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Abstract—This paper presents a retention/ pulse frequency mod-
ulation (PFM)/ pulse width modulation (PWM) mode dc—dc buck
converter with adaptive zero current detector (AZCD) and spread
spectrum clock generation (SSCG) for IoT/Wearable systems. The
proposed dc—dc buck converter is capable of handling loads from
10 pA to 20 mA with high efficiency by applying triple mode
(retention mode, PFM mode, and PWM mode), gate split tech-
nique, and AZCD. Retention mode is proposed to extend wide load
range at ultralight load. Gate split technique adjusts the conduction
loss and switching loss. AZCD reduces the operation duty of the
high-speed comparator and avoid reverse current below light load.
In IoT applications, each node communicates with other nodes
through a Bluetooth low energy transceiver, which consumes very
low current and is highly sensitive to supply noise. Therefore, the
proposed de-dc buck converter adopts the SSCG technique to re-
duce electromagnetic interference by up to 18 dB. This chip is
implemented using 0.13 xm CMOS technology with an active area
of 820 x 800 zm?. The maximum power efficiency of the pro-
posed dc—dc buck converter is 92.4% at a switching frequency of
2.5 MHz when the load current range is 10 to 20 mA. The input
voltage range and the regulated output voltage are 2.2-3.3 and
1.7 V, respectively. In addition, the proposed dc—dc buck converter
achieves over 74.2% efficiency in retention mode when the load
current range is from 10 to 500 pA.

Index Terms—DC-DC buck converter, frequency hopping, pulse
frequency modulation (PFM), pulse width modulation (PWM), re-
tention, triple mode, ultralight load, zero current detector (ZCD).

I. INTRODUCTION

ECENTLY, there has been rapid growth in the need for
R Internet of Things (IoT) systems or Bluetooth low energy
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(BLE). Because low power and energy-harvesting devices are
not installed under normal conditions and their batteries cannot
be easily exchanged, many portable applications demand a long
battery lifetime according to the load conditions. They require
low power consumption, small chips, small external compo-
nents, such as inductors and capacitors, and high efficiency.
Therefore, low power and high efficiency power management
integrated circuit (PMIC) is important to extend battery life and
sustain the system without charging. To reduce the power loss
factors [Printed Circuit Board (PCB) loss, line loss, parasitic
element loss, etc.], a recent trend is to integrate a buck converter
with an loT/Wearable or RF Transceiver system [1].

Fig. 1 shows the role of PMIC in an IoT/Wearable device.
The range of the input voltage (VBAT) is 2.2-3.3 V. The target
output voltage, Vpyuck_out 18 1.7 V for supplying voltage to
each low drop out (LDO) regulator, such as analog LDO, digital
LDO, and retention LDO in Fig. 1. Retention LDO is designed
for the sleep mode of the IoT/Wearable device. If the retention
LDO is turned OFF, modem cannot wake up and control the
digital signal. Therefore, the retention LDO is always turned ON
before operating in active and standby modes. The dc—dc buck
converter is also operated in the retention mode to reduce power
consumption and extend efficiency.

In IoT/Wearable device systems, dc—dc buck converter must
sustain high power conversion efficiency even at ultralight
load current as pA. Implementation of pulse width modulation
(PWM) and pulse frequency modulation (PFM) modes for high
efficiency under various load conditions have been investigated
in [2] and [3]. These modes must be automatically changed
according to load conditions since they have different advan-
tages and disadvantages reported in [4]. Therefore, it should be
selected by load condition properly.

The ultralow power transceivers which are newly released in
[5]-[7] require small active area and wide input voltage range.
Typically, Li-Ion battery supplies the voltage range of 2.2-4.2 V.
Therefore, the proposed dc—dc buck converter uses 5-V transis-
tors to prevent the melting down of Power MOSFETs. If it
uses 3.3-V transistors, the reliability of dc—dc buck converter
would be seriously degraded, even though the efficiency of dc—
dc buck converter which uses 3.3-V transistors is higher than

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1. Role of a PMIC in a low-power IoT/Wearable device.

5V transistors. Therefore, we adopt 5-V transistors to satisfy the
reliability and propose various techniques, such as triple mode
(retention mode, PFM mode, and PWM mode) that changes
the modulation mode depending on load conditions, Gate split
which changes the size of power MOSFET to optimize conduc-
tion loss and switching loss, and adaptive zero current detec-
tor (AZCD) that blocks the reverse current and minimize the
operation time of the high speed comparator. These techniques
increase the efficiency and achieve the wide load range.

In addition to the ultralow power requirement of the
transceiver in the active mode, power consumptions in the wait-
ing modes (stand-by or sleep mode and so on) are very critical
to minimize the battery changing times or stain the long op-
eration time since it operates in those modes over 95% of full
operating time [5]-[7]. Generally, there is a tradeoff between
the high regulation characteristics and low power consumption
in the dc—dc buck converter. In the waiting modes (stand-by
mode or sleep mode), the internal blocks of system-on-a-chip
(SoC) are almost turned OFF up to 90% and do not require the
high-regulation performance. Therefore, the proposed retention
mode is implemented to more improve the power efficiency.

Under light load conditions, the dc—dc buck converter
achieves the maximum power efficiency by blocking the reverse
current in the discontinuous conduction mode (DCM) rather
than continuous conduction mode (CCM) [5], [6]. To operate in
the DCM mode, a zero current detector (ZCD) changes the on
duty of low side power MOSFET to block the reverse current
[7]. It generally requires a high-speed comparator to cutoff the
reverse current as fast as possible, while the power consumption
of internal circuits is very large. Under light load conditions,
the current consumption of the building blocks of de—dc buck
converter decreases the efficiency drastically, where the current
consumption of the ZCD is dominant. So, limiting the activa-

tion time of the high-speed comparator by only sensing the zero
current region is the one of the effective solution to optimize the
current consumption depending on the load current. Therefore,
AZCD is proposed to minimize the current consumption and
improve the power efficiency in DCM.

To optimize the power efficiency, triple mode (PWM, PFM,
and retention mode) is implemented in a single chip, depend-
ing on the load condition [4], [11]. In addition, the large por-
tion of the efficiency of dc—dc buck converter is dominated by
conduction and switching loss. On resistances and parasitic ca-
pacitances are changed by the sizes of power MOSFETs. Thus,
Gate split is adopted to optimize and maximize the efficiency
depending on load conditions.

Recently, the mobile devices are developed including
transceiver and power management unit in a single chip.
IoT/Wearable devices need to be designed with low process and
small active area. These requirements generate the undesired
spurious noises affecting to the performance of other blocks.
These problems in loT/Wearable devices become the main is-
sue degrading the performance of transmitter and receiver. The
phase noise of PLL and sensitivity of receiver are affected by
the output noise of the power management unit. Because the
output noises of crystal oscillator and dc—dc buck converter are
modulated and generate another harmonics, they dramatically
change the performance of the transmitter and receiver.

To solve these problems, the spread spectrum clock genera-
tor (SSCQG) is proposed to spread the output noise. When the
switching frequency is constant, the spurious noise and har-
monies are very high. Thus, the variable switching frequency is
adopted. However, IoT/Wearable devices cannot consumes a lot
of current and essentially require the small active area. To satisfy
these requirements, this paper uses a frequency hopping tech-
nique that can automatically change the switching frequency. It
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Fig. 2. Block diagram of the proposed dc—dc buck converter.

