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A 96.5% Efficiency Current Mode Hysteretic Buck
Converter With 1.2% Error Auto-Selectable
Frequency Locking

Jeong-1l Seo ~, Baek-Min Lim

Abstract—This paper proposes a current mode hysteretic buck
converter with auto-selectable frequency locking. In this work, the
hysteresis of the hysteretic comparator and the resistance of the
feedback network are adjusted simultaneously to fix the switching
frequency. The proposed switching frequency locking scheme can
improve the power efficiency and fix the spectral components of
the output at specific frequencies by suitably lowering the switch-
ing frequency under light load conditions. Implemented in a 65 nm
complementary metal oxide semiconductor (CMOS), the proposed
converter achieves peak efficiency of 96.5% for a 3.3 V input with
less than 1.2% frequency error while locking at 1, 0.5, and
0.25 MHz.

Index Terms—Auto-selectable frequency locking, current mode
hysteretic buck converter, hysteresis and resistance control, light
load condition.

1. INTRODUCTION

ITH the rapid spread of the internet of things (IoT)
W services, demand for portable devices, such as wear-
able devices and smartphones, which are important components
of the IoT, has been rapidly increasing. Since the batteries of
portable devices have a limited capacity, the need for a highly
efficient power management integrated circuit (IC) to supply
devices with the desired voltage from the battery continues to
increase [ 1]-[4]. Improving the light load efficiency of the power
management ICs is crucial, since portable devices mostly oper-
ate in standby mode [5]. Meanwhile, dynamic voltage scaling
(DVS) is the most widely used power management technique
for reducing the power loss of the system on chip (SoC) in
portable devices [6]. Hence, the transient response performance
of the dc — dc converters is an important design consideration
for good dynamic performance while simultaneously ensuring
the regulator’s stability [7]. The hysteretic dc — dc convert-
ers are considered as low cost architecture with fast transient
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Fig. 1. Hysteretic buck converter. (a) Voltage mode hysteretic control.
(b) Current mode hysteretic control.

response because they do not require additional circuitry, such
as error amplifiers for stability compensation. Therefore, these
converters are widely used for power management of portable
devices.

In a hysteretic buck converter, a feedback ripple signal is gen-
erated from the output voltage or the inductor current. The power
switches of the hysteretic buck converter are controlled by com-
paring the feedback ripple voltage with the hysteretic voltages of
the hysteretic comparator. Depending on the generation method
of the feedback ripple, the hysteretic buck converter is catego-
rized as voltage or current mode hysteretic control. Fig. 1 shows
the basic architectures of the two hysteretic control-based buck
converters. The voltage mode hysteretic buck converter shown
in Fig. 1(a) obtains the ripple signal Vrp from the output voltage
Vo . Assuming that the equivalent series resistance (ESR) of the
output capacitor dominates the ripple, the switching frequency
of the voltage mode hysteretic buck converter is given by [8]

(Vi = Vo) Vo - ESR

= 1
VERGY LV — V1) Vin ey

where Viy is the input voltage of the converter and Vg and
V1, are the upper and lower threshold voltages of the hysteretic
comparator, respectively. The voltage mode hysteretic control
determines the switching frequency by tuning the ESR of the
output capacitor. However, if the amplitude of the feedback rip-
ple signal from the output voltage is smaller than the hysteresis
amplitude of the hysteretic comparator, the ripple signal cannot
be compared with the hysteresis signals properly and the PWM
signal will not be generated. Thus, capacitors with a large ESR
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are required to produce a feedback ripple signal for a proper
comparison, and capacitors with a low ESR, such as ceramic
capacitors, are not suitable for voltage mode hysteretic control
[9]-[10]. Fig. 1(b) shows the fundamental architecture of the
current mode hysteretic buck converter. The current mode hys-
teretic buck converter generates the feedback ripple signal Vi
through an RC network connected in parallel with the inductor
[11]. In the current mode hysteretic control, the slope of the
feedback ripple signal is determined by the RC time constant of
the feedback network. Accordingly, the switching frequency of
the current mode hysteretic buck converter is given by [12]

