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Abstract— This paper presents a 220-MHz pulse width
modulation (PWM) fully integrated KY dc–dc step-up converter
utilizing bondwire as power inductor, with discontinuous conduc-
tion mode (DCM) calibration control. We develop the first DCM
closed-loop PWM controller for the KY converter, including:
1) its parameter design; 2) a DCM closed-loop voltage mode
control with Type II compensator; 3) a zero current detection
method to activate DCM control; and 4) a DCM calibration
loop. Fabricated in 65-nm CMOS, the designed KY converter
core occupies 0.93 mm2 and achieves an output conversion range
of 1.5–2 V from a 1.2-V input. The measured peak efficiency is
75.2% at 97.5 mW. With a 500-ps rising/falling time of the load
current step (56 mA), the undershoot/overshoot is 245/205 mV
at 146-/140-ns recovery time, and the dc–dc converter achieves
a settling time per load transient step of 2.6 ns/mA, which is
competitive with the state-of-the-art boost converters.

Index Terms— Fully integrated KY converter, boost converter,
PWM, discontinuous conduction mode (DCM), zero current
detection (ZCD), load transient response, voltage ripple,
bondwire inductor.

I. INTRODUCTION

IN RECENT years, IoT (Internet of Things) and SoC
(System-on-Chip) require compact size, power-efficient,

Manuscript received March 31, 2018; revised June 16, 2018; accepted
July 3, 2018. This work was supported in part by the Science and Tech-
nology Development Fund, Macau (FDCT), under Grant 120/2016/A3 and
in part by the Research Committee of the University of Macau under
Grant MYRG2015-00030-AMSV. This paper was recommended by Associate
Editor V. Koomson. (Corresponding author: Chi-Seng Lam).

W.-L. Zeng, S.-W. Sin, and M.-C. Wong are with the State Key Laboratory
of Analog and Mixed-Signal VLSI, University of Macau, Macau 999078,
China, and also with the Department of Electrical and Computer Engineering,
Faculty of Science and Technology, University of Macau, Macau 999078,
China.

C.-S. Lam is with the State Key Laboratory of Analog and Mixed-Signal
VLSI, University of Macau, Macau 999078, China (e-mail: cslam@umac.mo;
c.s.lam@ieee.org).

F. Maloberti is with the Department of Electrical, Computer and Biomedical
Engineering, University of Pavia, 27100 Pavia, Italy.

R. P. Martins is with the State Key Laboratory of Analog and Mixed-
Signal VLSI, University of Macau, Macau 999078, China, and also with
the Department of Electrical and Computer Engineering, Faculty of Science
and Technology, University of Macau, Macau 999078, China, on leave from
the Instituto Superior Técnico, Universidade de Lisboa, 1649-004 Lisbon,
Portugal.

Color versions of one or more of the figures in this paper are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TCSI.2018.2854370

Fig. 1. (a) KY converter. (b) Conventional boost converter. (c) Comparison
in terms of ripple and load transient response between the KY and the
conventional boost converters.

fast response and a stable power management unit, then, a fully
integrated DC-DC converter is a good candidate to target
those applications [1]. It benefits from less noise and smaller
parasitic loss without expensive off-chip components [2].
Analog circuits such as the audio or the RF power amplifiers
may require a step-up function DC-DC converter, tht use
either an inductor- or a switched-capacitor-based DC-DC boost
converter [3].

As for the conventional inductor-based boost and buck-boost
converters, their output currents are pulsating, thereby causing
a large output voltage ripple [4], [5]. Moreover, they have
a right-half-plane zero (RHPZ) in the continuous conduction
mode (CCM), thereby lowering the system stability with
poor load transient responses [3]. The switched-capacitor (SC)
based boost converter is simple to integrate on-chip, but its
conversion range is small, and the conversion efficiency is
limited by the topology [3], [6].

To overcome those drawbacks referred above, a boost
converter named KY converter was original proposed by
Hwu and Yau [7] for power electronics applications in 2007,
as Fig. 1 shows. This converter comprises a switched- capaci-
tor charge pump converter and a buck converter, and combines
the advantages of both converters and exhibits the characteris-
tics of non-pulsating output current, low output voltage ripple
and no RHPZ in CCM [7], [8]. The CCM operation principles
and control of the KY converter have been presented and
discussed in [3] and [9]. In 2017, the KY converter integrated
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circuit (IC) with off-chip passive components under CCM
operation [3] has been implemented, which confirmed its low
output voltage ripple, fast load transient response and high-
efficiency characteristics.