TABLE I
CHARACTERISTICS OF THE PROPOSED DC-DC BUCK CONVERTER
AT PWM/PFM/RETENTION MODES

Functions PWM mode PFM mode Retention mode
Output Regulation Excellent Good Bad

Load Condition 10 mA ~ 500 uA ~ 10 mA ~500 uA
Switching frequency 2 MHz Variable frequency 32 KHz
Output ripple voltage Small Medium Large

Current consumption Large (270 1 A)
Switching loss Fixed

Small (110 pA)
Depends on frequency

Extremely small (500 nA)
Extremely small

reduces the output noise effect to the transmitter and receiver.
In addition, internal control blocks inside the proposed dc—dc
buck converter use 1.2 V generated by internal LDO to maximize
power conversion efficiency by reducing the self-current con-
sumption.

This paper is organized as follows. The system architecture
and power-on sequence are introduced in Section II. The details
of Triple-Mode, AZCD, Gate Split technique, and SSCG of the
proposed dc—dc buck converter design are shown in Section III.
The experimental results are detailed in Section I'V. Finally, the
paper is concluded in Section V.

II. ARCHITECTURE OF THE RETENTION/PFM/PWM
TRIPLE-MODE DC-DC BUCK CONVERTER

Fig. 2 shows a block diagram of the proposed dc—dc buck
converter. The power efficiency of the dc—dc buck converter is
determined by the conduction loss, switching loss, and internal
control circuit loss [11], [12]. The load condition also affects
the efficiency of the dc—dc buck converter.

The proposed dc—dc buck converter is designed for
IoT/Wearable applications, which consume less power than
portable devices. Therefore, in order to maximize the efficiency,
the power consumption of building blocks and loss factors needs
to be reduced. Thus, the triple mode, AZCD, and Gate split tech-
nique are proposed to improve the efficiency in this paper.

First, triple mode is implemented by the PWM, PFM,
and retention mode controller in Fig. 2. Table I shows the
characteristics of each mode. In the PWM mode, the fixed
switching frequency generates an excellent output regulation
characteristic and has a constant switching loss. It is the highest
frequency comparing with other modes [13]. PWM mode
controller receives feedback from the output of the dc—dc buck
converter. In the PWM mode, the power consumption is 270 A
and blocks related to PFM and retention modes are turned OFF.

In the PFM mode, the switching frequency is adjusted based
on the load conditions. Thus, the output regulation character-
istic at the PFM mode is degraded due to the variable switch-
ing frequency [14]. The switching frequency of PFM mode is
lower than that of PWM mode. In the PFM mode, dc—dc buck
converter consumes 110 pA, turning OFF the blocks related to
PWM and retention mode controller. DC-DC buck converter in
the retention mode uses the lowest clock frequency to minimize
the switching loss, turning OFF most circuits to extend the high
efficiency at ultralight load. It consumes only 500 nA, while
the regulation and output ripple characteristics are worst among
them.

As a result, triple mode has different characteristics and the
current consumption depending on the load conditions as shown
in Table I.

Second, in the DCM operation, the ZCD circuit limits the
conversion efficiency due to the large current consumption of
the internal comparators explained in [11]. Therefore, AZCD is
proposed to minimize the current consumption of the compara-
tor through decreasing the operation time of the comparator.

Third, Gate split technique that power MOSFETs are divided
into MP1, 2, 3, and MN1, 2, 3, based on operation modes is
proposed to optimize the efficiency of the dc—dc buck converter.
Dominant loss factors are different according to operation
modes. Therefore, power MOSFETSs with variable sizes are
necessary to adjust the conduction loss and switching loss.

Fig. 3 shows the timing diagram of the power-on sequence
of the proposed dc—dc buck converter. Start-up oscillator with
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Waveform of the power-on sequence using a Start-up oscillator with

the soft-start in Fig. 2 is used to turn ON the internal blocks
in the initial operation. When VBAT is supplied from a Li-ion
battery, it generates the switching frequency of 400 kHz to settle
the Vpuck_out slowly to 1.7 V, reducing the inrush current.
It increases the settling time up to 150 ps. If the switching
frequency is too fast, the Vpyck_out is suddenly increased
that generates high inrush current and destroy power MOSFETSs
[15]. Until the output voltage reaches 1.5 V, the proposed dc—dc
buck converter operates in the open-loop state.

In this state, low-side power MOSFET is always turned OFF
and high-side power MOSFET only receives a constant duty
from the start-up oscillator with soft-start. When the output
voltage is over 1.4V, internal LDO starts to generate an internal
supply voltage of 1.2 V, VDD, to supply the internal control
circuit. After Vzyck_out reaches to 1.5 'V, the power enable
signal of the start-up oscillator with the soft-start switches to low
and is turned OFF. The feedback loop operates normally using
the internal supply voltage. This power-on sequence eventually
can reduce power consumption of the internal circuit. [16], [17].

III. BUILDING BLOCKS

A. Triple-Mode, Current Average Circuit, and
Triple-Mode Selector

Conventional de—dc buck converters cannot achieve the high-
est efficiency over the wide load range [2]-[4], [12]. Therefore,
the current average circuit and triple mode selector are proposed
in the dc—dc buck converter to automatically satisfy the high ef-
ficiency and minimize the loss factors depending on the load
conditions, as shown in Fig. 2. The PWM and PFM are enabled
under the load current of over 10 mA and between 500 A
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is turned ON.

and 10 mA, respectively, while the retention mode is enabled
when the load current is less than 500 pA. In the PWM mode,
PFM and retention mode controller are turned OFF for mini-
mizing the current consumption of internal circuits. Similarly,
in the PFM mode, PWM and retention mode controller are to-
tally turned OFF. In Table I, the current consumption of building
blocks related to PWM and retention mode are 270 pA and
500 nA, respectively. Therefore, the power consumption of
892.65 W can be saved in PFM mode when the VBAT is
3.3 V. The current consumption is automatically changed by the
signal of triple mode selector.

Fig. 4(a) and (b) shows the internal circuits activated for
PWM and PFM mode controllers, respectively. Fig. 4(a) shows
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that the PWM mode controller consists of low-voltage band gap
reference (BGR), Type III Compensation-1 and 2, Sawtooth
Generator, Divider (/16), PseudoRandom Number Genera-
tor (PRNG), Thermometer Decoder, VRC Controller, and
8-Thermometer Capacitor Bank. Among them, the Divider
(/16), PRNG, Thermometer Decoder, VRC Controller, and
8-Thermometer Capacitor Bank are activated only in the SSCG
operation.

The output voltage Vguck_out is sensed through Type-III
Compensation-1 to make Vpp and it is compared with Vgr
(860 mV) generated by low-voltage BGR. The error between
Vrp and Vpgr is amplified by error amplifier. The output of
the error amplifier Vg is compared with Vgaw signal to gen-
erate the Vpwy signal. Vgaw is generated by the Sawtooth
Generator to determine the switching frequency of the dc—dc
buck converter. The duty of Vpw is determined by comparing
Vsaw with Vigr. As Vg is increased, the duty ratio of Vpwyy is
decreased. On the other hand, as Vyp is decreased, the duty ratio
of Vpw is increased to adjust the output voltage [18], [19].

