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Proportional Compensated Buck Converter With
a Differential-In Differential-Out (DIDO)
Error Amplifier and Load Regulation
Enhancement (LRE) Mechanism

Yu-Huei Lee, Student Member, IEEE, Kuan-Yu Chu, Chun-Jen Shih, and Ke-Horng Chen, Senior Member, IEEE

Abstract—A differential-in differential-out error amplifier and
a load regulation enhancement mechanism are proposed in the
buck converter that aims to improve load regulation and noise
immunity. By using the proportional compensator in the proposed
converter, there is no need of external compensation components in
this design. As a result, a compact-size and high-performance dc—
dc buck converter can be guaranteed. Experimental results show
that load regulation can be improved from 0.5 to 0.025 mV/mA. The
test chip was fabricated by 0.25 pm CMOS process and occupied
1.65 mm? active silicon area.

Index Terms—Current-mode operation, dc—dc converter,
differential-in differential-out (DIDO) amplifier, load regulation,
system compensation.

I. INTRODUCTION

N recent years, portable devices involve several integrated
I chips (ICs) with different functionality into the same printed
circuit board (PCB) for achieving various functions. It needs
a highly integrated power-management module to reduce the
volume and weight in order to keep up with the trend of compact
size. Unfortunately, the off-chip inductor and capacitors for the
high-efficiency switch-mode dc—dc converters occupy the large
PCB area, which results in the extra manufacture cost and the
problem for system-on-a-chip (SoC) integration. In addition, the
parasitic inductive or capacitive coupling path generated from
the bonding wire forms a harmful interference, which can be
eliminated by integrating the off-chip components as many as
possible. In other words, a highly integrated power-management
module is necessary for achieving high performance and small
footprint area in today’s power-management design.

Fig. 1 shows the structure of a conventional current-mode
buck converter. A differential-in and single-ended (DISO) error
amplifier with high gain aims to obtain better regulated out-
put voltage compared to the control only with a comparator.
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Fig. 1. Conventional structure of a current-mode control buck converter.

However, the characteristic of high gain in the DISO error am-
plifier needs to be compensated by the RC filter, which can
contribute a large time constant. Generally speaking, the RC
filter is composed of a compensation resistor Rz and a com-
pensation capacitor C¢ in series to generate a pole—zero pair
for achieving proportional-integral (PI) compensator. These im-
plementations can stabilize the current-mode buck converter to
provide a constant output voltage with high-efficiency power
conversion. However, owing to the current-mode operation, the
system pole of the current-mode buck converter can be varied
according to the different output load conditions. Thus, to fit the
worst case of the load condition, the compensation components
R; and C¢ must be implemented with large values, which is
hard to be integrated into a chip. That is to say, the increase in
the expense of a power-management module can lead to the less
attractive utilization in portable applications due to the large
compensation components integration.

Nevertheless, some prior arts can integrate the compensation
components into the chip by using the current-operated miller
capacitance method [1]-[3]. It can magnify a small on-chip
compensation capacitor into a large one for ensuring the system
stability. As a result, the number of external pins and compensa-
tion components can be decreased for achieving a compact-size
solution. Moreover, the compensation resistance of the PI com-
pensator proposed in [1] can be dynamically adjusted according
to the different output load conditions. Thus, the dynamic com-
pensation scheme carries out the smooth soft start and fast tran-
sient response, simultaneously. However, the implementation of
the capacitor multiplier technique still needs the compensation

0885-8993/$26.00 © 2011 IEEE
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Fig.2. Architecture of the proposed buck converter with the LRE mechanism.

network with an on-chip small-size capacitor and medium-size
resistor, respectively. The overall power dissipation of the mech-
anism is large in order to sustain a wide stable operation of the
system. In addition, the offset and noise problem have an im-
pact on the performance of the capacitor multiplier technique
that must be designed carefully. To simultaneously eliminate
large volume-compensation components and maintain the sys-
tem stability, this paper presents a differential-in differential-out
(DIDO) error amplifier with a proportional (P) compensator to
operate a current-mode buck converter, which aims to achieve
the fast transient response and the stable operation without the
need of any system-compensation components [4], [5]. More-
over, the load regulation enhancement (LRE) mechanism is pro-
posed to enhance the regulation performance. Consequently, the
compact size and enhanced load regulation in the dc—dc current-
mode buck converter can be achieved at the same time to meet
the requirement of high-quality portable devices.

