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A Constant On-Time Buck Converter With Analog
Time-Optimized On-Time Control

Yu-Chen Li, Ching-Jan Chen

Abstract—A constant on-time buck converter with analog time-
optimized on-time control (OTC) is proposed to achieve fast load-
current step-up transient response for high slew-rate loads. The
proposed control first implements a constant on-time converter
embedded with analog time-optimized OTC and solves the prior art
issues such as poor light-load efficiency, high quiescent current, and
the dependence on the power stage parameters of OTC. The body
diode control, which minimizes the overshoot with simple logic and
capacitor-current sensor, is proposed for load current step-down.
The proposed control was implemented into an integrated circuit
using 0.18 um CMOS process with a chip area of 1.423 mm?,
where OTC only occupies 0.054 mm?. The simulation results show
51.3% and 55.5% reductions of voltage deviation after enabling
the proposed control functions at load step-up and step-down,
respectively. Measurement results show that the undershoot of
output voltage improves 52.4% after enabling OTC for a 0.84 A
load step-up.

Index Terms—Buck converter, constant on-time (COT) control,
load transient response, time-optimized on-time control (OTC).

I. INTRODUCTION

UCK converters with ripple-based constant on-time (COT)
B controls are widely used for high slew-rate loads due to the
advantages of fast transient response and high light-load effi-
ciency [1]-[5]. For high slew-rate loads such as system-on-chip
(SoC) and the microprocessor, the ripple-based COT controls
achieve fast transient response because the output voltage is
directly sensed back for modulation without passing through
an error amplifier (EA). Beside, COT control has a relatively
constant switching frequency at continuous conduction mode
and scaled switching frequency with load current at discontinu-
ous conduction mode, which achieves high light-load efficiency.
However, a ripple-based COT controlled buck converter has a
stability issue with ceramic output capacitor [1].
Ripple-based COT control with virtual inductor current
(VIC), as shown in Fig. 1, is one of the ripple-based COT control
schemes to solve the stability issue; however, COT controls still
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Fig. 1. Simplified circuit diagram of the ripple-based COT control with the
VIC.

have the potential to further improve transient response [2], [3].
The output capacitor is modeled as a capacitor C,, an equivalent
series resistor (ESR), and an equivalent series inductor (ESL).
The ceramic capacitor is chosen as an output capacitor due to
its small size, but the low ESR value of ceramic capacitor might
cause subharmonics oscillation. Therefore, VIC is added for
stability and is obtained by integrating the phase voltage, Vx,
through the “Ry1cCvic integrator” and removing the dc value
by using the low pass filter, Ry pr Crpr as will be seen in Fig. 3
[3]. When the two input signals of the pulsewidth modulation
(PWM) comparator, CMPpw1, intersect, a COT is generated.
However, minimum off-time restricts the maximum duty cycle
and causes severer Vo undershoot at load step-up. Beside, there
is usually a tradeoff between the stability and load transient
response of ramp-compensated ripple-based COT control [6].
That is, adding the compensated ramp to output voltage Vo for
stability slows down the transient response. Finally, the problem
of ringing back is common after V5 undershoot is recovered.
Another control scheme to solve instability was reported by
inducing the concept of VIC compensation to RBCOT con-
trol [4]-[7]. With this VIC ripple compensation, the control-
to-output transfer function is more straightforward to analyze
because poles and zeros can be readily separated and simplified.
Beside, no current sensor is required. However, RBCOT control
with VIC may not achieve optimal load transient response
design under the wide-range operations for power management
integrated circuit (PMIC) applications. Take Intel APL PMIC
as an instance [13]. The buck converter must support dynamic
voltage scaling, i.e., the output voltage varies from 0.5to 1.45V
depending on its definition of modes. The output load is from
0 to 20 A. Hence, the output power is from O to approximate
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Fig. 2. Conceptual waveform of step-up load transient response. (a) With
time-optimized control. (b) Without time-optimized control and Qa1 > Qa2.
(c) Without time-optimized control and Qa1 < Qa2.

30 W. Plus, the input voltage also varies from 5 to 21 V.
Under such a wide-range operation, a large ramp compensation
is indispensable to avoid instability at worst case. Generally
speaking, in such applications, the ripple compensation may
not be the optimal design under different working conditions,
since the transfer function varies with different operating points,
especially for quality factor at half switching frequency in COT
schemes.

To further improve the transient response of the ripple-based
COT, some on-time extension methods are proposed as high
slew-rate load current happens. The DCS control [7] was pro-
posed to not only have the seamless transition between the
power-save mode and the PWM mode but also directly sense
the output voltage to modulate the on-time as the load current
changes. However, the on-time is not turned ON immediately
at load current step-up because the extended on-time in DCS
is triggered by the signal when the output voltage is lower
than a defined threshold. Therefore, the reduction of undershoot
is not obvious. Ramp pulse modulation [8], dynamic on-time
current mode [9], [10], and variable on-time control (OTC) [11],
[12] also extend on-time at transient happening. However, the
extended on-time of these techniques is not defined, which might
cause ringing problem or cannot achieve the optimized transient
response if the control loop is not well designed. Moreover, the
transient response of these techniques depends on the response
of the comp voltage produced by the EA, which is restricted by
the closed-loop bandwidth and phase margin.

