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A novel embedded soft-start circuit for SOC power supply
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Abstract: To improve the power sequencing performance of the system-on-a-chip (SOC), a novel embedded soft-start
circuit is presented. A seamless soft-start reference voltage is obtained with 7 bits DAC, which can not only restrain the
turning point overshoot, but also improve the output accuracy and the poor loading capability, reduce the pin number
and save PCB area. The whole DC-DC converter has been fabricated in a 0.35 um CMOS process. The measurement
results show that the chip starts up successfully with 250 us soft-start time under conditions of 400 kHz switching
frequency, 2.5 V DC-DC output and 1.8 V LDO output. Stable operation after soft-start is also shown.
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1. Introduction

In recent years, System-on-a-chip has been in great demand
for electric devices, such as wireless communications, indus-
trial controls, video controls and some other fields. I/O driver
power, dynamic power management and power circuits, which
need both digital and analog power supplies, have played a
more important role in SOC. Power management is a timely
and essential research area, enabling the advancement of SOC
technology. The development of high-performance integrated
voltage regulators, in terms of power sequencing, output accu-
racy, silicon area, response time, and an off-chip component
free feature, is undoubtedly vital to the success of SOC. Pre-
venting initial inrush current and voltage spikes from causing
damage to systems is an important issue for DC-DC convert-
ers. Conventionally, we use one capacitor to generate a gen-
tly ramping signal for a DC-DC converter to implement soft-
start during start-up. In LDOs, the requirements for soft-start
are usually determined by the application. In portable universal
serial bus (USB) applications, there are stringent requirements
imposed by the USB standard on the maximum current that the
USB power bus can source. When the USB is simultaneously
powering numerous LDOs, an overcurrent condition could oc-
cur on the USB power bus, ultimately resulting in system faults
(e.g., resets) due to inrush currents during the power-up tran-
sient. Therefore, each LDO on the USB power bus should be
soft-started upon enabling to avoid the overcurrent condition.

Though the conventional soft-start reduces the damage re-
sulting from inrush current, an over-voltage or drop-voltage sit-
uation may still occur™ 2. For example, voltage spikes will oc-
cur when the domination of the converter is changing between
the start-up mode and normal operation. In addition, we will
consume one external pin for the soft-start capacitor because
this capacitor is too large to be on chip. Also, there has some
other research, such as Refs. [4, 5], which added the soft-start
slope voltage to the pulse width modulator comparator and er-
ror amplifier. But there are also three problems: First, the turn-
ing point from the soft-start signal to the error amplifier output
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signal is not smooth in some applications, which can induce
an inrush inductor current. Second, if the soft-start time is be-
coming longer, the loading capability of the converter will be
affected obviously, which is mainly because the converter can-
not achieve the nominal load during the long soft-start. Third,
the compound amplifier or comparator will reduce the output
voltage accuracy. The aim of our project is to find a solution to
the above problems.

In this paper, the proposed soft-start circuit does not need an
extra pin-out, a compound structure, and it improves the output
voltage accuracy and loading capability of the converter. The
design of the power supply with excellent embedded soft-start
was fabricated in a 0.35 um CMOS process. The measurement
results show that the soft-start circuit has good performance
and can be used for SOC blocks such as processor, memory,
DSP, RF, SRAM and ADDA.

2. Power supply system design

A diagram of the power supply system with the peak cur-
rent mode DC-DC converter and LDO is shown in Fig. 1.
Through sinking the current controlled by 7 bits DAC from
the band-gap reference voltage, the reference voltage of the
system starts up softly, and then the output voltage soft-start
is obtained. Current and voltage loop stability is achieved by
linear slope compensation and the cancellation of pole-zero at
the output of the error amplifier respectively. Also, there are
the current sense and the zero current detect circuit, to real-
ize current mode controlling and high conversion efficiency.
In the low dropout regulator, the soft-start reference voltage is
obtained through a buffer to reject the noise from the switching
converter. The output of the regulator will start softly depend-
ing on the soft-start reference voltage. At the same time, the
output mode can be selected by the Vi g voltage in order to
save the PCB board. When the Vi g voltage is below 100 mV
or is grounded, the regulator selects the fixed mode, and the
output voltage is determined only by the internal fixed resis-
tor divider. Meanwhile, we can get different voltages by the
trimming solution. Certainly, the output can also be adjusted
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Fig. 1. Diagram of the power supply.

by the divider easily when the Vg pin connects to the ex-
ternal resistor divider. These functions are achieved through
the FA comparator. Finally, the current limit block is to limit
the current through the pass transistor(®=8]. The fault control
unit, including over-temperature protection, over-voltage pro-
tection, under-voltage protection and so on, protects the system
beyond the recommended operating conditions.

