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Abstract—This paper proposes a fast transient (FT) control with
the adaptive phase margin (APM) to achieve good transient re-
sponse in current-mode DC-DC buck converters at different load
conditions. The overshoot/undershoot voltage and the transient re-
covery time are effectively reduced. The APM control can always
maintain the system phase margin at an adequate value under dif-
ferent load conditions. That is, the compensation pole-zero pair is
adapted to load current to extend the system bandwidth and get
an adequate phase margin. Experimental results show the over-
shoot/undershoot voltage is smaller than 60 mV (3%) and transient
period is smaller than 12 ps as load current suddenly changes from
100 to 500 mA, or vice versa. Compared with conventional designs
without any fast transient technique, the undershoot voltage and
recovery time are enhanced by 45% and 85%, respectively.

Index Terms—Adaptive phase margin (APM), fast transient
(FT), loop bandwidth, pole-zero cancellation, stability.

I. INTRODUCTION

IGH-QUALITY power management converters are de-

manded for portable devices such as cell phones, dig-
ital cameras, and other multimedia equipment. Voltage regu-
lation and transient recovery time are treated as the important
issues in providing a good power supply. The reason for the
demand in high-quality power supply converters is that the un-
stable supply voltage in case of load variations may cause ab-
normal operation or deteriorate the performance of the portable
devices. Among the applications like system-on-chip (SoC) and
the motherboard, a stable power management, which features in
the high-quality power supply, fast line/load transient response,
and high power conversion efficiency, is the trend to increase
the competitiveness of the portable products [1]. Therefore, the
good transient response is the design consideration in DC-DC
converter that is necessary for today’s power management ap-
plication.

Despite these challenges and the special design techniques,
wireless USB receiver, which includes the power management
module and the ultra-wide band (UWB) system as shown in
Fig. 1, provides an ideal solution for wireless internet or some
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Fig. 1. Main structure of the wireless USB receiver.
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Fig. 2. Supply voltage variation under the different power request condition in
UWB systems.

battery-operated portable applications. This structure allows the
UWB protocol to support multiple low-power modes and data
transmission. In the UWB system, if the throughput constraint
is cycling between different operating modes, the power request
is also changed in order to meet the supply power of different
mode operations. When the UWB system enters into the data
transmission period, the power request would increase suddenly
that has a consequence of supply voltage variation. As depicted
in Fig. 2, undershoot and overshoot voltages appear at the mo-
ment of mode transmission. The large dip supply voltage and the
long voltage recovery time have a serious influence on the per-
formance of UWB systems. Consequently, a high-quality power
source is always an essential demand in the power management
module design.

Several techniques are claimed to improve the transient
response for getting a reliable supply voltage in DC-DC
converters [2]-[10]. Some literatures in today’s fast transient
techniques are focused on speeding up the charging or dis-
charging time for the large compensation capacitor [2], [3].
Thus, a large driving current is sourcing or sinking into the com-
pensation capacitor when the load current changes. A careful
design consideration of the system stability is needed to ensure
a stable operation. The adaptive compensation in literature [5]
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enhances the transient performance by deliberately adjusting
the low-frequency gain to speed up the transient response in
case of load current variations. The response time is decreased
by raising the loop gain higher than that in steady-state to get a
larger bandwidth. That is, the unstable response increases the
transient voltage variation to achieve fast recovery of the output
voltage. The hysteresis control can also achieve fast transient
response. A fixed output frequency in ripple control scheme
is proposed in [6] to solve the EMI problem in hysteresis
controls. However, to get adequate noise margin for correct
operation, large output voltage ripple is needed. Nevertheless,
large output voltage ripple would affect the performance of the
noise-sensitive circuit. Additionally, the current-mode control
needs the slope compensation signal to avoid the sub-harmonic
oscillation. The slope compensation signal independent of
input and output can ensure a wide load range operation but has
less help in accelerating the transient response [7]. The digital
control methods [11]-[13] are also a wide-used mechanism in
DC-DC converter for getting fast response. However, deterio-
rated performance and high cost are derived from the function
of analog-to-digital converter. Moreover, there are different
control methods in DC-DC buck converters [14]-[18]. These
different control schemes achieve the good transient response
but increases the design complexity.

In this paper, a fast transient with adaptive phase margin
(APM) control is proposed in the current-mode DC-DC
buck converters. The conventional compensation technique
in DC-DC buck converters is presented in Section II. Fast
transient control procedure with proposed APM is illus-
trated in Section III. Circuit implementations are described
in Section IV. Experimental results are shown in Section V.
Finally, a conclusion is made in Section VI.

II. COMPENSATION TECHNIQUES IN VOLTAGE-MODE AND
CURRENT-MODE DC-DC BUCK CONVERTERS

There are some different design issue of compensation tech-
niques between voltage and current mode DC-DC buck con-
verters. Voltage-mode buck converter needs proportional-inte-
gral-differential (PID) compensator due to the LC dual poles,
wps and wl’)s, as illustrated in Fig. 3(a) and the frequency re-
sponse depicted in Fig. 3(b). The transfer function of the power
stage G, (s) is written as (1). The usage of a PID compensator in
voltage-mode buck converters can enhance low-frequency gain

and phase margin (PM). The PID compensator generates three
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poles and two zeros. One of the three poles is located at the
origin as the system dominant pole to stabilize system and the
other two poles are located at high-frequencies. These high-fre-
quency poles are placed above the system crossover frequency.
Those poles will not affect the system stability and can help min-
imize the effect of high-frequency noise. The two compensation
zeros, w.1 and w9, are used to compensate the effects of the
dual non-dominant poles. The PID compensator H.,(s) as de-
picted in Fig. 3(a) is expressed as (2) based on the assumption
of R2 > Rj3 and Cy > (7. The PM is approximated to 60
degrees in case of load variations. However, the complexity of
compensation and the need of many external passive compo-
nents is the major disadvantage in the design of voltage-mode
buck converters, as shown in (1)—(3) at the bottom of the page.