Time-optimized controls were proposed to achieve the
theoretically fastest transient response [13]-[18]. The time-
optimized control is only activated after a transient event is
detected and go back to the original control scheme after that.
The main concept is to calculate an extended on-time as load
transient happens to achieve minimum settling time and un-
dershoot/overshoot without ringing back. Fig. 2(a) shows the
time-domain waveforms of an optimized light-to-heavy load
transient response. On-time is instantly turned ON as load tran-
sient happens and keeps providing the power to output after the
inductor current exceeds the load current. Thus, the decreased
charge Q1 on the output capacitor is minimized, which results
in a minimal undershoot. Then, on-time is turned OFF at the
well-controlled time to ensure that the area of A; and A, are
equal, which implies that the excess charge, Q2, is used to
compensate the decreased charge, Q1. Thus, the settling time

3755

will be minimized. By doing this, the output capacitor charge is
balanced when the load current steps up. Fig. 2(b) and (c) shows
that if the extended on-time is shorter or longer, respectively.
With the time-optimized control, minimal undershoot, minimal
settling time, and nonovershoot are achieved.

Various time-optimized controls were proposed; however,
they have some drawbacks. Beside, there is no COT con-
trol embedded with time-optimized control based on the au-
thor’s knowledge. Time-optimized controls achieve optimized
load-transient response [ 13]-[18]. However, the time-optimized
control proposed in [13] is digitally realized by a field-
programmable gate array with four off-chip discrete analog-
to-digital converters (ADC), which require higher cost and
larger board area. Thus, the analog implementations of time-
optimized control were proposed [13]-[16]. However, the pro-
posed hysteretic buck converter in [13] has poor light-load
efficiency compared to the COT control. Beside, the derived
time-optimized equation of hysteretic threshold is affected by
the power stage’s inductor, capacitor, and process mismatch. In
[15] and [16], the time-optimized control is implemented in a
voltage-mode buck converter, which also has poor efficiency at
lightload. Beside, the extended on-time is calculated by catching
the information from the output capacitor current sensor and
using a time-to-voltage converter and a square-rooting (SQR)
circuit. However, the square root implemented by an SQR circuit
is difficult and complicated to implement precisely in analog
circuits.

Hence, a COT control embedded with an analog time-
optimized OTC is proposed and fabricated in an integrated
circuit (IC) to achieve fast transient response for COT control and
solve the aforementioned issues. The proposed OTC is compact
and independent of the power stage’s inductor and capacitor
variation. Beside, the OTC could be applied to any type of
COT control, which is widely used to improve the light-load
efficiency. The proposed control is illustrated in Section II.
Section III shows the transistor level circuit implementation.
Section IV shows the measurement results, and Section V con-
cludes this article.

II. PROPOSED CONTROL FOR COT BUCK CONVERTER

Fig. 3 shows the circuit diagram of a COT buck converter with
proposed control. VIC circuit improves the system stability at
ceramic capacitor by using a current-type adder (CTA) to add
Vo, Vacpc together and subtract Vp . EA regulates the output
voltage V to the reference voltage Vrgr by generating the com-
pensation voltage V. The proposed OTC contains a CTA, AVy
generator, threshold detector and logic, and capacitor-current
sensor. The timing information of the load current step-up
Vicsu and passing zero of output capacitor current Vpy are
needed for the proposed OTC. The OTC circuit generates Vg
as the threshold of the COT generator. Body diode control (BDC)
is also proposed to improve transient response at load step-down.
BDC is implemented by adding an AND logic before the driver
and using the information of load current step-down Vicsp
generated from the threshold detector and logic. The power
stage specifications for the implemented IC are Vixy = 3.3 V,
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Fig. 4. Simplified circuit diagram of the COT generator with the proposed

transient optimized OTC.

Vo=1V,Lo =1 pH, Co =4.7 uF, ESR = 5.4 m(), ESL =
330 pH, and switching frequency fi, = 1.5 MHz.

A. Time-Optimized OTC for Load Current Step-Up

The proposed OTC, as shown in Fig. 4, is embedded within
the COT generator and achieves the time-optimized control with
minimum undershoot and settling time at load current step-up.
As Fig. 4 shows, the circuit of proposed OTC is similar to the
conventional COT generator except for the variation of threshold
voltage, Vi r. When the two input signals of CMPpyy\ inter-
sect, an on-time is initiated and a sawtooth voltage VsawTooTH
starts to rise due to a current /; charging a capacitor Cron.
When VsawTooTh reaches Vi r, on-time is terminated. Unlike
the fixed voltage Vi ¥ in the conventional circuit, the proposed
OTC increases Vi r with an appropriate voltage AV as load
transient steps up. Thus, the on-time is extended to achieve the
time-optimized control.