3. Traditional soft-start circuit

Some soft-start circuits have been reported in Refs. [1,
2-5, 9—13] as summarized in Figs. 2(a), 2(b) and 2(c). Figure
2(a)'~3] shows the most common and simplest soft-start cir-
cuit, where the soft-start function is realized by charging the
oft-chip capacitor with the on-chip constant current. The soft-
start time is calculated from the system starting to work to the
Vsorri equal to Vrpr, where Vgopr is the voltage across the
off-chip capacitor, and Vygr is the internal reference voltage.
So the soft-start time can be calculated by:

Csorri VREF
Ic

Tsoftl ’ (1)
where I¢ is the charging current referred to above. From
Eq. (1), we can see that the soft-start time can be accurately
controlled because Vygr and I are designed with high preci-
sion. The disadvantage of this method is the off-chip capac-
itor. If a long soft-start time is needed, this will increase the
PCB board area. Therefore, in order to reduce the PCB board
space, improved methods are shown in Figs. 2(b) and 2(c). In
Fig. 2(b)), Vsorr is obtained by charging the capacitor

Csorr2 with the DAC controlled current during the soft-start
time. The compound error amplifier amplifies the differential
voltage between Vg and the smaller one of Vg and the Vsopr:
voltage. Once Vsoprs is greater than Vygr, there is a detect-
ing comparator to switch the comparison point from Vsopr
to Vrer, then the turning point spur is induced by the detect-
ing circuit*l. The output accuracy and the turning point spur
from Vsopr; to Vrer induced by the compound structure is an
important problem in this method. In the third method®], the
soft-start voltage is added to the input of the pulse width mod-
ulator comparator directly while the operation principle is sim-
ilar to the second method, but it also has the same problems.
In addition, the third method has a fatal disadvantage that the
loading capability during a long soft-start time is poor. During
the start-up process, the duty cycle increases depending on the
output of the converter, so if the output cannot start up in time
due to the maximum load, this will mislead the loop to operate
in a certain load less than the maximum load; the worse case
is when the inductor current inversely increases rapidly, as a
result, the inductor is saturated and devices are damaged by
large current. The proposed soft-start in section 4 aims to give
a solution to these problems.

4. Proposed soft-start circuit

In previous works[! 3], extra pin-out and discrete capaci-
tors were needed to reach longer soft-start time. For example,
if Vger equals 0.8 V and 1 ms soft-start time is needed with
1 A charging current, a 1.25 nF capacitor is needed. In other
works!#:5:9713] one is the clock-based soft-start circuit which
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Fig. 3. Schematic of the proposed soft-start circuit.

raises the reference voltage, maximum output current or duty
cycle slowly. In this method, the way to achieve the longer soft-
start time is to reduce the clock frequency or increase the bit-
length of the counter. The latter one fails to reach the goal of
raising the switching frequency to minimize the energy stor-
age elements (such as inductors and capacitors), enhance the
response speed in switching regulator design, and improve the
system accuracy and smooth transition.

As discussed above, for an excellent soft-start, it should
have the following features: (1) without the extra pin; (2) with-
out compound structure, such as a compound comparator and
amplifier, only with a simple two input-port amplifier and com-
parator; (3) without the detecting circuit to switch the compar-
ison point; (4) the switching frequency should not be reduced
when we reduce the soft-start clock frequency. So, our pro-
posed soft-start circuit with these features is shown in Fig. 3.
We will discuss the advantages over other circuits after the de-
scription of the principle. First, a 1.2 V band-gap voltage hav-
ing no relationship with the power supply and temperature is
generated by the typical band-gap circuit. The resulting band-
gap voltage is:

R; + 2R, kIn (SQl/SQz)
Ry

Vband—gap = T+ VbeQ2a (2)
where k and g are constants, and Sq; and Sq; are the emitter

areas of transistors Q1 and Q2 respectively.

