) and (3)
are the positive edges and edges (2) and (4) are the negative
edges. ENyy_p and ENyy _y are generated when WPy goes
through the flip flops DFF_P and DFF_N, respectively. ENyy
is the pulse duration control signal. When ENyy is high,
the wide pulse trigger stage is activated, and if UN is trig-
gered, the wide pulse WPyy will be generated. On the other
hand, when ENyy is low, the WPy will reset to 0 regardless
of the state of UN.

E. HOLD PERIOD DELAYED RAMPING GENERATOR

After the output voltage settles down, Ip(¢) is turned off at
tgnq- However, if Ip(t) is turned off instantly, a large current
difference between Ir,(¢) and Ip(#) will be generated, which
has the same effect as the change of Ig(¢). As observed, mul-
tiple undershoot/overshoot effect will be induced [36], [37],
deteriorating the transient response and the system stability.
This problem can be solved by turning off /p(¢) slowly such
that the change of Ip(#) change can be compensated by I ().
This is realized by generating a ramping period to slow
down the ramping-up speed of Ip(¢) control voltage Vis(?),
which is illustrated in Fig. 12. HOLD and Vgapp indicates
the power-driving-tracked-hold signal and the Ip(¢) control
voltage Vgs(1), respectively.

11 Charge

' Hold Ramping
Period| Period |

|

Viawr

| I I I
S = s

FIGURE 12. Hold period delayed ramping generator.

Vramp 1s required to go down instantly to enhance the tran-
sient response. On the other hand, a relatively slow ramp-up
slope is needed to avoid multiple undershoot/overshoot
effect. My has relatively larger aspect ratio than that of Mp.

177380

Once a large undershoot is detected, the HOLD will be trig-
gered to logic 0, discharging the capacitor Crapp rapidly
through the large size My . As a result, Vrapp is pulled down
instantly whereas Ip(?) is triggered on instantly to enhance the
transient response. After V,,;(¢) recovers back, HOLD is reset
to high at tg,4 instantly to cut off Ip(¢). Different from the
HOLD, aramping period is generated in Vgapp by arelatively
small constant current /cpqyge to slow down the Ip(7) changing
rate. If I7 (t) can compensate the change of Ip(¢), the multiple
undershoots/overshoots will be significantly reduced or even
eliminated. The ramp-up rate of Vgapp is given as follows:

dVramp(t) _ Ich arge
dt Cramp

(36)

F. DUAL CURRENT PUMP SOURCE

As shown in Fig. 13, either the current pump Ip yn or Ip oy
is injected to the output node directly. Both Ip yn and Ip oy
are designed to be supply independent through the con-
stant biasing current /1 to I4. S; to S7 are controlled by
the ramping voltage for undershoot or overshoot. Hence,
Ip yn/Ip_ov can be instantly turned on to enhance the tran-
sient response and slowly turned off to reduce the multiple
undershoot/overshoot. During the steady state, S7 to S5 are
turned on, pulling Vpy, Vpy and Vp3 up to Vpp while pulling
V1 and Vy; down to ground. In this way, Ip yy and Ip oy
can be totally off to save power. I; and I3 are always on to
speed up the current pump start-up process. I> and Iy are
adaptively controlled by Se¢ and S;7 to reduce the quiescent
current.

Overshoot Pump Current

Undershoot Pump Current

FIGURE 13. Dual current pump source.

G. DCM OPERATION

The DCM control algorithm is added to eliminate the reverse
current, thus improving the light load efficiency [5].The
reverse current detection is realized by the common gate com-
parator [42]. A large size free-wheel switch (FWS) transistor
is added to reduce the ring effect when both NMOS and
PMOS are turned off [43].

IV. RESULTS AND DISCUSSIONS

The proposed converter has been fabricated using TSMC
40nm CMOS process which is suitable for low-voltage SoC
applications, the micrograph is shown in Fig. 14. The occu-
pied silicon area is 830umx620um. Other support blocks
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TABLE 2. Performance comparison with the reported works.