(Vin = Vo) Vo
RrCr (Vi — Vi) Vin

where Rp and C are the resistance and capacitance of the
feedback network, respectively. According to (2), the current
mode hysteretic scheme can easily set the switching frequency
by the appropriate adjustment of Rr and C'p. Unlike the volt-
age mode hysteretic control, since the feedback ripple signal
of the current mode hysteretic control is not affected by the
ESR of the output capacitor, capacitors with a low ESR can
be used and a clean output voltage can be obtained. Accord-
ingly, current mode hysteretic control has been widely adopted
in recent years. However, as shown in (2), the switching fre-
quency of current mode hysteretic control is changed by other
factors as well, such as the input voltage, the output voltage,
and the threshold voltages of the hysteretic comparator. The
variable switching frequency, which is an unavoidable problem
of hysteretic control, creates an unpredictable electro-magnetic
interference (EMI) spectrum and leads to difficulty in designing
filters to suppress EMI [13]-[14]. The EMI is strictly regulated
because it degrades the sensitivity and can cause malfunctions
in applications, such as RF communication systems.

To address the EMI issues, locking the switching frequency
has been proposed [15]-[22]. This achieves a constant switch-
ing frequency by constructing an additional loop to regulate the
switching frequency to the desired frequency through a phase-
locked loop (PLL). In current mode hysteretic control, three
main factors can be adjusted to lock the switching frequency: de-
lay, hysteresis, and resistance. Fig. 2 shows simplified schemat-
ics of the frequency locking method that control each factor.
The structure shown in Fig. 2(a) changes the hysteresis band
of the hysteretic comparator to obtain a constant switching fre-
quency [15]-[17]. This method requires precise hysteresis level
selection considering the switching noise and the locking range
of the switching frequency. Fig. 2(b) shows the frequency sta-
bilization technique by adjusting the delay [18]-[20], where an
additional delay is inserted into the control loop to fix the switch-
ing frequency. However, the internal delay of the control loop
can degrade the transient response of the hysteretic converter.
In the method proposed in [21]-[22], as presented in Fig. 2(c),
the feedback resistance is configured as a switch-controlled re-
sistance and its value is digitally controlled to fix the switching
frequency. The resistance control method has a tradeoff between
the settling time of the switching frequency and the resolution
of the switch-controlled resistance. The resolution is closely
related to the frequency error.
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Fig. 2. Simplified structure of the frequency locking method. (a) Hysteresis
control. (b) Delay control. (c) Resistance control.

Previous frequency stabilization techniques have reported
a low switching frequency error. However, under light load
conditions, previous techniques fix the switching frequency to a
constant value or neglect the locking of switching frequency en-
tirely. For a buck converter with a constant switching frequency,
the power efficiency is drastically reduced due to the switching
losses and gate driving losses under light load conditions [23]—
[25]. In order to reduce these losses, techniques, such as pulse
frequency modulation (PFM) [26]-[27], pulse skipping mod-
ulation (PSM) [28]-[30], and auto-selectable-frequency PWM
[31] to lower the switching frequency under light loads, have
been proposed. While PFM and PSM produce an unpredictable
EMI spectrum composition due to the load current or other fac-
tors, the output spectrum of the auto-selectable-frequency PWM
technique is predictable because it appears as the harmonic of
the lowest switching frequency.

This paper proposes a current mode hysteretic buck converter
with a novel technique that combines frequency reduction and
stabilization methods through the feedback resistance and the
hysteresis of the comparator for high power efficiency under
light loads and a predictable EMI spectrum. Section II presents
an analysis of the switching frequency of the current mode hys-
teretic buck converter under discontinuous conduction mode op-
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Fig. 3. Switching frequency of the current mode hysteretic buck converter
versus load current with and without DCM.

eration and the operational principle for the proposed switching
frequency locking technique. In Section III, schematic diagrams
and implementation details of the proposed technique are pre-
sented. Experimental results are shown in Section IV. Finally,
the conclusion of this paper is given in Section V.

