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HIGH-EFFICIENCY DC/DC VOLTAGE
CONVERTER INCLUDING CAPACITIVE
SWITCHING PRE-CONVERTER AND UP

INDUCTIVE SWITCHING
POST-REGULATOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the priority of Provisional
Applications Nos. 60/877,952 and 60/877,720, both titled
“High-Efficiency Down-Up And Related DC/DC Convert-
ers” and filed on Dec. 30, 2006, each of which is incorporated
herein by reference in its entirety.

FIELD OF THE INVENTION

[0002] This invention pertains to the design, operation and
performance of switching power supplies for use in DC/DC
conversion and voltage regulation, and to the semiconductor
components used in such converters.

BACKGROUND OF THE INVENTION

[0003] Voltage regulation is commonly required to prevent
variation in the supply voltage powering various microelec-
tronic components such as digital ICs, semiconductor memo-
ries, display modules, hard disk drives, RF circuitry, micro-
processors, digital signal processors and analog ICs,
especially in battery-powered applications such as cell
phones, notebook computers and consumer products.

[0004] Since the battery or DC input voltage of a product
often must be stepped-up to a higher DC voltage, or stepped-
down to alower DC voltage, such converters are referred to as
DC-t0-DC converters. Step-down converters, commonly
referred to as “Buck converters,” are used whenever a bat-
tery’s voltage is greater than the desired load voltage. Step-
down converters may comprise inductive switching convert-
ers, capacitive charge pumps, and linear converters.
Conversely, step-up converters, commonly referred to as
“boost converters,” are needed whenever a battery’s voltage is
lower than the voltage needed to power its load. Step-up
converters may comprise inductive switching converters or
capacitive charge pumps.

[0005] Another type of converter may operate as either a
step-up or a step-down converter depending on whether the
power input to the converter has a voltage above or below its
output voltage. Commonly referred to Buck-boost convert-
ers, such circuitry is needed whenever a converter’s input and
output are similar in voltage, where variations in the input
voltage preclude the use of a simple boost or Buck converter.
[0006] One example of such an application requiring both
step-up and step-down conversion is supplying a regulated
3.3V output from a lithium ion (Lilon) battery. A Lilon battery
exhibits a terminal voltage which decays from 4.2V when
fully charged to below 3V when discharged. Since the initial
battery voltage is above 3.3V and the final battery voltage is
below 3.3V, the converter must be able to step-down initially
and step-up later.

Inductive Switching Converters

[0007] Of the aforementioned voltage converters, the
inductive switching converter can achieve superior perfor-
mance over the widest range of currents, input voltages and
output voltages. The operating principles of the inductive
switching converter are described in Application No. [ Attor-
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ney Docket No. AATI-19-DS-US], titled “High-Efficiency
DC/DC Voltage Converter Including Down Inductive Switch-
ing Pre-Regulator And Capacitive Switching Post-Con-
verter,” filed contemporaneously herewith and incorporated
herein by reference. Two examples of non-isolated inductive
switching converters, a synchronous Buck step-down con-
verter and synchronous boost step-up converter, are shown in
FIGS. 1A and 1B.

[0008] An illustrative synchronous Buck converter 1,
shown in FIG. 1A, comprises a power MOSFET switch 3, an
inductor 5, a synchronous rectifier power MOSFET 4 with
rectifier diode 8, and a capacitor 6. Operation of MOSFET 3
is controlled by a pulse-width modulation (PWM) control
circuit 2, driving the gate of MOSFET 3. The gate drive may
vary in polarity and voltage depending on whether MOSFET
3 is N-channel or P-channel. Synchronous rectifier MOSFET
4, generally an N-channel MOSFET, is driven out of phase
with MOSFET 3, but MOSFET 4 is not necessarily on the
entire time when MOSFET 3 is off. In general, MOSFET 4
conducts only during times when diode 8 is conducting.
[0009] While the control circuit controlling the converter’s
operation is referred to as a “PWM control,” implying fixed-
frequency variable-pulse-width operation, it may alterna-
tively operate in a variable frequency mode where the clock
period is allowed to vary, or alternatively it may alternate
between varying and fixed frequency modes depending on
load and input conditions.

[0010] Theenergy delivered from the power source, battery
or power input into the DC/DC converter 1 is switched or
gated through MOSFET 3. With its positive terminal con-
nected to the battery or input, MOSFET 3 acts like a “high-
side” switch controlling the current in inductor 5. Diode 7 is
a P-N junction parasitic to MOSFET 3, in parallel to the
transistor’s drain and source, which remains reverse biased
under normal Buck converter operation. Since diode 7 does
not carry current under normal operation, it is illustrated by
dotted lines.

[0011] By controlling the current in the inductor 5 through
the switching and on-time control of MOSFET 3, the energy
stored in the inductor coil’s magnetizing field can be adjusted
dynamically to control the voltage on output filter capacitor 6.
The output voltage V,, is fed back to the input of PWM
control circuit 2, which controls the current I, in inductor 5
through the repeated switching of MOSFET 3. The electrical
load connected to the converter’s output is not shown.
[0012] Driven out of phase with MOSFET 3, synchronous
rectifier MOSFET 4 conducts some portion of the time when
MOSFET 3 is off. With its positive terminal connected to the
inductor 5, i.e. to node V_, and its negative terminal connected
the circuit ground, MOSFET 4 acts like a “low-side” switch,
shunting the current flowing through diode 8. Diode 8 isa P-N
junction parasitic to synchronous rectifier MOSFET 4, in
parallel to the transistor’s drain and source. Diode 8 conducts
substantial inductor current only during intervals when both
MOSFETs 3 and 4 are turned off.

[0013] One common condition when both MOSFETs 3 and
4 are off occurs during every switching transition to prevent
shorting of the input power source to circuit ground. This
so-called break-before-make interval prevents shoot through
conduction by guaranteeing that both transistors do not con-
duct simultaneously and short or “crow-bar” the converter’s
input and power source to ground.

[0014] During this brief break-before-make (BBM) inter-
val, diode 8 in parallel to synchronous rectifier MOSFET 4
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must, along with any parasitic capacitance associated with
diode 8, carry the inductor’s current I,. Unwanted noise can
occur during the transitions associated BBM operation.
[0015] Ifwe define the converter’s duty factor D as the time
during which energy flows from the battery or power source
into the DC/DC converter, i.e. the time that MOSFET switch
3 is on, then the output to input voltage ratio of the Buck
converter 1 is proportionate to its duty factor, i.e.

Y
-~

out sw

=D=—
Vin T

where t,, is the time during which MOSFET 3 is turned on
and T is the duration of the total clock cycle.

[0016] This relationship for a Buck or synchronous Buck
converter is illustrated by curve 17 in graph 15 of FIG. 2A.
Notice the Buck converter cannot smoothly reach a zero or
unity transfer characteristic without exhibiting some discon-
tinuities 19 and 21 at the extremes of the duty factor D. This
phenomenon is due to switching delays in the power MOS-
FET switch and its control and gate drive circuitry.

[0017] As long as the Buck converter’s power MOSFET is
still switching, t,,, is limited to some portion of the clock
period T, e.g. 5%<D<95%, essentially due to turn-on and
turn-off delay within the MOSFETs 3 and 4 and their control
loop. For example at 95% duty factor and a 3 MHz clock, the
off time for the high-side MOSFET 3 is only five percent of
the 333 nsec period, or just 16 nsec. This means the high side
MOSFET 3 must turn off and back in only 16 nsec—too
rapidly to regulate over a 95% output-to-input conversion
ratio. The minimum off time problem impacts either synchro-
nous or non-synchronous Buck converters. The problem is,
however, further exacerbated in synchronous DC/DC con-
verter 1, since no time remains for the synchronous rectifier
MOSFET 4 to turn on and then off again and still exhibit
BBM operation.

[0018] Referring again to curve 17 in FIG. 2A, above some
maximum duty factor D, ., there is not adequate time to
maintain switching operation and the converter must jump
from D, to a 100% duty factor, as shown by discontinuity
21.AboveD,, ., the converter turns MOSFET 3 on and leaves
it on for the entire clock period T. The abrupt transition 21
causes a glitch in the output voltage of Buck converter 1.
Moreover, at a 100% duty factor, V_,,=V,,, as shown by line
16, and all regulation is lost as long as the switching is halted.
[0019] Synchronous boost converter 10 shown in FIG. 1B
includes a low-side power MOSFET 12, a battery connected
inductor 13, an output capacitor 15, and a “floating” synchro-
nous rectifier MOSFET 14 with parallel rectifier diode 16.
The gates of the MOSFETs 12 and 14 are driven by break-
before-make circuitry (not shown) and controlled by PWM
controller 11 in response to voltage feedback V5 from the
output of converter 10, present across output capacitor 15.
BBM operation is needed to prevent shorting the terminals of
output capacitor 15.

[0020] The synchronous rectifier MOSFET 14, which may
be an N-channel or P-channel MOSFET, is considered float-
ing in the sense that its source and drain terminals are not
permanently connected to any supply rail, i.e. to ground or
Vpare Diode 16 is a P-N diode intrinsic to synchronous rec-
tifier MOSFET 14, regardless whether synchronous rectifier
MOSFET 14 is a P-channel or an N-channel device. A Schot-
tky diode may be included in parallel with MOSFET 16 but
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with series inductance may not operate fast enough to divert
current from forward biasing intrinsic diode 16. Diode 17,
which is a P-N junction diode intrinsic to N-channel low-side
MOSFET 12, remains reverse biased under normal boost
converter operation. Since diode 17 does not conduct under
normal boost operation, it is shown with dotted lines.

[0021] If we again define the duty factor D of boost con-
verter 10 as the time during which energy flows from the
battery or power source into the converter, i.e. during the time
that low-side MOSFET 12 is on and inductor 13 is being
magnetized, then the output to input voltage ratio of a boost
converter is proportionate to the inverse of 1 minus its duty
factor, i.e.

<<

e 11
Vie 1-D T=1,/T

where t,, is the time during which MOSFET 12 is turned on
and T is the duration of the total clock cycle.

[0022] This relationship for a boost or synchronous boost
converter is illustrated by curve 18 in FIG. 2A. Notice that the
boost converter cannot smoothly reach a unity transfer char-
acteristic without exhibiting some discontinuity at the
extremes of D. This phenomenon occurs due to switching
delays inthe power MOSFET 12 and its control and gate drive
circuitry.

[0023] Aslongas power MOSFET 12 is still switching, t,,,
is limited to some portion of the clock period T, e.g.
5%<D<95%, essentially due to turn-on and turn-oft delay
within the MOSFET 12 and its control loop. For example at
5% duty factor and a 3 MHz clock, the off time for the
low-side MOSFET 12 is only five percent of the 333 nsec
period, or just 16 nsec. This means the low side MOSFET 12
must turn on and back off in only 16 nsec—too rapidly to
regulate below a 5% output-to-input conversion ratio. This
minimum on time problem impacts either synchronous or
non-synchronous boost converters.

[0024] Referring again to curve 18 in FIG. 2A, below some
minimum duty factor D,,,,, there is not adequate time to
maintain switching operation and the converter 10 must jump
from D,,,,, to a 0% duty factor, as shown by discontinuity 20.
Below D,,,,,, the converter turns on the synchronous rectifier
MOSFET 14 and leaves it on for the entire clock period T. The
abrupt transition 20 causes a glitch in the output voltage of
boost converter 10. Moreover, ata 100% duty factor, V=V,
as shown by line 16, all regulation is lost as long as the
switching is halted.

[0025] So for both synchronous Buck converter 1 and syn-
chronous boost converter 10, operation near a unity transfer
characteristic where V, ~V,,,, shown by line 16 in FIG. 2A,
is problematic.

[0026] The efficiency n of a DC/DC converter can be given
by:
Pou Lo * Vour
TP T Y
[0027] An analysis of inductive switching converter effi-

ciencies is described in the above-referenced Application No.
[Attorney Docket No. AATI-19-DS-US].
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[0028] Graph 25 of FIG. 2B illustrates examples of typical
conversion efficiencies for synchronous Buck and synchro-
nous boost converters as a function of the converter’s voltage
conversion ratio V,_ /V, . As shown, line 26 illustrates the
unity conversion condition where V_, =V, . Conversion
ratios less than unity, on the left side of line 26 in graph 25,
represent step-down conversion. Efficiency curve 27 repre-
sents an example of a Buck converter performing step-down
voltage conversion. Conversion ratios greater than unity, on
the right side of line 26 in graph 25 represent step-up conver-
sion. Efficiency curve 28 represents an example of a boost
converter performing step-up voltage conversion.

[0029] In general boost converters exhibit lower efficien-
cies than Buck converters for comparable load currents, as
illustrated by curves 27 and 28. This disparity is primarily due
to the fact that boost converters exhibit higher peak currents
than Buck converters. This problem is further accentuated for
highV_ /V,, voltage conversion ratios, especially for output
voltages approaching ten times their input, as illustrated by
the efficiency decline of curve 28 with increasing conversion
ratios.

[0030] Furthermore, in graph 25, Buck efficiency 27 is not
shown for conversion ratios below 0.1 and above 0.9 and
likewise boost efficiency 29 is not shown for conversion ratios
below 1.1 and above 10, because these ranges require switch-
ing converter operation below a 10% or above a 90% duty
factor, an operating condition difficult to achieve, especially
at high switching frequencies.

Buck-Boost Switching Converter

[0031] Theproblem ofnon-isolated DC/DC switching con-
verter operation near unity transfer is especially difficult in
applications when the input voltage may vary either above or
below the desired output voltage. Examples of this applica-
tion include the output of noisy AC adapters or in circuitry
which must operate by battery back-up during emergency
conditions when a main source of power has failed.

[0032] Another scenario where a unity conversion ratio is
required occurs when a battery’s operating voltage range
extends above and below the desired regulated voltage.
[0033] For example, the discharge characteristic of a Lilon
battery starts at 4.2V at full charge, initially decays rapidly to
around 3.6V, then decays slowly from 3.6V to 3.4V, and
finally drops quickly to its cutoff at or below 3V. In the event
that a DC/DC converter is needed to produce a well-regulated
3.3V output during the entire duration, a sub-unity conversion
ratio 0£3.3V/4.2V, or 0.79, is needed at the outset, indicating
that a Buck converter is required. At the battery’s end-of-life,
the conversion ratio exceeds unity becoming 3.3V/3V, or 1.1,
requiring a boost converter to achieve regulation. Such an
application demanding both step-up and step-down conver-
sion requires a Buck-boost, or up-down converter.

[0034] In the case where the user wants to avoid the com-
plexities of up-down conversion, one possible approach is to
use only a Buck converter and give up some battery life by
cutting of the battery early, e.g. at 3.3V, but in practice when
considering battery manufacturing variations and converter
drop-out and duty factor limitations, too much battery life is
sacrificed to rely on a Buck-only converter solution.

[0035] Ifup-down conversion cannot be avoided, one pos-
sible solution involves Buck-boost conversion and regulation.
The Buck-boost converter can easily be derived from com-
bining synchronous Buck and boost converters into a merged
circuit. In the Buck-boost converter 35 of FIG. 3A, for
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example, a synchronous Buck converter comprising a
P-channel or N-channel MOSFET 36, an inductor 38A, an
N-channel synchronous rectifier MOSFET 37, an intrinsic
rectifier diode 39, and a capacitor 44 is used to power a
synchronous boost converter comprising a low-side N-chan-
nel MOSFET 40, an inductor 38B, a synchronous rectifier
MOSFET 41, an intrinsic rectifier diode 42, and a filter
capacitor 43. Buck-boost converter 35 first steps down the
input voltage to an intermediate voltage lower than the
desired output, then steps this voltage up to produce V _,,,.
[0036] Conversely, in the synchronous boost-Buck con-
verter 45 of FIG. 3B, a boost converter comprising a low-side
N-channel MOSFET 46, an inductor 47, an N-channel or
P-channel synchronous rectifier MOSFET 48A, an intrinsic
diode 49, and a capacitor 54 is used to power a synchronous
Buck converter comprising a MOSFET 48B, an inductor 52,
an N-channel synchronous rectifier MOSFET 50, an intrinsic
rectifier diode 51, and a filter capacitor 53. The cascade boost-
Buck converter 45 drives a load (not shown). In this approach
the input voltage is first stepped-up to an intermediate voltage
higher than the desired output, then back down to produce
Vo

[0037] The overall efficiency of either Buck-boost con-
verter 35 or boost-Buck converter 45 is given by the product
of the boost converter’s efficiency 1),,,s, multiplied by the
Buck converter’s efficiency mj,.,, mathematically as
Nascade=NBuck Noooss- LveN if both converters are 85% effi-
cient, the combined cascade converter only reaches an overall
efficiency of roughly 70%, significantly lower than the effi-
ciency of an individual Buck converter or boost converter.
The overall loss of either a Buck-boost or boost-Buck cascade
is worse than a synchronous Buck or synchronous boost
alone, because there are more transistors in series between
input and output, and because all the transistors are switching
all the time.

[0038] As shown, boost-Buck converter 45 of FIG. 3B
includes series-connected MOSFETs 48A and 48B with
intermediate capacitor 54. Since in steady-state, the current in
series-connected MOSFETs must be equal, MOSFET 48B is
redundant and can be eliminated without impacting circuit
operation. Even so, boost-Buck converter 45 requires two
inductors 47 and 52, a characteristic highly undesirable from
a user’s point-of-view.

[0039] Similarly, Buck-boost converter 35 of FIG. 3A
includes inductors 38A and 38B with intermediate capacitor
44. Since in steady state the current in inductors 38A and 38B
is the same, inductor 38B is redundant and may be eliminated
without changing the function of the circuit. In fact, capacitor
44 may also be eliminated without significantly altering the
converter’s operation.

[0040] The resulting simplified prior-art Buck-boost con-
verter 55 is illustrated in FIG. 3C, comprising a single-induc-
tor 59; four MOSFETs 57, 56, 60, and 61; diodes 58 and 62
and filter capacitor 63. The PWM control circuitry and break-
before-make and gate buffer circuits are not shown. Depend-
ing on its terminal conditions, such a converter can operate in
three distinct modes, Buck, boost, and Buck-boost.

[0041] In FIG. 3D, schematic diagram 65 represents the
operation of Buck-boost converter 55 as a Buck converter,
where MOSFETs 57 and 56 are switched out-of-phase by a
PWM control unit (not shown), while MOSFET 61 remains
turned-on, represented as resistance 67, and MOSFET 60 is
turned off, shown as open circuit 66. The overall power loss in
converter 55 is greater than the power loss in a synchronous
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Buck converter because it now includes the conduction loss in
MOSFET 61, i.e. power lost continuously in resistance 67. As
a result of this increased power loss, Buck-boost converter 55
operating in its Buck mode has a lower efficiency than con-
ventional Buck converter 1 shown in FIG. 1A.

[0042] In FIG. 3E, schematic diagram 70 represents the
operation of Buck-boost converter 55 as a boost converter,
where MOSFETs 60 and 61 are switched out-of-phase under
a PWM control unit (not shown), while MOSFET 57 remains
turned-on, represented as resistance 71, and MOSFET 56 is
turned off, shown as open circuit 72. The overall power loss in
converter 55 is greater than the power loss in a synchronous
boost converter because it now includes the conduction loss in
MOSFET 57, i.e. power lost continuously in resistance 71. As
a result of this increased power loss, Buck-boost converter 55
operating in its boost mode has a lower efficiency than con-
ventional boost converter 10 shown in FIG. 1B.

