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APPARATUS FOR MULTI-LEVEL
SWITCHED-CAPACITOR RECTIFICATION
AND DC-DC CONVERSION

BACKGROUND

As is known in the art, a power conversion circuit (or
power converter) is an electrical or electro-mechanical
device for converting electrical energy. One class of power
converter is a de-to-dc converter which converts a source of
direct current (dc) from one voltage level to another utilizing
inverting and rectifying devices.

As is also known, power conversion becomes more chal-
lenging for state-of-the-art low-voltage electronic circuits,
including portable electronic devices, digital electronics,
sensors and communication circuits among many items due
to the desire of higher voltage conversion ratio and rapidly
increasing power demand. The size and cost of the power
conversion electronics (such as dc-dc converters) for these
applications are also important, and can limit overall system
design.

As is also known, a buck converter is a step-down
dc-to-dc converter which utilizes a switched-mode power
supply that uses multiple switches, an inductor and a capaci-
tor. Prior art dc-dc converters implemented utilizing con-
ventional buck converters have no transformation stage.
Thus, inverting and rectifying devices in such converters are
each exposed to both high current and high voltage signals.
This makes such prior art approaches unattractive for high-
conversion-ratio on-die dc-dc converters.

Referring now to FIG. 1, many conventional dc-dc con-
verters 10 include a transformation stage 12 in addition to
inverter 14 and rectification stages 16. DC-DC converter
topologies having a transformation stage (e.g. coupled-
inductor buck, flyback, etc.) primarily operate using only
low-voltage rectifier devices. Furthermore, conventional
converters having topologies which include a transformation
stage requiring coupled magnetic circuit elements (e.g.
transformers) which are difficult to manufacture on an
integrated circuit die and which often have low efficiency.
Moreover, inverter devices used in the aforementioned con-
ventional dc-dc-converter circuits must be capable of fast
operation while also being able to handle high voltage levels
and are unavailable in circuits fabricated using conventional,
commercially viable processing techniques.

The need for a step-down rectifier as introduced here is
driven by the conversion ratio of conventional rectifiers for
high-frequency rectification, which do not provide a desir-
able step down: from the ac voltage amplitude to the dc
output. This places a greater burden on the transformation
stage to achieve a large step-down, and the efficiency a
matching network (or other transformer) is often inversely
proportional to the voltage conversion ratio.

For example, and with reference now to FIG. 2, a tradi-
tional half-bridge rectifier 20 provides a 7/2 voltage con-
version ratio between an input fundamental ac peak voltage
to the output dc voltage V,/V,,.. . (FIG. 2A). This step up
in voltage in the rectification stage has the effect of decreas-
ing the overall conversion ratio in a step down system. If the
rectification stage could exhibit step-down characteristics,
then the voltage transformation ratio in the transformation
stage can be reduced while maintaining the same conversion
ratio in the system as whole and hence improve the system
performance. A full-bridge rectifier doubles the input volt-
age swing and gives a step-down voltage ratio of m/4.
However, isolation is required for the full-bridge rectifier
which increases the complexity of the system. As a result, a
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2

rectifier with higher step-down voltage conversion ratio is
desired. It should be appreciated that while the half-bridge
rectifier of FIG. 2 is here shown implemented with diodes,
such rectifiers are more typically implemented with CMOS
transistors acting as synchronous rectifiers.

SUMMARY

Described herein are new topologies for multi-step,
switched-capacitor rectifier circuits including step-down and
step-up rectifiers. The rectifiers described herein utilize high
step-down ratios which reduces a transformation ratio which
must be provided by a transformation stage (which may be
implemented with a matching network, transformer, or other
element). This results in circuits having improved efficiency.
The multi-step, switched-capacitor rectifier circuit topolo-
gies described herein are able to: leverage CMOS devices
for rectification and maintain low blocking voltage for
CMOS devices and can be used to construct ac power
delivery system and/or GaN/Si dc-dc converters having
performance characteristics which are improved compared
with like characteristics of prior art systems and converters.