The PFM mode controller consists of two comparators
(COM_SET and COM_RESET), one-shot trigger and SR-
Latch, as shown in Fig. 4(b). PFM mode controller is used
to increase the efficiency under light loads by slowing down
the switching frequency. When the Vg is lower than Vg, a
COM_SET makes Vggr from low to high to set the SR latch
through the one-shot trigger. The supply voltage begins to store

Block diagram of the proposed retention mode controller when PWM and PFM mode controller are turned OFF.

energy to the Lpycxk until the Vspnse sensing the output peak
currentreaches Vour_tur. A COM_RESET generates VRgseT
from low to high to reset the SR latch to release the energy stored
in the inductor, as Vggnsg is higher than Vouyg g . Therefore,
PFM mode is enabled only for the load current range between
500 pA and 10 mA, which increases the efficiency of the pro-
posed dc—dc buck converter to 80% under light load condition
(2], [13].

Retention mode controller is illustrated in Fig. 5. It consists
of retention OSC, /N Divider, and Retention Duty Gen. The op-
eration frequency of the retention mode controller is lower than
that of PFM mode controller in the asynchronous mode, which
degrades the regulation characteristics very much. Therefore,
the synchronous type retention mode controller is proposed in
this paper. If PEFM mode controller is activated under ultralight
load, the current consumption of PFM mode controller occu-
pies the large portion of the internal circuits and deteriorates the
efficiency of the dc—dc buck converter.

The proposed retention mode has some different operation
comparing with the burst mode controller and gated oscilla-
tor [20-21]. Output voltage sensing blocks are periodically ac-
tivated by the constant duty based on Vpsc_pry to compare
Veuck_out With Vigr. If the Viuck _out is below the Vigr,
the power MOSFET is turned ON for a short period of time.
In the retention mode, Retention OSC, /N Divider, and Reten-
tion Duty Gen are operated in subthreshold region to achieve
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the low power consumption. In addition to reducing the cur-
rent consumption, the internal circuits are turned OFF, disabling
retention mode controller and AZCD. Also, it generates the
clock Vogc_pry with the extremely low clock frequency of
32 Hz, which is much lower than the switching frequency of
PFM mode controller to overcome the current consumption by
Retention OSC and /N Divider under the ultralight loads.

Retention Duty Gen generates VrRpren_p and VRETEN_N
used for the Gate Driver and AZCD, respectively. The low-
side power MOSFET (MN3) is controlled by the AZCD with
VreTeEN_N signal, while the Retention Duty Gen controls the
high-side power MOSFET, MP3, through the Vi prpn_p signal.
When VrgrenTion signal is high, only the retention mode
controller, AZCD, and current average circuit are active, which
enhances the efficiency of the dc—dc buck converter and extends
the load current range to ultralight load.

The total current consumption of retention mode controller
and AZCD are designed to be less than 500 nA, and the load
condition can be extended down to 10 pA. Even though the out-
put voltage ripple and regulation characteristics are worse than
those in PFM and PWM modes, the regulation characteristics
are not so important factor under the ultralight load, because
the most of the blocks supplied by the dc—dc buck converter are
turned OFF.

A conventional current-sensing circuit senses the load current
using external resistors to take the average output load current
information by converting the output load current to voltage
level [22]. However, it needs the external resistors, which is not

preferable for [oT/Wearable devices because of the demands for
the small external devices. Therefore, current average circuit
shown in Fig. 6(a), is proposed to sense the input current using
the current mirror with the current ratio of 100:1 without the
external devices. An averaging capacitor Cc s ¢ is charged and
discharged by the mirrored current. /; and I, pull the same cur-
rent from Vyrirror node based on Ig1as. The small discharging
current source is designed to be smaller than the mirrored cur-
rent (I\iirror ). Therefore, Vspngg reflects the average current
from the load current with the ratio of 100:1 by the current av-
erage circuit.

Fig. 6(b) shows the control logic of the triple mode selector
that determines the PWM, PFM, and retention mode through
Vsense and Vgragt signals. Three comparators, COM_SE_1,
COM_SE_2, and COM_RE, compare Vsgngg signal with ref-
erence voltages Vrgr1 and Vrpro to generate the MODE_SE
and VrenTion signals. These signals control the MUX lo-
cated in front of PWM and PFM mode controllers illustrated in
Fig. 2 to select the PWM or PFM modes and turn ON and OFF
the retention mode controller [8], [12]. Also, the malfunction of
dc—dc buck converter can be occurred when the switching back
and forth at each mode boundary. Therefore, the COM_SE_1,
COM_SE_2, and COM_RE in proposed triple mode selector
are used hysteresis comparator to prevent the problems.

Fig. 7 shows the waveform of the proposed dc—dc buck con-
verter with triple mode selector. PWM mode is active when the
MODE_SE and VigrenTION are low under the load current of
over 10 mA.
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selector.

The switching frequency at PWM mode is 2.5 MHz and has
a constant output voltage ripple. In the PFM mode, MODE_SE
signal is changed from low to high when Vsgngg is between
650 to 430 mV.

The switching frequency of PFM mode relates to the output
load current IoyT, because it changes a discharging time of
inductor current, I1xp. Therefore, the output voltage ripple and
inductor current are dynamically changed depending on the
Iour.

The retention mode is active when Vggnsg is below 400 mV.
When VierenTion and MODE_SE are high, the Retention
OSC begins to generate the clock frequency of 32 kHz. This
clock is divided by the /N Divider to generate Vosc_prv, 32
Hz. It turns ON the high-side power MOSFET for 64 us within
the period of 32 ms. Therefore, it dramatically reduces the total
current consumption and increases the efficiency of the dc—dc
buck converter under ultralight load.

B. Automatic Gate Split Technique

The efficiency of switching type regulator is affected by the
size of power MOSFET. In particular, the dominant factors for
the efficiency are changed depending on load conditions. In
the heavy load, the dominant loss factor to the efficiency is
the conduction loss, while the switching and internal losses are
more dominant than conduction loss in the light load [23], [24].
Generally, power MOSFET with the fixed size is used so that
the optimized efficiency can be reached at the fixed load current.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 9, SEPTEMBER 2017

However, the efficiency at other load current is decreased due
to the on-resistance, leakage current, and so on. Therefore, the
segmented power MOSFET can achieve the higher efficiency
than the fixed size of power MOSFET.

Table II shows the efficiencies with respect to different sizes
of the segmented power MOSFET. When the size of power
MOSFET is 20 mm/10 mm under the load current of 20 mA
(PWM mode), the efficiency is maximum. In the PFM mode un-
der the load current of 10 mA, 8 mm/4 mm shows the maximum
efficiency. Also, below 500 pA, retention mode shows the max-
imum efficiency at the size of 2 mm/1 mm. Therefore, the size
ratio of power MOSFETs is determined to be 6:3:1 for PWM,
PFM, and retention modes, respectively. In order to minimize
the die area and cost, power MOFSETs in the retention mode
is reused for PWM and PFM modes, while those in the PFM
mode is reused for those in the PWM mode. When the power
MOSFET is segmented depending on the load condition,
the Gate drivers of power MOSFET are also divided based
on the sizes of power MOSFET for minimizing the current
consumption.