Second, to widen the range of the output voltage, 0.8 V
reference voltage is obtained by the resistor divider R¢ and R7.
A buffer circuit is used to improve the loading capability. Then:

R7

—_— 3
R +2R7 ®

VREF = band gap-

Third, by using a high precision current sink from the Vrgp
through the resistor Rg cycle by cycle, the soft-start can be sim-
ply controlled by DAC with the clock cycle and steps. It is re-
alized by the oscillator control and 7 bits DAC. The soft-start
over-circuit is to shut the sinking current when detecting the
end of the soft-start, which is effective for low power dissipa-
tion and low noise. Otherwise, our detecting circuit is different
from the above because this detecting is a certain transition,
and it does not need the detecting comparator to switch the
comparison point. In this work, 250 us soft-start time is de-
signed. Because the clock frequency is fixed at 400 kHz, and
the clock cycle is 2.5 us, it is obvious that the steps must be
100. Based on this point, 7 bits DAC is designed for counting
from 0000000 to 1100100. To generalize the soft-start process,
the soft-start signal Vsopr added to the error amplifier can be
calculated by:

Vsorr = Vrer — Rs(bolo + D111 + balr + b3 13

+baly + bsls + -+ by 1)
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Fig. 4. Curve of the soft-start.

= Vrer — Rs(bolo + b121p + b241y + b381y
Hbal6lg + bs32Do + - + by2" Iy)

n
= Vrer — Rslp Z 2'b;, 4)
i=0

0, Disenable,

n
VSOFT = VREF — RS I() Z 2i bi s During soft-start, (5)
i=0
Vrer,  After soft-start,

where Iy = Irgr/4 in order to reduce the layout area. From
Eq. (5), the whole soft-start time can be adjusted from 0 to
27+1 clock cycles by the DAC. The soft-start time can be pro-
grammed by the value of Rg, I and the clock cycle. So the
soft start-up is very smooth and linear due to the accurate con-
trol. Also, the soft-start time can be adjusted from microsec-
onds to milliseconds simply by setting Rs, Iy and the clock
cycle without the external component. The start-up principle
can be illustrated by Fig. 4. If we assume AV is the voltage
step of the Vsopr during the soft-start, A7 is the changed value
of inductor current induced by AV, as shown in Fig. 4, then:

Al = AV X Apa(w) X GMpMoD(w)s (6)

where Aga(y) is the gain of the error amplifier and GMyop(w)
is the transconductance of the modulator under a certain fre-
quency. The inductor current will become worse if the voltage
interval AV is too large. A solution is to reduce the clock cycle
and voltage steps during the soft-start.

There are several advantages compared to other solutions
shown in Fig. 2: (1) The key point, which the maximum soft-
start voltage will equal the reference voltage, is obvious, so
there is no turning point overshoot when changing the soft-start
voltage to the reference voltage, then the soft-start process can
be smooth as shown in Fig. 4, which can be understood through
the start-up of output in Fig. 6. (2) The soft-start time can be
programmed to several milliseconds by the frequency divider
with the trimming solution, which can not result in the problem
of poor loading capability and the size of the energy storage el-
ements (such as inductors and capacitors). In other words, if
a long soft-start time is needed, we can change the frequency
divider to get a low frequency before the 7 bits DAC. (3) The
output accuracy is improved due to the absence of the com-
pound amplifier and comparator.

Soft-start

Idc-de=I1do=open
i

I 10.omvaidl
10.0my~®

Fig. 6. Measurement waveform of (a) soft-start and (b) nominal op-
eration. Conditions: Vge—gc = 2.5V, Vigo = 1.8V, Cj, = 10 uF,
Cyc—dec = 4.7 uF, Cigo = 1 uF, L = 1 pH. The test circuit is shown
in Fig. 1, and the oft-chip component is outside the dashed frame.

5. Experimental results and discussions

The power supply chip with excellent embedded soft-start
was fabricated in a 0.35 um CMOS process. The total layout
area is only 1.05 mm?. A micrograph is shown in Fig. 5. The
operation waveforms of the system are shown in Fig. 6. It can
be seen from Fig. 6(a) that the soft-start is smooth and the out-
put voltage has no overshoot. Once the system is enabled, Vir
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Table 1. Performance summary and comparison.