[0043] The loss of efficiency using Buck-boost converter
55 is illustrated in FIG. 4 in the plot of efficiency 7| for various
output-to-input voltage conversion ratios V,,,/V,,. For con-
venience, conventional Buck and boost efficiency curves 27
and 28 from FIG. 2B are illustrated by curves 81 and 82
respectively.

[0044] Curve 83 illustrates the efficiency of Buck-boost
converter 55 operating in Buck-only mode shown in equiva-
lent circuit 65. Because of series resistance 67 associated with
on-state MOSFET 61, the efficiency of Buck-boost converter
65 in the Buck only mode is lower than that of a simple Buck
converter, represented by curve 81. This loss of efficiency can
range from a few percent to over ten percent, depending on
operating conditions. Curve 85 illustrates Buck-boost con-
verter 55 operating in full Buck-boost mode where all four
switches are switching constantly, and as a result exhibits
even greater losses and poorer efficiency than Buck mode
curve 83.

[0045] Curve 84 illustrates the efficiency of Buck-boost
converter 55 operating in boost-only mode shown in equiva-
lent circuit 70. Because of series resistance 71 associated with
on-state MOSFET 57, the efficiency of a Buck-boost con-
verter 65 in the boost-only mode is lower than that of a simple
boost converter, represented by curve 82. This loss of effi-
ciency can range from a few percent to over ten percent
depending on operating conditions. Curve 86 illustrates
Buck-boost converter 55 operating in full Buck-boost mode
where all four switches are switching constantly, and as a
result exhibits even greater losses and poorer efficiency than
boost mode curve 84.

[0046] Operating near unity conversion ratios, where the
output voltage is slightly above or below its input, i.e. where
V.~V Buck-boost converter 55 must operate in the Buck-
boost mode, where all four transistors are switching con-
stantly. The resulting efficiency, represented by curve 87, can
be ten to twenty percent lower than the efficiency of conven-
tional Buck and boost converters, represented by curves 81
and 82.

[0047] Thus, the efficiency penalty for a prior art Buck-
boost converter operating over a wide range of voltage con-
version ratios is substantial. Moreover, the converter must
change its operating mode whenever operating near unity
voltage conversion ratios.

Charge Pump Converters

[0048] An alternative to the switched-inductor converter is
a charge pump, a voltage conversion circuit using only
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switches and capacitors to perform voltage translation
through repeated charge redistribution, i.e. the continuous
charging and discharging of a capacitor network driven by a
clock or oscillator.

[0049] The advantage of a charge pump is that specific
voltage conversion ratios, it can exhibit extremely high con-
version efficiencies approaching 100%. The disadvantage is
that it can only efficiently generate voltages that are selected
multiples of the input voltage, determined by the number of
“flying capacitors™ used in its circuit. At output voltages other
than selected multiples of the input voltage, the charge pump
exhibits low efficiencies.

[0050] An example of a common charge pump 90 is illus-
trated in FIG. 5A, where a single “flying capacitor” 93 is
employed as a “doubler”, i.e. to double the battery’s input
voltage. Charge pump 90 comprises four MOSFETs, 92, 91,
94 and 95 configured in an H-bridge arrangement, except that
one terminal, the source of MOSFET 95 is connected to the
charge pump output V., and reservoir capacitor 96 rather
than to ground.

[0051] Operation of charge pump 90 involves repeatedly
charging and discharging flying capacitor 93. During the
charging phase, diagonal MOSFETs 94 and 91 are turned on,
charging capacitor 93 to the voltage V, ,, while MOSFETs 92
and 95 remain turned off. Alternatively, in the charge transfer
phase, MOSFETs 94 and 91 are turned off, MOSFETs 92 and
95 are turned on, and energy is transferred from the flying
capacitor 93 to the output reservoir capacitor 96, pumping the
V op voltage to a value twice the battery voltage or 2-V, ...
[0052] The purpose of the switch network is essentially to
place the flying capacitor in parallel with the battery during
charging and in series, i.e. stacked on top of the battery’s
positive terminal, during discharging, as illustrated by
equivalent circuit 100 in FIG. 5B, where voltage source 101
represents the battery input and capacitor 102 chargedtoV, .
represents the flying capacitor. By stacking one voltage atop
the other, the output voltage of the charge pump is the sum of
the voltages, hence doubling the voltage input. The cycle then
repeats with another charging phase.

[0053] FIG. 5C illustrates a charge pump 110 utilizing two
flying capacitors 114 and 115 and a network of seven MOS-
FETs 111, 112, 113, 116, 117, 118 and 119. This network
charges the flying capacitors 114 and 115 in series, charging
each flying capacitor to one-half the battery voltage,i.e.V, ,/
2. During the charging stage, MOSFETs 111,112 and 113 are
turned on and MOSFETs 116, 117, 118 and 119 are turned
off. After the charging is completed, the two charged capaci-
tors are connected in parallel to the positive terminal of the
battery. This connection is accomplished by turning on MOS-
FETs 116, 117, 118 and 119. The resulting output, shown in
equivalent circuit 121 of FIG. 5D, is thenV, ,+V, /2, foran
output voltage of 1.5V, as illustrated by battery voltage
source 124 with capacitors 122 and 123 stacked atop one
another. Because the output is 1.5 times its input this charge
pump is sometimes referred to as a “fractional” charge pump.
[0054] Actually many charge pump topologies are pos-
sible, but most concentrate on using only one or two flying
capacitors. A single flying capacitor charge pump is capable
only of efficiently delivering an output voltage equal to twice
its input voltage, or alternatively, if the capacitor is connected
to the negative terminal of the battery, to produce a mirror-
image negative voltage of the battery, i.e. -V, .. In this topol-
ogy, the device is known as an inverter. The inverting case is
illustrated in equivalent circuit 130 of FIG. 5E, where battery
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131 is used to charge capacitor 132 to a voltage below ground,
i.e. a voltage referenced to the negative terminal of battery
131. Two-transistor fractional charge pumps may also be used
to produce an output voltage equal to positive or negative
one-half the input voltage, as shown in equivalent circuit 135
of FIG. 5F, where capacitors 137 and 138, after being charged
to one-half of the battery voltage 136 are then referenced to
ground to produce either a positive potential +0.5V,,,, or a
negative potential -0.5V, ..

[0055] The problem with charge pump converters is they
operate efficiently only at specific multiples of the number of
flying capacitors. In other words, they are not true voltage
converters. Specifically, as a desired load voltage V_,,, drops
below the voltage V ., the capacitor network produces, the
converter cannot adapt. The voltage-differential between the
charge pump’s output voltage V-, and the regulated output
voltage of the converter V, , requires a resistor or current
source to support the voltage mismatch, and the voltage
across that lossy element results in lost power and reduced
efficiency. An analysis of charge pump efficiencies is
described in detail in the above-referenced Application No.
[Attorney Docket No. AATI-19-DS-US].

[0056] This efficiency equation for single-mode charge
pumps is illustrated graphically in FIG. 6A for various mul-
tipliers, including a doubler (curve 151), an inverter (curve
152), and fractional charge pumps (curves 153, 154 and 155).
Curve 156 represents a direct battery connection, identical to
a linear converter’s maximum theoretical efficiency, i.e.
assuming no quiescent operating current. In each case, as the
input to output ratio approaches an integral multiple of
*%4V, ... the efficiency increases. Above that voltage, the
charge pump is not capable of delivering a higher voltage and
adifferent capacitor multiplier, i.e. a different operating mode
must be employed.

[0057] Each curve shown in graph 150 of FIG. 6A repre-
sents a specific charge pump circuit, e.g. including those
shown in FIGS. 5A-5F. Unless a load operates at an exact
half-volt integral multiple of the input voltage, however, the
efficiency of the charge pump converter using one or two
capacitors will suffer. This behavior is especially problematic
for battery powered products where the battery voltage
changes markedly as the cell discharges. In the case of Lilon
batteries, the voltage can decay more than 1V during dis-
charge, representing a 25% change. Even if the peak effi-
ciency may be high at one specific operating condition and
battery voltage, the overall efficiency of the converter aver-
aged over the battery discharge curve is poor. Weighted aver-
age efficiencies can be lower than 60% using a single-mode
charge pump.

[0058] One way to improve the average efficiency of the
converter is to switch modes between 1x, 1.5x and 2x auto-
matically within one circuit. This feature is particularly useful
to supply a fixed voltage over a wide input range. An example
of the efficiency of a mode changing charge pump is illus-
trated in graph 160 of FIG. 6B, which shows the efficiency of
a tri-mode converter circuit as it switches from 1x-battery-
direct mode having an efficiency shown by line 163, to 1.5x-
fractional-mode with efficiency curve 162, and again to
2x-doubler-mode with an efficiency curve 161 as the battery
decays. By switching modes in this zigzag pattern, the effi-
ciency of the charge pump converter is improved because the
output is not pumped to an excessively high value compared
to the load.
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[0059] Unfortunately, conditions still exist where the effi-
ciency suffers substantially. The mode transitions exhibit dra-
matic shifts in efficiency shown by curve 163 at a conversion
ratio of one, and again by curve 162 at a 1.5x conversation
ratio. The mode transitions may also result in sudden current
and voltage discontinuities, or produce instability or noise. To
determine what conversion ratio is required, graph 160 also
includes curves 166, 165, and 164 relating the required input
voltage range and conversion ratios to produce an output
voltage of 3V, 3.5V and 4V respectively.

[0060] Specifically, the charge pump converter in 1.5x
mode does not perform well for conditions slightly above a
unity conversion ratio, manifesting even lower efficiencies
than the aforementioned inductive Buck-boost converter.

Dropout in Prior Art Converters

[0061] Whenever the input and the output of a voltage
converter approach a range of several hundred millivolts of
one another, i.e.V,, ~V,,+200 mV, the quality of the convert-
er’s regulating ability suffers. Loss of regulation quality may
be manifested in several ways, either by a one-time or
repeated glitch or discontinuity in output voltage, by
increased ripple, or by complete loss of regulation within
some narrow voltage band. The phenomenon of degraded
regulation whenever V_,, approaches V,,, is referred to as
“dropout”, meaning the converter drops out of regulation.
[0062] As shown in FIG. 2A, the Buck converter 1 of FIG.
1A momentarily loses regulation as its switching duty factor
jumps from D, to 100% or D,,,, to 0% and the boost con-
verter 10 of FIG. 1B momentarily loses regulation as its
switching duty fact jumps from D, ,, to 0%. Both converters
completely lose regulation while D=0% since the input is
essentially resistively connected to the output during the
dropout condition.

[0063] While a Buck-boost converter doesn’t really exhibit
permanent dropout, it can easily suffer a voltage glitch when-
ever the converter switches from its Buck mode into its Buck-
boost mode, or from its Buck-boost mode to its boost mode.
Mode transitions occur whenever the converter changes from
a circuit having two power devices switching into one where
four devices are switching, or vice versa.

[0064] To avoid the mode switching transition problem, a
Buck-boost converter can be run continuously in Buck-boost
mode with all four power devices switching continuously but,
as shown in FIG. 4, when this happens the efficiency is
degraded under all input-output conditions and conversion
ratios.

[0065] As stated above, the charge pump is incapable of
regulating voltage without the use of a series connected linear
converter to provide the regulation function. Unfortunately, it
is well known phenomenon that all linear converters exhibit
loss of regulation, i.e. dropout, whenever the AV across the
linear converter’s input and output terminals becomes too
small. In essence, dropout occurs in a linear converter
because the loop gain of the amplifier performing regulation
drops precipitously as its transistor pass element changes
from behaving as a current source into acting like a variable
resistor. [f the pass element is a bipolar transistor, the loss of
gain occurs at small values of V- as the device transitions
from its active operating region into saturation. In many bipo-
lar linear converters, this dropout condition occurs at more
than 400 mV.

[0066] In so-called “low dropout” linear converters or
“LD0Os”, a MOSFET capable of operating as a current source
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at a lower AV is substituted for the bipolar pass element, but
the linear converter still drops out at 200 to 300 mV as the
power MOSFET pass element transitions from its saturation,
i.e. constant current, region into its linear, i.e. resistive, region
of operation.

[0067] In conclusion, all prior-art non-isolated high-effi-
ciency converters exhibit dropout at voltage conversion ratios
approaching unity. Mode switching, loss of regulation and
dropout can be avoided, but only by sacrificing efficiency.
Isolated converters such as the flyback and forward converter
are able to operate at high efficiencies near unity conversion
without the need switching modes, but their use of physically-
large tapped inductors, coupled inductors, and transformers
precludes their application in most portable products.

Summary of Prior-Art Down-Up Converters

[0068] In conclusion, no existing charge pump converter,
Buck-boost switching converter or other inductive switching
converter is able to both step-up and step-down DC voltages
efficiently, especially for conversion ratios near unity, where
V,,~V,.. What is needed is an up-down converter that is
efficient over a wide range of input and output voltages, and
that does not need to change its operating mode as it
approaches or operates near unity voltage conversion ratios.
Furthermore, the converter should be free from dropout prob-
lems, maintaining high quality regulation even while biased
with an output voltage within a 200 mV of'its input, i.e. within
the range V_, ~V,,,+200 mV.

our

SUMMARY OF THE INVENTION

[0069] A DC/DC voltage converter according to this inven-
tion includes a pre-converter and a post-regulator. The pre-
converter includes a switched capacitive circuit: and a post-
regulator includes a switched inductive circuit. An output
terminal of the pre-converter is coupled to an input terminal of
the post-regulator. An input terminal of the pre-converter
comprises an input terminal of the DC/DC voltage converter,
and an output terminal of the post-regulator comprises an
output terminal of the DC/DC voltage converter. In many
embodiments the pre-converter includes a charge pump and
the post-regulator includes a boost converter.

[0070] Within this broad structure, many variations are pos-
sible within the scope of the invention. In one group of
embodiments, the pre-converter includes a voltage-reducing
fractional charge pump and the post-regulator includes a non-
inverting boost converter. In another group of embodiments,
the pre-converter includes a voltage-increasing charge pump
and the post-regulator includes a non-inverting boost con-
verter. In another group of embodiments, the pre-converter
includes a voltage-inverting charge pump and the post-regu-
lator includes a non-inverting boost converter. In yet anther
group of embodiments, the pre-converter includes a voltage-
inverting charge pump and the post-regulator includes an
inverting boost converter.

[0071] DC/DC converters according to this invention are
capable of operating over a wide range of voltage conversion
ratios ranging from step-up to step-down conversion without
the need for mode switching. Free from mode switching and
dropout problems when'V _,, ~V, . the converter does not suf-
fer from noise glitches, poor regulation, and instability, even
near unity input-to-output voltage conversion ratios. While
the converter includes switched inductor operation, it avoids
the minimum pulse width problem plaguing conventional
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switching converters at very high and very low duty factors,
including converter dropout, narrow pulses and associated
high-current spikes, variable frequency operation, inadequate
time to perform break-before-make transitions. In contrast,
prior-art non-isolated DC/DC converters suffer from one or
more of the aforementioned problems at extreme duty factors,
and their use near unity voltage conversion ratios remains
problematic.

[0072] The method and apparatus of this invention can be
used in applications requiring up-down conversion, and avoid
the problems of existing Buck-boost and flyback converters.
While preferred embodiments of this invention specifically
address the implementation of up-down converters, variants
include improved down-only regulating converters and
DC/DC inverters capable of producing negative, i.e. below
ground, supply voltages.

BRIEF DESCRIPTION OF THE DRAWINGS

[0073] FIG. 1A is a circuit diagram of a prior-art synchro-
nous Buck converter.

[0074] FIG. 1B is a circuit diagram of a prior art synchro-
nous boost converter.

[0075] FIG. 2A is a graph of the voltage conversion ratio
versus duty factor of conventional Buck and boost converters.
[0076] FIG. 2B is a graph of efficiency versus voltage con-
version ratio of conventional Buck and boost converters.

[0077] FIG. 3A is a circuit diagram of a cascaded Buck-
boost converter.
[0078] FIG. 3B is a circuit diagram of a cascaded boost-
Buck converter.
[0079] FIG. 3C is a circuit diagram of a simplified Buck-
boost converter.
[0080] FIG. 3D is an equivalent circuit diagram of a Buck-

boost converter in Buck-only mode.

[0081] FIG. 3E is an equivalent circuit diagram of a Buck-
boost converter in boost-only mode.

[0082] FIG. 4 is a graph of efficiency versus voltage con-
version ratio for Buck, boost, and Buck-boost converters.

[0083] FIG. 5A is a circuit diagram of a 2x doubler charge
pump.
[0084] FIG. 5B is an equivalent circuit diagram of the dou-

bler during discharge.

[0085] FIG. 5C is a circuit diagram of a 1.5x fractional
charge pump.
[0086] FIG. 5D is an equivalent circuit diagram of the 1.5x

circuit during discharge.

[0087] FIG. 5E is an equivalent circuit diagram of a —x
inverter circuit during discharge.

[0088] FIG. 5F is an equivalent circuit diagram of a 0.5x
circuit during discharge.

[0089] FIG. 6A is a graph of efficiency versus conversion
ratio for a single-mode charge pump.

[0090] FIG. 6B is a graph of efficiency versus conversion
ratio for a tri-mode charge pump.

[0091] FIG. 7 is a graph of the voltage conversion ratio
versus input voltage for various output voltages for DC/DC
converters.

[0092] FIG. 8 is a general schematic circuit diagram of a
switched CLXU converter according to the invention.
[0093] FIG. 9 is a diagram of a behavioral model of the
switched CLXU converter of FIG. 8.

[0094] FIG. 10 is a circuit diagram of a switched 0.5x
CLDU converter.
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[0095] FIG. 11A is a graph illustrating the operation of
converter according to this invention with a 1-cell Lilon bat-
tery.

[0096] FIG. 11B is a graph illustrating 2V to 5V input
transfer characteristics.

[0097] FIG.11Cis a graph illustrating the V_,/V, ratio as
a function of the duty factor.

[0098] FIG.12A isamoredetailed circuit diagram ofa0.5x
CLDU converter.

[0099] FIG. 12B is a circuit diagram illustrating the charg-
ing and recirculation stages of the converter.

[0100] FIG.12Cis acircuitdiagram illustrating the transfer
and magnetizing stages of the converter.

[0101] FIG. 12D is an alternative circuit diagram illustrat-
ing the transfer and magnetizing stages of the converter.
[0102] FIG. 12E is an alternative circuit diagram illustrat-
ing the transfer and output stages of the converter.

[0103] FIG. 13A is a graph showing the efficiency of the
pre-converter stage and a function of the voltage conversion
ratio V,/V,,.

[0104] FIG. 13B is a graph showing the efficiency of the
post-regulator stage as a function of the conversion ratio
Vol Ve

[0105] FIG. 13C is a graph showing the efficiency of the
converter as a function of the conversion ratio V, /V,, for
different duty factors.

[0106] FIG. 13D is a graph showing the efficiency of the
converter as a function of the duty factor.

[0107] FIG. 14A is a functional diagram of a CLUU con-
verter containing a 2x pre-converter.

[0108] FIG. 14B is a functional diagram of a CLUU con-
verter containing a 1.5x pre-converter.

[0109] FIG. 15A is a graph showing the low-voltage trans-
fer characteristics of a 2x CLUU converter.