The compensation scheme of the current-mode buck con-
verter is simpler than that of the voltage-mode control owing
to the single pole at the power stage. That is, the proportional-
integral (PI) compensator with a pole-zero pair is eligible to
achieve system compensation. The compensation zero w, is
usually used to cancel the load-dependent system pole w,, lo-
cated at the output. However, the position of w, would affect
the performance of the current-mode buck converter under the
different load condition. The PI compensator, which generates
a fixed compensation pole-zero pair, can ensure the system sta-
bility but cannot ensure a good transient response at any load
conditions.

As shown in Fig. 4(a), w. is designed to cancel wy,, at heavy
loads. When load current changes from heavy to light, wy,
moves toward the origin due to its characteristic of load depen-
dence. The PM would deteriorate since the compensation zero
cannot be moved back to cancel the system pole at light loads.
It might suffer the ringing problem and the long settling time
resulting from the insufficient PM in transient period. More-
over, when w, is designed to cancel the system pole at light
loads as depicted in Fig. 4(b), the PM becomes larger than the
optimal value. It has opposite performance to the requirement
of fast transient response at heavy loads. The system is always
stable but carries out the slow transient response because of the
large PM.

Therefore, an adaptive compensation zero is needed in the
current-mode buck converter to ensure large system bandwidth
and adequate PM at any load conditions. The compensation zero
should be located at low frequencies to cancel the effect of the
system pole at light loads and be moved toward high frequencies

RLoad
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Fig. 3. (a) Compensation network in the design of the voltage-mode DC-DC
buck converter. (b) Frequency response.

to cancel the effect of the system pole at heavy loads. During the
load transient period, the dip output voltage depends on the ESR
value of output capacitor and the system bandwidth. However,
the voltage drop across the ESR is a material-related value. To
maintain a large system bandwidth and adequate PM is therefore
an effective way to enhance the power management module.
Therefore, the proposed fast transient with APM control tech-
nique can achieve the fast and smooth load transient response
through the control of compensation pole-zero pair.

III. PROPOSED FAST TRANSIENT CONTROL PROCEDURE
WITH APM

The control-to-output transfer function of the conventional
current mode DC-DC buck converter has two separated real
poles, w,, and wyy,, [19], [20]. w,, is located at the output of
the regulator, that is, w,s = 1/(CrRy) where Cy, is the output
filter capacitor and load resistance 2, is inversely proportional
to load current {;,,q. The output pole w, is therefore propor-
tional to the value of load current /.. Besides, the high-fre-
quency pole w,y, is located near the switching frequency region
because of the characteristic of the current programmed control.
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Fig. 4. Different positions of . in steady state. (a) wy designed at high fre-
quencies to cancel w;,, at heavy loads, causes the PM worse at light loads.
(b) .oz designed at low frequencies to cancel .o, at light loads, causes the PM
larger than the optimum PM.

It pushes the inductor-resulted pole to a high-frequency posi-
tion to separate the double pole at output stage. The compen-
sation method only needs to increase the low-frequency loop
gain using the PI compensation to improve transient regulation
performance.

The transfer function of an equivalent PI compensation tech-
nique proposed by [2] is given as (4). w, and w. are expressed
in (5), where R, and (), are on-chip small compensation re-
sistor and capacitor, respectively. R, is the output resistance of
the error amplifier (EA) and its value is much larger than that
of R.. G, is the transconductance of the OTA [21]. K is the
capacitor multiplier factor

1+ sKC,R
T(s)~ — GmRo s 4
(5) I sKCy(R. + Ry) @
1 1
= = (5
“*“KC,R.+R,) * KC,R. %)

A low-frequency pole-zero pair, w, and w., can effectively com-
pensate the current-mode DC-DC buck converter. This is be-
cause that the current generated by EA can be redirected to
charge or discharge the small on-chip capacitor in compensation
network for on-chip compensation. Moreover, the fast transient
mechanism can be simultaneously achieved in case of load cur-
rent variation [22].

Fig. 5 shows the proposed structure of the fast transient con-
trol with the APM technique in a current-mode buck converter.
An adaptive compensation resistance I?, can achieve the APM
technique to get the adequate system phase margin under dif-
ferent load conditions. In addition, an adaptive compensation
capacitance €, is implemented to further achieve fast and
smooth transient response. As the fast transient technique in
[2], the one-shot control is used to decide the duration of the
fast transient period. However, it suffers from an oscillation
problem when the positive feedback gain is larger than one.
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Fig. 6. Frequency response of the proposed current-mode buck converter at different loads. (a) The positions of w,, w;, and w. when load current changes from
light to heavy. (b) The positions of wy,, w,, and w. when load current changes from heavy to light.