Parameter Ref. [3] Ref. [4] Ref. [13] Ref. [14] This work
Process - 0.6 um BCD 0.6 um CMOS 0.35 um CMOS
Input voltage (V) 4.75-23 5 2.5-55 2.2-6 2.5-5.5
Input capacitor (off-chip) (uF) 10x 2 - 10 - 10
Output capacitor 22 x2 300 2200 x 2 10 Cie—dec = 4.7,
(off-chip) (uF) Cigo = 1
Inductor (off-chip) (wH) 10 - 1.5 4.7 1
Supply current (LA) 1300 - 420 48.6 350,
(No switching) 28 (No switching)
Frequency (MHz) 0.34 - 2.25 1.1 0.40
Soft-start time (us) 15000 @ 1200 (with a 950 > 1500 250 (without an ex-
Csg = 0.1 uF reference switch  (with a com- (with imprecise tra pin, compound
(with an extra pin  circuit) pound ampli-  soft-start) amplifier or com-
and a compound fier) parator)
amplifier)
Maximum output current (A) 3 6.5 0.8 1 4
Output voltage accuracy (%) - - +2 - +13

Simulation results

sop 7 1] V‘I\T‘f‘f

Maximum current A

Test results

Ry 2 3

0f .

filll)]e(l)]
5)

Fig. 7. Comparison of simulation and test maximum load current during the soft-start with different output voltages (conditions is similar to

Fig.6).

starts up linearly, and the output of the converter Vy._q. and
Wdo begins to start up simultaneously. A PGOOD pin is used
for showing the nominal state when the output of the DC-DC
and LDO achieves 80% of the target value. Figure 6(b) shows
the nominal operation. Since we choose the common filter ca-
pacitor, the equivalent series resistor is relatively large, so the
output ripple is about 15 mV, which is suitable for conven-
tional applications. But if a small ripple is needed, it can be
simply realized by a low equivalent series resistor. Also, Figure
7 shows the maximum load current versus the soft-start time
and the output of the DC—DC converter. We can see the max-
imum load current, which has no relationship with soft-start
time. From 100 us to 4 ms soft-start time, the maximum load
current always stays in 4 A. With different output voltages and
soft-start time, the fact that the maximum current shows a slight
difference is normal because of the shift of some characteris-
tics, such as power transistors, parasitical capacitors and resis-
tors, and practical noise, but the average value is a constant.
Finally, we give a performance and comparison summary in
Table 1. It can be seen that Reference [3] adopts the most com-
mon and simplest soft-start circuit, and realizes 15 ms soft, but
needs an extra pin Css. Reference [4] uses the detecting cir-

cuit to switch the comparison point from the soft voltage to
the reference voltage, and realizes 1.2 ms soft, but there exists
a complicated compensation circuit to cancel out the turning
point spur. In particular, once the switch comparator switch-
ing the comparison point has a little offset, the inrush inductor
current must be induced, rather than the offset of the switch
comparator being changed with the corner of the supply volt-
age, the temperature, and so on. Reference [5] uses a compound
pulse width modulation comparator and adds two comparators,
which will reduce the output accuracy and increase the layout
area. Reference [13] uses a similar technique to Ref. [4]. In ad-
dition, it also has a compound error amplifier. Reference [14]
uses a smaller charging current (1 nA) to the on-chip capacitor,
but the soft-start accuracy is reduced. In our work, we avoid the
above problems and adopt a simple amplifier, without an extra
pin and switch comparator, to realize 250 us soft independent
of load current. Furthermore, the conditions of soft-start in the
converter and some results from soft-start are given in the table.

6. Conclusion

A novel embedded soft-start circuit for a power supply for
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SOC is presented in this paper. The operation principle has
been introduced, and the proposed circuit has been applied to
a power supply with a current mode buck converter and low
dropout regulator. Excellent performance is shown and veri-
fied by simulation and experimental results. The whole chip
has been fabricated in a 0.35 um CMOS process. The mea-
surement results show that the chip starts up successfully with
250 us soft-start time in 400 kHz switching frequency, 2.5 V
DC-DC output, 1.8 V LDO output conditions. Stable operation
after soft-start is also shown. A performance and comparison
summary is given in Table 1. So, the proposed circuit can be ap-
plied to SOC applications that require good performance char-
acteristics: power sequencing, output accuracy, silicon area, re-
sponse time, and off-chip component.
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