Recently, both industry and academia have shown great
interest in the fully integrated DC-DC converter, based on the
considerations of the limited and compact size in a SoC or in
an IoT application. If fully integrated, when compared with the
inductor-based boost converter, the KY converter has potential
to obtain a smaller output voltage ripple and a faster load
transient response. On the other hand, when compared with
the SC based boost converter, the KY converter has wider
output conversion range and larger power density. As a result,
this work focuses on the design and study of a fully integrated
KY converter. When the KY converter is fully integrated on-
chip or in a package, due to a small inductance and load
variation, its discontinuous conduction mode (DCM) operation
cannot be avoided for longer battery life. In 2015, we already
developed the necessary DCM operation principles of the KY
converter [10], but the design and control of the DCM closed-
loop controller of the KY converter still lacks studies among
the existing literature [3], [7]–[11].

In this paper, we implement a fully integrated KY converter
IC under DCM operation in 65-nm CMOS, presenting, as well
the details of its circuits and system design. Since this is the
first design of the KY converter IC under DCM operation,
there are many challenges that need to be solved, such as the
zero current detection (ZCD) and the DCM control. In partic-
ular because the detection and control methods developed for
the conventional inductor-based buck or boost converter cannot
be directly applied. The main contributions of this work are:

1. Design of a fully integrated KY converter utilizing
bondwire inductor under DCM operation;

2. Parameters design of the KY converter under DCM
operation;

3. Design of a PWM voltage mode control with a Type
II compensator based on the developed DCM operation
theory [10];

4. Design of a DCM calibration loop with load transient
enhancement circuitry [2] for KY converter;

5. Proposal for a ZCD method to activate the DCM cali-
bration loop control.

II. DCM OPERATION PRINCIPLE AND PARAMETER

DESIGN OF THE KY CONVERTER

Fig. 2(a) shows the KY converter IC topology under DCM
operation, where VI N and VOU T are DC input and output
voltages; C f and VC f are the flying capacitor and its voltage
(VC f = VI N in the ideal case [8]); L and CO are the inductor
and capacitor of the LC filter; RLoad is the load resistor; II N ,
ILoad , IC f , IL and ICo are the input, load, flying capacitor,
inductor and capacitor currents. The KY converter contains
three power transistor switches (MP1, MP2 and MN1).

In State 1 as shown in Fig. 2(b), MP2 and MN1 turn off
and only MP1 turns on. The input current II N flows through
C f and L. In this state, C f is discharged and L is magnetized.
Since VX is charged to VI N in State 2 as shown in Fig. 2(c),
VX is equal to 2VI N in State 1 in the ideal case.

Fig. 2. DCM operation of the KY converter in IC. (a) Overall circuit.
(b) State 1: Inductor L magnetized and C f discharged. (c) State 2: Inductor L
demagnetized and C f charged. (d) State 3: Output capacitor CO discharged.

Fig. 3. Idealized VL and IL waveforms of KY converter in DCM.

In State 2, both MP2 and MN1 turn on and MP1 turns off.
Hence the input current II N flows into both L and C f . In this
state, C f is charged and L is demagnetized. VX is equal to VI N

in State 2 in the ideal case.
In State 3, all the switches turn off, and the loading

current ILoad is maintained by the output capacitor CO , where
CO is discharged. VX is a floating voltage in State 3.

Fig. 3 shows the KY converter idealized inductor voltage VL

and current IL waveforms for DCM [10].

A. The CCM/DCM Boundary of the KY Converter

The boundary between CCM and DCM can be defined as
when D2 = 0 in Fig. 3. The peak inductor current �IL can
be deduced, then the average DC output load current ILoad B

at the boundary can be expressed as:

ILoadB = �IL

2
= (2VI N − VOU T ) D

2 fs L
(1)

where fs is the switching frequency and D is the duty cycle for
the State 1. (1) can help to determine the relationship among
the required inductor value L, switching frequency fs and the
operation boundary.
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B. C f Design of the KY Converter in DCM

In the KY converter design under CCM operation [8],
as the switching frequency is not fast ( fs = 1 MHz), those
passive components including the fly capacitor C f are usually
off-chip. Thus C f can be selected with a larger value to
keep VC f ≈ VI N as in the ideal case model, allowing the
VC f variation effect to be simply neglected. However, when
the KY converter is designed to be fully integrated (usually
fs ≥ 50 MHz), the VC f variation cannot be ignored, hence,
it yields the design constraint of the minimum on-chip C f

value requirement. In this KY converter, as a result, the voltage
variation/drop over the on-chip C f should be considered,
where the minimum on-chip C f value requirement will be
deduced and discussed.