Thus, the proposed adaptive compensation technique contains
four steps to complete the fast transient response. The frequency
response expression of the fast transient with APM control
is shown in Fig. 6. At first, the system is in steady-state and
waits for the occurrence of load transient response. When load
current changes from light to heavy as depicted in Fig. 6(a), w,
and w, are moved toward high frequencies to improve the tran-
sient response because of the small equivalent compensation
capacitance and large system bandwidth. It is different from
the technique proposed in [2] since w, is controlled by output
voltage and current at the same time. w,, is at lower frequencies
than that of w.(,14) in the previous design [2] to derive a large
system bandwidth. After the fast transient I (FTI) period, w,
and w, start to move back to the position in steady state when
the transient procedure enters the fast transient II (FTII) to
alleviate the oscillation problem. At this time, w, and w. still
position at high frequencies to get a fast recovery time. Finally,
w, and w, are moved back to the position in steady state.

Owing to the adaptive I2, with the ability to adjust the resis-
tance in the PI compensator, the position of w, is no longer sim-
ilar to that w. (.14 in [2] because it reaches the position of wy; at
heavy loads to achieve nearly exact pole-zero cancellation. Due
to the pole-zero cancellation generated by the proposed adaptive
compensation capacitance and resistance circuit, not only the
system bandwidth can be magnified but also PM can be main-
tained a suitable value, which is near 60 degrees, to wait for load
variations in steady state. On the other hand, w,,s is located at
high frequencies at heavy loads. Therefore, when load current
changes from heavy to light as illustrated in Fig. 6(b), w, and
w, are moved toward to high frequencies during the FTI. After
FTI, w, and w, start to move back toward the origin during the
FTIIL Finally, at the end of transient response, w, is located at
a low frequency position, which is close to the system pole at
light loads, to achieve nearly exact pole-zero cancellation. Ob-
viously, the proposed fast transient control with an APM can
improve the transient response time during the transient period.
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Besides, PM in steady state can be improved due to the nearly
exact pole-zero cancellation. PM can be kept a suitable value to
ensure the system stability at any loads.

Moreover, the performance of load transient response in
the current-mode buck converter is determined by the output
impedance and the loop crossover frequency. The load transient
response of power management module can be evaluated by
the transient dip voltage and the settling time, which can be
indicated by the closed-loop output impedance. The accurate
model of the current programmed control buck converter
has been presented in [23]. The open-loop output impedance
Z($)open can be shown as (6)

Ry,
Z(58)open = - F,(s
(8)op 1+ Bl (me D/ — 0.5) o)
where
1+SOLRESR, 1
F,(s) = ———— = . 6
P(g) 1+ i wP CLRL ( )

Ts is the switching cycle of the buck converter. m¢ is the com-
pensation slope. D’ is the complement of duty cycle (D' =
1 — D). Besides, based on the proposed structure depicted in
Fig. 5, the transfer functions of EA, the adaptive compensation
resistance circuit, the adaptive compensation capacitance cir-
cuit, and the control to output voltage gain (G, can be merged as
a factor A shown in (7). G,.(s) represents the transfer function
of the power stage in current-mode buck converter. In addition,
the voltage divider at the output node of buck converter is con-
sidered as the feedback factor 3 expressed in (8). Therefore, the
closed-loop output impedance can be shown in (9)

1+ sKC,R,
A(s) = GmRo L qu S 7
(s) T sKCy(R. + 1) o) @
R
3= 2 8
f B+ Ity ®)
Z(S)o en
Z(s closed — —Topen
(Jetosed =1 ()8
— Rp . 1+sCp Rpspr
~ 14+ L5 (mo D’ —0.5) I+sCL Ry (9)
~ | 1+sKC, R, ] Ry
1 + G'ang —1+SI(CP(RZ+R,D) Gyc(b) . Tt R,

Fig. 7 shows the output impedance of the current mode buck
converter with conventional method, the APM technique, and
the proposed FT control with the APM technique. The load
transient response can be explained by the closed-loop output
impedance in three different frequency regions. The closed-loop
output impedance in high-frequency region can indicate voltage
drop in the beginning of transient response. That is, the initial
dip voltage in load transient response is the consequence of the
closed-loop output impedance derived near the loop crossover
frequency. As shown in Fig. 7 in high-frequency region, the
closed-loop output impedance of both the APM technique and
the FT control with APM technique are almost equivalent with
a smaller value than that of the conventional method. Smaller
closed-loop output impedance at the loop crossover frequency
would come to a smaller transient dip voltage. Consequently,
the transient voltage drop of the proposed FT control with the
APM technique can be smaller than that of the conventional

1785

5 Closed-Loop Output Impedance

i
|

! -O- Comventionat

1 O 4arPMm

\ e FTwiapy ]
1

|

1

frequency

1Z oudl (dB)
&
S

!
]
!
]
: Low-
1
|
1
!
1
T

50+ 4/ ‘\ 4
-60 © High-frequency -
pl_troma i 'T T e et ira "._‘T__' (System bandwidth)
1 10 100 1K 10K 100K IM 10M
Frequency (Hz)
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method owing to the smaller closed-loop output impedance
at the loop crossover frequency. The closed-loop output
impedance Z($)closea_pr in the high-frequency region near
the crossover frequency is shown in (10) simplified from (9),
which is proportional to the ratio between the output resistance
of EA R, and the compensation resistance £

Z(8)closed _H X —— g5 (at high frequencies)

SKC,(R.+R.)
_ SKC,(R. + R,)

sKCLR,
(R.+ R,) itr,>r. R
= T, 10
. R, (10)

In medium-frequency region of the closed-loop output
impedance shown in Fig. 7, the proposed FT control with the
APM technique also derives the smallest output impedance
compared to those of the conventional method and the tech-
nique with APM only. The settling time in load transient
response is also affected by the closed-loop output impedance
within the loop crossover frequency. Smaller closed-loop
output impedance would achieve shorter transient settling time.
Therefore, the proposed FT control with the APM technique
can derive the shortest settling time compared to the other
control methods.