The organization of this paper is as follows. The system op-
erations containing the DIDO error amplifier and the concept
of the LRE mechanism for improving poor load regulation are
illustrated in Section II. The frequency response in the pro-
posed current-mode buck converter with the P compensator is
introduced in Section III. Besides, the transfer function derived
by the mathematic tool MATLAB can prove the stable system
operation based on the proposed DIDO error amplifier. Circuit
implementation of the DIDO error amplifier and the LRE mech-
anism are described in Section I'V. The measurement results of
the proposed converter are shown in Section V. Finally, a con-
clusion is made in Section VI.

II. SYSTEM OPERATION

Fig. 2 shows the architecture of the proposed current-mode
buck converter with the DIDO error amplifier and the LRE
mechanism. To eliminate the compensation components, the
DIDO error amplifier with low-gain structure is used to replace
the work of the high-gain DISO error amplifier in the conven-
tional current-mode buck converter. The output voltage condi-
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Fig. 3. Simplified structure of a DIDO amplifier.

tion can react to the DIDO error amplifier through the voltage
divider, i.e., Rp; and Rp2. The voltage difference between the
feedback voltage V;, and the reference voltage V,..; is amplified
by the DIDO structure to generate the differential error signals,
ie, V, and V,,. Owing to the DIDO structure, the switching
noise coupled from the voltage divider at the output node can
be filtered out easily. Thus, a nearly noiseless error signal is de-
rived through this structure. In addition, the compensation ramp
signals must be differentially added to the positive and negative
outputs of the DIDO amplifier to achieve the slope compensa-
tion. That is, a pair of differential ramp signals V,.,, and V., is
added to V,, and V,,, respectively, to suppress the subharmonic
oscillation in the current-mode control. The current-sense cir-
cuit is easily implemented by using the small on-chip Rg and
Cs. The resistor R, and the capacitor C, are connected between
the V1 x and the output of the DIDO amplifier to yield the cur-
rent sensing signal. In addition, the LRE mechanism circuit will
sense the inductor current to obtain the output load condition to
ensure the output voltage regulation. The sensing operation is
controlled through the sampling phase signal V},;,. Moreover,
the comparator can decide the control duty V¢ through the dif-
ferential signal V., and V,,. Finally, the pulse width modulator
and driver generate the control signals Q,, and Q,, to achieve the
energy distribution at power stage to transfer energy from Viy
to Vour.

The simplified structure of the DIDO amplifier with the cur-
rent sensing function is shown in Fig. 3. The low-frequency
gain of the DIDO error amplifier is defined as Ay . The value
of Ay is set to a low value considering the stability of the sys-
tem. This part would be discussed in Section III. Neglecting the
slope-compensation ramp voltages, the differential error signals
V.p and V., can be depicted in (1) and (2), respectively. The
DIDO error amplifier would carry out an error signal variation
Av shown in (3) through the voltage gain Ay o and the voltage
difference between V...r and Vyy:

Vep 2V, — Av (1)
Ve & Vix + Av @

where
Av = Ayo(Viet — Vi)- 3

The two error signals V., and V., will be sent to the input
of the comparator to generate the duty cycle for the regulation
of output voltage. However, the values of V., and V., cannot
be forced to be approximately equal by the negative feedback
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Fig.4.  Steady-state waveforms of V., and V., and duty cycle under different

load conditions.

control owing to the low gain of the DIDO amplifier. As a
result, the difference voltage between V., and V., should be
considered and expressed as