Fig. 5 shows the conceptual load transient waveform of COT
buck converter with the proposed OTC. The #; is the time from
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Fig. 5. Conceptual load transient waveform of the COT buck converter with
the proposed OTC.

the load current step-up to the point of passing zero of output
capacitor current /¢, which means that the inductor current is
equal to the load current. The o is followed by #; and stops
at the end of extended on-time fgx. Finally, 73 is followed by
to and ends at the point of passing zero again of the output
capacitor current. Vx shows the duty cycle of the COT buck
converter. Vi r has a constant rising slope before reaching the
calculated value of (Vg + AVy) during load current step-up.
This is because the Vi p is implemented by a current charging
a capacitor, which will be illustrated in Section III. To achieve
the concept mentioned above with time-optimized control, the
derivation of AVy is needed.

The derivation of AVy is shown as follows. A high slew-rate
load step, neglectable steady-state output voltage ripple, and
inductor current ripple are assumed for the calculation of the
time-optimized control, as shown in Fig. 5. The relationship
between 72 and 3 is derived as follows by the inductor current
slope equation and Fig. 5

Vin — Vo Vo

ity = —= - ta. 1
To 2 3 ey

Al =
t3 LO

Based on the output capacitor’s charge balance and A; = As
from Fig. 2, the following equation can be derived

1 1
3 -Alroap -t = 3 Al - (ta + t3). ()
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Substituting Al oap and Alyz by inductor current slope
equation, (2) is modified as

Vin — Vi Ve
(INLO-t1>-t1=(LO't3>'(t2+t3)- 3)

The relationship between #; and #, is derived by substituting
t5 into (3) to 5 into (1) and is expressed as

b = (,/‘éi) . @

Inductor current slope equation, as shown in (5) is used to
substitute #; into (4). Thus, 75 is expressed as (6).

Lo
t) = — - Al 5
1T U v, Afroan (&)
Lo Vo
to = —7T— — | - AL . 6
A v (\/ VIN) LOAD (6)

Therefore, the theoretical extended on-time fgx theory» Which
is equal to #1 plus 1o, is expressed as

Vo Lo
t cory = | 1 — | — AT . 7
EX,theory ( + VIN) Vin — Vo) roap- (7)

Then, the key equation of added threshold voltage, AVy, of
the on-time generator is calculated based on the idea that AVy
needs to be generated to let VsawToorn meets Vi at the
end of f, to achieve the time-optimized control. Thus, Vg 7 is
expressed as

Iy-(t+t
Vi = Vi + AV = 1020, ()

C(TON

Finally, two types of AVyy are derived as follows by substitut-
ing the different definition of 75 from (4) and (6), respectively,

into (8)
I Vo
AVy = -1 — | -t1 = V] 9
H = s < +14/ VIN) 1 H &)
Il . LO VO
AV = e el IRAYJ —Vy.
" Crox(Vin — Vo) ( VIN) LOAD T TH

(10)

In the proposed control, (9) is used to implement the time-
optimized control because the derived equation is independent
to the power stage’s inductor and capacitor. This implies that
the proposed control does not affected by the mismatch of power
stage. The capacitor-current sensor is used to capture #; in (9) and
will be introduced in Section III. In (9), a square root function
appeared, which is a challenge to fulfill it precisely in the
CMOS process. Therefore, a current digital-to-analog (I-DAC)
implementation is proposed and elaborated in Section III to
accomplish (9). Although the value of Alypap in (10) could be
calculated immediately when load transient happens, inductor
value affects the accuracy of extended on-time.

3757

Vo, with BDC IA $ som/div
Vo, without BDC B S ————
Vo |
I, 0, with BDC
I.., without BDC 1A t
I‘.O-\D t

BDC

Duty cycle {>
Vgn,With BDC

7ou e T T e T T

Fig. 6. Simulated transient response of the COT buck converter with and
without proposed BDC.

B. BDC For Load Current Step-Down

BDC is proposed to reduce the overshoot when the load
current steps down. As shown in Fig. 3, the power MOSFET,
M, is turned OFF using an AND logic controlled by the Vi csp
signal during load current step-down. Thus, the current passes
through the body diode of M5 and generates a diode forward
voltage drop Vp across M. Then, the inductor current falling
slope at load current step-down is higher and can be expressed
as
diro

dt

By implementing BDC control, the slope of the inductor
current is deeper. Vicsp is logic zero from the load current
step-down to the point of passing zero of the output capacitor cur-
rent by using the capacitor-current sensor and threshold detector
and logic. The implementation of Vi,csp will be illustrated in
Section III. Compared to the detecting output voltage and turning
OFF the My, if the output voltage exceeds a certain threshold, M»
is turned OFF immediately as load transient happens with the
proposed technique, which is more effective to minimize the
overshoot.