Moreover, the closed-loop output impedance Z () ciosed_as in
the medium-frequency region can be simplified as (11) from (9).
Z(8)closea_p 1is influenced by R, R., and C..

Z(S)closed_l\f
1
1+sKC, R,
1+sKC,(R.+R,)

14 sKCy,(R.+ Ry) r,s>r. 1+sKCyR,
N 1+ sKC,R, 1+ sKC,R,’

x (at medium frequnecies)

(11)

In the low-frequency region, the value of the output
impedance is equivalent to the others. It indicates that the
proposed technique would not affect the steady-state error. As
a result, the proposed FT control with the APM technique can
adjust the adaptive compensation capacitance and resistance to
get smaller closed-loop output impedance, which carries out
smaller transient dip voltage and transient settling time in the
current-mode buck converter.
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IV. CIRCUIT IMPLEMENTATIONS

A. Adaptive Compensation Capacitance C..

The adaptive capacitance circuit can automatically adjust the
value of compensation capacitance C.. by controlling the current
flowing through the small capacitor C), as shown in Fig. 8(a). As
a result, the capacitor C,, can be amplified to an optimum value
for system compensation in steady-state or adjusted to a small
value in load transient period to accelerate the system response
[22], [24]-[26].

The operation of the adaptive capacitance circuit is separated
into four steps. Step 1 is in steady-state. Switches S ~ Sy are
opened (17 ~ T} are closed) so that the current flowing through
transistors My ~ Mg can not flow into the small on-chip ca-
pacitor C,,. It acts as a current source parallel with the current
flowing through €, to achieve the on-chip compensation [2].
The function of the adaptive capacitance circuit in this step is
to maintain a large on-chip compensation capacitance. Besides,
peak detector circuit and one-shot controller shown in Fig. 8(b)
are used to control the fast transient operation. The low-pass
filter in the peak detector circuit can react the feedback voltage
variation to the oscillating signal V},, which is utilized to de-
termine the duration of fast transient response according to dif-
ferent load current steps. The larger load step will lead to the
longer transient period. Thus, when the feedback voltage Vy,, is
larger than the high threshold voltage Vg or smaller than the
low threshold voltage V7, the fast transient mechanism would
be activated. The fast transient period contains two steps, which
are step 2 named as FTI and step 3 named as FTII.

In step 2 (or FTI), V3, or Vy; in the peak detector circuit are
set to high to trigger the detection cell, which is composed of two
D-flip-flops, to enable the one-shot controller. The control time
diagram of the adaptive compensation capacitance C,. circuit
is shown in Fig. 9(a). The switches S; ~ Sy are closed and
Ty ~ T, are opened when the load current changes from light
to heavy (S1, Ss, To, and T} are closed but Sy, Sy, 71, and T3
are opened when the load changes from heavy to light). That
is, a large current would directly inject into the small on-chip
capacitor (), at this period. Thus, the equivalent capacitance

value of the adaptive capacitance C. is decreased in order to
accelerate the transient response.

At the end of the one-shot period, V; is set to high and the
fast transient response enters step 3 (or FTII). Switches S; and
So are opened but S3 and Sy are still closed (77 and T3 are
closed; 75 and Ty are opened) when the load current changes
from light to heavy (Ss, 71, 75, and Ty are closed but 51, Sa, Sy,
and 7 are opened when the load changes from heavy to light).
The current flowing into the small on-chip capacitor C), is less
than that in step 2. Hence, the equivalent value of the adaptive
capacitance C. becomes larger than that in step 2, so that the
compensation zero w, is pulled toward the origin to increase
the PM and stabilize the system.

Finally, V}, would send an edge trigger to the detection cell to
end the fast transient operation. The positive or negative trigger
of V,, is generated when output voltage is returned back from
the undershoot or overshoot, respectively. The period of the
fast transient control, which is determined by the low-pass filter
in the peak detector circuit, is proportional to the output load
transient condition. When the operation enters into step 4 of
steady-state, switches S ~ Sy are opened (73 ~ T} are closed)
and the adaptive capacitance C, is again amplified to a large ca-
pacitance. Accompanied with an adaptive resistance I?., which
has a small value at heavy loads or a large value at light loads,
the nearly exact pole-zero cancellation is achieved in order to
extend the system bandwidth and PM. The states of these eight
switches in fast transient period are shown in Fig. 9(b) and (c).

Two-stage fast transient operation in step 2 and step 3 has
these advantages. 1) The system can be stabilized since the PM
in step 3 is better than that in step 2 owing to the larger compen-
sation capacitance. 2) The output voltage V,; can be smoothly
regulated back to its steady-state value with little overshoot
and undershoot because of the smooth control of compensation
pole-zero pair. 3) The low-pass filter in peak detector circuit
achieves the load-dependent control of adaptive capacitance C..
circuit that would dynamically determine the fast transient pe-
riod according to different load current condition. Moreover, the
predefined voltage Vi and Vi in the peak detector circuit of
Fig. 8(b) is derived from the bandgap reference.
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Fig. 9. Control scheme of the adaptive compensation C'. circuit. (a) Time di-
agram of the one-shot controller and peak detector circuit. (b) The status of the
eight switches when load current changes from light to heavy. (c) The status of
the eight switches when load current changes from heavy to light.

