designfeature By Obalit Khorshid, Semtech Corp

AS THE TREND TOWARD SIZE REDUCTION CONTINUES IN PORTABLE
EQUIPMENT, INCLUDING CELLULAR PHONES AND PDA POWER
SUPPLIES, SMALLER AND MORE EFFICIENT DC/DC-CONVERSION
DEVICES ARE BECOMING CRITICAL. THE CHARGE-PUMP APPROACH
OFFERS DESIGN SIMPLICITY AND SMALL SIZE.

Selecting charge-pump
dc/dc converters

Figure 1 shows a classical boost converter and a

portable systems force you to address many as-

pects of design and the reduced cost and size that
systems demand. The requirements include smaller
pc-board area, lower component count, precise out-
put regulation, higher output currents, lower noise
levels, fault protection, and ultra low power dissi-
pation. Although these requirements often seem
contradictory, you can use charge-pump dc/dc con-
verters to arrive at a suitable performance-parame-

THE DEMANDING POWER REQUIREMENTS of

charge-pump converter. The component count is
clearly much lower for the charge-pump approach.
The table in Figure 1 also shows the total circuit-area
saving and the equivalent performances of both con-
verter types. The lack of magnetic components for
the charge pump simplifies the design process. How-
ever, for applications that have a small V,-to-V_ .
boost differential or high output-load conditions,
the inductive-boost method is more viable than the

ter compromise for micropower applica-
tions.

Charge pumps, switched capacitors, fly-
ing capacitors, and inductorless converters

Vour (5V)

Vin (3V)
o T r o

are all different names for dc/dc converters 5 ’_{ 4

that use a capacitor rather than an induc- c— C+
tor or a transformer for energy storage and 1 SC1517-5

. . —V,
conversion. Designers have for many years cc  GATE

GND Vg

4 Vin
used charge pumps for dc/dc conversion in - REF  lsense T A+ @ 2] 3] ven v
applications for which the regulation-tol- = T Nt o—e — 0

GND

erance, output-current, conversion-effi- AGND_l J L L

ciency, and noise-generation requirements
were not particularly stringent. Recent
generations of charge pumps offer im- 1 v
proved performance specifications and @ - v ®
have become a viable dc/dc-con-
version method for cellular phones,
portable wireless equipment, notebook Vi | I | Vour | lour [EFFICIENCY
- ) W [ [ © | ma |
computers, PDAs (personal digital assis-
tants), and other applications in which
high-density dc/dc conversion is necessary
and circuitry real estate is at a premium.
The newest charge-pump ICs are strong
alternatives to the inductive-based dc/dc
converters in low-current applications for
which design simplicity and reduction of
component area is the prime objective.

Figure 1
COMPONENT
AREA
(IN2)

APPROXIMATE
HIGH-VOLUME
CosT

CHARGE-PUMP CONVERTER

(SOT-23) .01

10.164.980| 5.03 81.9 0.045 1x

BOOST CONVERTER

(50-8) 3.00

9.92 |4.925 | 5.06 83.7 0.55 3%

A classical boost converter (a) has a higher component count than a charge-pump converter
(b). The table shows similar performance between the two circuits for low-boost-ratio and
low-output-current conditions.

www.ednmag.com AugusT 17, 2000 | EpN 115



designfeature -

charge-pump design. Table 1 ‘
compares the advan-
tages and disadvantages OTM OTO
of charge pumps and low- ss Cousker S» Lo
dropout regulators and switch- e I O/O_I
ing regulators. +

As the performance of charge T o -
pumps improves and their fea- - DOUBLER
tures become more complex,

. S
Figure 2 S1 4
8 Vour=2XVin

the selection of the correct de- v S1 S3

vice becomes more involved. " o__|_

The list of characteristics and + . CauckeT s =

features to consider when o -

choosing and designing with a <L Your==Vin
charge pump includes input- — T

voltage range, output-voltage B =

regulation mode, output cur- ® INVERTER

rent, input current with stand-

by/shutdown, internal versus CHARGE TRANSFER FROM Cyy TO Cgucker
external bucket capacitor, oscil- /

lator frequency, efficiency, (S)N s T

short-circuit protection, soft O;F 2

start, thermal protection, pow-
er-OK signal, reference voltage, ON
\./OUT ripple and capa-citor s.elec— \ S?FSAL
tion, and layout considerations.