Fig. 6 shows the MOSFET-level simulated transient response
of the COT buck converter with and without the proposed BDC.
tppc is the time period that the BDC is working. The simulation
result shows a 55.5% reduction of voltage deviation at the load
step-down after enabling the proposed BDC. It can also be seen
that the proposed control achieves deeper inductor current slope
and reduced settling time by turning OFF M» during fgpc.

—Vp—-Vo=Lo

(11)

C. State Diagram and Detection Mechanism

Figs. 7-9 show the conceptual transient response waveform,
the state diagram of the proposed control, and the circuit di-
agram of the threshold detector and logic block, respectively.
The proposed control includes three modes. First, the control
starts with linear control, as shown in Fig. 8, which means
Ve and Vrawmp in Fig. 3 decides the duty as the conventional
ripple-based COT control. The operation state changes to the
time-optimized OTC as Vi,csu is logic high and gets back to
the state of linear control as Voump Ton is logic high. In Fig. 9,
Vicsu is the output of a comparator and is logic high when Vg
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Fig. 8.  State diagram of the buck converter with the proposed control.

is larger than the defined threshold voltage, V111 . This means the
load current step-up condition happens. Vs is the output of the
capacitor-current sensor which will be introduced in Section III.
Vemp,ron in Fig. 4 is logic high when VsawTooTn reaches
Vi, r, which means the on-time finishes. Vpyz is needed for the
proposed OTC to obtain the properly extended on-time. Vpyz is
set to logic high when Vg equals the common-mode voltage
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Fig. 9. Circuit diagram of the threshold detector and logic block of Fig. 3.

Vowm of capacitor-current sensor which means the I, is zero.
The detail operation and the waveforms of OTC circuit will be
introduced in Section III.

On the other hand, the operation state changes to the BDC as
VLcsp,R is logic high and gets back to linear control as Vi,csp,s
is logic high. Vi,csp r, as shown in Figs. 7 and 9, is the output
of a comparator and is logic high when Vg is smaller than the
defined threshold voltage, V12, which means the load current
step-down condition happens. Vi,csp,s is also the output of a
comparator and is logic high when Vg exceeds Ve, which
implies the output capacitor current goes from a positive value to
a negative value. In Fig. 9, an SR-latch is used to define V1,csp
used to turn OFF the M5 by using an AND logic, as shown in Fig. 3.
In the proposed circuit, a slight ringing back might happen when
operation mode changes from the OTC to the linear control.
To overcome this problem, transient-hold technique could be
implemented to hold compensator output voltage V¢ during the
OTC mode [14].

III. CIRCUIT IMPLEMENTATION
A. Implementation of Time-Optimized OTC

To implement the proposed Vy F, (9) is rewritten as
VH7 F=Vg+AVy

I, /Vo
1+ =) t1 —Vg. 12
Cron Vin ! 1 (12)

Vu,r in (12) is used to generate the correct on-time for the
time-optimized OTC. Three terms in the right part of (12)
are added by the CTA circuit which will be introduced in
Section III-C. The middle part of (12) is taken apart into three
elements, which contains the capacitance, Cton, the time du-
ration, 1, and a current. The value of the current is expressed as

Vo
=1 -1 = 13
2 1 + Vin (13)
Thus, (12) is rewritten as
I
Vuor =V + -t — Vy. (14)

Cron
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Fig.10. Circuitdiagram of the AV generator embedded with COT generator.

Fig. 10 shows the circuit diagram of the AV generator em-
bedded with a COT generator. The implementation of the middle
part in (12) is implemented by a capacitor, Cton, charged by
the current, I, from the time of transient happening detected by
Vicsu to the time instant of passing zero of the output capacitor
current detected by Vpyz, whichis known as #1. Thatis, the middle
part of (12) is implemented simply by a circuit similar to the
conventional on-time generator, which is easy to implement in
IC. M3 is turned ON to let current source /2 charge Cron during
the time duration #; defined by Vycsy and Vpyz. My is turned
OFF at the load current step-up until VsawrooTw reaches Vy p.
Then, My is turned ON to tie AVy to the ground, which means
the OTC mode is finished and Vy p resets to the nominal voltage
Vg to obtain COT in linear mode.

Fig. 7 shows the detailed waveform of Vsr1, Vsro, Vsrs, and
Vi F. Switch S; is used to change the threshold voltage from
Vg to 0.5 V immediately as load transient happens. Therefore, a
larger noise margin between Vg ¢ and VsawTooTh is achieved
to prevent comparator mistriggering before Vy r reaching its
final value. Switch S5 is used to subtract Vi when the output
capacitor current passes zero to implement the rightmost part
of (12).

An I-DAC implementation is proposed to realize current
source I in Fig. 10 with the compact circuit and good power
efficiency. As shown in (13), square root function appeared,
which is a challenge to implement it precisely with the compact
circuit in the CMOS process. The value of 5 is between one
and two times /; because Viy is larger than Vour for a buck
converter. Therefore, I-DAC is used to realize I in Fig. 10
to achieve (13). Base current Ipasy is always connected for
Cton charging while the number of unit current source in the
unit-current arrays is determined by control bits.