Due to the implementation of auxiliary switches as depicted
in Fig. 8(a), the value of on-chip compensation capacitance
can be adjusted in the FT period. It can be considered that
the transconductance of EA would be varied at the different
periods of the FT response since the value of compensation
capacitance, which is changed with a constant-biasing EA, is
derived in the FT period. As shown in Fig. 10(a), the transcon-
ductance of EA with an auxiliary gain stage for the on-chip
capacitor C), is increased from ¢, », t0 Grn. £1> Gmh, £2> Gmi, £1
and ¢y, 2, respectively. The g, », is the steady-state transcon-
ductance of EA. Once the system enters into fast transient of
step 2, the value of the equivalent transconductance becomes
mh, r1 and g, y1 since the load changes from heavy to light
or from light to heavy, which is expressed as (12). Similarly,
the equivalent transconductance of the step 3 is derived as (13).
When load current changes from heavy to light, the multiplier
factors [1 + (myp + np)k] and (1 4+ npk) define the amplified
factors in FTI and FTII, respectively. On other hand, when
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Fig. 10. (a) Transconductance of the transconductance amplifier with an aux-
iliary gain stage for the on-chip capacitor C',. (b) The schematic of EA.

TABLE 1
TRANSCONDUCTANCE COEFFICIENTS OF EA WITH AN AUXILIARY GAIN STAGE

Load changes from light load to heavy load (k=100)

my=0.65 n=0.3
il f1=968mn gmif2=318mn
Load changes from light load to heavy load (k=100)

mp=0.5 np=0.15
Zmh,f1=6068mn gmif2=168mn

load current changes from light to heavy, the multiplier factors
[1 4+ (m; + n;)k] and (1 + nk) define the amplified factors in
FTI and FTII, respectively. k is the entire capacitance multiplier
factor in the adaptive compensation capacitance circuit. The
schematic of the EA in the proposed structure is depicted in
Fig. 10(b). The coefficients in (12) and (13) are listed in Table I

Gmh,f1 = Y9mmn + Gm,n X (77’7,11 + nh)k
=8Gmn [1 + (mh + ’IZ},/)]{?]
Gml, f1 = Gm,n + Gm,n X (77’7,1 + nl)k

=gdmn [1 + (ml, + 77,1)]{‘,] (12)
Gmh,f2 = Y9mmn + Gm,n X 77,hk’ = gm,n(l + 77/hk)
Gmi.f2 =gmn + Gmn X mk = gm,'n(l + 'nlk) (13)
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In order to prevent the converter from oscillating and en-
sure the system stability, a conservative value of the time du-
ration is used to design first step pulse in FTI period to de-
crease output overshoot/undershoot. Since the APM technique,
the adaptive resistance E. at light loads is larger than that at
heavy loads. Hence, the adaptive capacitance C,. should be de-
creased to a smaller value when the load changes from light
to heavy than that when the load changes from heavy to light.
Therefore, ¢,.1,r1 and g1, g2 should be larger than g1, r1 and
Gmh,f2, respectively.

B. Current Sensing With Sample-and-Hold Circuit

According to the theorem of current mode control, the system
pole w,,, at output node is inversely proportional to load resis-
tance. In other words, the position of w,,, is proportional to the
load current. The current sensing circuit with a sample-and-hold
(SH) circuit [27] as depicted in Fig. 11 is used to derive the
value of load current, and thereby moving the position of the
compensation zero w, to the position where w,,, locates. When
the signal @ p changes from high to low, the power p-MOSFET
Mp is turned on to deliver energy from power source to the in-
ductor and the output. Simultaneously, the transistor My is also
turned on to connect the drain of Mp to the non-inverting input
of the op-amp. Thus, the transistors M, and M3 can sense the
current flowing through the power p-MOSFET Mp. The current
flows through M5 is used to generate the sensing voltage Vg for
the operation of current-mode DC-DC buck converter. On other
hand, the current that flows thorough M3 is mirrored by the cur-
rent mirror pair A and Mj to generate a current g to the SH
circuit. When the signal of CLK ¢y is triggered from high to
low, the sensing current Isy is averaged by the SH circuit and
thus the value of average inductor current can be derived by the
signal Vy.

Furthermore, in order to alleviate the effects of clock
shoot-through and charge injection, a complement transistor
M, is connected as a dummy switch and controlled by the
signal CLK ¢ox . Owing to the current sensing circuit, the value
of the sensing current, which is scaled down to K, times that
of load current, is sampled and averaged by the SH circuit.
After the I-V conversion across the resistor Fg gz, the averaged
inductor current value is converted to V4 as shown in (14)

Vi = K. X Llgaq X RRsg where K, is a constant.

(14)
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Fig. 12. Adaptive resistance control circuit.

C. Adaptive Compensation Resistance R,

The position of the compensation zero w, is inversely propor-
tional to the product of the compensation resistance and capac-
itance. To get an adequate PM at any load condition, w, needs
to be adjusted adaptively to track the output load condition. As
illustrated in Fig. 12, an adaptive resistance control circuit is
used to derive the load-dependent compensation zero w, for the
cancellation of the output pole w,,s. The control signal V4 gen-
erated from the current sensing with a SH circuit indicates the
averaged inductor current and can be used to control the posi-
tion of w, to achieve a nearly exact pole-zero cancellation at
different load condition. However, this adaptive resistance con-
trol circuit would not work properly with the uncertainty load
condition during the start-up period. Thus, a small resistor R;
is designed to place parallel with the transistors M,,, and M,
to eliminate this scenario.