Vep = Ven =V, = Vix —2A0. “

Assuming that the on-resistance of the high-side power MOS-
FET, i.e., Rps(on), is almost unchanged under different load
conditions, then the slope of |V.,—V,,| in Fig. 4 can be kept
with a constant value during the on-time period 7T, . Besides, the
area A; should be kept with a constant value since the duty cycle
is unchanged between different load conditions. However, the
dc level variation of V., is derived from V' x, which has slight
voltage variation resulted from the different load conditions ow-
ing to the constant Rp 5 o) resistance of the power MOSFET.
Besides, when the load transient response occurs, the dc level
variation of V.,,, which is represented by the small signal voltage
Av depicted in (4), is merely small due to the low-gain structure
of the proposed DIDO amplifier. That is, V,,, is varied within
a small range under the different load conditions as shown in
Fig. 4. As a result, the duty cycle will decline obviously when
the load current changes to the high current conditions. It results
in that the area A; derived under a low load current condition is
unequal to the area A, derived under high load current condition
S0 as to cause poor voltage regulation performance. Fortunately,
the proposed LRE mechanism can help redeem this problem.
As shown in Fig. 4, the differential error signal V., can be ad-
justed to Vc’p at the high load current condition through the LRE
mechanism. Thus, the area A}, can be equal to A;. Both the duty
cycle and the on-time period can be kept as of the same value at
the different output load condition. That is, the LRE mechanism
can roughly adjust the dc level of the signal V., to form the
rough duty cycle modulation according to the load condition,
and the low-gain DIDO error amplifier can be used to achieve a
fine duty cycle modulation.

With the proposed low-gain DIDO error amplifier, the output
voltage V,,, of the current-mode buck converter can be approx-
imated as (5) based on the basic negative feedback control:

1 Zo(o en—loop)
Vous = Viet= — 1,Z,, where Z, = 2P0 0%  apd
t s 1+ Avof

Rps

b= Rpi + Rpo’

(&)
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Fig. 5. Load transient response with the LRE mechanism. (a) Load current
changes from low to high current. (b) Load current changes from high to low
current.

Obviously, the second term in the aforementioned equation is
considered as the voltage droop when load current increases.
In the conventional buck converter design, the value of Ay is
usually large enough to eliminate the effect of closed-loop out-
put impedance Z, on V,,;. However, the high dc loop gain in
the conventional buck converter increases the volume and com-
plexity of compensation network and occupies a large footprint
area. As a result, there is a tradeoff between the volume of com-
pensation network and the load regulation. The proposed LRE
mechanism is used to improve the load regulation without the
need of a large compensation network for minimizing the sili-
con area. It can enhance the load regulation performance in the
case of load current variation and guarantee the system stability
at the same time. That is, the LRE mechanism can keep the volt-
age difference derived in (4) as a constant value under different
load conditions, which can be regarded as the compensation of
a low-gain DIDO error amplifier for good load regulation.

The timing diagram in Fig. 5 can depict the operation concept
of the proposed LRE technique. In Fig. 5(a), V¢ drops in the
beginning of the load transient response when the load current
changes from low to high current. Owing to the characteristic
of a low-gain DIDO error amplifier, the voltage variation of the
error signal V,,, is small, which is inadequate to generate a suf-
ficient duty cycle. Therefore, the LRE mechanism can help pull
down the value of V,, to maintain the system duty cycle as well
as the output voltage level of the current-mode buck converter.
Consequently, V,,; can be regulated with a proper load regu-
lation performance. Similarly, if the load current changes from
high to low current, the LRE mechanism shown in Fig. 5(b) can
pull up V., to derive the proper system duty cycle that would
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Fig. 6. Power stage in the conventional buck converter compensated by the PI
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enhance load regulation of the buck converter. As a result, the
combination of the DIDO error amplifier and the LRE mecha-
nism can ensure the voltage regulation performance at the output
node of a buck converter and eliminate the implementation of
system-compensation components, simultaneously.

III. SYSTEM STABILITY ANALYSIS

A. PI Compensator in a Conventional Current-Mode Buck
Converter

In conventional current-mode buck converter design, the PI
compensator is commonly used to assure the system stability.
Fig. 6 shows a simple sketch of the power stage in a buck
converter with feedback resistors and error amplifier. The PI
compensator is implemented at the output node of the error am-
plifier and produces a pole—zero pair to stabilize the system. The
pole wpy generated by the compensation capacitor C¢ and the
large output impedance R,, of the error amplifier contribute the
dominant pole of the system. In addition, the zero w, derived
from the compensation capacitor C and the compensation re-
sistor R is utilized to cancel the output pole wpy, at the output
node. The location of wp1, wyz, and wpy can be expressed as