Table I tabulates the examples of [-DAC design for imple-
mented IC. The specifications for the tested chip are Vin =
33V, Vo =1V, I3 =31 pA, Ipase = 29 pA, Linit = 0.2 pA,
and M = 10. In the example of the implemented IC, 16-unit
array of an [-DAC is chosen, and IynrT or least significant bit
(LSB)is 0.2 uA. Therefore, the quantization error is 0.2 uA. The
latter terms in (15) are neglected if the value is under 0.2 pA.
I5 is the current generated by I-DAC. Izasg is the base current
which is always turned ON when the OTC is working. Ipipp
is the difference between I3 and Igasg. The value of Ipipp is
implemented by unit current arrays, which are controlled by
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TABLE I
I-DAC DESIGN EXAMPLES FOR IMPLEMENTED IC
Vi Vo L I Ipier Tunmr M Error
M|V (nA) (nA) (nA) (nA) ((I3-1)/Ty)
33 | 08 29.847 29.8 0.8 4 -0.16%
02
33 1 31.009 31 2 10 -0.03%
33 1.2 32.061 32 3 15 -0.19%

sor 2019 T
TR TREr = o0

° VErROR (When Vig=0.8V)
VERROR

Verror (When Veee=1, 1.2V)

Fig. 11.  Simulated load transient responses of COT buck converter at various
V, conditions.

control bits. Iynrt is chosen as 0.2 pA in the implemented IC,
and M is the number showing that how many units current needs
to be turned ON when the OTC is working. According to Table I,
the error between (13) and the I-DAC generated /5 is lower than
0.2%.

In here, a simple and low-cost method to adjust the I-DAC
setting for various duty cycle conditions is implemented and
verified by simulation. We will analyze the variation of /5 in
(13) due to duty cycle change first. Then, the proposed solution
will be implemented and verified by the simulation.

First, we derive the variation of /> due to duty cycle change
from (13) as follows. It can be seen that the variation of I is
relatively more severe at low-duty-cycle condition

o(#)
oD~ 9D’

Considering the common application of COT control for a
modern digital SoC processor supply with input voltage equals
3.3 V and the output voltage ranges from 0.8 to 1.2 V. If the I,
design is based on V,, = 1 V condition, the gain of (15) is around
0.9. That is, there is about 5.4% maximum /5 error deviated from
the optimized design for the worst case, where V,, changes to
0.8 V.

Fig. 11 shows the simulated load transient responses of COT
buck converter at various V,, conditions. Vgrror is defined as
(Vo — Vrpr) with 50 mV/div. Various output voltage conditions
(0.8, 1, 1.2 V) are tested by setting different reference voltages.
Vin = 3.3 V. I» is designed based on V, = 1 V condition and is
fixed at various V,, conditions. It can be seen that the optimized
output voltage response is still achieved for V, = 1.2 V condition
while a ringback exhibits for V,, = 0.8 V condition. This verifies

(15)
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Fig. 13.  Simulated load transient responses of the COT buck converter with
proposed method (V, = 0.8 V).

the theoretical analysis that the variation of /5 is more severe at
low-duty-cycle condition. If this response is acceptable, a fixed
I5 design is enough for this application. If a further improvement
in low-duty-cycle condition is required, we proposed a low-cost
solution explained in the following paragraph.

A low cost and simple solution to achieve near time optimal
response is proposed and verified by simulation. Fig. 12 shows
the proposed low-duty-cycle detection circuit to improve the
response at low-duty-cycle condition. Input voltage Vin passes
through a resistor divider with voltage gain k and compares with
VrEer.- The threshold duty cycle Dy can be designed using (16).
When the duty cycle is lower than Dy, comparator will output
low level. Then, the I-DAC array is adjusted to set /5 to another
value for low-duty-cycle condition.

Dy = k. (16)

The simulated load transient response, as shown in Fig. 13,
proves the effectiveness of the proposed method to handle
the 0.8 V output voltage scenario. When the low-duty-cycle
condition is detected, I is set to the value for V, = 0.8 V
condition. It is shown that the near time optimal response is
achieved for the proposed method. Thus, the proposed solution
is robust for commercial application with low cost and simple
implementation.

B. Capacitor-Current Sensor

Capacitor-current sensor plays an indispensable and vital role
for the proposed time-optimized control. The challenge of the
capacitor-current sensor is that it is unable to implement inductor
directly in ICs and the sensed signal is distorted if a mismatch
of resonant frequency exists between the output capacitor and
the capacitor-current sensor. The noninvasive capacitor-current
sensing [19]-[21] method was reported, where the sensor was
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Fig. 14.  Capacitor-current sensor.