When the start-up period ends, the signal Soft_cnd will be
set to low to disconnect the current flowing through the resistor
Ry, The parallel MOSFETs M,,. and M,,. are operated in deep
triode region as the equivalent resistances 1., and IZ.,,, which
have their values determined by the gate controlling signals
Verlp and Veun. These gate controlling signals are generated
by the resistance control circuit in Fig. 12. V4 in (14) indicates
the load condition, and thereby being used to adjust the posi-
tion of w,. V4 is converted to a current /4 as expressed in (15)
through the voltage-to-current (V-I) structure and utilized in the
determination of Vi1, and V1w in (16) and (17). Two constant
currents, I, and I..,,, are generated to ensure the deep triode op-
eration of the MOSFETs M,,. and M,,.. Therefore, the equiv-
alent resistances 2., and R.,, can be determined in (18) and
(19), respectively

Va
Iy =CVy= 2 15
A= GVa= (15)
R,
‘/ctrlp = (Icp - ]A)Rp = IapRp - FVA (16)
't
RTL
‘/ctrln = (Icn + IA)Rn = Ican + R VA (17)
't
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1
R., =
b sz (VCI - ‘/(‘.trlp - |‘/fp:|)
1
= = (18)
sz [Vol - (Ichp - R_},)V‘l) - |-Vvtpz|i|
1
Rzn =
Kﬂ,z(v::trln - VCQ - ‘/tnz)
1
- . (19)

Ko | (Fen T + Vi) = VCo = Vi

Vip- and V4, are the threshold voltages and K. and K.
are the products of the mobility and aspect ratio of the transistors
M, and M,, ., respectively. An equivalent resistance IZ., which
determines the position of w,, is equal to the value of R, || R ...
Assuming that V' C; and V C5 have the similar value in steady-
state operation, the inverse value of the equivalent resistance
I?, in (20) is proportional to the load condition to achieve the
compensation zero adjustment. Hence, the exact expression of
the compensation zero can be derived in (21). The effects of the
output pole w,, on the PM can be effectively alleviated due to
the tracking of the compensation zero w,

L = ! + ! VCi=VO,
Rz Rzp Rzn
1
R— %an(‘/ctrln - Vvtnz) - sz (chtrlp + |V;‘pz|)
=DV4+ E
where
R R
D=K,.-— > +K,.-2 ~ 46
R, T Lpe R, I
and
E :an (Ican - ;nz) - sz ([chp + |V;‘,pz|)
~0.14 p (20)
1 DVA + E Iload
.= = =D'= E’
“TRo TG a. "
where
D'=(K.,.5 +Kp.=L )| KexRsp =92 1
( R, + Ky Rt) SH H
and
E./ — [an (IcnR'n - ‘/tnz) - sz (Ichp + |V;fpz|)]
Ce
~ 750. ey

Fig. 13 is the simulation result of the adaptive 12, circuit.
The gate control signals, Vi1, and Vi1, would be modulated
according to the load-dependent signal V4. The resistance I?,
would be inverse proportional to the load current to achieve the
adaptive compensation. Table II lists the locations of the dom-
inant pole w,,, the output pole w,, and the compensation zero
w during the load transient period between 100 and 500 mA.
These movements are achieved through the proposed adaptive
compensation technique. Moreover, to implement the transis-
tors M,,. and M,,, in parallel can deal with the sudden load
variations. When load current I},,4 changes from light to heavy
rapidly, the output node of error amplifier V' C can be raised to
a higher voltage level immediately. It results in a large voltage
difference between nodes V' Cy and V C5, and thereby pushing
the transistor M,,, into the saturation region. The equivalent re-
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Fig. 13. Simulation of the adaptive compensation resistance R, circuit.
TABLE II
LOCATION LIST OF ALL POLES AND ZERO
Dominant | System Pole | Compensation
Frequency (Hz) Pole (wp) (@ps) Zero (wy)
Load current changed from light load to heavy load
Light load (100mA) 12 800 900
Fast transient I (FTI) 778 3.2K 165K
Fast transient 11 (FTII) 360 4K 60K
Heavy load (500mA) 12 4K 4.1K
Load current changed from heavy load to light load
Heavy load (500mA) 12 4K 4.1K
Fast transient I (FTI) 600 1.2K 391K
Fast transient 11 (FTII) 180 800 80K
Light load (100mA) 12 800 900

sistance across transistor M,,, would become very large. Fortu-
nately, the transistor M, still operate in deep triode region as
a linear resistance that the compensation zero can be held prop-
erly in order to prevent the oscillation problem. Similarly, the
transistor M. may operate in the saturation region at the be-
ginning of transient response due to the instant decrease at node
V (1. However, transistor M,,, can still work in the deep triode
region to form an adaptive compensation resistance 2, for the
adaptive compensation. It is obvious that the fast transient con-
trol and the nearly exact pole-zero cancellation are achieved.

In the proposed structure with the FT technique and the APM
method, the variation of compensation resistance R, is in the
range from 150 to 800 k2 when the load changes from heavy
load to light load. The variation of C.. is in the range of 2 to
200 pF in load transient period owing to the adaptive compen-
sation capacitance circuit. Fast transient period is determined
by the value of load current steps to ensure the smooth tran-
sient response and to prevent the overcharge and undercharge
issues. Moreover, the APM method with the adaptive compen-
sation resistance circuit adjusts the compensation resistance for
deriving the optimal compensation zero. These mechanisms can
guarantee both R, and C.. to be adjusted in the designed range.
The simulated results of the open-loop frequency response of
the proposed buck converter at both different output voltages
and different load conditions are shown in Fig. 14.