In State 1, the inductor L is magnetized and the fly
capacitor C f is discharged, the charge from C f (QC f dis)
totally flows into L (QLmag) if we neglect the parasitic loss.
According to Fig. 3, we get

QC f dis = QLmag = 1

DT

∫ DT

0
iLdt = 1

DT

∫ DT

0
ic f dt (2)

and also from Fig. 3,

ILoad = �IL(D + D1)

2
= VOU T

RLoad
(3)

QC f dis = C f �VC f (4)

where �VC f is the flying capacitor voltage deviation. Then,
substituting (3) and (4) into (2) yields,

�VC f = QC f dis

C f
= 2DVOU T

b(D + D1)
(5)

where b = 2 fsC f RLoad [10]. Now, considering the influ-
ence of C f (VC f variation) in State 1, VL is not equal to
2V I N − VOU T as in the ideal case, but VL is equal to

VL = 2V I N −VOU T − V C f (t) (6)

In State 1, VL should always be kept as a positive value,
which means at least

2V I N − �V C f − VOU T > 0 (7)

and then applying the volt-second balance principle, yielding,

(2V I N −�V C f −VOU T )DTs = (V OU T +�V C f −VI N )D1Ts

(8)

leads to the DCM DC gain of the KY converter given by:

MV DC = VOU T

VI N
= 2D

D + D1 + 2D
b

(9)

Finding D1 from (9) and substituting it and (5) into (7)
imposes that,

C f >
MV DC

fs RLoad(2 − MV DC)
(10)

We can plot a graph with (10), and the design constraint of
the minimum on-chip C f value can be found from Fig. 4.

With VI N = 1.2 V and target VOU T = 1.8 V,
fs = 220 MHz, MVDC = 1.5, RLoad = 30�, the required
C f values can be found via Fig. 4, which is 455 pF without

Fig. 4. C f versus MV DC with different RLoad when fs = 220 MHz.

Fig. 5. VOU T waveform when VI N = 1.2 V and target VOU T = 1.8 V,
fs = 220 MHz and RLoad = 30 �, with C f = 400 pF and 600 pF.

considering all the losses. Finally, we select a 600 pF capacitor
in this work. Fig. 5 presents the simulation results of VOU T

under C f = 400 pF and 600 pF, in which Vstart is a
starting step voltage signal, in which the details will be
discussed in next Section. During the start-up process, a duty
ratio is generated to achieve a VOU T slightly larger than
the target value. After that, the voltage-mode (VM) feedback
loop will be activated. In the VM loop control process, when
C f = 400 pF, the converter fails to achieve the target VOU T .
When C f = 600 pF, VOU T can achieve the target 1.8 V.
Finally, the simulation result as shown in Fig. 5 verifies the
minimum on-chip C f design constraint in (10).

Fig. 6 shows the relationship between the power effi-
ciency and the flying capacitor C f size with VI N = 1.2 V,
VOU T = 1.8 V and RLoad = 30 �. It can be observed
that the power efficiency just improves by about 2% if the
flying capacitor size is doubled. However, doubling it requires
an additional 60% active core chip area, which is not cost-
effective.

The output power of KY converter depends on flying capaci-
tor size. When the output voltage increases, the maximum load
current decreases. Refer to (4) and (7), the maximum charge
that flows away from the flying capacitor to the power inductor
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Fig. 6. The efficiency versus flying capacitor C f size.

of the KY converter can be defined as:

QC f dis_max = C f (2V I N − VOU T ). (11)

According to (11), when VOU T increases, the maximum
charge QC f dis_max can be delivered from the flying capacitor
to the power inductor is smaller, thus the maximum output
load current is smaller.

The following two sections summarize the DCM DC
gain MV DC and the DCM small-signal transfer function of
the KY converter directly, as the deduction details and analysis
can be found in [10].

C. DCM DC Gain of the KY Converter

Assuming that k = 2L fs
RLoad

and ignoring the variation of
the fly capacitor voltage VC f , the DCM DC gain of the KY
converter can be obtained as [10]:

MV DC = VOU T

VI N
=

(
1 − D2

k

)
+

√
D4

k2 + 6D2

k + 1

2
(12)

If the VC f variation is considered as well, then the DCM DC
gain becomes (13), as shown at the bottom of this page.