The first and most obvious CHARGE TRANSFER FROM:

SV 1 Cin AND Cgycker TO Coyr (DOUBLER)
parameter is V| range. In most © Caucker TO Cour (INVERTER)

cell phones and portable wire-
less equipment, V, ranges from | A basic charge pump, which can double (a) or invert (b) the input voltage,
approximately 1.65 to 5.5V. This | transfers charge from input to output via a bucket capacitor based on the
voltage range is a function of the | operation of oscillator-controlled switches (c).

battery type and the number of

tive output voltage, re-
spectively (Figure 2).
This type of charge
pump produces output
voltage as the internal
free-running oscillator
turns on or off switches
S, to S,, thereby trans-
ferring charge from the
input to the output via
the bucket capacitor,
Cyooxer  Figure  2c
shows the timing dia-
gram for the switches.
Some variations of the
basic doubler exist for
which the output volt-
age is 1.33XV  or
1.5XV instead of
2><VIN. In some cases,
you can program an ad-
justable output voltage
via an external resistor
divider.

These unregulated
charge pumps provide
acceptable levels of load
regulation, or AV /
Al,» but yield poor
line regulation, or
AV /AV . In most
cell phones and many
portable-system appli-

battery cells in use. Charge pumps can be either unregulated  cations, a fixed voltage is available from

After you look up the input-voltage or regulated. A basic charge-pump cir-  the battery volta

ge via a linear regulator.

range of a device, you should examine  cuit, such as a doubler or an inverter, pro-  If this fixed voltage is available in the sys-
the output-voltage-regulation mode. vides an unregulated positive-or-nega-  tem, an unregulated charge pump is use-

COMPARISON OF CONVERTERS

Converter type Advantages Disadvantages
Charge pump No magnetic components Limited to low-power requirements
Ease of design Limited input-voltage range for practical operation

Low component count
Small pc-board area
Very low power dissipation at shutdown
and no-load conditions

Vyu>V,, Possible
Low dropout No magnetic components Limited to low- to medium-power
Ease of design requirements due to efficiency
Low component count Limited V_ -to-V, differential (dropout)
Low cost V>V, not possible
Small pc-board area
Fast transient-load response
Switching regulator Practical for operation over a wide Magnetic design necessary
input-voltage range Higher component count
Practical for higher power requirements Larger circuit area
V. Vour<V,, possible Higher cost
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ful and costs less than a reg-
ulated version.

The basic unregulated
charge pump with a feed-
back control results in a reg-
ulated charge pump that
provides both line and load
regulation. The control
methods for regulated
charge pumps are hysteretic
and fixed-frequency with
linear regulation. In both
cases, an internal or external
resistor divider sens-
es the output voltage
and compares it with a ref-
erence voltage. (a)

With hysteretic control,
an output voltage that falls
below the reference voltage
enables the oscillator (Fig-

Figure 3

Vin O—>

Ci— Ci+
Ci— Ci+

low-load conditions the
output voltage does not
drop as in the higher load

conditions, the internal cir-
—O Vour

CHARGE PUMP

T

CURRENT LIMIT
AND SOFT START

Tek 100Kks/s.
E

800-kHz
OSCILLATOR

THERMAL
SHUTDOWN

REFERENCE

cuitry is enabled for only
short durations to charge
the output voltage back to
acceptable levels. This short
enable time minimizes in-
ternal losses and thus pro-
longs battery-usage time.
In a fixed-frequency
charge pump with linear
regulation, the internal os-
cillator runs at a fixed fre-
quency when the device is
not shut down. The charge

: :

ure 3a). During the first
clock cycle, the bucket ca-
pacitor charges to the input
voltage. During the next
clock cycle, the total charge
consisting of C and

) . BUCKET
the input capacitor transfers

A 30.00kHz
@ oV

to the output capacitor. This
cycle repeats until the out-
put voltage reaches the up-
per hysteretic threshold lev-
el, at which point the
comparator disables the os-
cillator. The internal com-
parator continues to enable
or disable the oscillator that |
controls the charge-pump
switches based on the out-
put-voltage level.