In accordance with the concepts, systems, circuits and
techniques described herein, a multi-step, switched-capaci-
tor rectifier circuit includes a bridge circuit having an input
configured to receive an alternating current (AC) signal and
a pair of output terminals. The bridge circuit includes a
bridge storage element coupled across the output thereof.
Bridge circuit switching elements are operable to selectively
couple the bridge storage element to the bridge circuit inputs
input terminals of a rectifier stage are coupled to the output
of the bridge circuit. The rectifier stage has a pair of output
terminals having a rectifier storage element coupled there
between with the rectifier stage configured to provide an
output signal at the pair of output terminals. The rectifier
stage further includes control switches which selectively
couples the rectifier storage element to the bridge circuit
output.

With this particular arrangement, a multi-step, switched-
capacitor rectifier circuit is provided. A switched-capacitor
rectifier circuit comprising a bridge circuit (e.g. a half-bridge
circuit) and one rectifier stage functions as a two-step
switched-capacitor rectifier circuit while a switched-capaci-
tor rectifier circuit comprising a bridge circuit and N rectifier
stages functions as an N+1 step switched-capacitor rectifier
circuit.

In step-down rectification topologies described herein the
multi-step, switched-capacitor rectifier circuit utilizes a rela-
tively higher step-down ratio in the rectifier circuit. This
approach reduces the transformation ratio in the transfor-
mation stage (e.g. a transformation ratio provided by a
transformer or matching network or other type of transfor-
mation network or element), and thus improves efficiency.
When an input ac current is positive, switches are configured
(open or closed) to connect capacitors such that positive
current charges a first capacitor provided as part of the
bridge stage (i.e. a bridge capacitor). This current recharges
a second capacitor provided as part of the rectifier stage (i.e.
a rectifier capacitor) during at least a portion of this state,
and this current and the current in the rectifier capacitor
support a load current. Since both the bridge and rectifier
capacitors hold the same voltage Vo at steady-state, the input
voltage of the SC rectifier is approximately 2Vo in this state.
When the input current is negative, switches in the bridge
and rectifier circuits are configured (e.g. either open or
closed) such that bridge and inverter capacitors are con-
nected in parallel to support the load and an input of the SC
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rectifier is shorted to a reference potential (typically ground).
An additional dc blocking element such as a capacitor may
be placed in series with an input of the rectifier in order to
block the dc voltage component at the rectifier input from
appearing at circuits driving the rectifier.

In step-up rectification topologies, the multi-step,
switched-capacitor rectifier circuit utilizes a relatively high
step-up ratio in the rectifier circuit. This approach reduces
the transformation ratio in the matching network, and thus
improves efficiency while the voltage transformation of the
whole system maintains the same.

In some embodiments, the bridge circuit is provided as a
flying half-bridge circuit while in other embodiments, the
bridge circuit is provided as a full-bridge circuit.

In one embodiment, the multi-step, switched-capacitor
rectifier circuit is implemented as a voltage step-down
rectifier. The need for a step-down rectifier as described
herein is driven by the conversion ratio of conventional
rectifiers for high-frequency rectification, which do not
provide a desirable step down from the ac voltage amplitude
to the dc output. This places a greater burden on the
transformation state to achieve a large step-down, and the
efficiency a matching network (or other transformer) is often
inversely proportional to the voltage conversion ratio.

In one embodiment, the multi-step, switched-capacitor
rectifier circuit is implemented as a voltage step-up con-
verter. By driving the rectifier in reverse, the rectifier can
operate as an inverter having a large step-up voltage con-
version ratio. When implemented in this manner, the circuit
provides a square wave output signal having a relatively
large amplitude. Although such a voltage step-up rectifier
may be considered more crude than achievable with other
types of inverters (e.g. a Marx inverter), this approach takes
advantage of the self-driven nature of many of the switches
in a CMOS implementation to provide a distinct perfor-
mance advantage.