II. OPERATION PRINCIPLE
A. Switching Frequency of Current Mode Hysteretic Control

In a buck converter, low-side power switches can be imple-
mented with a MOSFET or a diode depending on whether is a syn-
chronous or asynchronous type. For low current applications, a
synchronous buck converter is used to reduce the conduction
losses. However, in synchronous buck converters, inadvertent
losses occur due to the reverse inductor current under light load
conditions. To eliminate the reverse current, the diode emula-
tion mode (DEM) can be adopted in which the low-side MOSFET
turns off when the inductor current becomes zero [32]-[33].
Since the synchronous buck converter without a DEM operates
as a continuous conduction mode (CCM) over the entire load
section, the switching frequency equation is given by (2). When
the DEM is applied, the converter operates under discontinu-
ous conduction mode (DCM) with the load current declining
to zero. Following the same approach as in [34], the switching
frequency of the current mode hysteretic buck converter under
the DCM can be given by

QIOL(VIN — VO)VO
Rp2Cr* (Vg — Vi) Vin

As shown in (2), the switching frequency of the CCM is
mathematically unrelated to the load current. In practice, there
is a slight variation in fg o) due to the internal delay of the
control loop, the voltage drop across the on-resistance of the
power switches, and the DCR of the inductor when the load cur-
rent changes. On the other hand, according to (3), the switching
frequency of the DCM is greatly affected by the load current.
Equation (3) is valid only in the load current section where
the inductor current reaches zero. Fig. 3 shows the switching
frequency of the current mode hysteretic buck converter as a
function of the load current with and without the DCM, where
Vo is constant. Fig. 4 shows the feedback voltage and inductor
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Fig.4. Feedback voltage and inductor current waveforms of the current mode
hysteretic buck converter for resistance control. (a) CCM. (b) DCM.
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Fig. 5. Concept of the proposed switching frequency locking technique.

current waveforms of the current mode hysteretic buck con-
verter for resistance control in the case of CCM and DCM. In
Fig. 4, the dotted line represents the reference and indicates
the feedback voltage and inductor current when the load cur-
rent is higher than the solid line. Fig. 4(a) shows the case of
CCM, where I, ccm and T's ¢y are the inductor current and
switching period, respectively. In the CCM, to fix the switching
frequency, only a small range of feedback resistance adjustment
is required because the feedback ripple voltage Vrp_com varies
only slightly due to the load current. The frequency locking with
resistance control in DCM is shown in Fig. 4(b), where I} powm
is the inductor current and T's pcy poT and T pey_sor, are
the switching periods of the dotted and the solid lines, respec-
tively. In the DCM, when the inductor current is zero and the
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comparator

Fig. 6.

power switches are turned off, the feedback capacitor, which
forms the slope of the ripple in Vg pcwm, is discharged by the
load current. Therefore, if the load current decreases, the switch-
ing frequency decreases, as in (3). As a result, a wide range of
feedback resistance adjustment is required, and it is difficult to
fix the switching frequency with the adjustment range required
in the CCM.

B. Principle of Proposed Switching Frequency
Locking Technique

To lock the switching frequency in consideration of light
load power efficiency, a new frequency locking technique is
proposed in this paper. The proposed technique adopts a DEM
to eliminate the reverse inductor current. As shown in Fig. 3,
the switching frequency of the current mode hysteretic buck
converter is constant in the CCM, whereas the switching fre-
quency in the DCM decreases as the load current decreases.
Fig. 5 shows the concept of the proposed frequency locking
technique, where the switching frequency increases in a stair-
case pattern with an increase of the load current. The proposed
method fixes the switching frequency constantly in the normal
load current where CCM occurs. In the low load section where
DCM occurs, the fixed switching frequency is lowered to im-
prove the light load efficiency. The reduced switching frequency
follows the frequency behavior of the auto-selectable-frequency
PWM, which reduces the frequency while producing predictable
output harmonics to meet the original purpose of the frequency
locking. In Fig. 5, Ity and Itge are the two threshold cur-
rents, and the three sections of load currents, A, B, and C, are
divided by the threshold currents. fcp i is the frequency of the
external clock, and the switching frequency is fixed at different
frequencies, fcrk /4, fcLk /2, and fork in each load current
section. In section C, the switching frequency is locked at the
same frequency as fcpk, which is the reference. When the load
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Block diagram of the proposed current mode hysteretic buck converter with auto-selectable frequency locking technique.
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Fig. 7. 7-bit switch-controlled resistor.