[0110] FIG. 15B is a graph showing the discharge of a 1s
Lilon battery in a 2x CLUU converter.

[0111] FIG. 15C is a graph showing the higher-voltage
transfer characteristics of a 2x CLUU converter.

[0112] FIG. 15D is a graph showing the low-voltage trans-
fer characteristics of a 1.5x CLUU converter.

[0113] FIG. 15E is a graph showing the higher-voltage
transfer characteristics of a 1.5x CLUU converter.

[0114] FIG. 15F is a graph showing the discharge of a 1s
Lilon battery in a 1.5x CLUU converter.

[0115] FIG.15G is a graph showing the voltage conversion
ratio V,,/V,, as a function of duty factor for a 2x CXUU
converter, a 1.5x CXUU converter and a boost converter.
[0116] FIG. 16A is a more detailed circuit diagram of'a 2x
CLUU converter.

[0117] FIG. 16B is a circuit diagram showing the charging
and recirculation stages of the 2x CLUU converter.

[0118] FIG. 16C is a circuit diagram showing the transfer
and magnetizing stages of the 2x CLUU converter.

[0119] FIG. 16D is a circuit diagram showing the recircu-
lation through theV,, MOSFET in the alternative embodiment
of the 2x CLUU converter shown in FIG. 16E.

[0120] FIG. 16E is a circuit diagram of an alternative
embodiment of the 2x CLUU converter.

[0121] FIG.17Aisamore detailed circuit diagram ofa 1.5x
CLUU converter.

[0122] FIG. 17B is a circuit diagram showing the charging
and recirculation stages of the 1.5x CLUU converter.

[0123] FIG. 17C is a circuit diagram showing the transfer
and magnetizing stages of the 1.5x CLUU converter.
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[0124] FIG. 17D is a circuit diagram showing the recircu-
lation through the V,, MOSFET in the alternative embodiment
shown in FIG. 17E.

[0125] FIG. 17E is a circuit diagram of an alternative
embodiment of the 1.5x CLUU converter.

[0126] FIG. 18A is a functional diagram of a -1x pre-
converter and non-inverting boost converter.

[0127] FIG. 18B is a functional diagram of a -1x pre-
converter and inverting boost converter.

[0128] FIG. 18C is a functional diagram of a -0.5x pre-
converter and non-inverting boost converter.

[0129] FIG. 18D is a functional diagram of a -0.5x pre-
converter and inverting boost converter.

[0130] FIG. 19A is amore detailed circuit diagram ofa —-1x
CLIU converter.

[0131] FIG. 19Bis an equivalent circuit diagram of the —-1x
CLIU converter during the charging and recirculating stage.

[0132] FIG. 19Cis an equivalent circuit diagram of the —-1x
CLIU converter during the magnetizing and discharging
stage.

[0133] FIG. 19D is a circuit diagram of an alternative

embodiment of a =1x CLIU converter with MOSFET circu-
lation.

[0134] FIG. 20A is a circuit diagram of a —1x CLII con-
verter.
[0135] FIG. 20B is an equivalent circuit diagram of the —-1x

CLII converter during the charging stage.

[0136] FIG. 20C s an equivalent circuit diagram ofthe —-1x
CLII converter during the magnetizing and discharging stage.
[0137] FIG. 21A is a more detailed circuit diagram of a
-0.5x CLIU converter.

[0138] FIG. 21B is an equivalent circuit diagram of the
-0.5x CLIU converter during the magnetizing and discharg-
ing stages.

[0139] FIG. 21C is an equivalent circuit diagram of the
-0.5x CLIU converter during the charging stage.

[0140] FIG. 21D is a circuit diagram of an alternative
embodiment of a —0.5x CLIU converter with MOSFET cir-
culation.

[0141] FIG. 22A is a circuit diagram of a -0.5x CLII con-
verter.
[0142] FIG. 22B is an equivalent circuit diagram of the

-0.5x CLII converter during the charging stage.

[0143] FIG. 22C is an equivalent circuit diagram of the
-0.5%x CLII converter during the magnetizing and discharging
stage.

[0144] FIG. 23A is a graph showing the transfer character-
istic of a —-1x type CLIU converter regulating a 1s Lilon
battery.

[0145] FIG. 23B is a graph showing the transfer character-
istic of a —0.5x type CLIU converter regulating a 1s Lilon
battery.

[0146] FIG. 23C is a graph showing the transfer character-
istic of a -1x type CLIU converter regulating a 2s NiMH
battery.

[0147] FIG. 23D is a graph showing the transfer character-
istic of a -1x type CLIU converter regulating a 1s NiMH
battery.

[0148] FIG. 23E is a graph showing the higher voltage
transfer characteristic of a —1x type CLIU converter.

[0149] FIG. 23F is a graph showing the higher voltage
transfer characteristic of a —0.5x type CLIU converter.
[0150] FIG. 23G is a graph showing the low voltage trans-
fer characteristic of a —1x type CLIU converter.
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[0151] FIG.23H is a graph showing the voltage conversion
ratio V_,/V,, as a function of duty factor for various CLIU
converters.

[0152] FIG. 24A is a graph showing the transfer character-
istic of a —1x type CLII converter regulating a 1s Lilon bat-
tery.

[0153] FIG. 24B is a graph showing the transfer character-
istic of a -0.5x type CLII converter regulating a 1s Lilon
battery.

[0154] FIG. 24C is a graph showing the transfer character-
istic of a -1x type CLII converter regulating a is NiMH
battery.

[0155] FIG. 24D is a graph showing the low voltage trans-
fer characteristic of a —1x type CLII converter.

[0156] FIG. 24E is a graph showing the higher voltage
transfer characteristic of a —1x type CLII converter.

[0157] FIG. 24F is a graph showing the voltage conversion
ratio V_,/V,, as a function of duty factor for a —1x CLII
converter.

[0158] FIG. 24G is a graph showing the voltage conversion
ratio V_,,/V,, as a function of duty factor for a -0.5x CLII
converter.

[0159] FIG. 25A shows an equivalent circuit diagram of a
0.5x CLDU converter during discharge.

[0160] FIG. 25B shows an equivalent circuit diagram of a
2x CLUU converter during discharge.

[0161] FIG. 25C shows an equivalent circuit diagram of a
1.5x CLUU converter during discharge.

[0162] FIG. 25D shows an equivalent circuit diagram of a
-1x CLIU converter during discharge.

[0163] FIG. 25E shows an equivalent circuit diagram of a
-0.5x CLIU converter during discharge.

[0164] FIG. 25F shows an equivalent circuit diagram of a
—1x CLII converter during discharge.

[0165] FIG. 25G shows an equivalent circuit diagram of a
-0.5x CLII converter during discharge.

DESCRIPTION OF THE INVENTION

[0166] FIG. 7 graphically illustrates the requisite voltage
conversionratioV,,,/V,, of aDC/DC converter operating at a
variety of voltage output voltages for input voltages ranging
from 1.8V to 6.6V. Curve 181, for example, shows that for a
4.5V to 5.5V range of input voltages, regulating a 5V output
to +1% accuracy requires operation above and below a unity
conversion ratio, meaning an up-down regulating converter is
required to hold a tighter tolerance than the +5% or £10%
accuracy commonly guaranteed by low cost AC/DC wall
adapters.

[0167] Another need for up-down conversion occurs when
using a lithium ion battery to produce a voltage intermediate
to its wide voltage range. As examples, curves 182, 183, 184
in FIG. 7 illustrate output voltages of 4V, 3.6V, and 3.3V
respectively. Since these outputs fall within the Lilon bat-
tery’s normal discharge voltage range of 4.2V to 3V, the
converter must regulate in step-down mode with a voltage
conversion ratio below unity at the beginning of the cell’s
discharge cycle, and in step-up mode with a conversion ratio
above unity later as the cell’s voltage decays.

[0168] Curve 185 illustrates a 3V output, which theoreti-
cally should require only step down conversion, but because
of the aforementioned problem of dropout, a Lilon battery
supplying a 3V output must be cut off above 3.2V, thereby
wasting useful battery life. New generation Lilon cells under
development may allow operation down to 2.7V, requiring the
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need to utilize up-down conversion for 2.7 V outputs, as
shown by curve 186. At a 2.5V battery condition, dropout
issues may also require the use of an up-down converter even
to supply a regulated 2.5V output, as shown by curve 187. If,
however, up-down conversion results in a loss of efficiency
exceeding the extra operating time gained by the extended
battery range, then the user lifetime benefit of using a battery
capable of lower voltage operation is lost entirely.

[0169] Similarly, dropout concerns make it difficult to guar-
antee a 1.8V regulated output shown by curve 188 from
2-cell-connected nickel-metal-hydride or nickel-cadmium,
i.e. NiMH or NiCd, batteries, since those their output voltages
range from 2.4V downto 1.8V. Stopping battery usage ata2V
condition unacceptably wastes more than half the battery’s
charge life.

[0170] Other examples of battery arrangements needing an
efficient low dropout up-down converter are two NiMH dry-
cells, two alkaline cells, or a single cell Lilon battery. Since
2-series-cell NiMH battery packs supply a voltage ranging
from 1.8V to 2.4V, 2-series-cell alkaline batteries supply a
voltage ranging from 1.8V up to 3.4V during charging, and
single-cell Lilon batteries supply a voltage ranging from 4.2V
down to 3V or even 2.7V, any output between 4.2V and 1.8V
needs an up-down converter to maximize efficiency and bat-
tery life, as shown by curves 188 through 182 in FIG. 7.

[0171] Ifwe also consider that some systems allow the DC
output from the AC/DC wall adapter to be connected without
a battery present, the input voltage supplied to a system’s
DC/DC converter input can be considerably higher than if the
battery were present, and may reach as high as 6.5V. When the
battery is present and the charger disconnected, the input
voltage may be as low as 1.8V. In such cases, every output
curve ranging from curve 181 to 188, i.e. from 5V down to a
1.8V output, requires an up-down converter.

[0172] Today most electrical loads are supplied by an up-
only or down-only converter, and the battery is cut off pre-
maturely to avoid requiring up-down conversion at the
expense of wasting usable stored charge in a battery. Up-
down conversion is avoided at any cost except in extreme
situations. With the poor efficiency, mode switching, noise
glitches, regulation dropout, and poor regulation offered by
existing up-down converters, be they DC/DC converters,
charge pumps, or linear converters; a requirement for up-
down conversion and regulation is extremely problematic. In
short, present up-down converters cannot meet the need of
today’s efficiency-focused consumer marketplace.

A New DC/DC Converter Topology

[0173] The new non-isolated DC/DC converter and voltage
regulation topology described herein is capable of operating
over a wide range of voltage conversion ratios ranging from
step-up to step-down conversion without the need for mode
switching. Free from mode switching and dropout problems
when V_,~V, . the converter does not suffer from noise
glitches, poor regulation, and instability, even near unity
input-to-output voltage conversion ratios. While the con-
verter includes switched inductor operation, it avoids the
minimum pulse width problem plaguing conventional
switching converters at very high and very low duty factors,
including converter dropout, narrow pulses and associated
high-current spikes, variable frequency operation, inadequate
time to perform break-before-make transitions. In contrast,
prior-art non-isolated DC/DC converters suffer from one or
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more of the aforementioned problems at extreme duty factors,
and their use near unity voltage conversion ratios remains
problematic.

[0174] The method and apparatus of this invention can be
used in applications requiring up-down conversion, and avoid
the problems of existing Buck-boost and flyback converters.
While preferred embodiments of this invention specifically
address the implementation of up-down converters, variants
include improved down-only regulating converters and
DC/DC inverters capable of producing negative, i.e. below
ground, supply voltages.

[0175] Collectively, the new DC/DC converters disclosed
herein comprise four new converter topologies and variants
thereof, referred to herein by acronym as

[0176] CLDU-—switched capacitor-inductor down-up
converter

[0177] CLUU—switched capacitor-inductor up-up con-
verter

[0178] CLIU—switched capacitor-inductor inverting-up

converter (inverter)

[0179] CLII—switched capacitor-inductor inverting-in-
verting converter

[0180] Specifically this invention focuses on switched
capacitor-inductor regulating converters comprising a
switched-capacitor step-up, step-down, or inverting pre-con-
verter feeding an inductively implemented step-down post-
regulator. As a matter of nomenclature, the first C in the
acronym represents the capacitive energy storage element in
the pre-converter and the L represents the energy storage
element, i.e. the coil or inductor, in the converter’s second, or
post-regulator, stage.

[0181] The third character in the converter’s name, either:
D, U or I, indicates whether the pre-converter is stepping the
input or battery voltage, down, up, or inverting respectively,
before supplying it to the post-regulator. The last character U
describes the post-regulator as a step-up converter, meaning
the magnitude of the voltage is increased without changing its
relative polarity. For example, “up” for a positive voltage
means making a larger positive voltage, while “up” for a
negative voltage, the output of an inverting pre-converter,
means a greater negative voltage. Thus, “up” means an
increase in the absolute value of the voltage, whether the
voltage is positive or negative.

[0182] These topologies, described by the acronyms
CLDU, CLUU, and CLIU vary in the utility for differing
applications, and as such this new switched capacitor-induc-
tor family of DC/DC converter topologies can be collectively
described as CLXU regulating converters, the X referring to
a variable U for up, D for down, and I for inverting, respec-
tively.

[0183] Another converter related to the CLIU inverter, the
CLII converter uses an inverting post-regulator to produce a
positive voltage which may vary above and below unity con-
version ratios.

[0184] Related U.S. Application No. [Attorney Docket No.
AATI-22-DS-US], titled “High-Efficiency DC/DC Voltage
Converter Including Capacitive Switching Pre-Converter
And Down Inductive Switching Post-Regulator,” filed con-
temporaneously herewith and incorporated herein by refer-
ence, describes other switched capacitor-inductor converters
comprising a switched capacitor step-down, step-up, or
inverting pre-converter followed by a switched inductive
step-down type post-regulator. Collectively these CLXD type
regulating converters include the following:
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[0185] CLUD—switched capacitor-inductor up-down
converter
[0186] CLDD-—switched capacitor-inductor down-down
converter
[0187] CLID—switched capacitor-inductor inverting-

down converter (inverter)

[0188] CLII—switched capacitor-inductor inverting-in-
verting converter

[0189] Related U.S. Application No. [Attorney Docket No.
AATI-19-DS-US] and Application No. [Attorney Docket No.
AATI-21-DS-US], titled “High-Efficiency DC/DC Voltage
Converter Including Up Inductive Switching Pre-Regulator
And Capacitive Switching Post-Converter,” each of which is
filed contemporaneously herewith and each of which is incor-
porated herein by reference, describe other switched induc-
tor-capacitor regulating converters, where pre-regulation is
achieved by a switched inductor stage and post-conversion is
accomplished by a switched capacitor stage.

Switched Capacitor-inductor (CLXU) Converters

[0190] FIG. 8 illustrates a switched CLXU converter 200
comprising a switched-capacitor pre-converter 200A with a
conversion ratio n supplying an intermediate voltage V,, to a
switched-inductor post-regulator 200B comprising a step-up
switched inductor converter, where the output voltage is fur-
ther used as feedback to control the operating condition and
output of the post-regulator. The output voltage V,, of pre-
converter 200A thereby follows the input at an nx multiple for
optimum efficiency while post-regulator 200B dynamically
adjusts the output voltage to produce a well-regulated output
at a desired voltage V_,,,.

[0191] Inconverter 200, a charge pump 201 scales the input
voltage V., by a factor “n” to produce an intermediate volt-
age V,. Charge-pump 201 including a capacitor 207 and
optionally a capacitor 208 or more, comprises a switched-
capacitor network producing any variety of multiplier,
including a doubler, an inverter, or a fractional or fractional-
inverting circuit. The node at which the intermediate voltage
V, appears may also include a filter capacitor 209 and a diode
210, depending on various design considerations.

[0192] Within converter 200, the switched-inductor post-
regulator 200B comprises a PWM controller 213, a break-
before-make gate buffer 212, a low-side N-channel power
MOSFET 202, a floating synchronous rectifier power MOS-
FET 204 with intrinsic PN diode 211, and an inductor 203. A
filter capacitor 205 is connected across the output of converter
200 to insure stability, reduce ripple, and improve transient
response. In this embodiment of the invention, the step-up
switched-inductor post-regulator 200B is topologically con-
figured as a synchronous boost converter although any step-
up switched inductor DC/DC converter may be used. For
example MOSFET 204 may be eliminated and diode 211
replaced by a Schottky rectifier to implement a conventional
boost converter in lieu of the synchronous boost converter
shown.

[0193] A PWM controller 213 controls the on-time of low-
side N-channel MOSFET 202 by varying the duty factor D in
response to its feedback input, operating at a fixed frequency
@ as determined by ramp generator clock 215. Alternatively
PWM controller 213 may operate at a variable frequency with
either a fixed or variable on-time for N-channel MOSFET
202.

[0194] Whenever N-channel MOSFET 202 is on, current
flows from the output terminal of the charge pump 201
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through inductor 203. Inductor 203 is thereby magnetized,
storing energy in an amount equal to “4L1? and resisting any
rapid changes in current. At the switching frequency @, cur-
rent in inductor 203 cannot react to the rapid switching of
MOSFET 202 so that the inductor behaves as a nearly lossless
current source, whose average current changes slowly, over
many clock cycles in response to pulse width modulation
controlled by PWM controller 213.

[0195] Whenever low-side MOSFET 202 is not conduct-
ing, inductor 203 drives the voltage V. to a level above the
output voltage V_ ., forward biasing diode 211 and allowing
current in the inductor 203 to flow uninterrupted, i.e. to recir-
culate. With both of MOSFETs 202 and 204 off, the power
dissipated indiode 211 is 1, -V whereV is the forward voltage
of P-N junction in diode 211. Floating synchronous rectifier
MOSFET 204 conducts all or some portion of the time when-
ever N-channel MOSFET 202 is off, shunting diode 211 and
redirecting the recirculation current through the channel of
MOSFET 204. Since MOSFET 204 only conducts when
rectifier diode 211 is conducting, it operates as a “synchro-
nous” rectifier, even though conduction in the channel of
MOSFET 204 occurs only during a portion of the time con-
duction takes place in diode 211. During conduction, the
voltage drop across the synchronous rectifier MOSFET 204 is
givenby I, ‘R, s(on) and its instantaneous power dissipation is
IL2-R,,4(on).

[0196] A break-before-make (BBM) buffer 212 insures
that low-side power MOSFET 202 and floating power MOS-
FET 204 never conduct simultaneously to prevent shoot-
through conduction, shorting out the load 206. Shoot through
conduction, the crow barring of the input from overlapping
conduction, is an undesirable condition leading to wasted
power and a loss of efficiency and potentially resulting in
damage to the MOSFETs. While BBM intervals must be
sufficiently long to prevent shoot-through conduction, exces-
sively long BBM intervals are also undesirable since they
force diode 211 to carry current for longer times and to
dissipate more power.

[0197] Except for the BBM period, synchronous rectifier
MOSFET 204 ideally should be turned on and conducting
whenever low-side MOSFET 202 is off. In some circum-
stances, however, it may be advantageous to turn off MOS-
FET 204 prematurely or not to turn it on at all. For example at
very low output currents, unwanted oscillations and reverse
current flow may occur if MOSFET 204 is left on for an
extended duration. Shutting MOSFET 204 off disables chan-
nel conduction, and diode 204 under a reverse bias condition
prevents reverse current conduction, improving the light load
efficiency of converter 200.