Figure 3b shows the tran-
sient response of a regulated
charge pump to a 0- to 10-
mA load step. During the load condition,
you can see the output-voltage ripple that
arises from the hysteresis in the com-
parator between the reference and the

W 500ps ChZ 7 3.2mv.

NOTE: CHARGE-PUMP IC=SC1517-5.

A hysteretic charge-pump converter uses a comparator to enable and disable
the oscillator that controls the charge-pump switches (a). During the load

condition, you can see output-voltage ripple due to the hysteresis in the com-
parator between the reference and the sensed voltages (b).

sensed voltage. The hysteretic charge
pump can minimize losses due to the os-
cillator, drivers, and bias generators at
lower load conditions. Because at no- or

CAPACITOR ESR CHARACTERISTICS

Capacitor type

0.1 wF ceramic, 0603 package

1 wF ceramic, 1206 package

10 pF ceramic, 1206 package

47 pF, 16V tantalum D case

330 wF, 6.3V Oscon

330 wF, 16V aluminum electrolytic
820 wF, 4V Oscon

1000 wF, 10V aluminum electrolytic
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ESR (Q) ESL (nH)
0.100 1.60
0.120 0.47
0.075 0.5
0.100 0.60
0.025 2.5
0.143 2.37
0.012 2.5
0.053 5

pump provides an unregu-
lated voltage to an internal
linear regulator that adjusts
this voltage to a fixed out-
put. The device achieves
regulation by using an in-
ternal comparator that
senses the output voltage
and compares it with an in-
ternal reference while ad-
justing the gate drive to the

|||—4

: 800V

€1 Pk—Pk
70mv

11453505k, internal pass MOSFET fora

fixed-output voltage (Fig-
ure 4).

The oscillator frequency
that controls the charge
pump is usually outside the
sensitive frequency spec-
trums of cellular-communi-
cation bandwidths. Unlike
the hysteretic converter for
which a variable frequency
is present at low-load con-
ditions, the design of fixed-
frequency converters can re-
strict any charge-pump-
generated switching noise to noncritical
bandwidths.

OUTPUT CURRENT

Manufacturers usually specify output
current as the minimum current a charge
pump can provide while the output volt-
ageisnotbelow V. .=V .o, For ex-
ample, the minimum output-current rat-
ing for a doubler at a given V| is at the
point where V is below 2XV —500
mV. The charge pump can sustain much
higher load currents than the minimum
rating if the application can tolerate the
output-voltage drop (Figure 5).

ow
resolution
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This dropout point s a function of the
internal resistance of the charge pump
and the ESR and capacitance value of the
Cyucxer Figure 6 shows the effect of the
ESR and value of C, .. on the
output current. Ceramic capaci-
tors followed by tantalum types are the

preferred type for C
INPUT CURRENT

Input current is an important param-
eter in applications for portable systems,
such as cellular phones, for which mini-
mum battery discharge is a must. Stand-
by and shutdown modes of operation can
minimize input current. During standby,
the charge pump is still operational while
the output load is at zero. In general, the
quiescent current supplying the charge
pump is directly proportional to the os-
cillator frequency. Charge pumps with
lower oscillator frequency yield lower
quiescent supply current. Also, the hys-
teretic charge pumps have lower quies-
cent currents at low-load conditions
compared with the fixed-frequency type
because the oscillator is enabled only
when the output voltage drops.

In shutdown mode, the charge pump
and all internal circuitry are dis-
abled, and minimum quiescent
current drains from the battery. Typical
numbers are in the low-microamp range.

INTERNAL VERSUS EXTERNAL

The bucket capacitor can be either in-
ternal or external to the charge pump. A
capless charge pump integrates the
Cyuexer apacitance within the IC. In ap-
plications, for handheld instruments, in
which minimizing circuit area is a must,
the capacitorless charge pump eliminates
the need for an external bucket capacitor.