V. EXPERIMENTAL RESULTS

The proposed technique was fabricated with 0.35 gm CMOS
process. The chip micrograph and the PCB layout are shown
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Fig. 14. Simulated results of open-loop frequency response of the proposed
buck converter at different load conditions. (a) V5,; =2 V. (b) Vo = 1.2 V.

in Fig. 15(a) and Fig. (b), respectively. The total silicon area
is about 2000 pm * 1900 pm, including the testing pads. The
silicon overhead of the FT control with APM technique is only
150 gm * 140 ppm. The external inductor and capacitor are 4.7
#+H and 10 iF, respectively. The switching frequency is 1 MHz.
The output voltage ripple is about 15 mV. Fig. 15(c) shows the
photo of the wireless USB receiver.

Fig. 16 shows V,; and inductor current I;, when I;,44 steps
from 100 to 500 mA, or vice versa. The overshoot and under-
shoot voltages are 38 and 60 mV, respectively. The transient
recovery times of undershoot and overshoot voltages are 6 and
12 us, respectively. It is obvious that the performance of the
proposed technique has small overshoot/undershoot voltage and
setting time when load current suddenly changes. The wave-
form demonstrates that the adaptive 2, and C.. can increase the
system bandwidth and PM according the instant load current
condition.

Fig. 17 shows the comparison between the proposed FT con-
trol with the APM technique, the conventional design without
any fast transient techniques, and the design with APM tech-
nique only. As shown in Fig. 16, when Ij,5q steps from 100
to 500 mA, the undershoot voltages of three results are 60 mV
for the proposed method, 84 mV for the method with APM
only, and 110 mV for the conventional design. The proposed
method has the best performance due to the FT control with
APM technique during load transient period. Besides, owing
to the APM technique, the adaptive resistance 2, is adjusted
according to the load condition. Thus, when the load suddenly
changes from light load to heavy load, the adaptive resistance
IR, would be set as a larger value than that in conventional
method since the adaptive system compensation is achieved at
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Fig. 16. Waveforms of the load transient response.
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light load. Therefore, the smaller closed-loop output impedance
can be derived near the loop crossover frequency compared to
conventional method through (10). The transient dip voltage is
about 85 mV in conventional design and 60 mV achieved by the
APM technique.

Besides, the transient recovery times are 6 us for the pro-
posed method, 45 us for the method with only APM, and 42 (ss
for the conventional design. The closed-loop output impedance
below the loop crossover frequency can affect the transient set-
tling time. The closed-loop output impedance at the medium-
frequency region shown in (11) is influenced by the system com-
pensation coefficient. The proposed FT control with the APM
technique can dynamically adjust the compensation capacitance
and resistance during the load transient response. That is, when
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TABLE III
RELATIVE COEFFICIENTS OF OUTPUT IMPEDANCE

The variation of output impedance at high-frequency region:
Control R
method Ry R, CL':KCp Z(s )c/o.\'ediH * %z

Conventional [ 70 MQ | 150KQ | 200 pF 447
APM only 70 MQ | 800 KQ [ 200 pF 87.5
FT with APM | 70 MQ | 800 KQ 2 pF 87.5
The variation of output impedance at medium-frequency region:
Control 1+5KC,R,,
—xc. |z R
method Ro Re | CemKCp | #)atosea a1 1+5KC, R,
Conventional | 70MQ | 150KQ | 200 pF 66.67
APM only 70 MQ | 800KQ | 200 pF 443
FT with APM | 70 MQ | 800 KQ 2 pF 7.69

the load transient occurs, the FT control can minimize the com-
pensation capacitance. Thus, the closed-loop output impedance
can be derived as a smaller value due to the proposed FT control
with the APM technique, which achieves the shortest voltage re-
covery time.

Fig. 18 shows the transient recovery time and the overshoot
voltage between the three results when /1,4 changes from 500
to 100 mA. Certainly, the performance of the proposed method
is better than those of two results. The overshoot voltages of
three results are 38 mV for the proposed method, 58 mV for
the method with only APM, and 60 mV for the conventional

TABLE IV
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COMPARISON OF THE RELATED FAST TRANSIENT METHOD

Load current changes Load current changes
from light to heavy from heavy to light
(100 mA to 500 mA) (500 mA to 100 mA)
Undershoot | Recovery | Overshoot | Recovery
voltage time voltage time
Conventional (w/o
FT and APM) 110 mV 42 ps 60 mV 58 us
Posmve[;]e edback 76 mV 20 ps 50 mV 25 us
AFC [4] 87 mV 70 ps 81 mV 70 ps
APM (w/o FT) 84 mV 45 ps 58 mV 62 us
This work (w/i
FT and APM) 60 mV 6 us 38 mV 12 ps

0O Conventional

0O APM technique only

@ Positive feedback [3]

B FT control with APM technique
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Fig. 19. Comparison in current consumption under different fast transient tech-
niques in the design of current-mode DC-DC converters.