D. Small-Signal Transfer Function of the KY Converter
for DCM

With the average switch modeling technique in DCM [12],
we can obtain the small-signal transfer function Gvd of the
KY converter in DCM, with the DCM DC gain expressed
in (13) [10] leading to,

Gvd = V̂OU T

d̂
= Hd

1 + s/
sz1

1 + a1s + a2s2 (14)

where the details of the parameters Hd , a1, a2 and Sz1 in (14)
can be found in [10], as well.

III. CIRCUIT IMPLEMENTATION

Fig. 7 shows the overall system block diagram of the
proposed fully integrated KY converter under DCM operation.
The active circuits are power stages (MP1, MP2 and MN1),
start-up control, Type II compensator, ramp generator, zero
current detector (ZCD), DCM calibration loop, logic and
drivers. The passive components are input decoupling capaci-
tors CI N and CI O , flying capacitor C f , bondwire inductor L
and output capacitor CO , and scalar resistors RA and RB .

The CI O is connected between VI N and VOU T to reduce the
output ripple by using a smaller area when compared with the
case of using CI N only [13]. When we consider the passive
capacitors within a given area, it is usually a good choice to
select a reasonable CI O in the fully integrated KY step-up con-
verter. This, because CO has to be designed with thick oxide
MOS-cap to prevent the capacitor material from over voltage
damaging, while it is not the case in CI O . CI O can be designed
with thin-oxide MOS-cap. Therefore, the capacitance density
will be larger in this case. Also, we utilize here the single-
boundary delay-bug-free ramp generation for a high-frequency
converter as proposed in [2]. We describe the detailed circuit
implementation of each subsystem in the following sections.

A. Fully Integrated KY Converter Design in DCM

With the battery input voltage, VI N = 1-1.2 V and the
output voltage ranges from VOU T = 1.5-2 V, the KY converter
chip has been fabricated in standard 65-nm CMOS. As a
fully integrated KY converter utilizing bondwire inductor
as the power inductor to achieve a compact size design target,
the inductor value may vary from 3 nH to 8.5 nH [2]. After
the measurement, the resistance per millimeter of bondwire
is 60 m�.

It is evident that the KY converter operates in CCM when
ILoad > ILoad B, and DCM otherwise. We can calculate the
range of switching frequency fs such that the KY converter
is operating in DCM for all loading conditions from (1):

fs <
(2VI N − VOU T ) D

2ILoad_max Lmax
(15)

Based on (15), the switching frequency fs can be designed
such that the KY converter is operating in DCM for all loading
conditions. According to the design specifications of the KY
converter (i.e. VI N = 1.2 V, VOU T = 1.8 V, D = 0.5,
maximum bondwire inductance Lmax = 8.5 nH [2], and the
maximum load current ILoad_max = 80 mA), we can obtain
fs < 220.6 MHz. Finally, we chose fs = 220 MHz as the
switching frequency.

B. Start-Up Control for the KY Converter

In the KY converter, during the initial start-up, the PWM
voltage-mode (VM) loop usually works only after VOU T >

MV DC = − (
k D2b − k2b − 4D5

) +
√(

k D2b − k2b − 4D5
)2 − 4

(
k2b + D5

)
(4D5 − 2k D2b)

2
(13)
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Fig. 7. Block diagram of the proposed fully integrated KY converter under DCM operation (overall system).

Fig. 8. Integral-single-lead (Type II) compensator.

target VOU T happens. In this work, we provide a starting
step voltage signal Vstart off-chip to be compared with the
ramp signal in order to obtain an initial duty ratio Dsta during
the start-up. After the system starts up, Vstart will be higher
than the peak voltage of the ramp signal then implying that
Dsta = 0, thus it has no effect on the VM loop.

C. Type II Compensator for the KY Converter in DCM

In the PWM voltage-mode control of the KY converter
under DCM operation, through appropriate design of the
system parameters, the Type II compensator of Fig. 8 can
already ensure system stability. This is an integral-single-
lead compensator, also called a second-order integral-lead
controller or type II controller, whose maximum phase boost
is 90° [5]. The error amplifier (EA) in the compensator is a
telescope single stage amplifier for higher gain accuracy. As it
has small output swing, the ramp signal voltage level should
be designed carefully.