implemented in the discrete circuit, which increases the board
area. Huerta et al. [19]-[21] pointed out that the proper operation
of the noninvasive capacitor-current sensor strongly depends
on the relative position of the converter switching frequency
Jsw and the output capacitor resonant frequency fres. When fyy, is
smaller than f;.s, the impedance of the output capacitor is capac-
itive. The capacitor-current sensor should work in the capacitive
side as well. That is, f;, is smaller than the resonant frequency of
sensor. If the capacitor-current sensor is designed at the inductive
side, then f,.s must always be lower than f,, to guarantee the
appropriate operation. That is, we need to confirm the both the
output capacitor and the implemented capacitor-current sensor
are operated at either inductive side or capacitive side related to
the switching frequency. Then, the phase of the capacitor-current
sensor is the same as the output capacitor current. This is one
of the advantages of the noninvasive capacitor-current sensor
because the mismatch of +10% or more than £10% is not the
reason that the phase of the capacitor-current sensor drastically
produces malfunctioning [19]-[21].
This article implements the capacitor-current sensing method
of the article presented in [19]-[21] into IC and designs a
wide bandwidth operational amplifier (OP) to ensure the proper
operation of the capacitor-current sensor. Fig. 14 shows the
implementation of the capacitor-current sensor, which is based
on a parallel RLC network [19]-[21]. The target is to generate a
current, /g, which is proportional to the actual output capacitor
current /¢, by scaling the impedances to achieve the following:
Zs| =k - |Zc, 17
where Z; is the impedance of the capacitor-current sensor seen
from V. In our design, k is chosen as 20 000 to reduce the
area and the quiescent power of the capacitor-current sensor.
Therefore, Cg is chosen as 24 pF and is implemented by the
metal—insulator-metal capacitor in the TSMC 0.18 pm CMOS
process. Rg is made of the P+ poly w/o silicide resistor, and the
value is chosen as 1 k€2 on account of the value of k and stability.
The consideration of loop stability is needed for the capacitor-
current sensor because two left-half plane poles exist in the loop
gain Top measured by breaking the point marked with Top, as
shown in Fig. 14. The OP generates the second pole, and the
dominant pole frequency is expressed as follows:

py = 1
Pl 97 (Ri+ Rg)-Cs

(18)
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Therefore, the frequency of the left-half plane zero, expressed
as follows, is needed to be designed inside ten times crossover
frequency for loop stability, and the value of Rg needs to be well
considered

1

fZ:QW'RSHCS.

19)

Fig. 15 shows the simulated loop gain Top with Rg = 200 2
and Rg = 1 k{2, respectively. The phase margin increases from
29.4° to 60.5°, if Rg changes from 200 €2 to 1 k2. The accuracy
of the loop gain Top derived in (18) and (19) is verified by
transistor-level simulation and is not shown due to the page limit.

After the value of the capacitor and the resistor is chosen, the
emulated inductance design is considered. Fig. 16 shows the test
circuit to derive the emulated inductance of the capacitor-current
sensor. According to Fig. 16 and [19]-[21], the impedance of
emulated inductor, Zy;, is derived as

Ry R
7 Vo st Bw
IN — —

- 1 1

S
(20)

where Apc is the dc gain of OP, Wp is the dominant pole of OP,
and BW is the bandwidth of OP.

To let Zin acts as an inductor, it is assumed that BW is ten
times larger than the switching frequency, and Apc is much
larger than one. Thus, the denominator in (20) is approximated
as one and (20) can be approximated as

o Ry Ry
Zin = (ADC + BWS> .

(2D
It can be seen that an inductance in series with resistance is

obtained. In addition, the value of Vg is expressed as

Vees = Vom — Ry - Is. (22)
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Fig. 17.  Dynamic-bias OP circuit.

Therefore, R; is related to not only the inductor value, as
shown in (20), but also the gain (Accg) of the capacitor-current
sensor, which is shown as

R
Acos = —=>.

A (23)

Based on the required Accs, Ry is chosen as 100 k€2 and is
made of a P+ poly w/o silicide resistor in the TSMC 0.18 pm
CMOS process.

Fig. 7 shows the waveform of the capacitor-current sensor
during transient and steady state. The phase difference is 180°
between the output capacitor current and Vg as can be seen
from (22). When the load current steps up and down, Vo cg has
a deviation from V), which is used to detect the start of 1 and
tspc- T1 and tgpc used for the time-optimized OTC and BDC,
respectively, finishes at the time instant of passing zero of the
output capacitor current.

Fig. 17 shows the implemented dynamic-biased OP circuit in
Fig. 14 to achieve wider bandwidth. The transconductance of
input pairis (gm,1 + gm,2) instead of g,,, due to the inverter-type
input. Dynamic bias is used to enhance bandwidth by connecting
the gate of MOSFET, M5 and Mg to Vras. Thus, the bias current
of OP varies with the input signals. The designed dynamic-
biased OP has dc gain 51 dB, and bandwidth is 262 MHz with
500 f load, which has only one pole within the bandwidth. The
bandwidth is large enough for Zyy to act as an inductor, as shown
in (20).