In one embodiment, a multi-step, switched-capacitor rec-
tifier circuit may be coupled with an inverter and a trans-
formation stage to provide a dc-dc converter. In such an
embodiment, the rectifier provides a de-dc converter having
improved voltage transformation capabilities as compared to
conventional converters. The inverter may be realized with
high-voltage low-current devices (either on the same the as
the rectifier or a different die) and the transformation stage
may be realized with magnetic elements (transformers or
inductors) realized on or off the rectifier die. A switched
capacitor rectifier driven from an inductive ac source, or an
ac source that looks similar to a current source having an
architecture such that an input voltage swing of the
switched-capacitor rectifier is N times the output voltage
depending upon the number of stages. Hence, the switched-
capacitor rectifier can provide a /(2N) step-down voltage
conversion ratio between the input fundamental ac peak
voltage to the output de voltage (V,,/V,, ). This increases
the step down transformation in the rectification stage of a
DC-DC or AC-DC power converter.

It has also been recognized in accordance with the con-
cepts, system and techniques described herein, that future
computation systems pose a major challenge in energy
delivery that is difficult to meet with existing devices and
design strategies. Delivery of power to an integrated circuit
die at the final very low voltage requires a dominant portion
of the chip pin count that could be better employed for
computation and communication. Moreover, systems and
techniques presently being used lead to challenges of volt-
age control (drop) and conductor loss both on die and in
interconnect(s) to the die. To reduce interconnect bottle-
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necks and enable more flexible computation and energy
utilization, it is desired to deliver power across the inter-
connect at high voltage and low current with on-die or
over-die transformation to low voltage and high current,
while providing localized voltage regulation in numerous
zones.

Thus, in accordance with a further aspect of the concepts,
systems, circuits and techniques described herein, a multi-
step, switched-capacitor rectifier circuit may be incorporated
in an ac power delivery architecture for low-voltage inte-
grated power delivery. Such an ac power delivery system
includes an inverter having an input configured to be
coupled to an input source and having an output coupled to
an input of an integrated transformation stage via an inter-
connect implemented as a transmission line interconnect
(e.g. a distributed L, C transmission line). An output of the
integrated transformation stage is coupled to an input of a
multi-step, switched-capacitor rectifier circuit and an output
of the multi-step, switched-capacitor rectifier circuit is con-
figured to provide an output voltage at an output thereof.

When the switched capacitor rectifier is driven from an
inductive ac source, or an ac source that looks similar to a
current source, an input voltage swing of the switched-
capacitor rectifier is N times the output voltage depending
upon the number of stages. And hence, the switched-capaci-
tor rectifier can provide a n/(2N) step-down voltage conver-
sion ratio between the input fundamental ac peak voltage to
the output dc voltage (V,/V . +)- This approach reduces (or
ideally minimizes) the step down conversion ratio of a
transformation stage in AC power delivery system to pro-
vide better performance.

AC distribution in this application has important merits
such as: allowing high-voltage and low current distribution;
allowing the use of low-voltage CMOS rectifiers on die; and,
in applications including an inverter, enabling the inverter to
be placed off die where size and loss are less important and
where it can be effectively realized in a non-CMOS device
process. An alternative to magnetic transformers for provid-
ing voltage transformation is the use of matching networks
or immittance conversion networks, which require only
inductors and capacitors to realize. With the emergence of
high-efficiency, high-power-density integrated inductors at
very high frequencies (VHF) practical ac power delivery
system may be manufactured.

Accordingly, the multi-step, switched-capacitor rectifier
circuit described herein may be used in at least applications
relating to dc-de conversion as well as to ac power delivery
to low-voltage electronics.

It should be understood that while circuit and system
operation is sometimes described herein with approximately
50% duty ratio of switching and sinusoidal input currents, it
will be appreciated that other duty ratios, operating charac-
teristics and modes are possible and are considered to be
within the scope of the concepts described and claimed
herein. For example, one may switch between the two states
with other than 50% duty ratio, and may use duty ratio as a
means of control. Duty ratio will affect the relation between
the input ac voltage and its frequency components and the dc
output voltage. The frequency with which the rectifier is
switched, and the relative phase of the rectifier operation
(with respect to an inverter and/or with respect to the phase
of'the input current) may also be used as control mechanisms
in a power conversion system. Likewise, the input current
may have various frequency content, including harmonics of
the fundamental switching frequency and dc.