According to [5], assuming the operational amplifier is
ideal, the voltage transfer function Gcomp(s) of the Type II

compensator (Fig. 8) is given by:

Gcomp (s) ≡ vm(s)

ve(s)
= B(1 + S

ωZC
)

K 2s(1 + s
ωpc

)
(16)

Where

h11 = RA RB

RA + RB
(17)

B = 1

C2(R1 + h11)
(18)

ωzc = 1

R2C1
(19)

ωPC = C1 + C2

R2C1C2
(20)

K =
√

ωPC

ωZC
=

√
C1

C2
+ 1 (21)

Based on the KY converter small-signal transfer function in
DCM (14) and the Type II compensator transfer function (16),
we can set the crossover frequency fc = 20 M H z < 1

5 fs [14]
and the phase margin should be larger than 76° [15], and we
can obtain the parameters (R1, R2, C1, C2) of the compensator.
Fig. 9 shows the KY converter system loop gain bode plot
with R1 = 10 k�, R2 = 37.3 k�, C1 = 681 fF, C2 = 83 fF.
The compensator is designed with L = 3 nH case due to
the variation of the bondwire inductance, another case of
L = 8.5 nH is added, as well, to confirm that the compensator
works well.

D. Zero Current Detection in the KY Converter

The inductor reverse current iL ,reverse can be detected by
using a zero current detection (ZCD) circuit as Fig. 10 shows,
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Fig. 9. The loop gain bode diagram of the designed KY converter
in: L = 3 nH and L = 8.5 nH.

Fig. 10. Conventional ZCD for buck converter.

Fig. 11. Problem of conventional ZCD for KY the converter.

the idea is to compare the voltage between the two terminals
of a power transistor switch. From Fig. 10, it is evident
that we obtain the reverse current information by comparing
VX and GND nodes directly in a buck converter. When the
reverse current happens, VX > 0, the ZCD output is activated.
However, the conventional ZCD for buck converter cannot
be directly applied to the KY converter, because there are
two paths for the iL ,reverse to flow at the node VX during
State 2, thus the reverse current cannot be detected correctly,
as Fig. 11 illustrates. There, i1 is the current flow through MP2
and i2 denotes the current flow through MN1.

To solve the ZCD problem of the KY converter, we propose
a solution in Fig. 12(a) which turns off the switch MN1 earlier
than MP2 (MP2 on resistance = RMP2,ON) by a short detection
sample period (TW I N = 200 ps, ZCD state) with VW I N as

Fig. 12. Proposed ZCD for KY converter: (a) circuit and (b) gate signal.

the sampling signal, thus two paths at the node VX during
State 2 can be reduced to one path for iL reverse current
detection, which means that the ZCD condition i1 = iL ,reverse

is valid. Thus, we can detect whether the current flows across
MP2 (RMP2,ON) is reversed or not at this short sample period,
by comparing VX and VI N . If VX > VI N , there is a reverse
current flow, then the ZCD output is activated. Fig. 12(b)
shows the corresponding gate signals. Originally, the gate
signal VG2 controls both MN1 and MP2, and now it controls
MN1 only, while the gate signal VG2D controls MP2. The turn-
on period TG2D for VG2D is longer than that (TG2) of VG2 by
a TW I N . During TW I N , VI N and VX are compared to justify
whether switches MN1 and MP2 should be turned off earlier
or later in the next cycle.

E. DCM Calibration Loop for the KY Converter

Under DCM operation, the inductor reverse current
iL ,reverse significantly reduces the power conversion efficiency
of a fast switching PWM-controlled DC-DC converter, hence a
precise DCM calibration loop with load transient enhancement
control has been proposed to solve this problem for a buck
converter in [2] and [16]. The calibration loop can fine-tune
the control signals to enable precise DCM operation (zero
inductor current point) after some operation cycles. Thus,
the reverse current and efficiency can be significantly reduced
and improved. Moreover, we implement this calibration loop
with a load transient enhancement circuit, which can improve
the load transient speed. Fig. 13 shows the proposed ZCD and
DCM calibration loop with load transient enhancement control
circuitry [2] for the KY converter under DCM operation.