current falls into Section B, the switching frequency is fixed
at fcrk /2. The switching frequency is locked at fopk /4 at
the lowest load current, Section A. Through auto-selectable fre-
quency locking, the output harmonics of all cases are included in
the harmonics of the lowest locked frequency fopk /4, and thus
predictable spectral components of the output can be obtained
while lowering the switching frequency.

III. IMPLEMENTATIONS

The circuit schematic of the proposed current mode hysteretic
buck converter with the auto-selectable frequency locking tech-
nique is shown in Fig. 6. In Fig. 6, the proposed converter
consists of a power stage, PLL-based resistance control, and
load-based hysteresis control blocks. In the power stage, a syn-
chronous buck converter is adopted in which P- and N-MOSFETSs
(Mp and My ) are used for the high- and low-side switches,
and the feedback resistance Ry is configured in series with a
predefined resistance Ry and a 7-bit switch-controlled resistor
Rpo. Fig. 7 shows the schematic of the binary-weighted 7-bit
switch-controlled resistor. In Fig. 6, the current sensor is adopted
to sense the inductor current, and the DEM is applied to turn
off the low-side switch M when the inductor current is zero.
The inductor current sense signal Vi1, sgx is fed to the low-pass
filter (LPF) to obtain the load current information Vig sgn, and
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TABLE I
OPERATION MECHANISM OF THE PROPOSED FREQUENCY LOCKING TECHNIQUE

Load Load Detection Hysteretic Hysteresis ~ Reference
Current Signal Voltages Band Frequency
L C[]  Clo] Vu Vi Vp-Vy fREF
High 0 0 V[.[] VL1 Narrow fCLK

T 0 1 Via Vi ! fork /2
Low 1 0 VH;; VL3 Wide fCLK /4

the 2-bit load detection code C'[1:0] is obtained by comparison
with the threshold voltages Vg and Vrys. The values of the
switch-controlled resistors Ry and R; are determined by the
C'[1:0]. The band-gap reference voltage Vg is divided by Ry
and Iy, to generate the upper and lower threshold voltages of the
hysteretic comparator, V1.3 and V1.3. In the PLL-based re-
sistance control part, a digital frequency lock block determines
the reference frequency frrr with the C[1:0] code and the
external clock signal C LK. A 7-bit lock code is produced by
comparing the switching frequency fpww With frer. feww 18
adjusted by changing the value of the switch-controlled resistor
according to the 7-bit code. As shown in Fig. 3, since the switch-
ing frequency variation in DCM is larger than that of CCM, the
range of required Rr must be widened. Therefore, the num-
ber of bits or the unit step size of the switch-controlled resistor
must be increased for an extended Ry range. However, as the
number of bits increases, the mismatch of switch-controlled re-
sistors increases and the digital frequency lock block becomes
more complex. Alternatively, if the unit step size is increased,
the frequency error of the switching frequency with respect to
the reference frequency increases.