[0198] Alternatively, as described in Application No. [At-
torney Docket No. AATI-18-DS-US], titled “Low-Noise
DC/DC Converter With Controlled Diode Conduction,” filed
contemporaneously herewith and incorporated herein by ref-
erence, the synchronous rectifier MOSFET 204 may remain
on, but controlled in a manner to limit the magnitude of its
drain current when it is not being operated as a fully-on
device. Alternating between a resistive switch state and a
low-current constant-current mode in MOSFET 204 reduces
electrical noise in converter 200.

[0199] Charge pump 201 converts the input voltage V, ., to
an intermediate voltage nV , using a switched capacitor net-
work with flying capacitors 207 and (optionally) 208. The
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conversion ratio nx of charge pump 201 may be step-up, step
down, or inverting.

[0200] In the event that charge pump 201 uses step-down
conversion, e.g. a dual-capacitor fractional version where
n=0.5, converter 200 operates as a CLDU down-up converter,
which may step-up or step-down the input voltage or it may
provide a unity voltage conversion ratio, i.e. whereV_, =~V .

[0201] Step-up conversion in the pre-converter of a
switched CLUU converter may be performed with a single-
capacitor doubler, where n=2, or a dual-capacitor fractional
implementation, where n=1.5. Dual capacitors may also be
configured as a tripler, a method well known to one skilled in
the art. CLUU converters can thereby achieve high step-up
conversion ratios while maintaining a duty factor much closer
to 50% than is possible with a simple inductive boost con-
verter.

[0202] Using an inverter in the pre-converter may be
accomplished with a single capacitor circuit, where n=-1, or
with a two capacitor circuit, where n=-0.5. Connecting the
output of an inverting pre-converter to the input of a post-
regulator comprising a non-inverting inductive boost con-
verter results in an output voltage that is even more negative
than the intermediate voltage Vy. Such an inverter is referred
to as a CLIU converter, the “U” referring to “up” meaning
greater in numerical magnitude. Assuming that the input volt-
age is above ground, a CLIU converter can only deliver a
below ground, i.e. negative, output voltage.

[0203] In another alternative, an inverting pre-converter is
used to produce a negative supply rail at a voltage V,, of
-0.5V, for example, and then to boost the voltage in a posi-
tive polarity, i.e. inverted in polarity a second time, to a
positive voltage having an absolute value greater than the
absolute value of V,. Accordingly, this CLII converter is
capable of producing voltages both above and below zero,
and even to actively regulate precisely at zero volts.

[0204] The output of converter 200, filtered by reservoir
capacitor 205, supplies load 206 with a regulated voltage
V.. Inapreferred embodiment this output is used to provide
feedback to the PWM controller 213 with a feedback signal
V_, whichis converted by level shifter 214 to a voltage used to
produce V... the control signal input to PWM controller
213. As shown below, the value of V,, output by the pre-
converter is self biasing and allows charge pump 201 to oper-
ate at its maximum efficiency point. The negative feedback
loop facilitates tight voltage regulation in the post-regulator
without significantly affecting the overall efficiency of the
CLXU converter.

[0205]

out

In a preferred embodiment, the output voltage of
level shifter 214 is V_,,, i.e. the feedback should force the
value of V_,,, to a same voltage V.. In the case of CLUU and
CLDU converters this level shifter may comprise a network
of two resistors acting as a voltage divider to match the
feedback to the converter’s internal voltage reference but
need not account for the factor n from the pre-converter. In
inverting converters, the feedback must be referenced to the
converter’s ground pin.

[0206] Another feature of CLXU converter 200 is the use of
oscillator 215 to control the switching of both MOSFETs 202
and 204 and charge pump 201. By synchronizing the
switched inductor post-regulator and switched capacitor pre-

outr*
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converter circuits, the size of intermediate filter capacitor 209
can be greatly reduced or in some cases capacitor 209 may be
eliminated altogether.

Behavioral Model of CLXU Converters

[0207] To better understand the general operation of CLXU
converter 200, behavioral model 250 of FIG. 9 can be used for
control analysis and for estimating efficiency. As shown, step-
down pre-converter 200A is powered from input voltage V,,
producing an intermediate voltage V,, which in turn powers a
switched inductor post-regulator 200B.

[0208] The conversion ratio of the pre-converter 200A is
given by

Vy:n-Vin

or expressed as a voltage conversion ratio V,/V,, for pre-
converter 200A, the ratio equals

=)=
1}
=

[0209] Theoretically, since charge pumps are not voltage
converters the output voltage V, of pre-converter 200A, can
be “loaded” by whatever it is driving. Loading means its
output is forced to another voltage V, dissimilar from V., by an
amount AV, represented by lossy element 253. Because volt-
age V, is not normally supplying current to any load except
post-regulator 200B, post-regulator 200B cannot force its
input V, to be substantially different than V so that AV=0 and
V. =V.,.

[0y210] In the CLXU topology, post-regulator 200B oper-
ates as a step-up or boost converter, given by the relation

_ Vz ~ Vy
Yu =15 1D
[0211] where D is the duty cycle of the low side MOSFET

202, ranging between 0% and 100% and with an output
similar to curve 18 of FIG. 2A.

[0212] Combining the two equations gives us the important
relationship

Vy _n-Vba,,
1-D~ 1-D

Vour =

[0213] The voltage conversion ratio of the CLXU is there-
fore given by

[0214] From this relation, we can make the important
observation for the CLXU converter that the converter’s out-
put to input ratio is the multiplicative product of its pre-
converter’s ratio “n” and the post-regulator’s duty-factor
dependent voltage boost factor 1/(1-D). In essence, to prop-
erly regulate an output, the duty factor D, the conversion ratio
n, or both must be varied dynamically to compensate for
changes in input voltage.
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[0215] While the post-regulator of the CLXU converter can
only step-up its input to a higher voltage, operating in tandem
with the charge pump pre-converter, the combined converter
can operate at step-up, step-down, or even unity voltage con-
version ratios.

[0216] Specifically, if n<1, the pre-converter 200A steps
down, the post-regulator 200B steps up and the combination
forms an up-down CLDU converter. With a two capacitor
fractional charge pump this relation is given by

Vo 05
Vie 1-D
[0217] FIG. 10 represents a functional diagram of a CLDU

down-up converter 300 comprising a 0.5x step-down charge-
pump pre-converter 300A followed by an switched inductor
boost converter as a post-regulator 300B.

[0218] If n>1, the converter 300 operates only as step-up
CLUU converter and can achieve high step-up conversion
ratios at moderate duty factors. Functional descriptions of
single and dual flying capacitors CLUU converters are illus-
trated in FIGS. 14A and 14B. In single capacitor implemen-
tations of the pre-converter 501, as shown in FIG. 14A, the
CLUU converter can be described by the relation

[0219] In dual capacitor fractional implementations of the
pre-converter 521, as shown in FIG. 14B, the CLUU con-
verter can be described by the relation

Vou _ 1.5
Vie 1-D
[0220] Ifn is negative and the post-regulator is non-invert-

ing, the resulting CLIU converter is inverting and supplies a
wide range of negative voltages. These inverting CLIU con-
verters are illustrated in FIGS. 18A and 18B. For single-
capacitor charge-pump implementations such CLIU inverters
are described by

Vou -1
Vie 1-D
[0221] Using dual-capacitor fractional inverting charge-

pumps, such CLIU inverters are described by

Vo =05
Vie 1-D
[0222] Insuch cases, the boost converter increases the mag-

nitude of the voltage without changing its polarity, i.e. the
term “up” refers to increasing the absolute value of a negative
voltage without changing its polarity.

[0223] In an alternative embodiment, an inverting boost
converter can be used to drive the pre-converter’s output more
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positive and even above zero volts. Strictly speaking, such an
implementation uses a positive boost converter referenced to
a negative supply voltage—the output of the inverting charge
pump. But since the polarity is opposite that of the output of
the pre-converter, by convention, this last stage “inverts” the
signal a second time.

[0224] A CLXX converter with two inversions is therefore
capable of producing and regulating a positive, i.e. above
ground, output voltage and is herein referred to as a CLII
converter. Such a CLII converter, such as those shown in
FIGS. 18C and 18D can regulate voltages above and below
ground as given by

for a two-capacitor fractional inverting charge pump.

CLDU Down-Up Converter Operation

[0225] A functional diagram of a CLDU down-up con-
verter 300 is shown in FIG. 10 where converter 300 comprises
a0.5x step-down charge-pump pre-converter 300 A, an induc-
tor 306, an N-channel low-side switch 307, a synchronous
rectifier 308 with intrinsic P-N diode 308 and an output filter
capacitor 310. Capacitor 304 may range in size depending of
the “n” multiple and circuit implementation of charge pump
301 and in some cases can be eliminated. Diode 305 also
depends on charge pump 301 design and operation.

[0226] FIGS. 11A-11C illustrate various electrical charac-
teristics of CLDU converter 300. Specifically, graph 320 in
FIG. 11A illustrates the application of a CLDU converter in
regulating the discharge of a single-cell lithium ion battery.
The notation “1s Lilon” refers to a single series-connected
cell comprising lithium ion electrochemistry.

[0227] As described in graph 320, a fully charged 1s Lilon
battery exhibits a voltage V,,,, around 4.2V at the onset of
discharging illustrated by line segment 321 which settles to a
voltage of approximately 3.5V before remaining relatively
constant for some extended duration, as revealed by line
segment 322. Later, curve 322 illustrates that the battery
voltage decays below 3.5V into a range { Vout<Vbatt<(Vout+
d)} between lines 325 and 326, a condition where a normal
converter would suffer dropout or mode switching problems.
[0228] As the cell approaches full discharge in segment
323, its voltage drops rapidly to 2.7V, below which it must be
cut off to avoid over-discharge induced cell damage. Only
specialized Lilon batteries can operate down to 2.7V without
growing crystallites and thereby shorting out the cell.

[0229] Theoutput voltage V,,of the 0.5x switched capacitor
pre-converter 300A is illustrated by curve 324. This interme-
diate voltage varies in proportion to the battery input voltage
discharge characteristic, with a voltage equal to one-half
Vyar The inductive boost post-regulator 300B steps this
time-varying intermediate voltage up by a factor 1/(1-D) to
produce a constant CLDU output voltage V_,,,, as illustrated
by line 325. The output voltage of CLDU converter 300 can
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be any voltage greater than the highest value of curve 324,
namely 2.1V. Such an output voltage may be greater than, less
than, or within the voltage range of the battery input. For
example, as shown V__, is 3V, inside the Lilon battery’s volt-
age range of 4.2V to 2.7V.

[0230] Regardless of the Lilon cell voltage, CLDU con-
verter 300 steps the battery voltage down by half with its 0.5x
charge-pump pre-converter, a varying voltage V,, represented
by line 324. This voltage is then boosted by a 1/(1-D) duty-
factor-dependent boost converter to produce a constant regu-
lated output voltage shown by line 325. The condition of
converter 300 can be described as shown in Table 1:

TABLE 1
Phase Up/Down Vi, 10X Vy D Vaut Vout'Vin
321. Full Down 42V 05X 21V 30% 3V 0.71
charge
Decay Down 3.6V 05X 18V 40% 3V 0.83
322. Plateau Down 35V 05X 175V 42% 3V 0.86
Discharge Unity 30V 05X 15V 50% 3V 1.00
Viaw = Vout
323.Extend Up 27V 05X 135V 55% 3V 1.11
Range
[0231] Usingfeedback, the duty factor self-adjusts to main-

tain the proper output voltage and regulation, whereby

vy 0.5 Viar
L i b
[0232] Unlike in conventional Buck-boost converters, as

the battery voltage curve 323 passes through the output volt-
age 325, i.e. when V,=V_ ~3V, no mode change occurs.
CLDU converter 300 therefore remains stable with no drop-
out and degradation in the quality of regulation.

[0233] Eliminating time as a variable, the transfer charac-
teristic of converter 300 is illustrated in graph 330 of FIG.
11B, comparing V_, to V,, for a 3.3V CLDU converter. As
shown, unregulated battery input voltage 331 ranging from
2V to 5V is reduced by the 0.5x capacitor pre-converter 300a
to a lower voltage V having a narrower range of 1V to 2.5V,
illustrated by line 333. The slope of line 333 is half that of the
input voltage 331, reducing the sensitivity of converter 300 to
noise and other input fluctuations. The intermediate voltage
node V,, of line 333 is then stepped up by the inductive boost
post-regulator 300B by a factor 1/(1-D) using a varying duty
factor to produce a constant output voltage V_, ., illustrated by
line 334. Feedback of the output is employed to adjust the
duty factor D to maintain V_,,, at 3.3V.

[0234] Atpoint 332, the input and output voltages are equal
and converter 300 is regulating at a unity conversion ratio.
When line 331 is above line 334, i.e. to the right of point 332,
converter 300 is providing a step down regulation. When line
331 isless than 334, the output voltage is greater than its input
and converter 300 is acting as a step-up converter. The mode
of'operation of converter 300 remains the same throughout all
conditions shown, even at point 332.

[0235] One common application using a single cell Lilon
battery and requiring a 3.3V regulated supply is in a cell
phone. Unlike a 3V output, where the converter is mostly
operating in step-down mode, a 3.3V output requires opera-
tion closer to unity conversion and exhibits an extended dura-
tion in its step-up mode as shown in Table 2.
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TABLE 2

Phase Up/Down Vi, 10X Vy D Vout Vout'Vin
Full charge  Down 42V 05X 21V 36% 33V 079
Decay Down 3.6V 05X 1.8V 45% 33V 092
Plateau Down 35V 05X 175V 47% 33V 094
Via =V  Unity 33V 05X 1.65V 50% 33V 1.00
Discharged ~ Unity 3.0V 05X 1.5V 55% 33V 110
Extend Up 27V 05X 135V 59% 33V 1.22
Range

[0236] Despite operating within approximately £20% of'its

unity conversion ratio, CLDU converter 300 typically exhib-
its duty factors in the narrow range of 36% to 59%, utilizing
PWM control circuitry more easily implemented than circuits
controlling extreme duty factors, especially at high switching
frequencies.

[0237] Unlike the converter of this invention, no present
day converter is able to operate with high efficiencies over the
battery’s entire voltage range. Handset designers today must
employ step-down-only Buck converters that cut off around
3.5V, thereby throwing away the battery life in discharge
phases (curve 323) and a portion of voltage-plateau-phase
(curve 322), because the added use-life of these later phases
of discharge is completely overcome by the efficiency loss of
a conventional Buck-boost converter.

[0238] As previously derived, the conversion ratio of 0.5x
CLDU converter 300 is given by

V.18 illustrated by line 343 in FIG. 11C as a function of duty
factor and compared to the boost converter’s characteristic,
shown by line 341. While the boost converter exceeds the
unity voltage conversion ratio, illustrated by dashed line 342,
atall values of the duty factor D, CLDU converter 300 is able
to operate both above and below the unity conversion condi-
tion. The output voltage V,, of pre-converter 300A, illustrated
by line 344, however, illustrates that the operation of the
pre-converter 300A does not depend on the duty factor of the
boost converter in post-regulator 300B.

[0239] As shown, a unity conversion ratio occurs in 0.5x
CLDU converter 300 when the duty factor D=50%. Under the
same condition, a boost converter exhibits a conversion ratio
of 2. At low duty factors, where conversion ratio of the boost
converter approaches unity, 0.5x CLDU converter 300 is able
to supply a regulated output voltage V,,, roughly equal to
one-half the input voltage V,,,.

[0240] At higher duty factors, e.g. when D=75%, a boost
converter manifests a strong dependence on duty factor at a
conversion ratio of 4, while CLDU converter 300 exhibits a
conversion ratio of only 2. Compared to a boost converter
alone, the lower slope of V_,, in CLDU converter 300 reduces
its noise sensitivity to fluctuations in duty factor.

CLDU Converter Implementation

[0241] FIG. 12A illustrates an implementation of a 0.5x
CLDU converter 400. As shown, switched capacitor pre-
converter 400A comprises MOSFETs 401, 402,403, 404, and
405 with flying capacitors 406 and 407. The gates of MOS-
FETs 401, 402, 403, 404, and 405 are controlled by a break-
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before-make (BBM) unit 415 to alternatively charge and dis-
charge flying capacitors 406 and 407. The intermediate
voltage V, charges capacitor 408 and powers the input to an
inductive post-regulator 400B, the current flowing into induc-
tor 410.

[0242] The current flowing through inductor 410 is
dynamically adjusted by the duty factor of a low-side N-chan-
nel MOSFET 414 with a PWM controller 416 responding to
changes in the output voltage of converter 400. A feedback
signal V. is adjusted in voltage and polarity by a level shift
circuit 417 to control PWM controller 416.

[0243] When low-side MOSFET 414 is conducting, the
voltage V_ is biased near ground, at a voltage drop of I, ‘R ;.
during which time the inductor 410 is magnetized, i.e. stores
energy. When MOSFET 414 is turned off; the voltage V., flies
up above the output voltage V,,, across capacitor 413, for-
warding biasing diode 412 and transferring energy to the
output capacitor 413.

[0244] During some portion of the time while diode 412 is
forward biased, a synchronous rectifier MOSFET 411 is
turned-on, diverting the current from diode 412. A break-
before-make unit 415 drives the gate of MOSFETs 414 and
411 out-of-phase insuring that the output capacitor 413 is not
shorted by the simultaneous conduction of MOSFETs 411
and 414. In a preferred embodiment, a clock generator 418
synchronizes the switching of MOSFETs 411 and 414 in
post-regulator 400B with the switching of MOSFETs 401,
402, 403, 404, and 405 in pre-converter 400A.

[0245] In an alternative embodiment, synchronous rectifier
MOSFET 411 is eliminated and the current transfer to output
capacitor 413 performed entirely by diode 412, which is
incorporated in converter 400 as a separate device (not an
intrinsic diode within MOSFET 411) and preferably com-
prises a Schottky metal-semiconductor diode instead ofa P-N
junction. Schottky diodes are preferred because they exhibit
lower forward voltage drops than do junction diodes. In yet
another embodiment, a Schottky diode can be placed in par-
allel with MOSFET 411 and intrinsic P-N diode 412.

[0246] The operation of CLDU converter 400 is illustrated
in FIGS. 12B and 12C. In FIG. 12B, flying capacitors 406 and
407 are charged through the conducting MOSFETs 401 and
403 while MOSFETs 402, 404 and 405 remain off. Since
capacitors 406 and 407 are connected in series, if they have
equal capacitance each one charges to a voltage one-half the
battery input voltage, i.e. V, /2.

[0247] During this cycle, synchronous rectifier MOSFET
411 is conducting a recirculation current through inductor
410, thereby moving energy from inductor 410 to output
capacitor 413 and load 425. The phase can be referred to as
the “charging and recirculation phase”, i.e. the charging of the
flying capacitors 406 and 407 and the moving of the energy
from the inductor 410 to the output capacitor through induc-
tor recirculation.

[0248] Specifically, during the charging and recirculation
phase, the energy in inductor 410 is used to charge output
capacitor 413 because inductor 410 forces the voltage V. to a
more positive potential than the output voltage V. hence the
output voltage V,,, is boosted. Controlled by the inductor
410, the intermediate voltage V, changes instantaneously in
order to prevent any instantaneous interruption in inductor
current [;. Because charge pump output MOSFETs 404 and
405 are off during this phase, the current transfer path
includes filter capacitor 408. If the capacitance of filter
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capacitor 408 is substantial, the voltage V., will remain sub-
stantially at 0.5-V,_,,, i.e. the output of the fractional step
down charge pump.