1 1 1
~ 7CCR0’ wy = CoRy,’ and wpy = CLRL
(6)
Owing to the existence of a low-frequency dominant pole wp 1,
the low-frequency system loop gain can be designed high to
achieve good voltage regulation, as well as adequate system
crossover frequency. However, the exact location of pole—zero
cancellation, achieved by w; and wpy, would be distinct at
different load conditions since w p, is a system’s load-dependent
pole. Therefore, the compensation components Rz and C must
be designed to a larger value in order to meet the worst condition,
which is the low load current condition in the current-mode buck
converter. In addition, the equivalent series resistance (ESR) on
the output capacitor can contribute a high-frequency zero wes,
as shown in (7). Another system pole wpy o related to both
the slope of compensation ramp and the switching frequency
is also derived at high frequency [6]-[9]. Fortunately, the zero
and pole are located over the system’s crossover frequency that
would have no influence on system stability:

_t
CL Rcsr .

wpi

(7

Wesr ~
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Fig. 7. Open-loop transfer function’s comparative Bode plot between the

buck converter with the PI compensator and the buck converter with the P
compensator. (a) Magnitude. (b) Phase.

B. Stability lllustration in the Proposed Work

To eliminate the use of system-compensation components,
the DIDO error amplifier with the LRE mechanism is proposed
to achieve the stable system operation, as well as the good output
voltage regulation. The system output pole wp; depicted in (6)
is regarded as the system dominant pole without the need of any
low-frequency poles and zeros in the proposed design. Thus, the
implementation of the DIDO error amplifier can be considered
as the P compensator. Since wpy, is higher than the pole wp;
generated by the PI compensator, the low-frequency loop gain
of the proposed converter cannot be designed with a high value
considering the system stability. Thus, the DIDO error amplifier
is implemented with low voltage gain to ensure system stability,
but sacrifice the performance of voltage regulation. As a result,
the proposed LRE mechanism is utilized to enhance the reg-
ulation performance of the proposed converter. As depicted in
Fig. 7, itis obvious that the low-frequency gain of the open-loop
transfer function with the P compensator is lower than that with
the PI compensator. The usage of the P compensator removes the
need of large size compensation components but suffers from
poor load regulation. Therefore, the LRE mechanism targets to
compensate the low dc gain as depicted in Fig. 7 to enhance
the poor load regulation caused by low dc gain. That is, LRE
can achieve the common-mode adjustment in the outputs of the
DIDO error amplifier according to the output load conditions
for enhancing the load regulation. This operation seems to boost
the dc gain of the proposed low-gain structure as the illustration
in Fig. 4. As a result, the proposed LRE mechanism can meet
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the requirement of load regulation and achieve the compact size
solution, simultaneously.

C. Small-Signal Analysis

The small-signal model of the proposed current-mode buck
converter is shown in Fig. 8. R; is the linear gain of the current
sensing network. In addition, the current-sampling operation
in the current-mode control can be modeled as a second-order
continuous transfer function H., (s) as expressed in (8) [6]. Thus,
R; will be multiplied by H.(s) for representing the current feed-
back. Moreover, the remaining gain factors of the proposed buck
converter are illustrated in (9). The feedback gain factors of &/
and k,, are created when the current feedback loop is closed.
These two gain factors yield the feedforward of the voltages
across the inductor during the on-time and off-time of the con-
verter, respectively. F,,, is the modulator gain for the duty cycle
realization. Ts and D are the switching period and the duty
cycle, respectively. The parameter S,, is the slope of the com-
pensation ramp and S, indicates the on-time slope of the current
sensing waveform:

s s2 T —2
He(s):leran erf% where wn:i, Q2:7
3)
RZ‘Tq RiTs
= — - 1 — 0. r =
ky D 17 [ 0.5D], k 5T
and
1 1
Frn = = h
Sy + 8T, moS,T, o
Se

n
As a result, the simplified control-to-output transfer function
G, (s) for the proposed current-mode buck converter is given
as

Gel(s) = 220t o Ry 1
Y v Ry 1+ (Rp - Ty/L) [m.D' —0.5]
Fy(s) - Fi(s) (10)
where
F (5) . 14+ sCLR¢c
- " T )
1 T.
R — s D' —0. 11
1
F;Z(S)

T 1+ (5/waQ) + (52 /w2)
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where
! 12

@= w(m.D' —0.5) (12)
Here, F,(s) includes the system’s dominant pole w,, which
is produced by the load resistance Ry, output capacitor Cy,
inductor L, switching period Tg, and the complement of the
duty ratio D’ as shown in (11). Besides, the zero is formed by
the ESR R, and the output capacitor Cy . Fj(s) manifests the
current sensing behavior in the current feedback loop [6] as
depicted in (12). The slope of the compensation ramp m,. can
control the value of Q with a small value in order to reduce the
high peaking effect. It can prevent the subharmonic oscillation
problem at the power stage when the system duty cycle exceeds
the half of the switching period.