Instead of transforming the switch-controlled resistor, load-
based hysteresis control is added to ensure the R value required
for the proposed frequency locking shown in Fig. 5. In the load-
based hysteresis control, V; and V7, of the hysteretic comparator
are produced from the reference voltage Vzggr through voltage
division using the switch-controlled resistors Ry and Ry, which
are controlled by the C'[1:0] code. Ry and Ry, are similar to the
switch-controlled resistor shown in Fig. 7. The operation mech-
anism of the proposed frequency locking technique is shown in
Table I. Under the heaviest load conditions [C[1:0] = 00], fork
is selected as frrr, and the upper and the lower hysteretic
threshold voltages are selected as V7, and V71, respectively. If
the load current decreases and C[1:0] = 01,y /2 is selected
as frpr and the hysteretic voltages become Vyo and Vo to
expand the hysteresis band. Fig. 8 shows the frequency locking
scenarios of the proposed frequency locking technique in the
case of load transitions. In Fig. 8(a), when the load current I
falls below Iy, C[1:0] = 01 and frer becomes fopxk /2 after
a delay by the current sensor and LPF. According to C[1:0], Vi
and V7, become V9 and V7o, respectively. Assuming no dither-
ing, the value of the switch-controlled resistor Rpo varies over
four regions from Ay to Dy . In the region Ay, the frequency
locking at fcpk is completed and Rps is fixed. In the region
Br, Rp, is reduced by the decrease in the load current and the
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Fig. 8. Locking scenarios of the proposed frequency locking technique with
and without load-based hysteresis control. (a) When entering a lighter load.
(b) When entering a heavier load.
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Fig. 9. Schematic of the current sensor.

switching frequency is rapidly lowered compared to fopk . Af-
ter the delay, C'[1:0] changes and frrr becomes fopk /2. In the
region C7,, if there is no load-based hysteresis control [red dot-
ted line], Rr2 becomes too large to fix the switching frequency
to ferk /2, Rpo reaches the upper limit of the defined range,
and the frequency locking fails. In the case where the hysteretic
control is applied [blue solid line], Vz and Vi become Vi
and V7,5 by C[1:0], respectively, and Rp» required for locking
is reduced. Thus, Ry for locking the switching frequency to
ferk /2 is within the defined range. When the frequency lock-
ing is completed with respect to the changed frgr, the operation
state enters region Dy, from region C, and Rpo becomes con-
stant. Fig. 8(b) shows the operation in the case of a transition to a
heavier load condition. In the transition to a high load condition,
there are four regions from Ay to Dy, and the frequency lock-
ing is completed through the operation opposite to that shown
in Fig. 8(a).

A. Current Sensor

The typical current sensor shown in Fig. 9 is used to sense the
full inductor current [35]. The current sensor consists of a high-
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side current sensing part, a low-side current sensing part, and a log
current adder. The sensing switches Mgp and Mgy of the current
sensor are K times smaller than Mp and M of the power stage i
in Fig. 6. In the high-side current sensing part, the Vx voltage is cr1:0] t
copied through the feedback using the amplifier. All the nodes ’ 00 01 10
of Mgp are then applied with the same voltages as all the nodes Reset t
of the Mp, and the high-side current KI7,(j1) is detected. In pulse e
the same manner, the low.—s1de current K1 L(Ls) can be sensed in Number of P P t
the low-side current sensing part. The full inductor current K1, CLKer ”"’Sest SNV . Lotk
is obtained by summing the sensed currents into the current U /DBu T t
mirrors and a corresponding voltage Vi1, sgn is generated from Dithering Dithering Dithering
aresistor Rg. In the design of the proposed hysteretic converter, foum t
. . Trer = fox frer = foud2 frer = feun/d ok
the K value is 1/1400, and folded cascode amplifiers are used - :
i feuw/2
for feedback. o e
- Lock ‘1111111 t
B. Digital Frequency Lock Code ;» b T etk
Fig. 10 shows a block diagram of the digital frequency lock o = ;