As a result, high-side and low-side power MOSFETs are
segmented into MP1, 2, 3 and MNI, 2, 3, respectively. The
relative ratios between MP1 (MN1), MP2 (MN2), and MP3
(MN3) are determined to be 6:3:1.

Also, the current sensing block also requires the minimum
current consumption to control Gate split depending on the load
condition since IoT/Wearable device is designed to consume the
low current. If analog—digital converter (ADC) consuming a lot
of current senses the load current, the resolution can be higher
than the conventional current sensing method [25]. However,
the current consumption of internal control block degrades the
efficiency at the light load. Therefore, the proposed Gate split
uses average current sensing block with the minimum current
consumption.

Fig. 8(a) and (b) shows the block diagram and timing dia-
gram of the Gate split technique for triple mode operation, re-
spectively. The Gate split technique and segmented Gate driver
use MODE_SE and VygrenTION Signals to change the oper-
ating mode. Gate split power MOSFETs are controlled by the
H-SIDE], 2, 3 and L-SIDELI, 2, 3 signals that are generated from
the Thermometer Gate Driver. When the sizes of the power
MOSFETs are increased, their related parasitic capacitances
and resistances are increased and decreased, which are related
to the switching losses and conduction losses, respectively. In
the PWM mode, the conduction loss is a dominant factor in
the efficiency due to the large current consumption. Thus, the
Gate split power MOSFETS need to be configured to reduce the
conduction loss. Thermometer Gate Driver set H-sidel, 2, 3 and
L-sidel, 2, 3 to all high. In the PFM mode, Thermometer Gate
Driver turns OFF H-sidel and L-sidel to reduce the parasitic
capacitances and switching loss since the switching loss is more
dominant loss factor under the light load. On the other hand,
in the retention mode, Thermometer Gate Driver turns ON only
H-side3 and L-side3 since retention mode operates at the lowest
frequency under the ultralight load condition. Retention mode
uses only about a tenth part of power MOSFETSs to minimize
the parasitic capacitance and switching loss.
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TABLE II
EFFICIENCY OF THE DC-DC BUCK CONVERTER WITH RESPECT TO THE WIDTH OF THE POWER MOSFET

Load current

High / Low side Power MOSFET width size

(DC-DC buck converter efficiency)

30mm/15mm  28mm/I4mm  20mm/10mm  8mm/4mm  2mm/lmm
20 mA (2.5 MHz) 92.6% 93.1% 93.2% 92.5% 89.8%
10 mA (1 MHz) 90.1% 90.8% 91.9% 92% 91.2%
Under 500 A (32 Hz) - - - 76.1% 83.7%
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Fig. 8.

C. Adaptive Zero Current Detector (AZCD)

In the light load condition, the conventional ZCD is used
when CCM is changed to DCM, which requires a high-speed
comparator, because the reverse current must be blocked as fast
as possible [26]—-[28]. If the high-speed comparator is not im-
plemented, the efficiency of dc—dc buck converter is extremely
reduced due to the high-side and low-side diode conduction loss.
Thus, it is essentially required to use the high-speed comparator
in DCM [28]. Thus, in order to increase efficiency much more
at light load, the internal current consumption has to be reduced
through reducing the current consumption of ZCD. Because the
high speed comparator occupies the large portion of current

PFM Mode

Time

Retention Mode

H
H
H

(a) Block diagram. (b) Timing diagram of gate split technique for triple mode operation.

consumption at the PFM mode, AZCD is proposed to optimize
the current of the high-speed comparator through changing the
power enable signal of the high-speed comparator automatically.

IoT/Wearable devices whose load currents are lower than
those of the high-power devices are more affected by the internal
current consumption. The efficiency and current consumption
have a very close relationship [29]. Therefore, the proposed
AZCD enables the high-speed comparator only when the zero
current is sensed. It efficiently reduces the current consumption
of internal circuits and improves the power efficiency in DCM
mode more and more as the load current is decreased.

Fig. 9 shows the block diagram of the proposed AZCD.
It consists of Rising trigger, Falling trigger, comparator



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 9, SEPTEMBER 2017

Gate Driver

I

one-shot

Control Logic
trigger

one-shot
trigger

H-SIDE (V)

ON ON
OFF OFF OFF
0
VX (V) Time
0 .
Iino(A Time
0
~ Ti
PEN_AZCD (V) Conventional PEN_ZCD tme
0 T
ime
Vazen (V)
0
Time

(b)

6954
VMUX VRETENJ’
+ Adaptive Zero Current £ ._i_
H Sensing (AZCD) ; MUX ;L Viernyion
.
.
: S QB -: g
j e
Rising S
! R Q| 1
trigger N
'S
R ;
vss
Fe-llling VX
trigger
COM_AZCD
Fig. 9. Block diagram of the proposed AZCD.
H-SIDE (V)
OFF ON OFF ON OFF
VX (V) Time
11w
Time
IIND (A)
0 ..
PEN_AZCD (V) Conyentional PEN_ZCD Time
’ Time
Vazen (V)
Time
(a)
Fig. 10.  Waveforms of AZCD at (a) PWM mode and (b) PFM mode.

(COM_AZCD), one-shot trigger, and D-FF. The proposed
AZCD senses H-SIDE and VX nodes and operates only when
the VX node is changed from negative voltage to positive
voltage.

Fig. 10(a) and (b) shows the waveforms of AZCD at PWM
mode and PFM mode, respectively. As can be seen from
Fig. 10(a) and (b), in case of the conventional ZCD, the enable
signal (PEN_ZCD) always maintain high so that the high-speed
comparator is always enabled [27].

However, in the proposed AZCD, PEN_AZCD signal be-
comes high to enable COM_AZCD only when the VX node is
negative voltage. When AZCD senses zero current, the inductor
current (Ijnp ) becomes zero and PEN_AZCD signal goes to
low. It eventually turns OFF low-side power MOSFET.

Fig. 10(b) shows that the duty is also changed in PFM mode
when the operation frequency is changed by the load current.

As a result, the circuit can operate with the low-power con-
sumption compared to PWM mode under the light load condi-
tion, since the turn-on duration of high-speed comparator be-
comes shorter. Moreover, in the retention mode, VRETENTION
signal is high and VR gren_n is asserted to reduce the duty sig-
nal of the low-side power MOSFET so that current consumption
can be much reduced than PFM mode.

D. Spread Spectrum Clock Generator (SSCG)

The proposed dc—dc buck converter has three modes corre-
sponding to the system operating modes of active, stand-by, and
sleep modes, respectively. In the active mode, the noises at the
switching frequency of dc—dc buck converter can degrade the
performance, such as the phase noise of the PLL or the sensitiv-
ity of the receiver. To solve these problems, SSCG is designed
to spread the noise spectrum around the switching frequency of
dc—dc buck converter. On the other hand, the transceiver or PLL
is not activated at the stand-by mode or sleep mode, where only
the essential blocks such as retention memory are active. Thus,
the SSCG is not designed in the stand-by and sleep modes.