In the ZCD sampling window block, VX is sampled right
after MN1 is turned off, once a falling edge is detected, a
sampling window control signal VW I N with 200 ps long is
generated. As VX is either equal to VI N or 2VI N in the
ideal case, an inverter using thick oxide 2.5 V transistor is
used instead of the 1.2 V thin oxide transistor to prevent
overvoltage situation. Then the VI N signal and the sampled
VX as VX_Sample are applied to a level shifter to pull the level
down to 1/2 VDD for the inputs of the error amplifier (EA)
in State 2. This, because both VX and VI N can be as high
as VDD, which is challenging for the EA inputs. The EA
samples the error between two signals at the sampling period.
When VI N is larger than VX_Sample, it means that the inductor
current is positive and the power transistor switch Mp2 and
MN1 should be turned off later. Then Vmix increases, and the
response of the calibration loop results in a longer period
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Fig. 13. Proposed ZCD and DCM calibration loop with load transient enhancement circuitry [2] for the KY converter under DCM operation.

TABLE I

DIFFERENCES BETWEEN THE ZCD AND DCM CALIBRATION

LOOP CONTROL STRATEGY (THIS WORK AND [2])

Fig. 14. Chip microphotograph of the proposed KY converter in DCM.

of VG2 and VG2D signal. In contrast, when VX_Sample is
larger than VI N , it means that the inductor current is negative
(reverse current happens) and the power transistor switch MP2
and MN1 should be turned off earlier. Then Vmix decreases,
the response of the calibration loop results in a shorter period
of VG2 and VG2D signal. With this reverse current calibration
loop L1, the precise DCM operation can be achieved dynam-
ically to adjust the KY converter power switches MN1 and
MP2 (VG2 and VG2D) turn-on period according to the reverse
current level.

Fig. 15. (a) Measurement power efficiency of the proposed KY converter
for VI N = 1.2 V and VOU T = 1.5, 1.6, 1.7, 1.8 V under different load
current. (b) Power distribution graph under VI N = 1.2 V, VOU T = 1.8 V
and ILoad = 10 − 40 mA based on post layout simulation.

From Fig. 13, there are two feedback loops adding together
forming the DCM calibration loop. L1 is the reverse cur-
rent calibration loop and L2 is the load transient response
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TABLE II

COMPARISON WITH STATE-OF-THE-ART BOOST CONVERTERS

Fig. 16. Load transient response of the proposed KY converter under DCM
operation at: (a) VOU T = 1.5 V and (b) VOU T = 1.8 V.

enhancement loop. Considering system stability, L1 should be
much slower than the PWM voltage-mode (VM) loop. And
the purpose of L2 is for transient enhancement under the load
transient. When load changes, the PWM voltage-mode loop in
Fig. 7 will respond and L2 follows this duty ratio change as
well. That means the duty ratio information (Vm) generated
by the VM loop is added onto the EA output voltage of the
ZCD (VZC D) with the help of an analog adder. The bandwidth
of the analog adder should be larger than the VM loop to catch
up the duty ratio change [2].

In the output logic block, Vmix compares the ramp signal to
determine the on-time of State 2. VG2 and VG2D are generated
and VG2D is longer than VG2 by a ZCD sampling window
time (∼200 ps) which has been discussed in Fig. 12.

Fig. 17. Simulation and measurement results of power efficiency with DCM
control under VI N = 1.2 V and VOU T = 1.5 V.

The differences between the ZCD and the DCM calibration
loop control strategy of this work and [2] are summarized
in Table I.

IV. EXPERIMENTAL RESULTS

The proposed fully integrated KY step-up converter utilizing
bondwire as power inductor has been fabricated with standard
65-nm CMOS technology. The total chip area is 0.93 mm2

including a 4 nF input decoupling capacitor and 1 nF output
filter capacitor as exhibited in Fig. 14.
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Fig. 18. Equivalent circuit of the KY converter measurement setup.

The input voltage is 1.2 V and the output voltage varies from
1.5 V to 2 V. The load current ranges from 5 mA to 80 mA.
Fig. 15(a) shows that the peak efficiency is 75.2 %@VOU T =
1.5 V, ILoad = 65 mA. Fig. 15(b) provides the post layout
simulation power distribution graph of the KY converter under
VI N = 1.2 V, VOU T = 1.8 V and ILoad = 10-40 mA,
which includes: output power, conduction loss, switching
loss, control loss, reverse current related and other losses.
From Fig. 15(b), during heavy load situation, the conduction
loss dominates the whole power loss of the KY converter.
As the load current decreases, the switching loss percentage
increases.