[11] [27] [33] [6] [44] [20] [21] [22] [23] This
JSSC | TCASI | ISSCC | JSSC | TVLSI | ISSCC | TVLSI | TPE | TCASII Work
2015 2015 2015 | 2015 2016 2017 2018 2018 2019
Process (nm) | 350 350 350 40 350 130 350 28 65 40
Vin (V) 27-42 | 2.7-42 | 2.7-45 | 2.7-3.6 | 2.4-3.6 3.3 2.6-40 | 33 3.3 1.2-2.5
Vour (V) 0.8-2.4 1.2 2 0.8-2.1| 0.2-3.3 | 1.2-1.8 1.2 1.05 1~2.5 |0.6-2.1
I (mA) <2000 | 18-700 N.A <900 600 1250 600 0.3-1.7 900 450
AVour (mVpk) 10# 15 15# 30# 15 12# 45 6 40# 30
L (uH) 1 22 4.7 4.7 4.7 0.09 4.7 1 4.7 4.7
C (uF) 4.7 10 10 4.7 10 0.94 10 4.7 4.7 4.7
Freq. (MHz) | 1.25 1 1 1 1 30 1 2.5 1 145
AlL (mA) 500 300 400 100 450 1250 300 1400 450 240
tr-1 (us) 0.9 3 4.8 15 2.1 0.22 2.5 4 2 0.369
AVyn(mV) 25 48 35 30 >120 72 167 75 65 73
tr.L (us) 0.9 5 3 15 35 0.15 2.8 5 3 0.335
AVoy(mV) 35 30 38 30 >160 33 180 90 70 72
Wpeak (Yo) 90 95.7 95.5 89 91 83.6 90 94 92 93
FOM (10 | 0.254 | 2364 | 0.757 4.5 1.853 0.08 3.261 | 1.246 | 0.375 0.106
A x AV X F
FOM = Z(HS) VSplkE(m V) C(H ) where Af = w and AV . = M #-extracted from data
L(uH)x AI, (mA)

— 830pum_—
’ === 1.Power PMOS

2.Power NMOS
3.Pump PMOS
‘# 4.Pump NMOS
‘; 5.Control Logic
6.Comparators
{ 7.Reference

| 8.Biasing

il 9.Soft Start

FIGURE 14. Micrograph of the proposed fast-Transient converter.

such as dead time control, over-current protection and soft
start circuits are also realized in the DC-DC converter in order
to protect the overall system and maintain the power effi-
ciency. The fabricated fast-transient DC-DC buck converter
has been tested with the input voltage of 2.5V and the nominal
output voltage of 1.2V. The output capacitor is 4.7« F and the
inductor is 4.7« H.

A. STEADY-STATE MEASUREMENT

The steady-state measurement results for CCM and DCM
are illustrated in Fig. 15(a) and Fig. 15(b), respectively.
Fig. 15(a) shows the steady-state waveforms of the output
voltage V,,(¢) and the inductor current /7 (¢) at the load
current of 60mA. It has validated that the proposed converter
can regulate properly in CCM. The output ripple is about
30mVk whereas the switching frequency is about 1.45MHz.
It also shows that the V,,,;(¢) is in phase with the I; (¢) because
of the large ESR in the voltage-mode hysteretic converter as
discussed in Section III. Fig. 15(b) shows the waveforms of
the output voltage V,,;(¢), the inductor current Iy, (¢) and the
switching node voltage Vx(¢) at the load current of 20mA.
It has confirmed the design methodology of the DCM
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FIGURE 15. Steady state waveforms in (a)CCM; (b)DCM.

operation. During the light load condition, the reverse current
can be detected and eliminated. The ringing at the output node
can be significantly reduced by applying the FSW control.
As a result, the light load efficiency is improved. The effi-
ciency at different load currents is plotted in Fig. 16. The
peak efficiency npeax is 93% at 60mA at V,,,;, = 1.2V. Finally,
due to the PFM control of hysteretic converters under DCM,
the light load efficiency at 20mA is close to 90%.