[0249] If capacitor 408 is not sufficiently large, the voltage
at V, will decay during the transfer phase and have to be
replenished during the subsequent transfer phase. In some
instances, e.g. if capacitor 408 is even smaller, the polarity of
V, may actually drop below ground. In such cases, diode 409
can be added to complete the recirculation path of inductor
410 and limit the range of negative voltage on node V,. In
another embodiment, diode 409 may be replaced with a
grounded N-channel MOSFET having an intrinsic parallel
P-N junction diode and being turned on whenever V,, goes
negative.

[0250] FIG. 12C represents the transfer condition where
energy is transterred from flying capacitors 406 and 407 in
pre-converter 400A to inductor 410 in post-regulator 400B.
This transfer is achieved by turning off MOSFETs 401 and
403 and turning on MOSFETs 402, 404 and 405, thereby
forming a parallel combination of flying capacitors 406 and
407 that is connected in series with inductor 410 and charges
capacitor 408 to an voltage V, equal to the voltage on the
flying capacitors 406 and 407, i.e. +V, /2. The voltage V, is
positive and above ground because the negative terminals of
the capacitors are tied to ground—specifically capacitor 407
has its negative terminal hard wired to ground and capacitor
406 has its negative terminal connected to ground through
MOSFET 402.

[0251] Simultaneous with the charging of capacitor 408,
N-channel MOSFET 414 is turned on and conducts a current
1; through inductor 410, completing the circuit and magne-
tizing, i.e. storing energy equal to I, °L in inductor 410. Since
the voltage at the node V__ is near ground, it is more negative
than the output voltageV,,,,, and diode 412 is non-conducting,
i.e. reversed biased and off. During this cycle MOSFET 411
is turned off and output capacitor 413 must supply the nec-
essary load current I, to electrical load 425. The voltage
across capacitor 413 begins to sag during this cycle and is
replenished during the subsequent recirculation cycle shown
in FIG. 12B.

[0252] The two cycles alternate to keep inductor 410 mag-
netized and flying capacitors 406 and 407 and output capaci-
tors 408 and 413 charged. The entire system is efficient
because once the voltage builds up on the capacitors 408 and
413 during start-up, steady-state operation must only replen-
ish enough charge to compensate for the small shifts in volt-
age resulting from voltage sagging across the capacitors 408
and 413 during their discharge periods.

[0253] As shown ina preferred embodiment, converter 400
is operated using the same switching frequency for all the
MOSFETs, with MOSFETs 402, 403 and 404 switched in
phase with MOSFET 414 and out of phase with MOSFETs
401 and 403. Synchronous rectifier MOSFET 411 may con-
duct for all or some portion of the time whenever MOSFET
414 is off. Break-before-make unit 415 must guarantee that
conduction in transfer MOSFETs 402, 404, and 405 never
overlaps with conduction in charging MOSFETs 401 and
403. Similarly, BBM unit 415 must also insure that MOS-
FETs 414 and 411 never conduct simultaneously.

[0254] The advantage of this embodiment is that energy is
transferred from pre-charged flying capacitors 406 and 407
directly into inductor 410 in real time. Converting energy
stored in an electric field into energy stored as a magnetic field
in real time minimizes the size required for filter capacitor
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408, allowing it to be physically realized as an on-chip capaci-
tor or in some cases even as parasitic junction capacitance.
[0255] In an alternative embodiment of the CLDU con-
verter, the phasing of the MOSFETs comprising the step-up
post-regulator may be opposite that of the MOSFETs in the
charge pump pre-converter, as illustrated in FIGS. 12D and
12E. Specifically, in FIG. 12D flying capacitors 406 and 407
are charged while the current in inductor 410 re-circulates
through conducting MOSFET 414. During this same time
interval, output capacitor 413 must supply load 425 with
current. All other MOSFETs including MOSFETs 402, 404,
405 and 411, are turned off.

[0256] This recirculation phase of converter 400 shown in
FIG. 12D s similar to that shown in FIG. 12B in that the flying
capacitors 406 and 407 are charging, but the load 425 is
disconnected from inductor 410 rather than taking energy
from it. Since VX is held near ground by on MOSFET 414,
diode 412 remains reversed biased. The size of capacitor 408
must be sufficient to supply power to inductor 410 or the
circuit will oscillate and power will be lost.

[0257] In the second phase of this embodiment, shown in
FIG. 12E, flying capacitors 406 and 407 maintain the current
in inductor 410 to charge capacitor 408 while inductor 410 is
supplying energy to load 425 and output capacitor 413
through conducting synchronous rectifier MOSFET 411.
MOSFETSs 401, 403 and 414 are turned off. With MOSFET
414 off, V, flies up to a voltage higher than the output voltage
V... 50 that no voltage differential exists to magnetize induc-
tor 410 in this phase, only to maintain current continuity.
[0258] Since in this embodiment inductor 410 is magne-
tized only when low-side MOSFET 414 is conducting, during
which time the only source of stored energy is that present in
capacitor 408, the size of capacitor 408 is typically larger than
the size of capacitor 408 in the embodiment shown FIGS. 12B
and 12C. Whenever a large intermediate capacitor is needed,
pre-converter 400A and post-regulator 400B are operating
more independently and less synergistically than in designs
where the energy flow between to the two stages of conver-
sion is more balanced, with less need for storing energy in
intermediate capacitor 408. That balance is best when charge
pump pre-converter 400A and the switched inductor post-
regulator 400B are synchronized to a common clock and
phased so that the inductor 410 is magnetized whenever the
charge pump within pre-converter 400A discharges flying
capacitors 406 and 407, as illustrated in FIGS. 12B and 12C.
[0259] While charge-pump pre-converter 400A and
switched-inductor post-regulator 400B are preferably oper-
ated at the same frequency and synchronized to a common
clock, in an alternative embodiment they may be operated at
different frequencies. Referring again to converter 200 shown
in FIG. 8, PWM controller 213 in pre-converter 200A
switches at a clock frequency @ generated by clock circuit or
ramp generator 215 while charge pump 201 switches at a
frequency m-®, i.e. at a different frequency “m” times the
clock frequency. Since m may be greater than or less than
unity, charge pump 201 may be operated at a frequency higher
or lower than PWM controller 213. At m=1 pre-converter
200A and post-regulator 200B are switching at the same
frequency.

[0260] Whenever charge pump pre-converter 200A is not
operating at the same frequency as switched inductor post-
regulator 200B, intermediate filter capacitor 209 becomes
increasingly important in storing energy to power post-regu-
lator 200B and to magnetize inductor 203 as needed. While
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the two clocks may “free run” and thereby vary in frequency,
unsynchronized operation can lead to excessive switching
noise in the system.

[0261] In a preferred embodiment of a multi-frequency
implementation of the CLXU converter, the pre-converter
and post-regulator circuits switch at different frequencies but
are synchronized either by a phase-locked-loop, also known
as a PLL, or by using a common clock multiplied-up or
divided-down to generate the two dissimilar clock signals.
Ideally the clock waveform for the inductive post-regulator
comprises a ramp generator rather than oscillating to produce
a square wave. The gate drive for the charge pump MOSFETs
may, however, comprise square wave signals generated by
feeding the output of the ramp generator into a comparator.
Alternatively, one or more of the MOSFETs in the charge
pump pre-converter may be used to limit the charge pump’s
inrush current during the charging or discharging of its flying
capacitors.

CLXU Converter Efficiency

[0262] One unexpected aspect of a CLXU converter, and in
fact any CLXX converter, is the relative independence of its
overall efficiency 1 on input and load conditions. This can
better be understood by referring to FIG. 9, where charge-
pump pre-converter 200A produces an intermediate voltage
Vﬁ that provides the input to switched inductor post-regulator
200B.

[0263] The lossy element 253 is included in the behavioral
model to illustrate that because the charge-pump within pre-
converter 200A cannot actually regulate voltage, any voltage
mismatch AV between its output voltage V,, and the desired
input voltage V,_ needed to power post-regulator 200B will
result in a further loss of efficiency. In “L.C class” converters
like those described inrelated U.S. Application No. [ Attorney
Docket No. AATT-19-DS-US], closed loop feedback from the
output terminal of the entire DC/DC converter is beneficial to
counter any “loading” effects on the charge pump. Butin “CL
class” converters like converter 250 shown in FIG. 9 the
output voltage V, of the charge pump within pre-converter
200A is internal to converter 250 and unless the input to
post-regulator 200B is used to supply an external load, V_ will
naturally operate at the voltage V,, the optimum efficiency
condition.

[0264] Specifically, in CLXX type converters, the switched
capacitor pre-converter may operate in an open-loop manner
to produce an output voltage V,, that is some fixed multiple
“n” of its input. For example, using one or two flying capaci-
tors, the multiplier will be an integral multiple of 0.5V. As
long as V, can be maintained near the voltage n-V,,, i.e. where
V ~V,, the efficiency of charge pump pre-converter 20A will
remain high. Any deviation AV from this optimum condition
will result in a loss of charge pump efficiency, where the
mismatch is given by AV=V _-V_ resulting in a loss that has
the same mathematical form AV/V,, as the losses in a linear
converter, even though lossy element 253 is not really regu-
lating voltage per se. Specifically, the loss may be defined as

P o= AV=LIV V)

[0265] The efficiency m, of element 253, is then given by
_P. Py=Pua L Vy-L,-V) Y,
"= P_y h Py h LV h V_y
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and where V,=V , i.e. the maximum theoretical efficiency of
the second element is 100%. From the converter transfer
function V,=n'V,, then

_ VZ _ VZ
= Vy =
[0266] Line 441 in the efficiency graph 440 of FIG. 13A

illustrates m, as a function of the input-to-output charge pump
voltage conversion ratio. In reality however, the maximum
efficiency of charge pump pre-converter 200A is not 100%.
Charge pump pre-converter 200A typically has a maximum
efficiency in the range of 96% when delivering power to a
load operating at a voltage V,. Assuming for the sake of
simplicity that this efficiency remains relatively constant, the
conversion efficiency of the first two stages is given by

m-V;
n-Vi

- - VZ_
Nep =11 'lz—ﬂzvy =

[0267] This equation is illustrated by line 442 in FIG. 13A.
Note that the maximum voltage conversion ratio is limited to
the ratio “n”. The dashed line above that cannot physically be
realized but illustrates the impact of the lossy element 253 is
mathematically symmetric, i.e. purely a lossy element. When
n=1, the charge pump is not actually stepping up voltage and
the efficiency equation defaults to that of linear converter.
[0268] Referring again to behavioral model 250, the overall
efficiency of the CLXU converter shown can be estimated the
product of the aforementioned charge pump efficiency , M,
and the efficiency of the switched inductor post-regulator n;.
[0269] The power input to post-regulator 200B is given by
P=1-V_,whileP,  =I -V _ . Theefficiencyn, of the post-
regulator 200B can thus be expressed as

_ Pour _ Lour * Vour
Ch Pz - Iz ° Vz
[0270] The voltage dependence of the post-regulator effi-

ciency given by the above equation is illustrated for a given
load current by example curve 451, shown in graph 450 of
FIG. 13B. Typical values range from 94% to 89% depending
on operating conditions, power MOSFET resistance and
operating currents. Since post-regulator efficiency m;
depends on the voltage conversion ratio, and since the con-
version ratio depends on duty factor D, then it follows logi-
cally that the switching converter’s efficiency depends on
duty factor, i.e. n,=f(D).

[0271] Overall CLXX converter efficiency is thus given by
the efficiency product of the charge-pump pre-converter and
the switching post-regulator converter.

VZ

n-Vi

VZ
n=ncp3=1m "]37 =01
y

[0272] Graph 455 in FIG. 13C illustrates the overall effi-
ciency of a CLXX converter for various values of V_,
expressed as a percentage of V. Since feedback within post-
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regulator 200B maintains the targeted output voltage V_,,, by
adjusting its duty factor for a wide range of intermediate
voltages V, then, unloaded, V,=V =n-V,, and the above equa-
tion simplifies to

N NcPM3=M1 M3

where m; is a function of the duty factor D. Using a step-up,
boost converter topology for the post-regulator stage, the
CLXU converter transfer function is given by V=V /1-D=
[0/(1-D)]V,,. As such, the efficiency can be re-plotted in
terms of duty factor D rather than by conversionratioV,_,,/V,,

as illustrated by line 466 in efficiency graph 465 of FIG. 13D.

[0273] Switched CLXX and CLXU converters of this
invention can produce a well regulated output with efficien-
cies relatively insensitive to the V_,,/V,,, voltage conversion
ratio. In the event that the charge-pump pre-converter is a
step-down fractional charge pump, e.g. where n=%, the
resulting CLDU converter is able to operate in either step-up
or step-down modes without exhibiting any mode changes,
narrow pulse, or dropout effects near unity voltage conversion
ratios, i.e. when V,_ ~V, . The CLDU converter is able to
operate over a range of output to input voltage ratios far
beyond that of a Buck converter, boost converter or charge
pump. Assuming a practical limitation on duty factor ranges
between 10% and 90%, Table 3 compares the usable range of
voltage conversion ratios of the CLDU converter to those of a
charge pump doubler, Buck converter, and boost converter.

TABLE 3
Range of
Converter Veut' Range of Unity Ratio
Topology Vin Efficiency Efficiency
2X Charge Pump 0.1t0 2.0 Above 1.8 Poor, n < 50%

Boost Converter  1.1to 15 Good up to ~8-10 Dropout below 1.1

Buck Converter  0.1t0 0.9 Good over range  Dropout above 0.9
0.5X CLDU 0.1to~10 Goodup to~4-5  Good, n > 88%
[0274] Despite its high efficiency characteristic, a Buck

converter operating between a 10% to 90% duty factor is only
capable of step-down conversion ratios, i.c. where V ,:{0'
1V,, to 0.9V,,} as shown by curve 471. Similarly a"boost
converter operating between a 10% to 90% duty factor is only
capable of step-up conversion ratios, i.e. where V, ={1.1V,
to 8V,,,} as shown by curve 472. Furthermore 2x charge pump
efficiency, shown by curve 473, is high only for conversion
ratios exceeding 1.8.

[0275] In contrast, the efficiency of a CLDU converter
(curve 474) is high over a wide range of voltage conversion
ratios, i.e. where V,,,={0.1V,, to 4V, }. This result is unex-
pected considering that the CLDU converter combines ele-
ments of a charge pump and a boost converter, yet regulates
over a much wider range of operating conditions than either
of them.

Switched Capacitor-Inductor Up-Up (CLUU) Regulating
Converters

[0276] A CLXU converter topology is useful for step-up
voltage regulation. By utilizing a step-up charge-pump as a
pre-converter, step-up voltage conversion is performed in two
stages, or as a CLUU converter. Examining the implementa-
tion of CLUU converters in greater detail, FIGS. 14A and 14B
illustrate the functional block representation of two different
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switched LCUU regulating converters, a 2x type shown in
FIG. 14A and a fractional 1.5x type shown in FIG. 14B.

[0277] In FIG. 14A, 2x-type LCUU converter 500 com-
prises a pre-converter S00A and a post-regulator 500B. Pre-
converter 500A comprises a doubler charge pump 501 with a
flying capacitor 502 and a filter capacitor 503. The output of
charge pump 501 supplies an intermediate voltage V, which
in turn powers the step-up switched-inductor post-regulator
500B, comprising an inductor 505, an N-channel MOSFET
506, a synchronous rectifier MOSFET 507 with an intrinsic
diode 508, and an output capacitor 509. In some cases and
depending on the magnitude of capacitance C,, a diode 504 is
included to clamp the voltage range of V.. Since V =2V, ,,
and V=V /1-D), then the voltage conversion ratio of the
2x-type CLUU converter is given by

Vou _ 2
Viart - 1-D
[0278] An example of the CLUU converter’s ability to

regulate a wide range of input voltages is illustrated in graph
550 of FIG. 15 A, where a battery or input voltage 551 varying
from 0.910 2.4V is used to produce a regulated 5V output 553.
The input range from 0.9V to 1.2V represents the voltage
typically supplied by single cell NiMH batteries, the range
from 0.9V to 1.7V represents alkaline batteries, while the
range from 1.8V to 2.4V represents 2s configured NiMH
batteries.

[0279] As shown, the battery input 551 is doubled in volt-
age by pre-converter S00A to an intermediate voltage V,
shown by line 552, and then further stepped up by switched
inductor post-regulator 500B by a varying amount 1/(1-D) to
produce regulated output voltage 553. At battery input volt-
ages as low as 0.9V a 5V input can be produced with a duty
factor of only 64% despite delivering a voltage conversion
ratio of 5.6. The 2.4V input condition is more difficult since
by using a 2x pre-converter, V,=4.8V, requiring a duty factor
in the post-regulator as low as 4%.

[0280] Another example of CLUU regulation is illustrated
in graph 560 of FIG. 15B where the output voltage V, , of a
1s Lilon battery is stepped up and regulated to 12V. The Lilon
battery fully charged starts with a 4.2V condition that decays
over time (curve 561) to a plateau voltage of approximately
3.5V (curve 562) and then eventually reaches its discharged
condition of 2.7V (curve 563). The doubling pre-converter
500A produces time varying voltage V,,, shown by curve 564,
ranging from 8.4V to 5.4V, which is then further stepped up to
12V by an a varying amount 1/(1-D) by step-up post-regu-
lator 500B to produce a constant 12V output (curve 565).
[0281] Thewiderange of input voltages useful to create and
regulate a 12V output is illustrated in graph 580 of FIG. 15C,
where the input voltage ranges from 1.8V, the low condition
of'a2s NiMH battery, across the 1s Lilon range of 2.7 to 4.2V,
and up to 5.5V, the +10% tolerance condition of a 5V regu-
lated supply.

[0282] As shown in graph 580, the battery or input voltage
(curve 581) is doubled to produce V,, (curve 582) and is then
boosted by a varying factor of 1/(1-D) to produce a regulated
output shown as 12V (curve 583). Using a 2x type CLUU
converter, the duty factor of post-regulator 500B for 1.8V to
12V conversion is only 70% while the 5V+10% condition
requires a duty factor of around 8.3%.
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[0283] In some cases, 2x pre-converter S00A produces an
undesirably high intermediate voltage V, at high input volt-
age conditions, and which forces boost post-regulator 500B
to operate at low duty factors. One way to avoid this problem
is to employ a 1.5x-type charge pump pre-converter instead of
a doubler.

[0284] For example, as shown in FIG. 14B, a 1.5x-type
LCUU converter 520 comprises a pre-converter 520A and a
post-regulator 520B. Pre-converter 520A comprises a frac-
tional charge pump 521 with flying capacitors 522 and 523
and a filter capacitor 524. The output of charge pump 521
supplies an intermediate voltage V., which in turn powers
step-up switched-inductor post-regulator 520B, comprising
an inductor 526, an N-channel MOSFET 527, a synchronous
rectifier MOSFET 528 with an intrinsic P-N rectifier diode
529, and an output capacitor 530. In some cases and depend-
ing on the magnitude of the capacitance C, of filter capacitor
524, diode 525 is included to clamp the voltage range of V..
Since V,=1.5-V, ,and V,, =V /(1-D), then the voltage con-

out

version ratio of the 1.5x-type CLUU converter is given by

Vou LS
Viart T 1-D
[0285] Analogous to the doubler LCUU regulation shown

in FIG. 15A, an example of the ability of 1.5x CLUU con-
verter 520 to regulate a wide range of input voltages is illus-
trated in graph 600 of FIG. 15D, where a battery or input
voltage varying from 0.9 to 2.4V (curve 601) is used to
produce a regulated 5V output (curve 603).