You can integrate the C ., if you in-
crease the internal oscillator frequency,
hence reducing the capacitance value
necessary for the charge transfer (Figure
6b). In general, due to the higher oscil-
lator frequency, a charge pump with no
capacitor has higher quiescent currents
and lower efficiency. The lower efficien-
cy is due to increased losses from raising
the oscillator frequency (Figure 7). Also
due to the smaller SOT-23 packages that
provide further space saving, charge
pumps with no capacitor yield lower out-
put currents.

The savings in circuit-board area off-

BUCKET"
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Figure 4

Figure 5
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NOTE: CHARGE-PUMP IC=SC1463.

OVour

A fixed-frequency-with-linear-regulation charge pump uses an internal comparator to adjust the

gate drive to an internal MOSFET.

900x1073
800x10°3
— Vjy=1.5V
700x10°3 — Vjy=2.5V
— V|\=3.6V
600x1073 — V=45V
_— V\N=5.5V
OUTPUT 500x 103
DROPOUT
VOLTAGE 3
400%10
V)
300%1073 ~
200x1073
100x10°3
==
0 I I
0 20x1073  40x1073  60x10"3 80x1073 100x1073
NOTES: CHARGE-PUMP IC=SC1462. lour (A)
Tp=25°C.

Output current depends on the level of V,, and dropout voltage.

set this loss in efficiency and higher qui-
escent currents. In cases in which space
saving is not the main goal and efficien-
cy is important, charge pumps with ex-
ternal capacitors can yield better per-
formance. External C.. .. capacitors
can have various advantages over
capacitorless charge pumps. The value of
the external capacitance can be much
higher than that of the integrated type.
As the value of C . ... increases, the os-
cillator frequency can decrease. The re-

duction in frequency minimizes losses
and thus increases efficiency. An external
Cpucxpr has additional advantages. You
can use the capacitance area saved on the
IC for more features or higher output
current capabilities. Also, the charge-
pump design can account for higher out-
put-current capabilities.

OSCILLATOR FREQUENCY

You can evaluate the oscillator fre-
quency according to the following fac-
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tors. First, the efficiency decreases as the ‘

. . 0.07
oscillator frequency increases. .
Figure 6
Second, you may want to use a 0.06
device with a programmable oscillator \\
frequency to optimize a performance pa- 0.08 |
rameter. For example, setting the oscil- 0.04
lator to a low frequency results in low lour (A)
quiescent currents, and setting it to a 0.03
high frequency allows you to use a small- 0.02
er capacitor. Next, if the application is '
noise-sensitive, you need to ensure that 0.01
the oscillator frequency will not interfere 0
with any of the carrier frequencies in the 0.1 0.2 0.3 0.4 0.5 0.6 0.9 1
circuit. Finally, you may want to consid- @ CAPACITOR ESR ()
er synchronizing the oscillator frequen-
cy to an external clock for ease of noise- 0.07
spectrum filtration. '
EFFICIENCY 0.06 ra9%e
In applications such as cellular tele- 1]

phones, the full-load condition is a small 0.05
percentage compared with the light load — [=200kHz

0.04 — =400 kHz
or the standby/shutdown mode for lour (A) 2600 KHz
which the load is at a minimum. This — =800 kHz
unique load condition and the inherent- 0.03 — f=1 MHz
ly low input-supply current in a charge
pump enables maximum usage efficien- 0.02
cy of the battery. Also, with the correct
charge pump and operating conditions, 0.01
your design can achieve high efficiencies
(Figure 7). 0

) I 01 04 07 1 13 16 1.9 22 25 28 31 34 37 40
During the initial charge-pump start- Covexer (uF)
A A (b) BUCKET \ |-

up, the circuit may generate large current
spikes while charging the output capac-
itors and load. A soft-start option in a | Both the ESR (a) and the value (b) of the bucket capacitor have an effect on the output current.

charge pump limits the current to an ac-
ceptable level until the output capacitors

Another important option is short-cir-

are charged, at which point the charge
pump is ready for normal operation.

cuit protection. A short circuit at the
output can cause device stress or failure

if no protection circuitry exists. With
protection, the device senses the short
circuit at the output, enables current-