The open-loop transfer function of the proposed buck con-
verter Ay (open) €an be expressed as

Av(open) = ﬂG'U(:(S)G(:om(S)-

Here, (3 is the sensor gain determined by the voltage divider.
Gom (s) indicates the transfer function of the P compensator. In
the design of the P compensator, the transfer function G, ()
contributes a constant voltage gain without any poles or zeroes
in the low-frequency range. Thus, the definition of G, (s) can
be shown as follows:

13)

Gcom (5) = Gcom()«

As the consideration of system stability, there is a tradeoff be-
tween the value of G, and the phase margin. A large value of
Gcomo may deteriorate the system phase margin due to the ex-
istence of the high-frequency complex poles near the crossover
frequency. However, a lower value of G, may derive a poor
load regulation performance at output. Therefore, the value of
Gcomo would have influence on the performance of load reg-
ulation and the system stability. To attain an adequate system
phase margin, G, should be carefully designed to guarantee
the system stability for achieving good transient response.

The loop frequency response A, (open) 18 shown in Fig. 9.
With the parameters listed in Table I for demonstrating the work

(14)
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TABLE L.
PARAMETERS IN THE OPEN-LOOP TRANSFER FUNCTION
R 3.6Q Ri 029
Ty 1 ps L 4.7 uH
C 10 uF Rc 30 mQ
D 1.8/3.3 me 2.2
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Fig. 10.  Proposed DIDO error amplifier and the slope-compensation circuit.

of P compensator, the value of G, in the proposed design is
chosen as the factor of 4. Both the simulated and the measured
results of the loop frequency response can guarantee the stable
operation owing to the adequate system phase margin. However,
the small value of G, would result in the poor voltage reg-
ulation performance at output that is necessary to compensate
through the utilization of the LRE mechanism. Fortunately, the
small-signal model still remained since the LRE mechanism is
used to modulate the bias current of the DIDO error amplifier.
Consequently, the parameters in the small-signal model can be
easily designed and has no effect of using the LRE mechanism.

IV. CIRCUIT IMPLEMENTATION
A. DIDO Error Amplifier With the Slope-Compensation Circuit

The proposed DIDO error amplifier and the slope-
compensation circuit are shown in Fig. 10 to generate the sys-
tem control signal and avoid the subharmonic oscillation, re-
spectively. The slope-compensation circuit is composed of the
transistors M.1—M .7, the resistor R.., and the capacitor C.. Dur-
ing the inductor charging period, the constant current /- would
charge the capacitor C. and thus the voltage at V,, can be raised.
Therefore, the voltage difference between the gates of transis-
tors M., and Mo will generate a current through the auxiliary
resistor R... It causes the current flowing through M., and M ¢ to
have the saw-tooth waveform in the opposite direction, which
can be added to the DIDO amplifier for avoiding the subhar-
monic oscillation.

The DIDO error amplifier carries out a small-signal current
Iyain from the reference signal V,.r and the feedback signal

Vp through the use of operational amplifiers and flying resis-
tor Rgain. Thus, the transconductance of the proposed DIDO
amplifier is expressed as

1

Gm - .
Rgain

(15)
In addition, the output resistance at V., of the DIDO error
amplifier is related to the aspect ratio of transistors M,,1—M,, 4
and the voltage gain of the operational amplifier A;. Therefore,
the voltage gain of the proposed DIDO amplifier is expressed as

Ay o = G [(A1Gm Mn1ToMn1To,1, )|

(Rpl + RJ\I[)I + R]\Jp'd)] . (16)

The parameters g, a1 and 7, 17,1 are the transconductance
and the output resistance of M, 1, respectively. r, ;5 is the out-
put resistance of the current source Ig. Ryp,1 and R)y, 3 are the
equivalent resistances of the transistors M,; and M,,3, respec-
tively.