TABLE V
SPECIFICATIONS OF THE PROPOSED CONVERTER

Technology 0.35 um CMOS
Inductor (off-chip) 4.7 uH
Capacitor (off-chip) 10 uF
Input voltage 27V=3.6 1
(normal 3.3 V)
Output voltage 2V
Maximum output load current 500 mA
Switching frequency 1 MHz

Power conversion efficiency Max 94 % @ 300 mA

Overshoot/undershoot (w/i FT and APM)

Light load to heavy load(100mA to S00mA) 60 mV

Heavy load to light load(500mA to 100mA) 38 mV
Recovery time (w/i FT and APM)

Light load to heavy load(100mA to 500mA) 6 us

Heavy load to light load(S00mA to 100mA) 12 s

Die size(including pads) 2000 pm x 1900 um

design. Moreover, the transient recovery times are 12 s for the
proposed method, 62 us for the method with only APM, and 58
s for the conventional design.

Table III shows the relative coefficients for the output
impedance in the proposed buck converter of the FT control
with APM technique. Owing to the adaptive compensation,
the closed-loop output impedance can be varied when the fast
transient mechanism is activated.

Table IV lists the comparison with the related method of fast
transient techniques in the design of DC-DC converters. Obvi-
ously, the proposed FT control with the APM technique has the
better performance than those of other fast transient techniques.
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TABLE VI
LIST OF OTHER FAST TRANSIENT CONTROL METHODOLOGY
This work 2] [7 [10] [11] [13]
Technology 0.35 pm CMOS 0.18 yum CMOS | 0.35 pm CMOS 0.6 pm CMOS 0.25 pm CMOS Prototype
Inductor 4.7 pH 4.7 uH 22 pH 4.7 yH 15.2 yH 1 uH
Capacitor 10 pF 10 pF 10 pF 10 pF 21.6 pF 288 uF
Input voltage 27-3.6V 1.8V 25-33V 22-6V 25V 6.5V
Output voltage 2V 1.0V 0.5-25V 0.6-58V 1.1-23V 1.3V
Switching Freq. 1 MHz 1 MHz 5 MHz 1.1 MHz 460 — 860 kHz 780 kHz
Maximum current 600 mA 500 mA 500 mA 1A N/A 10A
. Proximate time-
Control mechanism Current mode Current mode u];g;/[ticwsl]t(}: o Current mode Digital sliding optimal digital
PWM control PWM control q op PWM control control (PTOD)
compensation
controller
Transient voltage drop 60 mV 48 mV 50 mV 80 mV 30 mV 36 mV
Transient recovery time 6 ps 10 ps 50 ps 20 ps 10 ps 30 ps
Tra“s“’g‘;llo:d step 400 mA 400 mA 180 mA 500 mA 80 mA TS A
oal
Peak efficiency 93 % 86 % 85 % 96.7 % 95 % N/A
Chip size 3.8 mm? 3.8 mm? 5.3 mm? 1.35 mm? 1.43 mm? N/A
100 .
~ o5 L Yow=20V modern battery-operated system and can strengthen the quality
S o2 _o— 9 —o—o— of the power source in power management modules.
%’ //)/(
s 88+
:§; 84 / VI. CONCLUSION
g 80 / In this paper, the FT control with the APM technique is
78 ° proposed to achieve good transient response in current-mode
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Fig. 20. Power conversion efficiency of the proposed converter.

Fig. 19 shows the current consumption of four different
design methods. Owing to the small overhead of the implemen-
tation in the adaptive resistance, the current consumption of
the APM technique is increased about 20 ;A compared to the
conventional design. Besides, the current consumption of the
positive feedback is larger than that of the conventional about
100 pA. Thus, the FT control with APM technique needs more
70 pA quiescent current than that of the conventional design.
Moreover, the APZP technique reported in [2] can has the
good transient response but lead to a large current consumption
owing to the combination of adaptive frequency control (AFC)
technique.

Fig. 20 shows the power conversion efficiency of the pro-
posed DC-DC converter through the FT control with APM tech-
nique. The efficiency can be kept at 92% at medium to heavy
loads. The light-load efficiency is deteriorated to 78% at load
current 40 mA. The reason is that the operation of the con-
verter enters the discontinuous conduction mode (DCM) opera-
tion and thus the switching loss dominates the total power con-
sumption. Therefore, the operation can be switched to dithering
skip-modulation (DSM) or pulse frequency modulation (PFM)
operation [28] to improve the power conversion efficiency. The
detail specifications of the proposed DC-DC buck converter are
listed in Table V.

Table VI shows the list of other popular fast transient control
methodologies. The fast transient response and the small output
voltage ripple are the advantages of the proposed converter. The
proposed FT control with the APM technique is suitable to the

DC-DC buck converters at different load conditions. The fast
transient control can effectively improve the overshoot/under-
shoot voltage and the transient recovery time. The compen-
sation pole-zero pair can be dynamically moved toward high
frequencies during transient period. After the output voltage is
regulated to its steady-state value, the compensation pole-zero
pair is smoothly moved back to the steady-state position. Thus,
the overshoot/undershoot voltage can be decreased. Besides,
owing to the APM technique, the compensation zero is moved
to nearly close to the position of the system pole to achieve
the pole-zero cancellation. Thus, the PM of the system can be
always kept an adequate value in steady state. Experimental
results show that the overshoot/undershoot voltage is smaller
than 60 mV and the transient response time is smaller than
12 ps as load current suddenly changes from 100 to 500 mA,
or vice versa. Compared with conventional designs without
any fast transient technique, the performances of undershoot
voltage and recovery time are enhanced by 45% and 85%,
respectively.
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