98 I 100
Figure 7 % hd F=8 kHz % ——
80 Vin=2.75V
94 70
92 60 ¢ o——"—08 0o
L V|y=3.85V
EFFICIENCY (%) 90 EFFICIENCY (%) 50 -
— | | P —
88 o 40 Vin=5.00V
F=32 kHz
86 30
20
84 o
82 0
40 -20 0 20 40 60 80 100 10x107 1x106  10x10-3  100x1073
Ta (°C)
lout (A)
NOTES: CHARGE-PUMP IC=SC1464.
Vin=3.00V. NOTES: CHARGE-PUMP 1C=SC1517-5.
o) lour=1 MA. o) Tp=25°C.
Factors that affect efficiency include T, and frequency (a) and I, and V, (b).
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limiting circuitry, and indefinitely dis-
ables the charge pump. After you remove
the short circuit, enabling the charge
pump resumes normal operation.

Charge pumps can also have thermal
shutdown. During a short-circuit
condition at the output, the on-re-
sistance of the internal switches limits the
output current. Power dissipation in a
switch is a function of the current and re-
sistance: P, =17\ XR ¢ .. This power
dissipation and the thermal-dissipation
capability of the packaged die determine
the junction temperature during a short-
circuit condition: TI =P, X @lA +T,,
where T, is the ambient temperature and
©,, is the junction-to-ambient thermal
resistance. If you don’t remove the short-
circuit condition and there is no inter-
nal protection, failure might occur. Ther-
mal-shutdown circuitry senses the die
temperature, disables the internal
switches or oscillator until the die tem-
perature reaches an acceptable
level, and then enables the charge
pump. This cycle repeats indefinitely
without device failure until the short-cir-
cuit condition no longer exists.

You can use a power-OK CMOS out-
put as a control signal to enable other cir-
cuitry after the charge pump achieves
regulated output or to indicate a possible
fault condition at the output of the
charge pump.

An available integrated reference volt-
age can save cost and space, and you can
use this voltage as a control reference for
other circuitry in the application.

The peak-to-peak output ripple volt-
age depends on the oscillator frequency,
the hysteresis window of the comparator,
the ESRof C_  and C ., »and the val-
ue of Cyyp and Cyy ey

The first two factors are fixed and de-
pend on the charge-pump device you
use. However, you can optimize the ESR
and capacitance values of C .. and
C,; for the best performance and re-
duction of the output ripple. The fol-
lowing formula gives an approximation
for output ripple:

I
our +

V =
OUT _RIPPLE C
2x FOSC * Cpucker

Iour X ESR_Cgycker-

From Figure 8 you can see that the
low-frequency ripple due to the hystere-
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Tek SIJE 100MS/s

gure 8

1AL 4.8mV
IA: 5.882MH2z
1@: ~8.8mv

20mV

Low-frequency ripple due to comparator hysteresis consists of a high-frequency component.

NOTES: CHARGE-PUMP IC=SCI517-5.
lour=10 mA.

150x1073
Figure 9 /
g 130x1073
— Cour=3.3 uF /
= Cour=6.8 pF /
110x10°3 — Conr=10 uF
— Cour=22 pF /
Vour rippie (V) 90x 1073
| _— /
70x1073 —_— T —— 1 —
—-—-"—/
50%x1073
30x1073
2.50 3.00 3.50 4.00 4.50 5.00 5.50
Vin (V)

Different values of output capacitance produce different values of ripple voltage.

sis of the comparator consists of a high-
frequency ripple. This high-frequency
ripple is a function of the ESR of the ca-
pacitance at the output. Using output ca-
pacitors with low ESR can minimize this
ripple. Figure 9 shows the effect of out-
put-capacitance value on the ripple volt-
age, in this case using multilayer ceram-
ic capacitors with ESR less than 0.1€).
Table 2 shows typical capacitor charac-
teristics.

You should follow standard power-
board layout to ensure proper charge-
pump operation. To minimize stray in-
ductance, you should use large power

planes or traces and reduce the distances
between input, output, and the load. All
related components should sit as close as
possible to the charge pump.O
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