[0286] As shown, the battery voltage (curve 601) is
increased by 1.5x by fractional pre-converter 520A to inter-
mediate voltage V,, shown by line 602, and then further
stepped up by switched inductor post-regulator 520B by a
varying amount 1/(1-D) to produce regulated output voltage
(curve 603). At battery input voltages as low as 0.9V a 5V
input can be produced with a duty factor of only 73% despite
delivering a voltage conversion ratio of 5.6. Compared to 2x
CLUU converter 500, the 2.4V input condition is not difficult
to handle with 1.5x type pre-converter 520A since an inter-
mediate voltage V, =3.6V requires a duty factor no lower than
28% in the post-regulator to provide a 5V output.

[0287] The wide range of input voltages that can be used to
provide a 12V output using 1.5x CLUU converter 520 is
illustrated in graph 610 of FIG. 15E, where the input voltage
shown ranges from 1.8V, the low condition of a 2s NiMH
battery, across the 1s Lilon range of 2.7 to 4.2V, and up to
5.5V, the +10% tolerance condition of a 5V regulated supply.
The battery or input voltage (curve 611) is multiplied by 1.5x
to produce V,, (curve 612) then boosted by a varying factor of
1/(1-D) to produce a regulated output (curve 613) shown as
12V. Using 1.5x type CLUU converter 520, the duty factor of
1.8V to 12V conversion is only 78%, while the S5V+10%

1
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condition requires a duty factor of around 31%, a condition
considerably easier to realize than the 8.3% duty factor man-
dated by the doubler type CLUU converter 500.

[0288] An example of CLUU regulation using 1.5x type
pre-converter 520A is illustrated in graph 620 of FIG. 15F
where the discharge of a 1s Lilon battery is stepped up and
regulated to 12V. The Lilon battery fully charged starts with a
4.2V condition that decays over time (curve 621) to a plateau
voltage of approximately 3.5V (curve 622) and then eventu-
ally reaches its discharged condition of 2.7V (curve 623). The
1.5x-type fractional pre-converter 520A produces a time-
varying voltage V, shown by curve 624 ranging from 6.3V to
4.0V which is then further stepped up to 12V by an a varying
amount 1/(1-D) by istep-up post-regulator 520B to produce a
constant 12V output (curve 625).

[0289] The duty factor D of a CLUU converter is lower than
that of'a boost or CLDU converter, making it ideally suited for
providing high voltage conversion ratios. This feature is illus-
trated in graph 630 in FIG. 15G showing the voltage conver-
sion ratio at various duty factors. The graph compares the
characteristic of 2x-type CLUU converter 500 (curve 635) to
the characteristic of 1.5x type CLUU converter 520 (curve
634). Both of these characteristics are contrasted with the
characteristics of a conventional boost converter (curve 633),
a 1.5x charge pump (curve 631), and a 2x charge pump (curve
632).

[0290] None of the converters shown operates below a
unity conversion ratio, meaning they are all limited to step-up
operation. At low duty factors, the conversion ratio of a boost
converter (curve 633) asymptotically approaches unity, the
conversion ratio of 1.5x CLUU converter 520 (curve 634)
approaches 1.5, and the conversion ratio of 2x CLUU con-
verter 500 (curve 635) approaches 2. At a 50% duty factor, a
boost converter provides a conversion ratio of 2, 1.5x-type
CLUU converter 520 provides a conversion ratio of 3 and
2x-type CLUU converter 500 provides a conversion ratio of
4. From the relationship

describing D as function of the reciprocal of the voltage
conversion ratio and the pre-converter factor nx, it is clear that
larger values of “n” increase the minimum required duty
factor for any given conversion ratio. For example, at a 75%
duty factor, 2x CLUU converter 500 can step up its input by
a factor of 8, double that of a boost converter, but it is limited
to providing output voltages greater than twice its input volt-
age. A 0.5x CLDU converter is usable only for providing
output voltages up to twice its input voltage but can provide
an output voltage down to half its input voltage, meaning that
it is capable of regulating at unity conversion ratio.

[0291] Table 4 summarizes some of these conditions.

TABLE 4
Condition 2X CLUU 1.5X CLUU Boost 0.5X CLDU
D=75% Vou/ Vi =8 Voo Vin=6 Voo Vin =4 VoutVin =2
D =50% Vou/ Vin =4 Vout/ Vin =3 Vout Vin=2 Voul Vin=1
lim D — 0% Vo Vin =2 Vol Via=15 Vol Vin=1 VeoudVin=0.5

IsNIMH = 12V 80% <D < 85%

85% <D <88%  90% <D < 93%* 95%* <D < 96%*
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TABLE 4-continued
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Condition 2X CLUU

1.5X CLUU

Boost

0.5X CLDU

2sNiMH = 12V 60% <D < 70%

70% < D < 78%
64% <D <73%
48% < D < 66%
31% <D <44%
28% < D <46%

80% <D < 85%
76% <D < 82%
65% <D <78%
54% <D < 63%
52% <D < 64%

90% < D < 93%%*
88% <D < 91%*
83% <D < 89%
77% <D <81%
76% <D < 82%

1sNIMH —= 5V 52% <D < 64%
Lilon = 12V 30% <D < 55%
5£10% =12V  8%* <D <25%
2sNIMH = 5V 4%* <« D < 28%
[0292]

For input voltages that are a large percentage of the

troller 655, preventing significant shoot-through conduction,

desired output, such as a 5V to 12V, or a Lilon battery to 12V
converter, 2x-type CLUU converter 500 may be forced to
operate at extremely low duty factors, which may limit the its
maximum frequency of operation. In contrast, a CLDU up-
down converter has no problem operating at such conditions
but is more limited at very high conversion ratios, e.g. gener-
ating 12V from a 1s or 2s NiMH dry cell battery pack.
[0293] Those conditions marked with an asterisk (*) may
require limiting the converter’s operating frequency in order
to meet the full range in required duty factors.

[0294] Doubler CLUU Converter: A CLUU converter 640
using a 2x-type pre-converter 640A is shown in FIG. 16A. As
shown, charge pump doubler pre-converter 640A comprises
MOSFETs 641, 642, 643 and 644 and a flying capacitor 645
to provide intermediate output voltage V,, and an optional
filter capacitor 647. A diode 648 may be included to limit the
V, negative voltage swing and may be omitted depending on
the value C, of capacitor 647. Intermediate voltage V,, is
connected to inductor 646 of a boost-type post-regulator
640B, with a low-side N-channel MOSFET 652, a floating
synchronous rectifier MOSFET 649 with an intrinsic P-N
diode 650 and an output capacitor 651 driving a load 653.

[0295] The output of converter 640 is given by the equation
Vour = M
(1-D)

[0296] Post-regulator 6408 is controlled by a PWM con-

troller 655 driving MOSFET 652 in response to the feedback
signal V o from the output terminal of converter 640, shifted
to the appropriate value V z,,, by a level shift circuit 666. The
level shift circuit 666 is needed to convert the output voltage
V,.» which is higher than the battery voltage V, . to a
voltage within the range of the PWM controller 655. One
convenient method to implement level shift circuit 666
involves a resistor divider. The implementation of a feedback
circuit is described in the above-referenced Application No.
[Attorney Docket No. AATI-19-DS-US].

[0297] Asshown, a clock and ramp generator 667 is used to
switch PWM controller 655 at a frequency @ and is used to
drive MOSFETs 641, 642, 643 and 644 in pre-converter 640A
at a frequency m-®, which may be higher or lower than the
switching frequency of the MOSFETs 649 and 652 in post-
regulator 640B. In a preferred embodiment, m=1 and charge
pump pre-converter 640A and switched inductor post-regu-
lator 640B are clocked at the same frequency and synchro-
nized to the same clock. A break-before-make (BBM) circuit
668 provides the gate drive and necessary level shiftingV ;, to
V g4 to the charge pump MOSFETs 641, 642, 643 and 644. A
BBM circuit 654 drives low-side MOSFET 642 and synchro-
nous rectifier MOSFET 649 in accordance with PWM con-

i.e. simultaneous conduction in both MOSFET 649 and
MOSFET 659, to prevent damage to and improve the effi-
ciency of converter 640.

[0298] As shown in FIGS. 16B and 16C, operation of con-
verter 640 occurs in two alternating phases. In the charging
and recirculating phase, shown in FIG. 16B, flying capacitor
645 is charged to substantially the full battery voltage Vbatt
through on MOSFETSs 643 and 642 while current I; in induc-
tor 646 re-circulates through diode 650, on-state synchronous
rectifier MOSFET 649 and output capacitor 651 to the load.
The recirculation path is completed by capacitor 647, and if
the voltage atV,, sags below ground, by diode 648. MOSFETs
641, 644 and 652 remain off in this phase of operation. The
on-time of synchronous rectifier MOSFET 649 may be
shorter than the entire period when diode 650 is conducting
and its beginning and end may be determined by control
signals other than simply the gate drive of low-side MOSFET
652.

[0299] Inthe second phase, shown in FIG. 16C, MOSFETs
642, 643 and, if applicable, 649 are turned off and MOSFETs
641, 644 and 652 are turned on to connect flying capacitor
645 to inductor 646, thereby magnetizing inductor 646. Dur-
ing this phase, output capacitor 651 must supply load 653.
After a prescribed time, determined by PWM controller 655,
converter 640 reverts to the first phase, alternating according
to the duty factor set by PWM controller 655.

[0300] In an alternative converter 710 shown in FIG. 16E,
diode 648 is replaced by a MOSFET 701 and a diode 702,
which are timed to conduct whenever the voltage V, falls
below ground. The operation of MOSFET 701 during recir-
culation phase 700 is illustrated in FIG. 16D.

[0301] Alternatively, the synchronous rectifier MOSFET
649 and low-side MOSFET 652 are switched in phase oppo-
site to the charge pump MOSFETs 641, 642, 643 and 644, but
this alternative typically requires a larger value C, of capaci-
tor 647. In another embodiment, the synchronous rectifier
MOSFET 649 is never turned off fully but only reduced to low
current operation, in the range of a few microamperes to
reduce noise, as described in the above-referenced Applica-
tion No. [Attorney Docket No. AATI-18-DS-US].

[0302] Fractional CLUU Converter: A CLUU converter
730 containing a 1.5x-type pre-converter 730A is shown in
FIG. 17A. As shown, fractional charge pump pre-converter
730A comprises MOSFETs 731 through 737 and flying
capacitors 738 and 739 to provide an intermediate output
voltage V, and an optional filter capacitor 740. A diode 741
may be included to limit the V,, negative voltage swing and
may be omitted depending on the capacitance value C,; of
capacitor 740. Intermediate voltage V,, is connected to induc-
tor 742 of a boost-type post-regulator 730B, with a low-side
N-channel MOSFET 743, a floating synchronous rectifier
MOSFET 744 with an intrinsic P-N diode 745, and an output
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capacitor 746 driving a load 747. The output of 1.5x-type
LCUU converter 730 is given by the equation:

1.5 Viparr
o =TTy

[0303] Post-regulator 7308 is controlled by a PWM con-
troller 749, driving low-side MOSFET 743 in response to a
feedback signal V. from the output terminal of converter
730, level-shifted to the appropriate value V., by a level
shift circuit 750. Level shift circuit 750 is needed to convert
the output voltage V,,,, which is higher than the battery
voltageV, . to a voltage within the range of PWM controller
749. One convenient method to implement level shift circuit
750 involves a resistor divider. The implementation of a feed-
back circuit is described in the above-referenced Application
No. [Attorney Docket No. AATI-19-DS-US].

[0304] Asshown, a clock and ramp generator 751 is used to
switch PWM controller 749 at a frequency @ and is used to
drive the MOSFETs 731 through 737 within charge pump
pre-converter 730A at a frequency m-®, which may be higher
or lower than the switching frequency used to drive post-
regulator 730B. In a preferred embodiment m=1 and charge
pump pre-converter 730A and switched inductor post-regu-
lator 730A are clocked at the same frequency and synchro-
nized to the same clock. A BBM circuit 752 provides the
necessary level shifting for the gate voltages V, to V4, for
the charge pump MOSFETs 731 through 737. BBM circuit
748 drives low-side MOSFET 743 and synchronous rectifier
MOSFET 744 in accordance with PWM controller 749, pre-
venting significant shoot-through conduction, i.e. simulta-
neous conduction in both MOSFET 743 and MOSFET 744,
to prevent damage and improve converter efficiency.

[0305] As shown in FIGS. 17B and 17C, operation of con-
verter 730 occurs in two alternating phases. In the charging
and recirculating phase, shown in FIG. 17B, each of flying
capacitors 738 and 739 is charged to substantially half the
battery voltage,i.e.V, /2, through MOSFETs 731, 732, and
733, while current I, in inductor 742 re-circulates through
diode 745, synchronous rectifier MOSFET 744 and output
capacitor 746, to the load 747. The recirculation path is com-
pleted by capacitor 740 and if the voltage at V, sags below
ground, by diode 741. MOSFETs 734, 735, 736, 737 and 743
remain off in this phase of operation. The on-time of synchro-
nous rectifier MOSFET 744 may be shorter than the entire
period when diode 745 is conducting and its beginning and
end may be determined by control signals other than simply
the gate drive of low-side MOSFET 743.

[0306] Inthesecond phase, shown in FIG. 17C, MOSFETs
731, 732, and 733 and, if applicable, 744 are turned off and
MOSFETs 734, 735, 736, 737 and 783 are turned on to
connect flying capacitors 738 and 739 to inductor 742,
thereby magnetizing inductor 742. During this phase, output
capacitor 746 must supply load 747. After a prescribed time,
determined by PWM controller 749, converter 730 reverts to
the first phase, alternating according to the duty factor set by
PWM controller 749.

[0307] In an alternative embodiment of converter 730
shown in FIG. 17E, diode 741 is replaced by MOSFET 777
and diode 776, which are timed to conduct whenever the
voltage V, falls below ground. The operation of MOSFET
777 during recirculation phase 775 is illustrated in FIG. 17D.
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[0308] Alternatively, the synchronous rectifier MOSFET
744 and low-side MOSFET 743 are switched in phase oppo-
site to the charge pump MOSFETs 731 through 737 but
require a larger value C, of capacitor 740. In another embodi-
ment, the synchronous rectifier MOSFET 744 is never turned
off fully but only reduced to low current operation, in the
range of a few microamperes to reduce noise, as described in
the above-referenced Application No. [Attorney Docket No.
AATI-18-DS-US].

Switched Capacitor-inductor (CLIX) Regulating Inverters

[0309] The generic CLXU converter topology of FIG. 8 is
also useful for producing regulated voltages below ground.
By utilizing an inverting charge-pump as a pre-converter,
inverting voltage conversion is performed in two stages, or as
a CLIX converter. While the switched-inductor post-regula-
tor as described comprises an up converter, meaning the mag-
nitude of the voltage is increased, there are two possible
polarities later defined as CLLIU and CLII, which are referred
to herein generically as CLIX inverting converters.

[0310] Examining the implementation of the CL type
inverters in greater detail, FIGS. 18A-18D illustrate a func-
tional block representation of four different switched CLIX
regulating inverters, comprising —1x type pre-converters in
FIGS. 18A and 18B, and fractional —0.5x type pre-converters
in FIGS. 18C and 18D. In FIGS. 18A and 18C, the post-
regulator comprises a non inverting boost converter, a circuit
that increases the absolute value of the magnitude of the
negative output voltage, i.e. a more negative voltage, without
inverting its polarity. Such circuit topologies are referred top
herein as CLIU converters.

[0311] InFIGS. 18B and 18D, the post-regulator comprises
an inverting boost converter, a circuit that increases the mag-
nitude of the output voltage in a polarity more positive than its
intermediate voltage V.. The output voltage may be below or
above ground, i.e. positive or negative polarity so longasV_,,,
is more positive than intermediate voltage V.. Such circuit
topologies are referred top herein as CLII converters.

[0312] Non-inverting Boost Post-regulators: In FIG. 18A, a
-1x type CLIU converter 800 comprises a charge pump 801
with a flying capacitor 802 and a filter capacitor 803. The
output of charge pump 801 supplies a negative, i.e. below
ground, intermediate voltage V,, which in turn powers a non-
inverting step-up switched-inductor post-regulator compris-
ing an inductor 805, an N-channel MOSFET 806, a synchro-
nous rectifier MOSFET 808 with intrinsic rectifier diode 809
and an output capacitor 810. MOSFET 806 includes P-N
diode 807, which remains reverse biased since V_=0. Insome
cases, depending on the magnitude of capacitance C, of filter
capacitor 803, a diode 804 is included to clamp the positive
voltage range of V. Since V,=-1'V,, and V,, =V /(1-D),
then the voltage conversion ratio of converter 800 is given by

Vou _ -1 1

Vo 1-D D-1

[0313] An example of CLIU conversion using a —1x type
CLIU converter is illustrated in graph 1150 of FIG. 23A,
where the discharge of a 1s Lilon battery is inverted and
regulated to —=5V. The Lilon battery fully charged starts with
a 4.2V condition that decays over time to a plateau voltage
(curve 1151) of approximately 3.5V and then eventually
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reaches its discharged condition of 2.7V. The single-capacitor
pre-converter produces a time varying negative voltage -V,
shown by curve 1152, ranging from -4.2V to -2.7V, which is
stepped up in (absolute) magnitude to -5V by a varying
amount 1/(1-D), using a non-inverting step-up post-regulator
to produce a constant -5V output (curve 1153).

[0314] A similar graph 1170 of FIG. 23C illustrates the
discharge of a two-series cell connected nickel-metal-hydride
battery, or 2s NiMH, regulated by the -1x-type LCIU inverter
to =5V. The input voltage (curve 1171) ranging in value from
2.4V to 1.8V during discharge is inverted to produce -V,
(curve 1172) ranging from -2.4V to -1.8V. V is then regu-
lated by a factor 1/(1-D) by a non-inverting boost converter to
produce a regulated output voltage of -5V (curve 1173).
Operation to produce —12V would require similar operation
but at different duty factors.

[0315] The ability of the —1x LCIU inverter to create a =5V
or =12V output from a wide range of input voltages is illus-
trated in graph 1190 of FIG. 23E, with inputs as shown
ranging from 2V up to 6V, a range including a 1s Lilon
discharge condition. As shown, battery or input voltage
(curve 1191) is inverted to produce intermediate voltage V.,
shown by curve 1192. Using a non-inverting boost type post-
regulator operating a duty factor D, a regulated -5V output
(curve 1193) is produced, or at a different duty factor D,, a
-12V output (curve 1194) may be produced.

[0316] Another example of the CLIU converter’s flexibility
to invert and regulate a wide range of input voltages is illus-
trated in graph 1210 of FIG. 23G, where a battery or input
voltage (curve 1211) varying from 0.9 to 2.4V is used to
produce a regulated 3.3V output (curve 1213). The input
range from 0.9V to 1.2V represents single cell NiMH batter-
ies, the range from 0.9V to 1.7V represents alkaline batteries,
while the range from 1.8V to 2.4V represents 2s configured
NiMH batteries.