When the voltage difference is derived from the reference
voltage V,.r and the feedback signal V ;, the two output voltages
of the DIDO error amplifier V., and V., can be expressed as
(17) and (18) with the neglect of the slope-compensation signal,
respectively. The voltage difference between V., and V,,, and
the voltage variation Av on both V., and V,,, are shown in (19):

Vep 2 VIn — Ip(Rp1 + Ronar,, + Ronnt,,) —Av - (17)

Ven 2 Vix — Ip(Ronnr,,) — Av = (Vix — I Ron p)
—IpRonm,, + Av (18)

Vep = Ven 2 I Rpson) — IpReq — 2Av

where  Re, = Ry1 + Ronn,, and

Av = Ay poo (Viet — Vin). (19)

Here, 1}, is the value of inductor current and Rpg(on) is the
on-resistance on high-side on-resistance of the high-side power
MOSFET. The difference of V., and V,,,, |V.p—V,,, | helps de-
rive the inductor current information for the duty cycle de-
termination. Moreover, |V.,—V,,| is independent of the sup-
ply voltage Vix since the effect of input voltage variation can
be naturally eliminated by the proposed DIDO error amplifier
structure.

On the other hand, unlike the conventional structure using the
high-gain error amplifier to obtain good line transient response,
the DIDO error amplifier structure can properly suppress the
disturbance from input. As the detailed circuit shown in Fig. 10,
the variation from the supply voltage Vix can be eliminated by
the DIDO amplifier. That is, the Viy variation can be regarded
as the common-mode signal for the comparator’s input, and that
will not affect the result on the signal V- for duty determination,
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so as to obtain the good line transient response. Moreover, the
sensitivity of the reference voltage and the output voltage is
mainly affected by the offsets from operational amplifiers OP;
and OP; in Fig. 10, and the layout matching of the DIDO
amplifier. Thus, the trimming method can be used to ensure the
circuit matching of the DIDO amplifier as well as compensate
the unwilling offset about 30 mV from the operational amplifiers
in the 0.25 pm process by adjusting the resistor values of R,
or R,» in the DIDO amplifier.

As the illustrations depicted in Section II, the voltage dif-
ference between V., and V., must be a constant value under
different load conditions in order to obtain the good voltage reg-
ulation. Nevertheless, the DIDO error amplifier with low voltage
gain is inadequate to ensure the constant voltage difference be-
tween V., and V.,,. As aresult, the LRE mechanism is proposed
to maintain the output voltage regulation through the adjusting
of current sources /1, /5, and /5.
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Fig. 13.  (a) Chip micrograph. (b) Prototype of the proposed converter.
/o LRE mechanism

Vm=l.8V W/ 0 mecnanism
e L200mY. e

Vou=1.8V w/i LRE mechanism

e |

...... ~200ps
I, 500mA

(b)

Fig. 14. Measured load transient response of a 400-mA load step. (a) Without
the LRE mechanism. (b) With the LRE mechanism.
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TABLE II.
SUMMARY OF THE DIGITAL CODES OF THE PROPOSED LRE MECHANISM
Digital code
Load current Vs Va Vi
I, <150mA 0 0 0
150mA <1, <200mA 0 0 1
200mA <], <250mA 0 1 0
250mA <I, <300mA 0 1 1
300mA <, <350mA 1 0 0
350mA <1, <400mA 1 0 1
400mA <1, <450mA 1 1 0
I, > 450mA 1 1 1
. . LeCroy
Vou=1.8V w/i LRE mechanism |
v 3.3V 200ps
200mv =, IN 2.7V — L
o SN 2V 0.6V N
Vou=1.8V .
I, T | L 400mA
400mA "—"I 0
. . S
Zoom in from Light to Heavy "
(a)
V.. =1.8V w/i LRE mechanism"““* Fig. 16. Measured line transient response when /7, = 400 mA.
e 200mV 4 o,
el
15ps ;\? 96 ::
g ot
2+
10ps é 88| —o Proposed Structure
I = 1 -—o- Reference [4]
84 L | | | |
400mA " " 0 100 200 300 400 500
Output load current (mA)
Zoom in from Heavy to Light
Fig. 17.  Comparison of the power-conversion efficiency.

(b)

Fig. 15. Measured roomed in the waveform of the load transient response
with the LRE mechanism. (a) Load changes from low to high current. (b) Load
changes from high to low current.