The sensed signal is distorted if a mismatch of resonant
frequency exists between the output capacitor and the capacitor-
current sensor; however, this distortion has less effect to the
proposed time-optimized OTC and BDC. This is because the
information we need in OTC and BDC is the time instant of
passing zero of the output capacitor current instead of sensing the
peak or valley values. The mismatch only changes the magnitude
and the triangle wave to a slight arc triangle wave at the duty
switching instead of the phase if both the output capacitor and
the implemented capacitor-current sensor are operated at either
the inductive side or the capacitive side related to the switching
frequency. Fig. 18 shows the simulated load transient waveforms
of the capacitor-current sensor having a mismatch with the
output capacitor. A mismatch of £10% of the output capacitor
ESL and ESR is tested. The transistor-level simulation shows
that the mismatch does not affect the #; used for the proposed
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Fig. 18. Simulated load transient waveforms of the capacitor-current sensor

having mismatch with the output capacitor.
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Fig. 19. Circuit diagram of CTA.

OTC, although the triangle wave becomes slight arc and the
magnitude changes at the load current step-up.

C. Current-Type Adder

A CTA, as shown in Fig. 19, is used to realize adding function
with reduced power consumption. In Fig. 3, an adder is required
to add Vo and Vacpce and subtract Vpe. The proposed OTC
circuit needs an adder as well. The traditional method uses the
summing amplifiers to add voltage signals; however, buffers are
needed for each input signal due to the finite input impedance of
summing amplifiers, which increases the area of the chip and the
power consumption. Fig. 19 shows an example of a CTA. The
negative feedback of OP is used to let the source of M; follow
the input voltage V5 and transfer the voltage into a current by
using a resistor R. By doing this, the voltages of V, Vg, and
V¢ are transformed into currents for addition or subtraction, and
the high input impedance is also achieved. OP is implemented
by PMOS-input two-stage OP because the input signal might be
the ground in our application. The current mirror is widely used
to duplicate the value of current in the current adder. Finally, the
output voltage of the current adder is shown as

Vo,appER = Ro - (I1 + I — I3). (24)
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Fig. 21.  Simulated transient responses of the COT buck converter with and
without proposed OTC.

The jittering issue needs to be well considered especially the
layout. This is because a lot of current mirrors are used in the
CTA and the mismatch or noise is possible to influence the
important signal of our circuit including threshold voltage, Vi
and ramp voltage Vg anmp, as shown in Fig. 3.

IV. SIMULATION AND MEASUREMENT RESULTS

The proposed control was fabricated into an IC using TSMC
0.18 pm CMOS process. Fig. 20 presents the chip micrograph.
The chip area including all bonding pads is 1.423 mm?. The
proposed OTC only occupies 0.054 mm? which is 3.8% of
the chip area, and the quiescent current of the proposed OTC
is 890 pA, which reduces 30% compared to the load tran-
sient optimizer proposed in [16]. Unless otherwise specified,
the test condition is as follows. Vin is 3.3V, Vo is 1V, the
maximum Iroap is 1.25 A, few is 1.5 MHz, Lo = 1 pH,
and Co = 4.7 pF. The bandwidth of linear control is 50 kHz,
which is 1/30 of the switching frequency. Therefore, if the
slew rate of the transient load is high enough, the nonlinear
control will start. Otherwise, the circuit works in the slow linear
loop.

Fig. 21 shows a MOSFET-level simulation of transient re-
sponses of the COT buck converter with and without the pro-
posed OTC. It is shown that an appropriate AVy is added to
Vi, F to achieve the time-optimized control at the load step-up,
which matches with Fig. 7. The target of charge balance is
achieved at the time instant of dotted black line with minimum
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Fig.24. Measured step-up load transient response without the OTC in 5 ps/div
time scale.

undershoot and settling time and without Vo overshoot after
the inductor current go back to target. The simulation result
shows a 51.3% reduction of voltage deviation after enabling the
proposed control function on the ripple-based COT control at
the load step-up.

Figs. 22, 23, and 24 show the experimental load transient
response with and without the proposed OTC, respectively,
during load current step-up. To have a fair comparison, the load
transients happen at relatively the same position in one switching
cycle and the current change rates are kept the same using the
same load transient tool. The transient load step is 840 mA.
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tix measure= 88308

Vx (2v/d w) )

o
o~

P >
‘\/V

I, (500mA/div)

e /‘:W%
l.oap (500mMA/dT

Fig. 26.  Measured load transient response with the OTC with Vo, = 1.2V,
Co =22pF Lo =15pH, and M = 4.

[ 750mA |
500ns/div |

The Vo undershoot improves 52.4% with the proposed OTC.
The dotted black line in Fig. 22 shows the charge balance time
instant of output capacitor, and the output voltage gets back to
1 V after a single extended on-time. The settling time to within
1% of Vo also reduces from 3.4 to 0.8 us, as shown in Figs. 22
and 23, which improves 88%.

Fig. 25 shows the load current step-down with the linear
control. The overshoot is 20 mV and the settling time to within
1% of Vo is 3 us. Moreover, 90.2% peak efficiency is measured
at 1 W output power.