block applied to the proposed frequency locking technique. The
digital frequency lock block includes a frequency divider, a
phase-frequency detector (PFD), a 7-bit up/down counter, and
quick speed compensation. The frequency divider divides the
external clock signal CLK by 1/4, 1/2, and 1 times. One of the
divided signals is selected at the reference frpp of the PFD ac-
cording to the C[1:0] code reflecting the load condition. In PFD,
the switching frequency fpw during operation is compared to
frer and an up or down pulse is produced depending on the
difference. The generated pulse C' L Ky is applied to the clock
CLKcr of the 7-bit up/down counter and the up/down signal
U/ DB required for the counter is set by the up/down selector
similar to the latch. As a result, a 7-bit lock code is generated
at the counter and the lock code adjusts Rro of the feedback
network in the power stage to lock the switching frequency.
Unfortunately, in the case of locking the switching frequency
at low frequencies, such as fcrk /4 and fcrk /2, the number
of up or down pulses generated in the PFD is remarkably re-
duced. Therefore, since the output code of the counter changes
slowly, the time taken to fix the frequency becomes longer. As
shown in Fig. 8, when the load current section is changed, Rr»
changes substantially. In other words, the frequency locking
time becomes too large because the 7-bit lock code changes
significantly. To improve the locking time, quick speed com-
pensation is added, which reduces the time required for locking
by driving the fastest frequency signal to C'L K¢ for a specific

t

Fig. 11. Operation waveforms of the digital frequency lock block with and
without quick speed compensation under light load conditions.

time. Fig. 11 shows the operation waveforms with and without
quick speed compensation in the lighter load conditions. In the
absence of quick speed compensation [red dotted line], fpwm
and frpr according to C[1:0] are compared in the PFD and the
corresponding up/down signal and C'L Ky are generated. The
U/ DB is set in the up/down selector, and the C' L Ky is driven
to the 7-bit up/down counter to generate the appropriate 7-bit
lock code according to fpwn. When fpww approaches frir,
the number of C'LKpir pulses becomes significantly smaller.
Therefore, frequency locking is much slower at lower frpp.
The quick speed compensation consists of a reset pulse gen-
erator and a multiplexer. The reset generator generates a reset
pulse of 64/CLK intervals whenever C[0] is changed. When
a reset pulse is generated, CLK is set to C LKt instead of
CLKpir in the multiplexer. Thus, with quick speed compensa-
tion [blue solid line], when the load section changes, the 7-bit
up/down counter is driven for the time of 64/C' LK at the fastest
frequency C LK, fpw quickly reaches frep, and CLKprp is
then applied to the counter. Through the compensation, the time
required to lock the switching frequency can be considerably
shortened.
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IV. EXPERIMENTAL RESULTS

The proposed current mode hysteretic buck converter with an
auto-selectable frequency locking technique is implemented in
a 65 nm CMOS technology. Fig. 12 shows the chip micrograph.
The chip area including the pad is around 900 pm x 900 pm.
The proposed converter covers an input voltage Viy of 2.7 to
3.3 V and can drive load current of up to 150 mA. Fig. 13
shows the measurement setup of the proposed converter. Exter-
nal capacitors and resistors are used in the LPF and feedback
networks for measuring. The proposed converter is measured
atVin =33V, Vo =1V,L =47 uH,and Cp = 10 uF. This
paper presents specific measurement results when the external
clock is 1 MHz and the load current is changed by using a
variable resistor R . The locking performance of the proposed
frequency locking technique is verified by observing the gate
signal Vg of the N-MOSFET in the power stage under a specific
load condition.

The operation waveforms of the proposed converter at [p =
90 mA is shown in Fig. 14. In the digital frequency lock
block, frer = fcLk, and the switching frequency is fixed at
1 MHz. Fig. 15 shows the operation waveforms at IO = 50 mA.
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Fig. 15. Gate voltage of the N- MOSFET and output voltage waveforms at
Ip = 50 mA.

frEF becomes fcrk /2, and a switching frequency locked to
500 kHz is observed. The switching frequency of the proposed
converter at Ip = 30 mA is fixed at 250 kHz, as shown in
Fig. 16. Fig. 17 shows the measured load transient response
for the load current changes from 130 to 40 mA and vice
versa. Fig. 18 shows the line transient response of the pro-
posed converter with 0.6 V input voltage step (from 2.7 to
3.3 V) at a load current of 70 mA. The transient response
may be degraded because the feedback RC time constant is
continuously adjusted to fix the switching frequency at the
transition. After the transition, the voltage error occurs due
to the dithering of the feedback resistance and the changes
in the threshold voltages of the load-based hysteresis control
block and the reference frequency for locking. However, the
proposed technique focuses on improving the switching fre-
quency and light load efficiency. The switching frequency and
frequency error of the proposed converter at different load con-
ditions are presented in Fig. 19. As plotted in Fig. 19(a), the
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Fig. 18. Line transient response for the input voltages (a) from 3.3 to 2.7 V

and (b) from 2.7 to 3.3 V.