B. Current Sensing Circuit

As depicted in Fig. 11, a simple RC low-pass filter is used to
accomplish the current sensing function [10]-[15]. The follow-
ing equation indicates the voltage drop across the inductor L in
series with the direct current resistance (DCR) Rpcr:

L
. 20
RDCR> 20

The current sensing signal V., can be expressed in (21). There-
fore, by substituting (20) into (21), the current sensing signal
across the capacitor Cg, which attains the current sense function
is related to the inductor current:

1/sCy
(1/sCs) + Ry

Vix — Vour =i Rper <1 +s

‘/cs (5) - (VLX - chp) . (21)

1+ S(L/RDCR)

Ves(8)=Vour — Vip) 1+ sC,R

——— +i R
1+ sC.R. + 1 Rpcr

s=0

‘/cs (O) = (V;ut - ‘/cp) + ILRDCR,~ (22)

The dc inductor current level represents the output load condi-
tion in the buck converter. The current sensing signal V., shown
in (22) is proved to be proportional to the dc inductor current
I, at the power stage. As a result, the output loading informa-
tion can be easily yielded by this current sensing mechanism. In
addition, the ratio of the two time constants L/Rpcr and C4R;
have an influence on the sensing signal V., at the medium or
the high frequency [16]. The optimal implementation is forcing
L/Rpcr and C4R; to be equal that would ensure the correct
operation in the current-mode control.

C. LRE Mechanism

Fig. 12 shows the schematic of the proposed LRE mecha-
nism. The high-side sensing circuit is used to acquire the output
load condition at the power stage. The sample and hold (SH)
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Fig. 18.  Statistical reports of the proposed structure of 20 samples. (a) Statis-
tical report of the output voltage. (b) Statistical report of the load regulation.

circuit with the sampling signal V},; obtains the average in-
ductor current to derive the load current condition. Besides, the
transistor My in the SH circuit is designed to avoid the charge
injection problem for improving the accuracy [17]. Thus, the
sampling current /s will flow through the current level com-
parison circuit to determine the bias current level for the DIDO
error amplifier to improve the load regulation of the buck con-
verter [18].

The current level comparison circuit generates the 3-bit digital
code, which is composed of V', Vo, and V5. The 3-bit digital code
is sent to the DIDO amplifier to control the auxiliary switches
in Fig. 10. Thus, the voltages of V., and V., in the DIDO
error amplifier can be pulled up or down under different load
conditions. To enhance the load regulation of the buck converter,
the LRE mechanism adds a load-dependent offset voltage Vi, gsct
to the error signals V., and V., . Owing to the bias currents,
which can be modulated by the switches M;;—M s shown in
Fig. 10 through the digital code Vi, Vs, and V3 in the LRE
circuit, the drawback of the low gain DIDO error amplifier can
be redeemed. As a result, the voltage regulation of the buck
converter can be enhanced under different load conditions.

With the LRE mechanism, the output voltage V, in (5) can
be redefined as (23) with load-proportional offset voltage Vet »
which is obtained from the LRE mechanism:

%ut ~ ‘/I‘efl - IOZO + V:)ffset where Zo = —ZO(OpCH?IOOp) and
g 1+ Ayop
Rpo

b= Rp1 + Fry’

(23)
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Therefore, the voltage variation caused by the output impedance
of the low gain structure can be compensated to achieve the good
voltage regulation.

The operation procedure during the load transient response of
the proposed buck converter is demonstrated as follows. When
a load transient occurs, the average inductor current must be
changed. At this time, the encoder can produce a 3-bit digital
code based on the sampling current /gy to adjust the offset volt-
age Vorser to modulate both V., and V,,,. The offset voltage
Voiset Would be decreased to cancel the variation of V x, i.e.,
keeping (19) as a constant value when the step-up load tran-
sient occurs. On the other hand, when the stepdown load tran-
sient response occurs, the increase of Vigye; can eliminate the
variation of V1 x to obtain a good voltage regulation result. As
the illustration in (23), the voltage variation resulted from the
output load current /, and the output impedance of the current-
mode buck converter Z, can be compensated by the proposed
LRE mechanism in the proposed work.

V. MEASUREMENT RESULTS

The proposed current-mode dc—dc buck converter with the
DIDO error amplifier and the LRE mechanism was fabricated
by the 0.25 um BCD process. The off-chip inductor and output
capacitor are 4.7 pH and 10 uF, respectively. The switching
frequency is 1.5 MHz. The output voltage is 1.8 V in a typical
application with the Li-ion battery-powered input voltage from
2.7t0 4.3 V.Fig. 13 shows the chip micrograph and the prototype
of the proposed converter. The active silicon area is 1.65 mm?.