Furthermore, in some embodiments, it is possible to
leverage CMOS devices for rectification, maintain low
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blocking voltage for CMOS devices. It is recognized that in
at least some applications a trade-off may be made between
the above advantages and higher device count and greater
control complexity.

The circuits, systems and techniques described herein can
be used to provide improved power delivery and conversion
(e.g. improved power delivery and conversion for micro-
processors for example). The circuits, systems and tech-
niques enable power delivery across interconnects at high
voltage and low current. Also, on or over die transformation
to low voltage/high current can be made with localized
adaptive regulation of voltage in numerous zones. This
results in efficiency and power density commensurate with
the needed levels of size. The circuits, systems and tech-
niques described herein are capable of achieving needed
transformation and multi-point regulation.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing features of the concepts, systems and
techniques described herein may be more fully understood
from the following detailed description of the drawings, in
which:

FIG. 1 is a block diagram of a prior art direct current-to-
direct current (dc-dc) converter;

FIG. 2 is a block diagram of a prior art half-bridge rectifier
circuit;

FIG. 2A is a plot of current and voltage vs. phase (in
radians) for the half bridge rectifier circuit of FIG. 2;

FIG. 3 is a block diagram of a two-step switched-capaci-
tor rectifier circuit;

FIGS. 3A-3C are a series of waveforms illustrating the
operation of the two-step switched-capacitor rectifier circuit
of FIG. 3;

FIGS. 4 and 4A are a series of block diagrams illustrating
operation of a two-step switched-capacitor rectifier circuit;

FIG. 4B is a series of waveforms illustrating the operation
of the two-step switched-capacitor rectifier circuit of FIG. 3;

FIG. 5 is a schematic diagram illustrating control details
for the switched-capacitor rectifier of FIG. 3;

FIG. 6 is a block diagram of a multi-step switched-
capacitor rectifier circuit;

FIG. 7 is a schematic diagram illustrating a self-driven
scheme for a multi-step, switched-capacitor rectifier circuit;

FIG. 8 is a schematic diagram of a full-bridge multi-step,
switched-capacitor rectifier circuit;

FIG. 9 is a block diagram of a polyphase system with a
multi-step, switched-capacitor rectifier circuit;

FIG. 10 is a schematic diagram of a discrete full-bridge
two-step, switched-capacitor rectifier circuit implemented
using diodes;

FIG. 11 is a schematic diagram of an exemplary discrete
full-bridge two-step, switched-capacitor rectifier circuit;

FIG. 12 is a block diagram of an ac power delivery
architecture for a dc-dc converter; and

FIG. 13 is a schematic diagram of an exemplary discrete
full-bridge two-step, switched-capacitor rectifier circuit; and

FIGS. 13A and 13B are a series of waveforms illustrating
the operation of the discrete full-bridge two-step, switched-
capacitor rectifier circuit of FIG. 13.

DETAILED DESCRIPTION

Before describing detailed exemplary embodiments of a
multi-step, switched-capacitor rectifier circuit, some intro-
ductory concepts and terminology are explained.
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It should first be appreciated that the concepts, systems,
circuits and techniques described herein related to multi-
step, switched-capacitor rectification and power conversion
are sometimes described with reference to a multi-step,
switched-capacitor rectifier circuit having a specific number
of'steps (e.g. a two-step, switched-capacitor rectifier circuit).
Such reference is not intended to be and should not be
construed as limiting. It is recognized that the multi-step,
switched-capacitor rectifier circuit described herein may be
provided having any number of steps (one or more steps).
One of ordinary skill in the art, after reading the disclosure
provided herein, will understand how to select the number of
steps to use in any particular application.