[0317] Asshown in graph 1210, the battery or input voltage
(curve 1211) is inverted by the charge pump pre-converter to
produce V, (curve 1212) and is then boosted by a varying
factor of 1/(1-D) to produce an output voltage (curve 1213),
shown here as -3.3V. Alternatively, a different duty factor
range could be employed to produce a —-12xV output (not
shown).

[0318] In some cases, a —1x pre-converter produces an
undesirably large negative intermediate voltage Vy at high
input voltage conditions, and forcing the boost post-regulator
to operate at low duty factors. One way to avoid this problem
is to employ a —0.5x-type fractional charge pump inverting
pre-converter instead of a —1x type pre-converter.

[0319] In FIG. 18C, a -0.5x type CLIU converter 860
includes a fractional charge pump 872 with flying capacitors
861 and 862 and a filter capacitor 863. The output of charge
pump 870 supplies a negative, i.e. below ground, intermediate
voltage V, which in turn powers a non-inverting step-up post-
regulator comprising an inductor 864, an N-channel MOS-
FET 865, a synchronous rectifier MOSFET 868 with intrinsic
rectifier diode 867 and an output capacitor 869. MOSFET 865
includes a P-N diode 866 which remains reverse biased since
V_=0. In some cases, depending on the capacitance C,; of
capacitor 863, a diode 871 is included to clamp the positive
voltage range of V. Since V,=-0.5-V, ,,and V,, =V /(1-D),
then the voltage conversion ratio of the -0.5x-type CLIU
converter is given by
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Vo =05 05
Veew 1=-D D-1

[0320] Anexample of CLIU conversion using a —0.5x type
CLIU converter is illustrated in graph 1150 of FIG. 23B
where the discharge of a 1s Lilon battery is inverted and
regulated to —3V. The Lilon battery fully charged starts with
a 4.2V condition that decays over time to a plateau voltage
(curve 1161) of approximately 3.5V and then eventually
reaches its discharged condition of 2.7V. The double-capaci-
tor pre-converter produces a time varying negative voltage
-V, shown by curve 1152, ranging from -2.1Vto -1.35V.V,,
is then stepped up in magnitude to -3V by an a varying
amount 1/(1-D) using a non-inverting step-up post-regulator
to produce a constant -3V output (curve 1163).

[0321] The ability of the —0.5x CLIU inverter to create and
regulate a —=5V output from a wide range of input voltages is
illustrated in graph 1200 of FIG. 23F, with inputs as shown
ranging from 2V up to 6V, a range including a is Lilon
discharge condition. As shown, battery or input voltage
(curve 1201) is inverted and halved to produce intermediate
voltageV, shown by curve 1202, ranging from 1 to 3V. Using
a non-inverting boost type post-regulator operating at a duty
factor D, aregulated -5V output (curve 1203) is produced, or
at a different duty factor, a -3.3V output (not shown) may be
produced.

[0322] Another example of the CLIU converter’s flexibility
to invert and regulate a wide range of input voltages is illus-
trated in graph 1210 of FIG. 23G, where a battery or input
voltage (curve 1211) varying from 0.9 to 2.4V is used to
produce a regulated 3.3V output (curve 1213). The input
range from 0.9V to 1.2V represents single cell NiMH batter-
ies, the input range from 0.9V to 1.7V represents alkaline
batteries, while the input range from 1.8V to 2.4V represents
2s configured NiMH batteries.

[0323] The duty factor for CLIX inverters can be derived by
rearranging the formula for the CLXU converter to yield

Vin
D=1- [n Vour]
[0324] Since n<0 and V,,/N_,,<0, both numbers are nega-

tive and the duty factor equation mathematically behaves the
same as a non-inverting converter. This principle is illustrated
in graph 1220 of FIG. 23H where curve 1221 represents a
boost converter’s conversion ratio as a function of duty factor.
The conversion ratio of a —1x-type CLIU inverter (curve
1223) is the negative mirror image of curve 1221 and the
conversion ratio of a —0.5x-type CLIU inverter is half that
value, or a mirror image of the conversion ratio of a +0.5x
CLDU converter, described previously. In some sense, the
-0.5x CLIU converter is analogous to an inverted form of a
down-up converter since it can produce voltages above and
below -V, ..

[0325] Table 5 contrasts the D=50% preferred conversion
ratio for the —1x CLIU and -0.5x CLIU converters and illus-
trates the duty factor range needed to output several negative
output voltages from a Lilon battery.
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TABLE 5
-0.5X
Condition LCDU -1X LCDU Boost (Positive)
D=50% VolVi= VoV =-1.0 Vo Vi=1.0
-0.55
Lilon—=3.0V N/A 71% <D < 100%*  71% <D < 100%*
Lilon—=2.7V N/A 64% <D < 90% 64% <D < 90%
Lilon—=18V N/A 43% <D < 60% 43% <D < 60%
Lilon =09V 42%< 21% < D < 30%* 21% <D < 30%*
D < 60%
[0326] Those conditions marked with an asterisk (*) may

require limiting the converter’s operating frequency in order
to meet the full range in required duty factors. Those marked
with N/A require both step-up and step-down inversion.

[0327] CLIU Converter Implementation: A CLIU con-
verter 920 using a —1x-type pre-converter 920A is shown in
FIG. 19A. As shown, charge pump inverting pre-converter
920A includes MOSFETs 921, 923, 924, and 925 and a flying
capacitor 922 and provides an intermediate negative output
voltage -V, A filter capacitor 926 is optional. Also, a diode
927 may be included to limit the positive voltage swing of V,,
and may be omitted depending on the capacitance value C, of
a capacitor 926. Intermediate voltage V,, is connected to an
inductor 928 of a non-inverting boost-type post-regulator
920B with a ground-connected MOSFET 929, a floating syn-
chronous rectifier MOSFET 932 with an intrinsic P-N diode
931 and an output capacitor 933 driving the load. Since V_ =0,
the output of converter 920 is given by the equation

Vbarr Vbarr
You == T-D) " D-D
[0328] Post-regulator 9208 is controlled by a PWM con-

troller 935 driving MOSFET 929 in response to the feedback
signal V. from the output terminal of converter 920, level
shifted to the appropriate value V5, by a level shift circuit
937. The level shift circuit 937 is needed to convert the output
voltage V. which is negative, i.e. below circuit ground, to a
voltage within the range of PWM controller 935. One conve-
nient method to implement level shift circuit 937 involves a
current mirror. The implementation of various feedback cir-
cuits is described in the above-referenced Application No.
[Attorney Docket No. AATI-19-DS-US].

[0329] As shown in FIG. 19A, a clock and ramp generator
936 is used to switch PWM controller 935 at a frequency @
and is used to drive the charge pump MOSFETs 921, 923,
924, and 925 at a frequency m-®, which may be higher or
lower than the switching frequency used to drive post-regu-
lator 920B. In a preferred embodiment m=1 and charge pump
pre-converter 920A and switched inductor post-regulator
920B are clocked at the same frequency and synchronized to
the same clock. A BBM circuit 938 provides the gate drive
and necessary level shifting to generate the gate voltages V 5,
to V4, of the charge pump MOSFETs 921, 923, 924, and 925,
respectively. A BBM circuit 934 drives MOSFET 929 and
synchronous rectifier MOSFET 932 in accordance with
PWM controller 935, preventing significant shoot-through
conduction, i.e. simultaneous conduction in both MOSFET
929 and MOSFET 932, to prevent damage to and improve the
efficiency of converter 920.

21
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[0330] FIGS. 19B and 19C show that the operation of con-
verter 920 occurs in two alternating phases. In the charging
and recirculating phase, shown in FIG. 19B, flying capacitor
922 is charged to substantially the full battery voltage Vbatt
through on MOSFETs 921 and 923, while the current I; in
inductor 928 re-circulates through diode 931, the on-state
synchronous rectifier MOSFET 932, output capacitor 933,
and load 951. The recirculation path is completed by capaci-
tor 926, and if the voltage V, rises above ground, diode 927
will also conduct. MOSFETs 924, 923 and 929 remain off in
this phase of operation. The on-time of synchronous rectifier
MOSFET 932 may be shorter than the entire period when
diode 931 is conducting and control signals other than simply
the gate drive of ground connected MOSFET 929 may deter-
mine when it begins and ends.

[0331] Inthe second phase, shown in FIG. 19C, MOSFETs
921, 923 and 932 are turned off and MOSFETs 924, 925 and
929 are turned on to connect flying capacitor 922 to inductor
928, thereby magnetizing inductor 928. During this phase,
output capacitor 933 must supply load 931. After a prescribed
time determined by the PWM controller 935, converter 920
reverts to the first phase.

[0332] In an alternative embodiment shown in circuit dia-
gram 970 of FIG. 19D, diode 927 is replaced by a MOSFET
971 and a diode 972 which are timed to conduct whenever the
voltage V., falls below ground.

[0333] Alternatively the synchronous rectifier MOSFET
932 and ground-connected MOSFET 929 may be switched in
a phase opposite to that of the charge pump MOSFETs 921,
923, 924, and 925, but this alternative may require a larger
value of the capacitance C; of capacitor 926. In another
embodiment the synchronous rectifier MOSFET 932 is never
turned off fully but only reduced to low current operation, in
the range of a few microamperes to reduce noise, as described
in the above-referenced Application No. [Attorney Docket
No. AATI-18-DS-US].

[0334] Fractional CLIU Converter: A CLIU converter 1060
using a —0.5x-type pre-converter 1060A is shown in FIG.
21A. As shown, the fractional charge pump pre-converter
1060A includes MOSFETs 1061 through 1067 and flying
capacitors 1068 and 106, with an intermediate output voltage
V.. Afilter capacitor 1070 is optional. Also, a diode 1071 may
be included to limit the positive swing of the voltage V,, and
may be omitted depending on the capacitance C, of capacitor
1070. Intermediate voltage V., is provided to an inductor 1072
of a non-inverting boost-type post-regulator 1060B, which
also includes a ground-connected MOSFET 1073, a floating
synchronous rectifier 1074 MOSFET with an intrinsic P-N
diode 1075 and an output capacitor 1076 driving a load. The
output of converter 1060 is given by the equation

v 05 Vi _ 05 Vi
M7 1-D - -1
[0335] Post-regulator 1060B is controlled by a PWM con-

troller 1079 driving MOSFET 1073 in response to the feed-
back signal V5 from the output terminal of converter 1060,
level-shifted to the appropriate value Vg, by a level shift
circuit 1080. Level shift circuit 1080 is needed to convert the
output voltage V_,,, which is negative, i.e. below ground, to a
positive signal within the range of PWM controller 1079. One
convenient method to implement level shift circuit 1080
involves a current mirror. The implementation of various
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feedback circuits is described in the above-referenced Appli-
cation No. [Attorney Docket No. AATI-19-DS-US]

[0336] As shown in FIG. 21A, a clock and ramp generator
1078 is used to switch PWM controller 1079 at a frequency ®
and to drive the charge pump MOSFETs 1061 through 1067
at a frequency m-® which may be higher or lower than the
switching frequency of post-regulator 1060B. In a preferred
embodiment m=1, and charge pump pre-converter 1060A
and switched inductor post-regulator 1060B are clocked at
the same frequency and synchronized to the same clock. A
BBM circuit 1081 provides the gate drive and necessary level
shifting to generate the gate voltages V5, to V5, of the charge
pump MOSFETs 1061 through 1067. respectively. A BBM
circuit 1077 drives low-side MOSFET 1073 and synchronous
rectifier MOSFET 1074 in accordance with PWM controller
1079, preventing significant shoot-through conduction, i.e.
simultaneous conduction in both MOSFET 1073 and MOS-
FET 1074, to prevent damage to and improve the efficiency of
converter 1060.

[0337] FIGS. 21B and 21C show that the operation of con-
verter 1060 occurs in two alternating phases. In the charging
and recirculating phase, shown in FIG. 21B, each of flying
capacitors 1068 and 1069 is charged to substantially half the
battery voltage, i.e. V, /2, through MOSFETs 1061, 1062,
and 1063, while the current I, in inductor 1072 re-circulates
through diode 1075, synchronous rectifier MOSFET 1074,
output capacitor 1076, and the load 1082. The recirculation
path is completed by capacitor 1070 and if the voltage at V.,
rises above ground, diode 1071 also conducts. MOSFETs
1064, 1065, 1066, 1067 and 1073 remain off in this phase of
operation. The on-time of synchronous rectifier MOSFET
1074 may be shorter than the period when diode 1075 is
conducting and control signals other than simply the gate
drive of ground-connected MOSFET 1073 may be used to
determine when it begins and ends.

[0338] Inthesecond phase, shown in FIG. 21C, MOSFETs
1061, 1062, 1063 and 1074 are turned off and MOSFETs
1064, 1065, 1066, 1067 and 1063 are turned on to connect
flying capacitors 1068 and 1069 to inductor 1072, thereby
magnetizing inductor 1072. During this phase, output capaci-
tor 1076 must supply load 1082. After a prescribed time,
determined by the PWM controller 1079, converter 1060
reverts to the first phase.

[0339] In an alternative embodiment, shown in circuit dia-
gram 1099 of FI1G. 21D, diode 1071 is replaced by MOSFET
1083 and diode 1084 which are timed to conduct whenever
the voltage V, rises above ground.

[0340] Alternatively, the synchronous rectifier MOSFET
1074 and ground connected MOSFET 1073 may be switched
in phase opposite to the charge pump MOSFETs 1061
through 1067, but this alternative may require a larger value
of the capacitance C, of capacitor 1070. In another embodi-
ment, the synchronous rectifier MOSFET 1074 is never
turned off fully but only reduced to low current operation, in
the range of a few microamperes to reduce noise, as described
in the above-referenced Application No. [Attorney Docket
No. AATI-18-DS-US], filed contemporaneously herewith
and incorporated herein by reference.

[0341] Inverting Boost Post-regulators: An alternative
implementation of a CLXX type converter utilizes a boost
post-regulator referenced to a negative supply rail to produce
a voltage more positive than that rail. The resulting output
voltage may be above or below ground, but it will be more
positive than the negative supply rail to which the boost
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post-regulator is referenced. Since the boost post-regulator
boosts voltage in an opposite direction to the charge pump
and may even produce a positive output voltage, the post-
regulator is also inverting. The resulting converter is referred
to herein as a CLII converter.

[0342] A functional diagram of a LCII converter 830 is
illustrated in FIG. 18B. Converter 830 includes pre-converter
830A which contains a —-1x type charge pump 831 with a
flying capacitor 832 and a filter capacitor 833. The output of
charge pump 831 supplies a negative, i.e. below ground,
intermediate voltage V., which in turn forms a negative supply
rail and powers a step-up switched-inductor post-regulator
830B comprising an inductor 837, a -V, rail-connected
MOSFET 835, a synchronous rectifier MOSFET 838 with an
intrinsic rectifier diode 839, and an output capacitor 840.
MOSFET 835 includes a P-N diode 836 which remains
reverse biased since V <0 and V,>0. In some cases, depend-
ing on the magnitude of capacitance C, of capacitor 833, a
diode 834 is included to clamp the positive voltage range of
V..

[0y343] In converter 830, the negative supply rail to which
the boost converter within post-regulator 8308 is referenced
is given by V, =-1-V, . If the input powering the boost
converter is defined as V,,,,,, then V, =[Vy+IV,,,,I/(1-D)] or
as V., 1-Viuut!V,ul/(1-D)]. Theoretically any voltage
V_, can power the boost converter to, e.g. V,, V /2 or V., +
V,/2, but the most negative potential in the circuit is not
ground—it is V, which in this application is equal to -V, ..
[0344] One of the most convenient inputs is to power the
boost stage between ground and the negative supply rail V., as
shown in FIG. 18B, so that in the case of the —-1x-type LCII
converter, V,,,=V,.... Given that condition, so that V_ =
[Vy+IV,I/(1-D)], then the voltage conversion ratio of the
-1x-type CLII converter is given by

[Vyl

Vou =y +

yielding the transfer function

Vou _ D

Viart 1-D

which evaluated over a range from 0% to 100% has a positive
value of approximately O volts, i.e. ground, at duty factors
approaching 0% and at duty factors approaching 100% grows
exponentially.

[0345] FIG. 24A shows, for example, the discharge of the
Lilon battery from 4.2V down to 2.7V along curve 1301. In
the —1x type LCIl inverter, a negative mirror image voltage V,
of the battery input V, ., shown by curve 1302, is then used
to produce a positive output voltage. At a duty factor D,, the
output v, is maintained by feedback at 5V, shown by curve
1303, a voltage greater than the battery’s voltage range. By
varying the duty factor to D2, feedback maintains the output
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V,.u0 at +0.9V, shown by curve 1304, below the range of V.
(curve 1301). By varying the duty factor to D;,a 'V, ata
voltage within the range o'V, is obtained (curve 1305).
[0346] FIG. 24C illustrates the use of a —1x CLII converter
with a 1s NiMH dry cell. As shown the battery discharge
(curve 1321) powers the —1x charge pump inverter to create a
varying negative V  rail (curve 1322), a negative mirror image
of the battery voltage. This rail is then used to power one of
several possible up converters. At a duty factor D, feedback
isused tomaintainaV,,,; 1323 of 0.7V (curve 1323). At duty
factor D,, feedback is used to maintaina V_,,, of 1.5V (curve
1324). At duty factor D, feedback is used to maintainaV 4
of 5V (curve 1325). One CLII converter is thus capable of
operating over a wide range of conditions.

[0347] The operating range of —1x-type CLII converter 830
is also illustrated in FIGS. 24D and 24E. In graph 1330 of
FIG. 24D, a range of input voltages from 0.9 to 2.4V, illus-
trated as curve 1331, is inverted by the charge pump pre-
converter 830A to a voltage range shown by curve 1332. The
range shown as curve 1332 is then used to power the boost
post-regulator 830B to produce various output voltages. At a
duty factor D,,aV,,,,, of 3.6V (curve 1333), a voltage above
the battery input, is produced. At a duty factor D,, aV,,,, of
0.7V (curve 01334), a voltage below the battery input, is
produced. At a duty factor D;,aV_,,; of 1.0V (curve 1335), a
voltage within the battery input range, is produced.

[0348] Similarly, —1x LCII regulation for 2V to 5.5V inputs
is illustrated in graph 1340 of FIG. 24E, where the battery
input (curve 1341) is inverted by charge pump pre-converter
830A to a varying negative voltage rail V,, shown by curve
1342. At a duty factor D,, an output voltage V_,,, of 310V
(curve 1343), a voltage above the input range, is produced. At
aduty factor D,, an output voltage V , , 0f 0.9V (curve 1344),
a voltage well below the battery input, is produced. At a duty
factor D;, an output voltage V5 of 3.3V (curve 1344), a
voltage within the specified battery input range is produced.
[0349] Since the negative voltage produced by the charge
pump is the voltage powering the boost post-regulator, and
since a boost converter can only output a voltage greater than
its input voltage, the minimum output voltage of the LCII
converter is zero volts. But its maximum output voltage is
limited only by its duty factor. Capable of output-to-input
voltage conversion ratios less than and greater than unity, the
LCII converter can be considered a special implementation of
a down-up converter. This feature of the CLII converter is
illustrated in graph 1350 of FIG. 24F by curve 1353, showing
its ability to regulate at unity conversion ratios, a feature not
available in boost converters (curve 1351) and Buck convert-
ers (curve 1352).