Fig. 11 shows the block diagram of a Sawtooth Generator
with SSCG. Conventionally, SSCG can be implemented in two
ways: hard switching [30], [31] and soft switching [32]. In this
paper, the hard-switching technique is adopted. SSCG has three
spreading methods; up spread, down spread, and center spread.
In the up spread, the switching loss is continually increased,
reducing the efficiency at PWM mode since the switching fre-
quency is increased. On the other hand, in the down spread,
while the switching loss is decreased, the output ripple AVoyr
would be increased, degrading the regulation characteristics.
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Fig. 11. Block diagram of the SSCG.

Equation (1) shows which factors affect the output ripple of the
dc—dc buck converter
AQ Al

AVpup = o= — 2L
Vour c 3~

~ (in = Vour) x D 2
5 8x L xC X TIs”.

(D

To optimize the switching loss and output ripple, the pro-
posed SSCG adopts center spread. The center spread has smaller
switching loss than the up spread and smaller output ripple than
the down spread. As a result, the center spread prevents the
degradation of efficiency and deteriorating regulation charac-
teristics.

Many techniques based on the frequency hopping are already
reported in [30] and [32]-[34] to solve the spurious noise prob-
lems. The proposed frequency hopping reduces the spurious
noise at IoT/Wearable applications by minimizing the current
consumption. In order to achieve it, Sawtooth Generator fixes
the minimum bias current and only control the Capacitor Bank.
The frequency modulation clock is generated by the dividing of
Sawtooth Generator clock. To achieve the low-power consump-
tion and high power efficiency, simple PRNG-based frequency
hopping is implemented rather than the high-performance and
high-power Sigma-Delta Modulator. The frequency of the Vg aw
signal is adjusted continuously based on random numbers from
the PRNG block, whose profile is determined by the period of
Vrampr_crLock.- It is divided by the Divider (/16) and applied
to PRNG for synchronization.

A 3-bit binary signal (P <2:0>) from the PRNG is con-
verted into the 8-bit thermometer signal (T <7 : 0>) through
the Thermometer Decoder. The fundamental switching fre-
quency of the dc—dc buck converter is 2.5 MHz, and it is modu-
lated by the VRC Controller and 8-Thermomter Capacitor Bank
from 2 to 3 MHz. If the code transition step is too large in the con-
ventional 3-8 code or gray code, the output ripple of the dc—dc
buck converter can be very large [35]. Therefore, Thermome-
ter Decoder is designed in this paper to change the frequency
control bits only one bit a time, which can minimize the output
ripple of the dc—dc buck converter.

The spurious tones at the output of the dc—dc buck con-
verter can be reduced by the SSCG. Theoretically, output noise
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reduction can be written as

(fuax — fuix)

AMOD = X 100% (2)
fc
fvop = (fe/DEV)/TC (3)
Power Attenuation = 10 log [M] 4)
fvop

where, faiax, fuin, fo, DEV, TC, Ayiop,and fyop are amax-
imum switching frequency, a minimum switching frequency, a
center switching frequency, deviation value, thermometer code
value, a modulation depth, and frequency modulation, respec-
tively.

Furthermore, the second and third harmonic spurious tones
can be lowered to below the basic noise floor. The spurious tones
are attenuated by the SSCG to minimize the effect of the de—dc
buck converter noise on the noise figure of the RF receiver.

IV. EXPERIMENTAL RESULTS

The chip was fabricated using the 0.13 pm CMOS process
with a single poly layer, four layers of metal, MIM capacitors,



6956

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 9, SEPTEMBER 2017

PWM mode PFM mode PFM mode PFM mode
@20mALuad @ 8 mA Load @ 3 mA Load @ 1 mA Load
VWCKOW(V) 17V i Veyck our (V) =17V
{ 5 5 VX (V)
- =120 = L
EVX ® td'"y | 1 fouy i?:s 33 | [ | .33V
R e I 25 G P VU Vol i U 531 o SR U S i ez
Vg e 0 UL L
[ [wm i "MD“‘YWM “i“ -5,\"‘ iy llﬂ
\"’ K"/’ C region, :}r|
i i ¥ Pmos i f
H off Duty |
- T M k- i |-
fw =2.5 MHz w= 1.0 MHz fow =458 kHz fo =156 kHz
(a) (b)
PFM mode Retention mode
@1 mA Load @ 500 pA L(?ad
0 i" L ‘I - .I‘I .|
P Al80 mv l
33V
fow=32Hz : ]

Fig. 14.
(c) PEM (@1 mA) to Retention (@500 pA).

and high sheet resistance poly resistors. Fig. 12 shows a mi-
crophotograph of the chip. The active area is 820 x 800 xm?.

Fig. 13 shows the measurement board. The proposed dc—dc
buck converter is located at the center of the PCB. An external
inductor and capacitor are placed next to the integrated circuit
chip. Internal signals, such as VX, H-side, L-side, and so on,
are measured through the TEST PIN. An oscilloscope, a power
supply, and an electric load generator are used to change the
load condition and input voltage. The input voltage range of the
converter is 2.2-3.3 V.

Fig. 14(a)—(c) shows the measured waveforms of the mode
changes. Fig. 14(a) shows that the mode is changed from PWM
mode to PFM mode. When the load current is suddenly changed
from 20 to 8 mA, the switching frequency observed at VX node
is also changed from 2.5 to 1 MHz. Fig. 14(a) shows three
different operating regions (A region, B region, and C region).
At the first duration (A region), Lpyck is charged by the current
and H-side is turned ON while L-side is turned OFF. At the
second duration (B region), the inductor is discharged and H-
side is turned OFF while L-side is turned ON. In the last duration
(C region), H-side and L-side are both turned OFF to block the
reverse current.

Fig. 14(b) shows that the switching frequency in the PFM
mode is changed from 458 to 156 kHz when the load current
is changed from 3 to 1 mA. Fig. 14(c) shows the measurement
result when the PFM mode is changed to retention mode. Re-
tention mode has the lowest switching frequency (32 Hz), so the
output ripple of Viuck_out is higher than PFM mode.

Measured waveform of the triple mode buck converter at (a) PWM (@20 mA) to PFM (@8 mA), (b) PFM (@3 mA) to PFM (@1 mA), and

2 5 MHz

T Ll e
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i

TRTETSR)

Fig. 15.
L-side.

Measured waveforms regarding switching frequencies of H-side and

Fig. 15 shows the measured waveform of the dc—dc buck
converter with the SSCG operation when the input voltage, out-
put voltage, and load current are 3.3 V, 1.7 V, and 20 mA,
respectively. The duty is continually changed by the switch-
ing frequency of SSCG operation. The regulated output voltage
(VBuck_out) is almost constant. The output spectrum is mea-
sured using a real time spectrum analyzer.

Fig. 16 shows the measured output spectrum of the dc—dc
buck converter when the SSCG is OFF. The maximum spurious
power at the switching frequency is —38.85 dBm and there are
many large harmonics, which degrade the noise performance of
the RF transceiver.