B. TRANSIENT RESPONSE MEASUREMENT
For the conventional hysteretic buck converter without
the Ip(t), the undershoot and overshoot transient response

177381



IEEE Access

X. Ding et al.: 40nm CMOS Hysteretic Buck DC-DC Converter

—e—Efficiency
00_r”,zﬁ‘f4‘,ukﬁkﬁ\“_55ﬁﬁﬁﬁﬁ_“-ﬁ—'

- %
< =
T

Efficiency(%)

=

50

A A 0 YV 0 O 0 O 1 0 0 S S
20 40 60 B0 100120 140 160 180 200 220 240 260 280 300
Load Current (mA)

FIGURE 16. Power Efficiency at Different Load Currents at V,; = 1.2V.

(b)

FIGURE 17. Output Transient Reponses for (a) Step-Up Load Change,
(b) Step-Down Load Change without /p (t).

for the 60-to-300mA and 300-to-60mA load current change
under the load current control signal V,,(z) is illus-
trated in Fig. 17(a) and Fig. 17(b), respectively. The edge
time of the current load step is about 5ns. The under-
shoot/overshoot variation AVyn/AVoy is 128mV/127mV
whereas the undershoot/overshoot transient settling time
tr—gltg—r 18 1.31“8/1.185[;65.

For the hysteretic buck converter with PDTD Ip(¢),
the undershoot/overshoot transient response for the 60-
t0-300mA/300-to-60mA load current change is depicted
in Fig. 18(a) and Fig. 18(b), respectively. In comparison to
the conventional counterpart, the undershoot/overshoot vari-
ation AVyn/AVoy is reduced to 73mV/72mV whereas the
transient settling time zge 1 improved to 369ns/335ns. This
suggests that the proposed work offers 350% faster than that
of the conventional counterpart, validating the effectiveness
of the PDTD control scheme.

C. PERFORMANCE COMPARISON
Table 2 shows the performance comparison of the con-
verter with the reported state-of-art works. In order to
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FIGURE 18. Output Transient Reponses for (a) Step-Up Load Change,
(b) Step-Down Load Change with Proposed PDTD /p(t).

compare the transient-response effectiveness under differ-
ent settings and load transient steps, a normalization based
FOM is established. It includes the LC components value,
the average setting time At, the average voltage AVpike
and the load transient step Aly. This FOM takes both tran-
sient settling time and transient spike voltage into con-
sideration. It also normalizes the LC component effect
under different load steps. The smaller FOM gives bet-
ter transient response performance. The proposed method
has achieved an excellent FOM value and peak efficiency
simultaneously. It has demonstrated the converter provides
fast transient response together with balanced performance
metrics.

V. CONCLUSION

The analysis, design and circuit implementation of the
voltage-mode hysteretic DC-DC buck converter using
the digital-based PDTD control scheme for generating
well-defined digital-controlled auxiliary current pump are
presented. The measurement results have shown that the
converter regulates properly in both CCM and DCM. With
freewheel switch control, the ringing at the output node can
be significantly reduced. Through the PDTD control scheme,
the transient response time of the voltage-mode hysteretic
DC-DC buck converter can be significantly reduced with
respect to most of representative prior-art topologies. Not
only does it provide sufficient turning-on duration of the cur-
rent pump to speed up the transient response, it also reduces
the multiple undershoot/overshoot significantly whilst main-
taining reasonable ripple voltage and efficiency at low
output voltage to yield the balance performance metrics.
Compared with conventional converter without PDTD con-
trol scheme, it improves the transient response time by 350%.
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Hence, the proposed digital-based PDTD current pump tech-
nique is very useful for realizing fast-transient response in
DC-DC buck converters.
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