switching frequency is locked at 1 MHz at a load current of
60-150 mA, 500 kHz at a load current of 33—-60 mA, and
250 kHz at a load current of 20-33 mA. The frequency error for
the reference frequency is within +1.2%, as shown in Fig. 19(b).
Fig. 20 shows the power efficiency of the proposed converter at
different conditions. The simulated efficiency at different fre-
quency locking conditions is presented in Fig. 20(a). According
to the simulation results, at a light load current of 30 mA, the
efficiency of the proposed frequency locking condition shows
13% improvement over that of the fixed switching frequency
condition at the same frequency. In addition, the efficiency of

500kHz
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1.00 b

250kHz
Locking

1MHz
Locking

Frequency Error [%]
S

Switching Freq. [MHz]
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(a) (b)

20 40

Fig. 19. Measured (a) switching frequency and (b) frequency error at different
load conditions.
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Fig.20. (a) Simulated efficiency at different frequency locking conditions and
(b) comparison of the efficiency at the proposed frequency locking condition.

TABLE II
POWER CONSUMPTION BREAKDOWN OF THE PROPOSED CONVERTER AT
Ip = 50 MA
Item Power [mW]  Percentage [%]

Measurement  Input Power 62.7 100

Output Power 49.63 79.16
Simulation Gate Driver & DEM 4.42 7.05

(Gate Driving Loss)

Power Switches 3.73 5.95

(Switching & Conduction

Loss)

PWM Control Circuit 0.12 0.19

(Hysteretic Comparators

& Logics)

Digital Frequency Lock 0.01 0.02

Load-based Hysteresis 0.37 0.59

Control

Current Sensor 0.48 0.76
Estimation Device Parasitics & PCB 3.94 6.28

TABLE III
SPECIFICATION SUMMARY OF THE PROPOSED CONVERTER

Technology 65 nm CMOS
Chip Area 900 pm x 900 pm
Input Voltage, Vin 2.7-33V
Output Voltage, V, 1V

Load Current, I, 20-150 mA

Switching Frequency 1 MHz @I, > 60 mA 500 kHzQI, =
33 — 60 mA 250 kHz @7, < 33 mA
+1.2%

L = 4.7 uH/C, = 10 uF
96.5% @Vix =33V, I, =90 mA

Frequency Error
Inductor / Capacitor
Peak Efficiency
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TABLE IV
PERFORMANCE COMPARISON OF THE PROPOSED CONVERTER
This Work [19]JSSC [16] TVLSI [21] SOVC [22]ISSCC [26] TCASI [31]ISSCC [27]JSSC
2008 2012 2012 2015 2007 2008 2011
Technology 65 nm 350 nm 350 nm 130 nm 350 nm 500 nm 350 nm 45 nm
CMOS CMOS CMOS CMOS BCDMOS CMOS CMOS CMOS
Frequency Locking Resistance & Delay Hysteresis Resistance Resistance None None None
Technique Hysteresis
Input Voltage 2733V 3V 24-42V 25V 2745V 1442V 1.8-3V 2842V
Output Voltage 1V 0525V 1.8V 0.7-1.8V 2V 05V 09V 04-12V
Switching Frequency 1,0.5, 850 kHz 1 MHz 1 MHz 1 MHz ~140 kHz 2,1,0.5, 2 MHz
0.25 MHz 0.25 MHz
Frequency Error +1.2% +2.5% +1% +0.5% +0.2% None None None
Output Current 20-150 mA 30-500 mA -500 mA 350-900 mA —700 mA —250 mA -500 mA 0.2-100 mA
Inductor/ 4.7 uH/10 uF 4.7 pH/10 uF 4.7 uH/4.7 uF 1-5pH/ 4.7 uH/N0 pF 1 pHR20 pF - 2.2 pH/22 pF 10 pH/2 pF
Capacitor 10 uF
Peak Efficiency 96.5% 94.5% 95% 93% 95.5% 83% ~90% 87.4%
Efficiency @50 mA 79.16%@Q >88% N/A N/A N/A 76% QViy = ~ 80%@ 84%@
Load Vin =33V 3V ViN =3V Vin =3V
Light Load Technique YES NO YES (PEM) NO NO YES (PFM) YES YES (PEM)
(ASFPWM) (ASFPWM)
Output Spectrum Predictable Predictable Unpredictable Predictable Predictable Unpredictable Predictable Unpredictable
@Full Load
Note Freq. Lock & Freq. Lock Freq. Lock & Freq. Lock Freq. Lock Light Load Light Load Light Load
Light Load Light Load Eff. Eff. Eff.
Eff. Eff.