Fig. 17 shows the output spectrum of the dc—dc buck converter
when the SSCG is ON. The spurious tones at the switching
frequency are reduced by about 18 dB and all harmonics are
removed. As a result, the SSCG operation dramatically reduces
output spurious noise and minimizes the effect of harmonics.
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Fig. 18 shows the efficiency of the dc—dc buck converter

when SSCG is OFF and ON. Changing the switching frequency
increases the output voltage ripple, and decreases the total effi-
ciency of the proposed dc—dc buck converter by about 1%. Thus,
SSCG is not used in PFM or retention mode since the power
consumption of the oscillator is large.

Fig. 19 shows the measured waveform at VX node. AZCD
reduces internal control loss by sensing the VX node. It shows
that there are no diode conductions of high side and low side.
Therefore, AZCD blocks the reverses current on time, reduces
diode conduction loss and optimizes the current of the high-
speed comparator.
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Fig. 21. Measured efficiency of the dc—dc buck converter at triple modes.

Fig. 20 shows the efficiency comparison of the proposed dc—
dc buck converter with AZCD and without AZCD. AZCD in-
creases the efficiency drastically under light and ultralight loads.
Also, the efficiency of the proposed dc—dc buck converter in the
DCM is also increased at the PWM mode.

Fig. 21 shows the efficiency of the proposed dc—dc buck
converter at triple modes. We measured the proposed dc—dc
buck converter by changing mode through external mode con-
trol to analyze the efficiency which is already verified through
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TABLE III
PERFORMANCE COMPARISON OF THE TRIPLE MODE BUCK CONVERTER WITH PRIOR WORKS

Reference [2] TPE 08 [4] TICAS 11 [8]1JSSC 14 [11]JSSC16 This Work

Technology 0.35 pm CMOS 0.25 pm CMOS 45 nm CMOS 0.18 pm CMOS 0.13 pm CMOS

Overall Efficiency (%) PFM: 95 PWM: 94 Dual Modulation: over 85 PWM: 94 PEM: over 70 PWM: 92 Retention: 81.2 PFM: 90.2 PWM: 92.4
Operation Frequency (MHz) 0.1-0.6 5 0.1 1.65 2.5

Input Voltage Range (V) 2.7-5 3-4.5 0.6-1.1 0.55-1 22-33

Load Current (mA) 3-460 1-600 0.050-10 0.0001-20 0.01-20

Output Voltage (V) 1 1.8 0.3-0.55 0.35-0.5 1.7

Mode PWM /PFM Dual-Mode PWM PWM /PFM/AM Triple-Mode (PWM/PFM/ Retention)
EMI & Spur compensation N/A N/A N/A N/A Compensated (SSCG)

Die Area(mm?) 1.89 x 1.89 1.15 x 1.2 1.05 x 0.45 1.2 x 1.2 0.82 x 0.8
Inductor/Capacitor 10 pH /10 uF 1pH /4.7 pF 220 puH / — 4.7pH /4. 7TuF 3uH /3 uF

simulation. We measured in each mode (PWM, PFM, and re-
tention modes) by changing load current from 10 p A to 20 mA.

When the load current is from 10 to 20 mA, proposed dc—dc
buck converter operates in the PWM mode, where the efficiency
of PWM mode is higher than that of PFM mode under the load
current condition ranging from 15 to 20 mA. Also, efficiency of
PFM mode is higher than that of retention mode under the load
current condition ranging from 500 pA to 10 mA. It shows that
the current average circuit in the proposed triple mode dc—dc
buck converter changes the mode automatically. The proposed
triple mode operates in PWM mode under the load current con-
dition of above 10 mA, and PFM mode under that load current
of above 500 pA. Moreover, under that load current of below
500 pA, the proposed dc—dc buck converter operates in the re-
tention mode, so it can be operated with maximized efficiency
through all load current condition.

In Fig. 21, when dc—dc buck converter operates in the normal
mode, PWM mode is selected under the load current from 10
to 20 mA and has a maximum efficiency of over 90%; this
has the best regulation characteristics. The operating mode is
changed from PWM mode to PFM mode when the load current
is less than 10 mA, because the efficiency at the PFM mode
is higher than that of PWM mode at 10 mA. The efficiency
at the PFM mode is over 80%. Finally, retention mode can be
enabled when the load current is below 500 pzA. Retention mode
decreases the internal current consumption by up to 500 nA, and
keep the acceptable efficiency under the ultralight load down to
10 pA. Thus, triple mode can maximize the overall efficiency by
decreasing the current consumption, switching, and conduction
loss under various load conditions.

Table III shows a performance comparison with prior works.
The overall efficiency of this paper is highest except [2] and [8].
However, the load current range is wider than that in [4], and
the operation frequency is higher than that in [2].

In addition, the inductor value and die area are smallest com-
pared with [2], [8], and [11]. The efficiency of the proposed
dc—dc buck converter is higher than [2], [4], and [8] at light
load. In addition, the triple mode (PWM/PFM/retention) is pro-
posed to achieve more wide the load range than [2], [4], and
[8]. It increases and extends the efficiency at the ultralight load.
The SSCG technique is not designed in [2], [4], [8], and [11].
This paper proposes the SSCG technique to reduce the spurious
noise effect and minimize the current consumption and active
area for [oT/Wearable devices.

V. CONCLUSION

Many [oT/Wearable and portable devices require a longer bat-
tery life in normal state and standby mode. This paper presents a
high-efficiency dc—dc buck converter. The proposed dc—dc buck
converter concentrates on achieving high efficiency under a light
load. It is suitable for several types of low-power system. Triple
mode and AZCD reduce the internal current consumption by
turning OFF unnecessary blocks based on the load conditions,
and operate in a wide load current range. The Gate split tech-
nique enables optimization of conduction loss and switching
loss. The proposed SSCG reduces noises and spurious tones for
the RF transceiver. The proposed chip is implemented using a
0.13 um CMOS process and the active area is 820 x 800 pum?.
The input voltage range is 2.2-3.3 V and the peak efficiency is
92.4% at a switching frequency of 2.5 MHz. The inductor size
is 3 H, which is appropriate for IoT/Wearable devices.

REFERENCES

[1] A. Roy et al., “A 6.45 W self-powered SoC with integrated energy-
harvesting power management and ULP asymmetric radios for portable
biomedical systems,” IEEE Trans. Biomed. Circuits Syst., vol. 9, no. 6,
pp. 862-874, Dec. 2015.

[2] W.R.Liou, M. L. Yeh, and Y. L. Kuo, “A high efficiency dual-mode buck
converter IC for portable applications,” IEEE Trans. Power Electron.,
vol. 23, no. 2, pp. 667-677, Mar. 2008.

[3] J.Xiao, A. V. Peterchev, J. Zhang, and S. R. Sanders, “A 4-1.A quiescent-
current dual-mode digitally controlled buck converter IC for cellular phone
applications,” IEEE J. Solid-State Circuits, vol. 39, no. 12, pp. 2342-2348,
Dec. 2004.

[4] J. C. Tsai, T. Y. Huang, W. W. Lai, and K. H. Chen, “Dual modulation
technique for high efficiency in high-switching buck converters over a
wide load range,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 58, no. 7,
pp. 1671-1680, Jul. 2011.