Furthermore, reference is sometimes made herein to
multi-step, switched-capacitor rectifier circuitry (or systems
utilizing such circuitry) described as operating with a spe-
cific duty ratio of switching and sinusoidal input currents
(i.e. a duty ratio of switching and sinusoidal input currents
of approximately 50%). It is recognized, however, that other
duty ratios not specifically enumerated herein are also
possible and are within the scope of the concepts, systems,
circuits and techniques described herein. It is recognized, for
example, that one may switch between two states with other
than 50% duty ratio, and may use duty ratio as a means of
control. Duty ratio will affect the relation between the input
ac voltage and its frequency components and the dc output
voltage. The frequency with which the rectifier is switched,
and the relative phase of the rectifier operation (with respect
to an inverter and/or with respect to the phase of the input
current) may also be used as control mechanisms in a power
conversion system. Likewise the input current may have
various frequency content, including harmonics of the fun-
damental switching frequency and dc. One of ordinary skill
in the art, after reading the disclosure provided herein, will
understand how to select a duty ratio (or duty ratios) for use
in any particular application. It is recognized, for example,
that one may switch between two states with other than 50%
duty ratio, and may use duty ratio as a means of control.
Duty ratio will affect the relation between the input ac
voltage and its frequency components and the dc output
voltage. The frequency with which the rectifier is switched,
and the relative phase of the rectifier operation (with respect
to an inverter and/or with respect to the phase of the input
current) may also be used as control mechanisms in a power
conversion system. Likewise the input current may have
various frequency content, including harmonics of the fun-
damental switching frequency and dc.

It is further recognized, that multi-step, switched-capaci-
tor rectifier circuitry having operating characteristics and
modes not specifically enumerated herein are possible and
are within the scope of the broad concepts, systems, circuits
and techniques described herein.

It should also be understood that reference is sometimes
made herein to integrated circuits (IC’s or chips) constructed
using specific types of semiconductor technology (e.g.
complementary metal-oxide-semiconductor (CMOS)). It
should be understood that the broad concepts described
herein may be implemented in any type semiconductor
technology (i.e. both processes used to implement that
circuitry on integrated circuits as well as the circuitry itself).
In some applications, the multi-step, switched-capacitor
rectifier circuits described herein find use in circuits and
systems implemented using gallium nitride (GaN) semicon-
ductor technology as well as in Gallium Nitride/Silicon
(GaN/Si) semiconductor technology. Also, the circuits and
concepts described herein may be implemented using a
variety of different material systems (e.g. Silicon CMOS or
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GaN/Si de-de converters) and/or different device types (e.g.,
Silicon LDMOS/CMOS conversion or HEMT/CMOS con-
version).

Reference is also sometimes made herein to particular
applications. For example, multi-step, switched-capacitor
rectifier circuits are sometimes described herein for use with
dc-de converter and ac power delivery applications. Such
references are intended merely as exemplary should not be
taken as limiting the concepts described herein to those
particular applications. It should thus be appreciated that the
multi-step, switched-capacitor rectifier circuits and concepts
described herein may also find use in other applications.
Applications of these rectifiers may include dc-dc converters
or ac-dc converters such as for powering digital logic or
devices, rectifiers operating as part of rectenna devices or as
part of wireless power transfer systems, inverters for syn-
thesizing ac outputs from dc inputs, etc.

It should thus be appreciated that, in an effort to promote
clarity in explaining the concepts, reference is sometimes
made herein to specific multi-step, switched-capacitor cir-
cuits or specific multi-step, switched-capacitor circuit
topologies. It should thus be understood that such references
are merely exemplary and should not be construed as
limiting. After reading the description provided herein, one
of ordinary skill in the art will understand how to apply the
concepts described herein to provide specific multi-step,
switched-capacitor circuits or specific switched capacitor
circuit topologies.

Reference is also sometimes made herein to circuits
having switches or capacitors. It should be appreciated that
any switching elements or storage elements having appro-
priate electrical characteristics (e.g. appropriate switching or
storage characteristics) may, of course, be used.

Thus, although the description provided herein below
explains concepts sought to be protected in the context of a
particular circuit or a particular application or a particular
voltage or voltage range, those of ordinary skill in the art
will appreciate that the concepts equally apply to other
circuits or applications or voltages or voltage ranges.