[0350] A circuit diagram of a CLII converter 1000 using a
-1x-type pre-converter 1000A is shown in FIG. 20A. As
shown, charge pump inverting pre-converter 1000A includes
MOSFETs 1001, 1003, and 1004 and a flying capacitor 1002
and provides an intermediate negative output voltage V =-
V arn Intermediate voltage V, is connected to a MOSFET
1014 in an inverting boost-type post-regulator 1000B with a
ground-connected inductor 1005, a floating synchronous rec-
tifier MOSFET 1007 with an intrinsic P-N diode 1006 and an
output capacitor 1008 driving the load.

[0351] Post-regulator 10008 is controlled by a PWM con-
troller 1010 driving MOSFET 1014 in response to the feed-
back signal V. from the output terminal of converter 1000,
level shifted to the appropriate value Vg, by a level shift
circuit 1011. The level shift circuit 1011 is needed to convert
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the output voltage V, , to a voltage within the range of PWM
controller 1010. One convenient method to implement level
shift circuit 1010 involves a current mirror. The implementa-
tion of various feedback circuits is described in the above-
referenced Application No. [Attorney Docket No. AATI-19-
DS-US].

[0352] As shown in FIG. 20A, a clock and ramp generator
1012 is used to switch PWM controller 1010 at a frequency ®
and is used to drive the charge pump MOSFETs 1001, 1003,
and 1004 at a frequency m-®, which may be higher or lower
than the switching frequency used to drive post-regulator
1000B. In a preferred embodiment m=1 and charge pump
pre-converter 1000A and switched inductor post-regulator
1000B are clocked at the same frequency and synchronized to
the same clock. A BBM circuit 1013 provides the gate drive
and necessary level shifting to generate the gate voltages V5,
to V 55 of the charge pump MOSFETs 1001, 1003, and 1004,
respectively. A BBM circuit 1009 drives MOSFET 1014 and
synchronous rectifier MOSFET 1007 in accordance with
PWM controller 1010, preventing significant shoot-through
conduction, i.e. simultaneous conduction in both MOSFET
1007 and MOSFET 1014, to prevent damage to and improve
the efficiency of converter 1000.

[0353] FIGS. 20B and 20C show that the operation of con-
verter 1000 occurs in two alternating phases. In the charging
and recirculating phase, shown in FIG. 20B, flying capacitor
1002 is charged to substantially the full battery voltage Vbatt
through MOSFETs 1001 and 1003, while the current I, in
inductor 1005 re-circulates through diode 1006, the on-state
synchronous rectifier MOSFET 1007, output capacitor 1008,
and load 1015. The recirculation path is completed by capaci-
tor 1008. MOSFET remains off in this phase of operation.
The on-time of synchronous rectifier MOSFET 1007 may be
shorter than the entire period when diode 1006 is conducting
and control signals other than simply the gate drive of ground
connected MOSFET 929 may determine when it begins and
ends.

[0354] Inthe second phase, shown in FIG. 20C, MOSFETs
1001, 1003 and 1007 are turned off and MOSFETs 1004 and
1014 are turned on to connect flying capacitor 1002 to induc-
tor 1005, thereby magnetizing inductor 1005. During this
phase, output capacitor 1008 must supply load 1015. After a
prescribed time determined by the PWM controller 1010,
converter 1000 reverts to the first phase.

[0355] Alternatively the synchronous rectifier MOSFET
1007 and V -connected MOSFET 1014 may be switched ina
phase opposite to that of the charge pump MOSFETs 1001,
1003, and 1003, but this alternative may require that a capaci-
tor be connected between the node V,, and ground. In another
embodiment the synchronous rectifier MOSFET 1007 is
never turned off fully but only reduced to low current opera-
tion, in the range of a few microamperes to reduce noise, as
described in the above-referenced Application No. [ Attorney
Docket No. AATI-18-DS-US].

[0356] Another LCII converter 890 is illustrated in func-
tional blocks in FIG. 18D. Converter 890 includes a pre-
converter 890A containing a —-0.5x fractional type charge
pump 891 with flying capacitors 892 and 893 and a filter
capacitor 894. The output of charge pump 891 supplies a
negative, i.e. below ground, intermediate voltage V, which in
turn forms a negative supply rail and powers a step-up
switched-inductor post-regulator 890B, which includes a
MOSFET 896 connected between an inductor 898 and -V, a
synchronous rectifier MOSFET 900 with an intrinsic diode
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899, and an output capacitor 901. MOSFET 896 includes a
P-N diode 897 which remains reverse biased since V,<0 and
V.>0. In some cases, depending on the magnitude of capaci-
tance C, of capacitor 894, a diode 895 is included to clamp the
positive voltage range of V. While any input voltage may be
used to power the boost converter, FIG. 18D illustrates a case
where the input voltage is equal to the positive polarity of the
V, supply rail. The transfer characteristic for such a converter
is

Vow 05D
Viart B 1-D

a ratio that that of the —1x CLII converter described previ-
ously.

[0357] The operation of -0.5x type CLII converter 890 is
illustrated by graph 1310 in FIG. 24B, where a Lilon battery
voltage ranging from 4.2V t0 2.7V (curve 1311) is inverted by
a —0.5x type fractional charge pump to produce a varying V,,
negative supply rail (curve 1312). At a duty factor D, aV_,,,
of +0.9V (curve 1313), a voltage below the battery, is pro-
duced. At a duty factor D,, a V,,,, of 5V (curve 1314), a
voltage well above the battery input, is produced. At a duty
factor D5, aV,,,; 0f 3.3V (curve 1315), a voltage within the
Lilon battery input range, is produced.

[0358] The -0.5x CLII converter 890 is also capable of
output to input voltage conversion ratios less than and greater
than unity, and can therefore be considered a special imple-
mentation of a down-up converter. This feature of the CLII
converter is illustrated in graph 1360 of FIG. 24G by curve
1364 showing its ability to regulate at unity conversion ratios,
a feature not available a in boost converter (curve 1361) or a
Buck converter (curve 1362). The conversion ratios for a
—1x-type CLII converter (curve 1363) is included as a refer-
ence.

[0359] A circuit diagram of a CLIU converter 1100 using a
-0.5x-type pre-converter 1100A is shown in FIG. 22A. As
shown, charge pump inverting pre-converter 1100A includes
MOSFETs 1101, 1102, 1103, 1104, 1105, 1106, and 1107
and flying capacitors 1108 and 1109 and provides an inter-
mediate negative output voltage V,=-0.5V,,,,,. Intermediate
voltage V, is connected to a MOSFET 1119 of an inverting
boost-type post-regulator 1100B with a V, ,-connected
inductor 1118, a floating synchronous rectifier MOSFET
1110 with an intrinsic P-N diode 1111 and an output capacitor
1112 driving the load.

[0360] Post-regulator 1100B is controlled by a PWM con-
troller 1114 driving MOSFET 1119 in response to the feed-
back signal V. from the output terminal of converter 1100,
level shifted to the appropriate value V5, by a level shift
circuit 1115. The level shift circuit 1115 is needed to convert
the output voltage V, to a voltage within the range of PWM
controller 1114. One convenient method to implement level
shift circuit 1114 involves a current mirror. The implementa-
tion of various feedback circuits is described in the above-
referenced Application No. [Attorney Docket No. AATI-19-
DS-US].

[0361] As shown in FIG. 22A, a clock and ramp generator
1116 is used to switch PWM controller 1114 at a frequency ®
and is used to drive the charge pump MOSFETs 1101, 1102,
1103,1104,1105,1106, and 1107 at a frequency m-®, which
may be higher or lower than the switching frequency used to
drive post-regulator 1100B. In a preferred embodiment m=1
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and charge pump pre-converter 1100A and switched inductor
post-regulator 1100B are clocked at the same frequency and
synchronized to the same clock. A BBM circuit 1117 pro-
vides the gate drive and necessary level shifting to generate
the gate voltages V5, to V5, of the charge pump MOSFETs
1101, 1102,1103,1104, 1105, 1106, and 1107, respectively.
A BBM circuit 1113 drives MOSFET 1119 and synchronous
rectifier MOSFET 1110 in accordance with PWM controller
1114, preventing significant shoot-through conduction, i.e.
simultaneous conduction in both MOSFET 1119 and MOS-
FET 1110, to prevent damage to and improve the efficiency of
converter 1100.

[0362] FIGS. 22B and 22C show that the operation of con-
verter 1100 occurs in two alternating phases. In the charging
and recirculating phase, shown in FIG. 22B, each of flying
capacitors 1108 and 1109 is charged to substantially one-half
the battery voltage Vbatt through MOSFETs 1101, 1102 and
1103, while the current I; in inductor 1118 re-circulates
through diode 1111, the on-state synchronous rectifier MOS-
FET 1110, output capacitor 1112, and load 1120. MOSFETs
1104, 1105, 1106, 1107 and 1119 remain off in this phase of
operation. The on-time of synchronous rectifier MOSFET
1110 may be shorter than the entire period when diode 1111
is conducting and control signals other than simply the gate
drive of MOSFET 1110 may determine when it begins and
ends.

[0363] Inthe second phase, shown in FIG. 22C, MOSFETs
921, 923 and 932 are turned off and MOSFETs 1104, 1105,
1106, 1107 and 1119 are turned on to connect flying capaci-
tors 1108 and 1109 to inductor 1118, thereby magnetizing
inductor 1118. During this phase, output capacitor 1112 must
supply load 1120. After a prescribed time determined by the
PWM controller 1114, converter 1100 reverts to the first
phase.

[0364] Alternatively the synchronous rectifier MOSFET
1110 and MOSFET 1119 may be switched in a phase opposite
to that of the charge pump MOSFETs 1101, 1102, 1103,
1104, 1105, 1106, and 1107, but this alternative may require
a capacitor to be connected to node V. In another embodi-
ment the synchronous rectifier MOSFET 1110 is never turned
off fully but only reduced to low current operation, in the
range of a few microamperes to reduce noise, as described in
the above-referenced Application No. [Attorney Docket No.
AATI-18-DS-US].

Conclusion

[0365] The family of CLXX converters is capable of pro-
ducing a well regulated output for a wide range of output to
input voltage conversion ratios. These various CLXX topolo-
gies are illustrated during their discharge phase in FIGS.
25A-25G.

[0366] Inthe 0.5x-type fractional CLDU converter 1400 of
FIG. 25A, the input voltage from a battery 1401 is used to
repeatedly charge two flying capacitors 1402 and 1403 to a
voltage +V, ,./2 to produce an intermediate voltage V, equal
to V,,,/2. The intermediate voltage V, is then used to mag-
netize a switched inductor in a boost converter 1404 to step up
V,, by a factor of 1/(1-D). The resulting output voltage is
given by +0.5-V,,../(1-D), and converter 1400 is capable of
down-up operation and voltage regulation at unity voltage
conversion ratios.

[0367] In the 2x-type CLUU converter 1410 of FIG. 25B,
the input voltage from a battery 1411 is used to repeatedly
charge one flying capacitor 1412 to a voltage +V,,,, to pro-
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duce an intermediate voltage V,, equal to 2-V,,,,,. The inter-
mediate voltage V,, is then used to magnetize a switched
inductor in a boost converter 1413 to step up V,, by a factor of
1/(1-D). The resulting output voltage is given by +2-V,_./
(1-D), and converter 1410 is capable of up-up voltage regu-
lation with extreme voltage conversion ratios at moderate
duty factors.

[0368] Inthe 1.5x-type fractional CLUU converter 1420 of
FIG. 25C, the input voltage from a battery 1421 is used to
repeatedly charge two flying capacitors 1422 and 1423 to a
voltage +V, /2 to produce an intermediate voltage V, equal
to 1.5:V,,,,,. The intermediate voltage V , is then used to mag-
netize a switched inductor in a boost converter 1424 to step up
V,, by a factor of 1/(1-D). The resulting output voltage is
given by +1.5-V,_./(1-D), and converter 1420 is capable of
up-up voltage regulation with extreme voltage conversion
ratios at moderate duty factors.

[0369] Inthe —1x-type CLID converter 1430 of FIG. 25D,
the input voltage from a battery 1431 is used to repeatedly
charge one flying capacitor 1432 to a voltage +V,,,, to pro-
duce an inverted intermediate voltage V,, equal to -V ,,,,,. The
intermediate voltage V., is then used to magnetize a switched
inductor in a non-inverting boost converter 1433 to increase
the magnitude of V,, by a factor of 1/(1-D) without changing
its polarity, i.e. to make a larger negative voltage. The result-
ing output voltage is given by -V,,,/(1-D), and converter
1430 is capable of inverted step-up voltage regulation with
extreme negative voltage conversion ratios at moderate duty
factors.

[0370] In the -0.5x-type inverting fractional CLDU con-
verter 1440 of FIG. 25E, the input voltage from a battery 1441
is used to repeatedly charge two flying capacitors 1442 and
1443 to a voltage +V,,,,/2 to produce an intermediate voltage
V,equalto -V, /2. The intermediate voltage V , is then used
to magnetize a switched inductor in a boost converter 1444 to
increase the magnitude of V,, by a factor of 1/(1-D) without
changing its polarity, i.e. to make a larger negative voltage.
The resulting output voltage is given by -0.5-V,,,,./(1-D), and
converter 1440 is capable of inverted step-up voltage regula-
tion with extreme negative voltage conversion ratios at mod-
erate duty factors.

[0371] In the -1x-type double inverting CLII converter
1450 of FIG. 25F, the input voltage from a battery 1431 is
used to repeatedly charge one flying capacitor 1452 to a
voltage +V,,,,, to produce an inverted intermediate voltage V,
equal to -V, The intermediate voltage V, is then used as a
negative supply rail and to magnetize a switched inductor in
a non-inverting boost converter 1453 to increase the magni-
tude of V, by a factor of 1/(1-D) without changing its polarity,
i.e. to make a larger positive voltage. The resulting output
voltage is given by V,,.[D/(1-D)], and converter 1450 is
capable of above ground up-down voltage conversion and
voltage regulation at unity voltage ratios.

[0372] In the -0.5x-type fractional double inverting CLII
converter 1460 of FIG. 25G, the input voltage from a battery
1461 is used to repeatedly charge two flying capacitors 1462
and 1463 to a voltage +V, /2 to produce an inverted inter-
mediate voltage V,, equal to -V,,,,/2. The intermediate volt-
age 'V is then used as a negative supply rail and to magnetize
a switched inductor in a non-inverting boost converter 1464 to
increase the magnitude of V,, by a factor of 1/(1-D) without
changing its polarity, i.e. to make a larger positive voltage.
The resulting output voltage is given by 0.5-V,_.[D/(1-D)],
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and converter 1460 is capable of above ground up-down
voltage conversion and voltage regulation at unity voltage
ratios.

[0373] While a number of embodiments according to this
invention have been described above, these embodiments are
intended to be illustrative and not limiting. Persons of skill in
the art will be able to devise numerous alternative embodi-
ments within the broad principles of this invention from the
descriptions herein.

1. A DC/DC voltage converter comprising:

a pre-converter comprising a switched capacitive circuit:

and

a post-regulator comprising a switched inductive circuit,

wherein an output terminal of the pre-converter is coupled

to an input terminal of the post-regulator, an input ter-
minal of the pre-converter comprising an input terminal
of the DC/DC voltage converter, an output terminal of
the post-regulator comprising an output terminal of the
DC/DC voltage converter.

2. The DC/DC voltage converter of claim 1 further com-
prising a feedback path, a first terminal of the feedback path
being coupled to the input terminal of the pre-converter, a
second terminal of the feedback path being coupled to the
output terminal of the post-regulator.

3. (canceled)

4. The DC/DC voltage converter of claim 1 wherein the
post-regulator comprises a high-side switch connected in a
series path with a low-side switch and an inductor connected
to a point in the series path between the high-side switch and
the low-side switch.

5. The DC/DC voltage converter of claim 4 wherein the
high-side switch comprises a high-side MOSFET and the
low-side switch comprises a low-side MOSFET.

6. The DC/DC voltage converter of claim 5 wherein the
post-regulator comprises a break-before-make unit coupled
to a gate of the high-side MOSFET and a gate of the low-side
MOSFET and a pulse width modulation unit coupled to the
break-before-make unit.

7. (canceled)

8. The DC/DC voltage converter of claim 6 comprising a
clock generator coupled to the pulse width modulation unit
and to the pre-converter.

9. (canceled)

10. The DC/DC voltage converter of claim 6 wherein the
post-regulator comprises a level shift unit coupled to the pulse
width modulation unit.

11. The DC/DC voltage converter of claim 10 comprising
a feedback path, a first terminal of the feedback path being
coupled to the level shift unit.

12. The DC/DC voltage converter of claim 11 wherein a
second terminal of the feedback path is coupled to the output
terminal of the post-regulator.

13. The DC/DC voltage converter of claim 1 wherein the
pre-converter comprises a charge pump, the charge pump
producing an output voltage equal to a predetermined mul-
tiple of an input voltage.

14. The DC/DC voltage converter of claim 13 wherein the
charge pump produces an output voltage equal to 0.5 times
the input voltage.

15. The DC/DC voltage converter of claim 14 wherein the
post-regulator comprises a boost converter.

16. The DC/DC voltage converter of claim 15 wherein the
post-regulator comprises:
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an inductor and a low-side MOSFET connected in a series
conduction path being an output terminal of the pre-
converter and ground; and

a synchronous rectifier MOSFET connected between a

common node in the series conduction path between the
inductor and the low-side MOSFET and the output ter-
minal of the DC/DC converter.

17. The DC/DC voltage converter of claim 13 wherein the
charge pump produces an output voltage equal to 2 times the
input voltage.

18. The DC/DC voltage converter of claim 17 wherein the
post-regulator comprises a boost converter.

19. The DC/DC voltage converter of claim 18 wherein the
post-regulator comprises:

an inductor and a low-side MOSFET connected in a series

conduction path being an output terminal of the pre-
converter and ground; and

a synchronous rectifier MOSFET connected between a

common node in the series conduction path between the
inductor and the low-side MOSFET and the output ter-
minal of the DC/DC converter.

20. The DC/DC voltage converter of claim 13 wherein the
charge pump produces an output voltage equal to 1.5 times
the input voltage.

21. The DC/DC voltage converter of claim 20 wherein the
post-regulator comprises a boost converter.
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22. The DC/DC voltage converter of claim 21 wherein the
post-regulator comprises:

an inductor and a low-side MOSFET connected in a series

conduction path being an output terminal of the pre-
converter and ground; and

a synchronous rectifier MOSFET connected between a

common node in the series conduction path between the
inductor and the low-side MOSFET and the output ter-
minal of the DC/DC converter.

23. The DC/DC voltage converter of claim 13 wherein the
charge pump produces an inverted output voltage equal to —1
times the input voltage.

24. The DC/DC voltage converter of claim 23 wherein the
post-regulator comprises a non-inverting boost converter.

25. The DC/DC voltage converter of claim 23 wherein the
post-regulator comprises an inverting boost converter.

26. The DC/DC voltage converter of claim 13 wherein the
charge pump produces an inverted output voltage equal to
-0.5 times the input voltage.

27. The DC/DC voltage converter of claim 26 wherein the
post-regulator comprises a non-inverting boost converter.

28. The DC/DC voltage converter of claim 26 wherein the
post-regulator comprises an inverting boost converter.
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