[5S] NXP Semiconductor, “QN902X: Ultra low power bluetooth LE system-
on-chip solution,” Eindhoven, the Netherlands, Apr. 2016.

[6] Dialog Semiconductor, “DA14580: Low power bluetooth smart SoC,”
Reading, U.K., Jan. 2015.

[7] Texas Instrumnets, “CC2640: SimpleLinkTM bluetooth wireless MCU,”
Dallas, TX, USA, Jul. 2016.

[8] X.Zhang et al., “A 0.6 V input CCM/DCM operating digital buck con-
verter in 40 nm CMOS,” IEEE J. Solid-State Circuits, vol. 49, no. 11,
pp. 2377-2386, Nov. 2014.

[9] R. Nowakowski and N. Tang, “Efficiency of synchronous versus non-

synchronous buck converters,” Texas Instrument, Inc., Dallas, TX, USA,

2009. [Online]. Available: http://www.ti.com/lit/an/sly358 /slyt358.pdf

Z. Sun, K. W. Chew, H. Tang, and L. Siek, “Adaptive gate switching

control for discontinuous conduction mode dc-dc converter,” IEEE Trans.

Power Electron., vol. 29, no. 3, pp. 1311-1320, Mar. 2014.

P. H. Chen, C. Shiang, and K. C. Lin, “A 50 nW-to10 mW output power

tri-mode digital buck converter with self-tracking zero current detection

for photovoltaic energy harvesting,” IEEE J. Solid-State Circuits, vol. 51,

no. 2, pp. 523-532, Feb. 2016.

[10]

[11]



PARK et al.: DESIGN OF A 92.4% EFFICIENCY TRIPLE MODE CONTROL DC-DC BUCK CONVERTER WITH LOW POWER RETENTION MODE

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

(32]

(33]

S. Bandyopadyay, Y. K. Ramadass, and A. P. Chandrakasan, “20 pA
to 100 mA dc-dc converter with 2.8-4.2 V battery supply for portable
applications in 45 nm CMOS,” IEEE J. Solid-State Circuits, vol. 46,
no. 12, pp. 2807-2820, Dec. 2011.

W. Xu, Y. Li, X. Gong, Z. Hong, and D. killat, “A dual-mode single-
inductor dual-output switching converter with small ripple,” IEEE Trans.
Power Electron., vol. 25, no. 3, pp. 614-623, Mar. 2010.

B. Sahu and G. A. Rincon-Mora, “An accurate, low-voltage, CMOS
switching power supply with adaptive on-time pulse-frequency modu-
lation (PFM) control,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 54,
no. 2, pp. 312-321, Feb. 2007.

F. F. Ma, W. Z. Chen, and J. C. Wu, “A monolithic current-mode buck
converter with advanced control and protection circuits,” IEEE Trans.
Power Electron., vol. 22, no. 5, pp. 1836-1846, Sep. 2007.

T. Kuroda et al., “Variable supply-voltage scheme for low-power high-
speed CMOS digital design,” IEEE J. Solid-State Circuits, vol. 33, no. 3,
pp. 454-462, Mar. 1998.

S. Jeong, I. Lee, D. Blaauw, and D. Sylvester, “A 5.8 nW CMOS wake-
up timer for ultra-low-power wireless applications,” IEEE J. Solid-State
Circuits, vol. 50, no. 8, pp. 1754-1763, Aug. 2015

H. G. Park et al., “A design if a wireless power receiving unit with a
high-efficiency 6.78-MHz active rectifier using shared dlls for magnetic-
resonant A4WP applications,” IEEE Trans. Power Electron., vol. 31,
no. 6, pp. 4484-4498, Jun. 2016.

S. W. Hong et al., “Secondary-Side LLC resonant controller IC with
dynamic PWM dimming and dual-slope clock generator for LED backlight
units,” IEEE Trans. Power Electron., vol. 26, no. 11, pp. 3410-3422, Nov.
2011.

“LM2623 general-purpose, gated-oscillator-based DC/DC boost con-
verter,” Texas Instrument Date Sheet, 2014. [Online]. Available: http://
www.ti.com/lit/ds/symlink/lm2623.pdf

“LTC3442 micropower synchronous buck-boost DC/DC converter with
automatic burst mode operation, Linear Technology Date Sheet, 2013.
[Online]. Available: http://cds.linear.com/docs /en/datasheet/3442fb.pdf
F. F. Ma, W. Z. Chen, and J. C. Wu, “A monolithic current-mode buck
converter with advanced control and protection circuits,” /IEEE Trans.
Power Electron., vol. 22, no. 5, pp. 1836—1846, Sep. 2007.

O. Trescases, G. Wei, A. Prodic, and W. T. Ng, “Predictive efficiency
optimization for DC-DC converters with highly dynamic digital loads,”
IEEE Trans. Power Electron., vol. 23, no. 4, pp. 1859-1869, Jul. 2008.
S. Musunuri and P. L. Chapman, “Improvement of light-load efficiency
using width-switching scheme for CMOS transistors,” IEEE Power Elec-
tron. Lett., vol. 3, no. 3, pp. 105-110, Sep. 2005.

0. Trescases, A. Prodic, and W. T. Ng, “Digitally controlled current-
mode DC-DC converter IC,” IEEE Trans. Circuits Syst. I, vol. 58, no. 1,
pp. 219-231, Jan. 2011.

C. Huang and P. K. T. Mok, “An 84.7% efficiency 100-MHz package
bondwire-based fully integrated buck converter with precise DCM oper-
ation and enhanced light-load efficiency,” IEEE J. Solid-State Circuits,
vol. 48, no. 11, pp. 2595-2607, Nov. 2013.

Y. Gao, S. Wang, H. Li, L. Chen, S. Fan, and L. Geng, “A novel zero-
current-detector for DCM operation in synchronous converter,” in Proc.
IEEE Int. Symp. Ind. Electron., May. 2012, pp 99-104.

V. Michal, “Inductor current zero-crossing detector and CCM/DCM
boundary detector for integrated high-current switched-mode dc-dc con-
verters,” IEEE Trans. Power Electron., vol. 29, no. 10, pp. 5384-5391,
Oct. 2014.

W. Fu, S. T. Tan, M. Radhkrishnan, R. Byrd, and A. A. Fayed, “A DCM-
only buck regulator with hysteretic-assisted adaptive minimum-on-time
control for low-power microcontrollers,” IEEE Trans. Power Electron.,
vol. 31, no. 1, pp. 418-429, Jan. 2016.

P.J. Liu, J. N. Tai, H. S. Chen, J. H. Chen, and Y. J. Emery Chen, “Spur-
reduction design of frequency-hopping dc-dc converter,” IEEE Trans.
Power Electron., vol. 27, no. 11, pp. 4763-4771, Nov. 2012.

C. Tao and A. A. Fayed, “PWM control architecture with constant cycle
frequency hopping and phase chopping for spur-free operation in buck
regulators,” IEEE Trans. Very Large Scale Integr. Syst., vol. 21, no. 9,
pp. 1596-1607, Sep. 2013.

W. Yan, W. Li, and R. Liu, “A noise-shaped buck dc-dc converter with
improved light-load efficiency and fast transient response,” IEEE Trans.
Power Electron., vol. 26, no. 12, pp. 3908-3924, Dec. 2011.