The proposed analog time-optimized OTC achieves the time-
optimized control at various duty cycle and power stage’s in-
ductor and capacitor value conditions. To prove this, the buck
converter with different values of the capacitor, Co, and the
inductor, Lo, was tested. In Figs. 26-28, the C is changed from
4.7 to 2.2 uF, and the Lo is changed from 1 to 1.5 pH. More-
over, various output voltage conditions were tested to prove the
effectiveness of the proposed I-DAC. The turned-ON number of
unit current arrays in [-DAC at various output voltage conditions
are given in Table I. The output voltage is 1.2, 1, and 0.8 V in
Figs. 26, 27, and 28, respectively. The different measurement
specification between Figs. 22 and 26 to Fig. 28 is organized as
Table IT . Table III shows the comparison between the theoretical
extended on-time fgx theory Calculated by (7) and the measured
extended on-time fEX measure- The error of the extended on-time
is lower than 3.5%. Slightly ring back is happened because the
slew rate of our measurement equipment is not higher enough
as our assumption.
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Fig. 28. Measured load transient response with the OTC with Vo = 0.8 V,
Co =22uF, Lo =15 pH, and M = 15.

TABLE I
DIFFERENT MEASUREMENT SPECIFICATION BETWEEN
FIGS. 22 AND 26 TO FIG. 28

Fig. Vix | Vo | Lo Co

AT A T T VO A )

Fig. 22 33 | 1 1 47

Fig. 26 33 | 12 | 15 22

Fig. 27 33 | 1 15 22

Fig. 28 33| 08 | 15 22
TABLE IIT

COMPARISON BETWEEN TEX ,Theory AND TEX, MEASURE IN FIGS. 26-28

Fig. Vin Vo M LEX theory LEX, measure tgx Error
M | V) (ns) (ns)
Fig. 26 33 1.2 4 859 885 3.0%
Fig. 27 33 1 10 758 785 3.5%
Fig. 28 33 0.8 15 672 675 0.4%

Table IV presents a performance comparison with other
state-of-the-art single-phase buck converters [14], [22]-[25].
Compared to other state-of-the-art single-phase buck convert-
ers, the measurement results of the proposed time-optimized
OTC embedded in the ripple-based COT achieves the lowest
undershoot and the shortest settling time with the high slew-rate
load current step-up. By improving the layout of power MOS
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TABLE IV
PERFORMANCE COMPARISON WITH OTHER STATE-OF-THE-ART
SINGLE-PHASE BUCK CONVERTER

This Work 1SSC 2018 TPE 2017 1SSC 2015 ISSC 2014 TPE 2012
123 22 (] [e1)] [20)
Implemented techuique Transient-optimized |  Hysteretic Synchronous Transient-optimiized DDA-Based reconfigurable
o1C Quasi-v* | Double-Pumping feedback Type-lll compensation
Compensator
Techmlogy (pum) 0.18 pm 035 pm 035 pm 0.35 pm 0.13 pm 0.35 pm
Inductor . Lo{y) | 1uH 224H 47 pH 1uH 033uH 47 pH
Capacitor . ColuF) 47 yF 47 uF 47 F 47 F 334F 47 yF
Tnput Voltage . Via(V) 33V 33V 2742V 2742V 33V 2436V
Output Voltage . Vo(V) 0612V 15-18V 18V 0824V 037285V 0720V
Load current, Tioan(mA) <1250 mA <700 mA <600 mA <2000 mA <1500 mA <1050 mA
Switching frequency (MI1z) | 1.5 MHz 2MHz 1 MHz 1.25 MHz 10 MHz 0.2-1 MH7
Peak efficiency (%) 90.2% 92% 95% 6% 91.8% 96.3%
Transient step. 840 mA 510mA 400 mA 1000 mA 340mA 1000 mA
Alyoap(mA)
Lowd | Sething Tine(us) 0ps 25ps 24ps 1.6ps ops 83ps
Transient | Light — Heavy s 2.6ps 26ps L4ps s 140ps
Respouse | Heavy — Light
Undershoot 10mv Imv S8 mv Smv 25mv NA
ool (V) 20mv 20mv 76 mV 65 mV 20mv
Chip Area (mm?) 1.423mm* 0.913mm* 2242mm* 0.88mm* 0.75mm* 32mm*

and optimize its size, we may further improve the converter
efficiency of the proposed circuit.

V. CONCLUSION

This article proposed a COT converter embedded with the
analog time-optimized OTC and BDC to increase load transient
response at step-up and step-down, respectively. The proposed
OTC is implemented in IC with the compact analog circuit and
low quiescent current. According to the measurement results, the
OTC improves Vo undershoot by 52.4% and settling time after
load step-up by 88% as the load current steps up after enabling
OTC. Beside, the proposed OTC achieves the time-optimized
control independent of the power stage’s inductor and capacitor
values and output voltage. The proposed I-DAC simplifies the
square root circuit and achieves the high accuracy of extended
on-time with less than 3.5% error compared to the theoretical
value.
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