the proposed solution improves by about 6% compared to the
condition where there is no locking mechanism while the switch-
ing frequency changes naturally. The measured efficiency of the
proposed converter, reasonably agrees with the simulation re-
sult, is shown in Fig. 20(b). For a given condition, the peak
efficiency reaches 96.5% at a load current of 90 mA. Greater
than 62% efficiency is measured with the use of the proposed
locking technique at load currents of less than 40 mA. To show
the cost/benefit tradeoff of the proposed solution, the measured
input/output power and the simulated power consumption of
each block at a load current of 50 mA are described in Table II.
It can be seen that more than 13% of the input power is con-
sumed by the gate driver, power switches, and PWM control
circuit. About 6% of the input power is dissipated by the de-
vice parasitics associated with the converter including PCB. On
the other hand, the total power consumption of the remaining
blocks, including the digital frequency lock and load-based hys-
teresis control blocks, occupies a small portion of about 1.4%.
A performance summary of the proposed converter is presented
in Table III.

Table IV shows a performance comparison between the pro-
posed hysteretic buck converter and previous hysteretic buck
converters. The performance comparison table is divided into
two categories depending on the design focus of the prior works.
The first category is the fixed switching frequency. The second
category is the light load efficiency. [16], [19], [21] and [22] are
included in the first category. In the second category, [26]-[27]
and [31] with the switching frequency scaling method are listed.
In the comparison table, compare to the prior works of the first
category, the frequency error of the proposed converter is 1.2%,
which is relatively larger than the state-of-the-art technique.
However, considering the fact that the purpose of switching fre-
quency locking is predictable output spectrum, the switching

frequency with an error of 1.2% would produce a sufficiently
predictable output spectrum. Meanwhile, the proposed converter
achieves the efficiency of 79.16% at a 50 mA load current. Since
the proposed scheme has the lower limit on the switching fre-
quency, the light load efficiency of the proposed scheme may be
lower than that of the PFM scheme which can drop the switch-
ing frequency to near the audible frequency without frequency
limit when the load current reduces. However, the proposed
converter achieves comparable light load efficiency compare to
that of the converters presented in the second category. Com-
pare to [16], which considers both the fixed switching frequency
and light load efficiency, the proposed converter provides pre-
dictable output spectrum over the full load range. The proposed
technique has a value in terms of suggesting a way to achieve
both a predictable output spectrum independent of the load cur-
rent and enhanced light load efficiency.

V. CONCLUSION

A current mode hysteretic buck converter with an auto-
selectable frequency locking technique is proposed in this paper.
The proposed switching frequency locking technique can im-
prove the power efficiency and fix the spectral components of the
output by appropriately lowering the switching frequency under
a light load condition. In the proposed converter, the hysteresis
of the hysteretic comparator and the resistance of the feedback
network are controlled simultaneously to lock the switching
frequency. The proposed converter has been implemented in a
65 nm CMOS technology. The switching frequency of the pro-
posed converter is locked at 1, 0.5, and 0.25 MHz according
to the load current, and the measured frequency error is within
1.2%. The measured peak efficiency is 96.5% at an input voltage
of 3.3 V.
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