Fig. 16 shows the load transient response. Fig. 16(a) shows
a load step from 4 mA to 60 mA at VOU T = 1.5 V. The over-
shoot is 205 mV with 140 ns settling time, and the undershoot
is 245 mV with 146 ns settling time, respectively. Fig. 16(b)
shows a load step from 4 mA to 40 mA at VOU T = 1.8 V.
The overshoot is 200 mV with 200 ns settling time, and the
undershoot is 145 mV with 166 ns settling time, respectively.
To show a fast transient response, the rising/falling time of the
load current transient is just 500 ps.

Fig. 17 illustrates the simulated and measured power effi-
ciency with DCM calibration loop under VI N = 1.2 V and
VOU T = 1.5 V. The measured efficiency at ILoad = 10 mA
and 80 mA are 50% and 74.6%, respectively, while the peak
efficiency is 75.2% at ILoad = 65 mA. For the efficiency
loss issue, one possibility reason should be the parasitics.
As an example, the parasitic capacitance and resistance in
node VX can affect the power switches non-overlap time,
which can significantly degrade the power efficiency. Even
though this problem cannot be resolved by the proposed DCM
calibration loop, it can be much alleviated with a non-overlap
time calibration circuit similar to [16] and [17].

The measured maximum voltage ripple is 160 mV. Since
we measured it with the oscilloscope probe (Keysight N2795A
active probe) on a PCB, the output bondwire and PCB trace
loading between the on-chip output voltage point (VOU T _chip)
and the probe measurement output voltage point (VOU T ) will
enlarge the output voltage ripple [18]. Fig. 18 shows the
equivalent circuit of the KY converter measurement setup,
with the corresponding simulation result as shown in Fig. 19.
It can be concluded that the output voltage ripple is increased
due to this measurement loading. However, when we apply
this converter in a SoC, the output voltage ripple will be much

Fig. 19. Simulated on-chip output voltage VOU T _chip and off-chip output
voltage VOU T under VI N = 1.2 V,VOU T = 1.8 V,ILoad = 40 mA.

Fig. 20. The simulated VX , IL , VOU T _chip , VG1 and VG2 waveforms of
the proposed KY converter.

smaller than the off-chip measurement, as shown in Fig. 19.
The above analysis holds for over/undershoot voltage during
load transient response as well.

Fig. 20 shows the simulation waveforms of VX , IL , VOU T ,
VG1 and VG2 under VI N = 1.2 V, VOU T = 1.8 V,
ILoad = 40 mA. In State 1, the flying capacitor is discharged
and inductor is magnetized, VX is charged up to 2VI N -�VC f

first and then decreases. In State 2, flying capacitor is charged
and inductor is demagnetized, VX is around VI N . In State 3,
all the power switches turn off and VX is a floating voltage.
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Table II shows the comparison with prior works of high
frequency ( fs ≥ 80 MHz) DC-DC converters. Among the
state-of-the-art fully integrated buck converter using either
bondwire and planar inductors [2], [19], [20], this work
achieves fast transient response at sub-μ s level similar to [20]
while achieving comparable power efficiency. Comparing this
work with the state-of-the-art inductive and SC-based boost
converters [21], [22], [24], the settling time per load transient
step of this work is competitive. Comparing this work with
the SC-based boost converter [23], the chip size is smaller.

V. CONCLUSION

A PWM fully integrated KY converter utilizing bondwire
inductance as power inductor under DCM operation was
proposed, and implemented in standard 65-nm CMOS. This
work is the first DCM closed-loop controller design for the KY
converter, which obtains faster load transient response when
compared with state-of-the-art boost converters. This advan-
tage is related to the characteristics of the KY converter topol-
ogy and its transient enhancement circuitry within the DCM
calibration loop. This paper presented the details of its para-
meter design, the DCM closed-loop voltage-mode controller
design to obtain a fast and stable control loop, a ZCD method
to activate the DCM control, and a DCM calibration loop to
reduce the reversion loss, relax the accuracy requirement of
bonding wire inductance, as well as enhance the load transient
response performance. Measurement results have shown that
with a switching frequency of 220 MHz, the designed KY
converter achieves a peak efficiency of 75.2%@97.5 mW from
VI N = 1.2 V, VOU T = 1.5 V and ILoad = 65 mA, and a load
transient response of 245 mV/205 mV undershoot/ overshoot
at 146/140ns recovery time. This work achieved a settling time
per load transient step of 2.6 ns/mA, which is competitive with
the state-of-the-art boost converters.
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