C. Tao and A. A. Fayed, “A buck converter with reduced output spurs
using asynchronous frequency hopping,” IEEE Trans. Circuits Syst. 11,
vol. 58, no. 11, pp. 709-713, Nov. 2011.

[34]

[35]

[36]

6959

J. H. Chen, P. J. Liu, Y. L. Hung, H. S. Yang, and Y. J. E. Chen,
“A spur-reduced multimode power-level tracking power amplifier using
a frequency-hopping DC-DC converter,” IEEE Trans. Microw. Theory
Techn., vol. 58, no. 5, pp. 1333-1338, May 2010.

J. H. Park et al., “Output noise reduction technique based on frequency
hopping in a dc-dc converter for BLE applications,” IEIE Trans. Smart
Process. Comput., vol. 4, no. 5, pp. 371-378, Oct. 2015.

C. Tao and A. A. Fayed, “A low-noise PFM-controlled buck converter
for low-power applications,” IEEE Trans. Circuits Syst. I, vol. 59, no. 12,
pp- 3071-3080, Dec. 2012.

Young-Jun Park received the B.S degree in elec-
tronics engineering from Kumoh National Institute
of Technology, Gumi, South Korea, in 2013. Since
then he has been working toward the M.S. de-
gree in electronics and computer engineering from
Sungkyunkwan University, Suwon, South Korea.

His research mainly focuses on the design of power
management integrated circuits for high efficiency
and wireless power transfer system.

Ju-Hyun Park received the B.S. degree, in 2013,
from the Department of Electronic Engineering, Han-
kuk University of Foreign Studies, Seoul, South Ko-
rea, where he is currently working toward the M.S.
degree in the School of Information and Communica-
tion Engineering, Sungkyunkwan University, Seoul,
South Korea.

His research interests include power management
IC and CMOS REF transceiver.

Hong-Jin Kim was born in Seoul, South Korea, in
1985. He received his B.S. degree, in 2010, from the
Department of Electronic Engineering, Chungju Uni-
versity, Chungju, South Korea, where he is currently
working toward the combined Ph.D. and M.S degree
in electronic engineering at Sungkyunkwan Univer-
sity, Suwon, South Korea.

His research interests are focused on CMOS RF
IC and analog/mixed-mode IC design for low-power
application and power management IC.

Hocheol Ryu received the B.S. degree, in 2015,
from the Department of Electronic Engineering,
Sungkyunkwan University, Suwon, South Korea,
where he is currently working toward the combined
Ph.D. and M.S. degree in the School of Information
and Communication Engineering, Sungkyunkwan
University.

His research interests include
transceiver and phase locked loop.

CMOS RF

Sang Yun Kim received the B.S. degree, in 2013,
from the Department of Electronic Engineering,
Konkuk University, Seoul, South Korea, where he
is currently working toward the combined Ph.D. and
M.S. degree in the School of Information and Com-
munication Engineering, Sungkyunkwan University.

His research interests include high-speed interface
IC and CMOS RF transceiver.



6960

Young Gun Pu received the B.S., M.S., and Ph.D.
degrees from the Department of Electronic Engineer-
ing, Konkuk University, Seoul, South Korea, in 2006,
2008, and 2012, respectively.

His research interest is focused on CMOS
fully integrated frequency synthesizers and oscil-
lators and on transceivers for low-power mobile
communication.

Keum Cheol Hwang (M’06-SM’13) received the
B.S. degree in electronics engineering from Pusan
National University, Busan, South Korea in 2001 and
the M.S. and Ph.D. degrees in electrical and elec-
tronic engineering from Korea Advanced Institute of
Science and Technology, Daejeon, South Korea in
2003 and 2006, respectively.

From 2006 to 2008, he was a Senior Research
Engineer at Samsung Thales, Yongin, South Korea,
where he was involved with the development of var-
ious antennas including multiband fractal antennas
for communication systems and Cassegrain reflector antenna and slotted wave-
guide arrays for tracking radars. He was an Associate Professor in the Division
of Electronics and Electrical Engineering, Dongguk University, Seoul, South
Korea from 2008 to 2014. In 2015, he joined the Department of Electronic
and Electrical Engineering, Sungkyunkwan University, Suwon, South Korea,
where he is now an Associate Professor. His research interests include ad-
vanced electromagnetic scattering and radiation theory and applications, design
of multiband/broadband antennas and radar antennas, and optimization algo-
rithms for electromagnetic applications.

Prof. Hwang is a life member of KIEES and a member of IEICE.

Youngoo Yang (S’99-M’02) was born in Hamyang,
South Korea, in 1969. He received the Ph.D. degree
in electrical and electronic engineering from the Po-
hang University of Science and Technology, Pohang,
South Korea, in 2002.

From 2002 to 2005, he was with Skyworks
Solutions Inc., Newbury Park, CA, USA, where
he designed power amplifiers for various cellular
handsets. Since March 2005, he has been with the
School of Information and Communication Engineer-
ing, Sungkyunkwan University, Suwon, South Korea,
where he is currently an Associate Professor. His research interests include
power amplifier design, RF transmitters, RFIC design, integrated circuit design
for RFID/USN systems, and modeling of high-power amplifiers or devices.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 9, SEPTEMBER 2017

Minjae Lee received the B.Sc. and M.S. degrees both
in electrical engineering from Seoul National Uni-
versity, Seoul, South Korea, in 1998 and 2000, re-
spectively. He received the Ph.D. degree in electrical
engineering from the University of California, Los
Angeles, CA, USA, in 2008.

In 2000, he was a consultant with GCT semicon-
ductor, Inc., and Silicon Image Inc., designing analog
circuits for wireless communication and digital sig-
nal processing blocks for Gigabit Ethernet. He joined
Silicon Image Inc., Sunnyvale, CA, USA, in 2001,
developing serial ATA products. In August 2008, he joined Agilent Technolo-
gies, Santa Clara, CA, USA, where he was involved with the development of
next generation high-speed ADCs and DACs. Since 2012, he has been with the
School of Information and Communications, Gwangju Institute of Science and
Technology, Gwangju, South Korea, where he is now an Assistant Professor.

He received the 2007 Best Student Paper Award at the VLSI Circuits Sym-
posium in Kyoto, Japan and the GIST Distinguished Lecture Award in 2015.

Kang-Yoon Lee received the B.S., M.S. and Ph.D.
degrees in the School of Electrical Engineering from
Seoul National University, Seoul, Korea, in 1996,
1998, and 2003, respectively. From 2003 to 2005, he
was with GCT Semiconductor Inc., San Jose, CA,
where he was a Manager of the Analog Division and
worked on the design of CMOS frequency synthe-
sizer for CDMA/PCS/PDC and single-chip CMOS
RF chip sets for W-CDMA, WLAN, and PHS. From
2005 to 2011, he was with the Department of Elec-
tronics Engineering, Konkuk University as an As-
sociate Professor. Since 2012, he has been with College of Information and
Communication Engineering, Sungkyunkwan University, where he is currently
an Associate Professor. His research interests include implementation of power
integrated circuits, CMOS RF transceiver, analog integrated circuits, and ana-
log/digital mixed-mode VLSI system design.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