Fig. 14 shows the measured load transient response. When a
load changes from 100 mA to 500 mA, the output voltage differ-
ence between the two loads is 200 mV without the LRE mecha-
nism as shown in Fig. 14(a). The load regulation is 0.5mV/mA.
It resulted from the small voltage gain of the DIDO error ampli-
fier. Although the use of the system-compensation components
is unnecessary, the poor voltage regulation performance is hard
to apply to the realistic power-management module, especially,
for the portable devices. On the other hand, the voltage varia-
tion can be minimized to 10 mV with the LRE mechanism as
shown in Fig. 14(b) when a 400 mA load step occurs. As a re-
sult, the load regulation can be enhanced to 0.025mV/mA with
an improvement of 20 times achieved by the LRE mechanism.
Moreover, without the need of large system-compensation com-
ponents of resistors and capacitors, a fast transient and compact
size solution can be achieved in the proposed structure. The
digital codes of the proposed LRE mechanism are summarized
in Table II. Fig. 15 shows the measured enlarged waveform of
the load transient response. The recovery time is shorter than
15 ps. It can surely demonstrate both the correct and stable
operation of the proposed structure. Fig. 16 shows the mea-
sured line transient response. With the input voltage variation of
0.6V, a 16-mV voltage variation is derived at the output node.
The power-conversion efficiency is shown in Fig. 17. Further-
more, Fig. 18 shows the statistical reports of the output voltage
and the load regulation with 20 samples of the proposed struc-
ture. It can demonstrate the work of the LRE mechanism in
the proposed current-mode buck converter with the DIDO error
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TABLE IIIL
DESIGN SPECIFICATIONS

Technology 0.25 pm CMOS process
Inductor (off-chip) 4.7 yH
Capacitor (off-chip) 10 pF

Input voltage 27V~43V
Output voltage 1.8 V (Typical application)
Switching frequency 1.5 MHz
Maximum load current 500 mA
Recovery time

(Load from 100 mA to 500 mA or vice versa) 20 us

Current consumption in controller 120 pA

(DIDO amplifier: 55pA, LRE circuit: 35pA, Osc:30pA)

0.025 mV/mA with LRE mechanism

Load Regulation @ V=33V, Vou=18V
Chip Area 1500 pm*1100 pm (Including test pads)
TABLE IV
COMPARISONS OF THE PRIOR ARTS
This work [19] [20]
Technology 0.25 ym CMOS 0.6 pm CMOS 0.6 pm CMOS 0.6 pm CMOS
Inductor 4.7 uH 4.7 uH 4.7 uH N/A
Capacitor 10 puF 10 pF 10 pF N/A
Input voltage 33V 3.6V 3.6V 12V
Output voltage 1.8V 2.5V 2.1V 1V
Switching 1.5 MHz 1.1 MHz 500 kHz 500 kHz
frequency
Control mechanism Current Mode Current Mode Current Mode Current Mode
PWM Control PWM Control PWM Control PWM Control
Compensation _ Cc=InF .
components None Crp=22pF R,<100kQ) With Cc and R,
0.025 mV/mA
. (w/i LRE)
Load regulation 0.5 mV/mA 0.02 mV/mA N/A 0.31 mV/mA
(w/o LRE)
amplifier. The implementation of the DIDO amplifier with the REFERENCES

LRE mechanism can achieve good load regulation with small
power overhead compared to the conventional current-mode
buck converter with a high-gain error amplifier proposed in [6].
The detail design specifications are listed in Table III and the
comparisons of the prior arts are listed in Table I'V.

VI. CONCLUSION

The proportional compensated buck converter with the DIDO
error amplifier and the LRE mechanism is proposed in this paper.
The DIDO error amplifier can guarantee system modulation and
strengthen noise immunity. In addition, the LRE mechanism is
applied in the DIDO error amplifier to enhance load regulation.
Moreover, it achieves the system stability without the need of
compensation components and yields the fast transient response.
The load regulation can be improved to 0.025 mV/mA with an
improvement about 20 times owing to the LRE mechanism.
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