Referring now to FIG. 3, a two-step (or two-level)
switched-capacitor rectifier circuit 30 which is used to
illustrate rectifier operation includes a flying half-bridge
circuit 32 coupled to a rectifier stage 34. A voltage source 36
(here shown in phantom since it is not properly a part of the
two-level switched-capacitor rectifier circuit 30 is coupled
through a capacitor 37 to a pair of input terminals 32a, 326
of flying half bridge circuit 32 and a load 38 (also shown in
phantom since it is not properly a part of the rectifier circuit
30) coupled to output terminals 34a, 34b of rectifier stage 34
and across which is generated an output voltage Vo.

The flying half-bridge 32 and rectifier stage 34 each
include one or more switch components and one or more
energy storage components. In this exemplary embodiment,
flying half-bridge 32 includes switches S1, S2 having bias or
control terminals coupled to output voltage Vo and an energy
storage component C1, which is here provided a capacitor,
coupled across the bias terminals of the switches S1, S2. In
the exemplary embodiment of FIG. 3, switches S1, S2 are
provided as field effect transistor (FETs) having source, gate
and drain electrodes and in particular transistor S1 corre-
sponds to a P-channel enhancement mode metal oxide
semiconductor FET (MOSFET) while transistor S2 corre-
sponds to an N-channel enhancement mode MOSFET where
gate electrodes of transistors S1, S2 are coupled to bias
voltages Vo and capacitor C1 has a first terminal coupled to
the drain of transistor S1 and a second terminal coupled the
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source of transistor S2 such that voltages Vy and Vx are
provided at terminals 34a, 345 of rectifier stage 34.

The intermediate voltage Vx is provided at a node of the
flying half-bridge 32 and is controlled by rectifier switching
elements such that said bridge switching elements can be
self-driven by an output voltage of the rectifier.

Rectification stage 34 includes switching elements S3, S4,
S5 and a storage element C2 coupled across rectifier stage
output terminals 34c¢, 34d. Since the multi-step, switched-
capacitor rectifier circuit does not require any magnetic
circuit elements, the multi-step, switched-capacitor rectifier
circuit has a topology suitable for integration on-die in
complementary metal oxide semiconductor (CMOS) and
other semiconductor technologies. And while the elimina-
tion of the magnetics is major factor in allowing on-die
integration (since there is no efficient way to make integrated
magnetics using current state-of-the-art technology), other
features in the topology help for the on-die integration
including, but not limited to, the self-driven feature which
enables the use of circuits (e.g. switch circuits) which do not
require the use of external capacitors for bootstrap/flying
gate drivers. Another feature which facilitates/enables on-
die integration is that a flying capacitor (e.g. capacitor C1 in
FIG. 5 below) is used as a bootstrap capacitor as well for the
gate driver referenced to the output voltage. This allows
elimination of another external capacitor which would oth-
erwise be required.

Moreover, the approach described herein allows a con-
version with a large-amplitude input voltage using only
low-voltage switch devices and capacitors, making it further
suited to efficient implementation in CMOS. It will be
appreciated that the present design using a plurality of
low-voltage switch devices can be more efficient and more
easily implemented in low-voltage processes than a design
requiring high-voltage switch devices.

In the exemplary embodiment of FIG. 3, the multi-step,
switched-capacitor rectifier circuit is implemented as a volt-
age step-down rectifier. The need for a step-down rectifier as
described herein is driven by the conversion ratio of con-
ventional rectifiers for high-frequency rectification, which
do not provide a desirable step down from the ac voltage
amplitude to the dc output. This places a greater burden on
the transformation state to achieve a large step-down, and
the efficiency a matching network (or other transformer) is
often inversely proportional to the voltage conversion ratio.

In other embodiments, however, the multi-step, switched-
capacitor rectifier circuit is implemented as a voltage step-up
rectifier. By driving the rectifier in reverse, the rectifier can
operate as an inverter having a desired (and relatively large)
step-up voltage conversion ratio using only low-voltage
switches and capacitors. The size of the step-up ratio
depends upon the number of steps (or levels) included in the
rectifier circuit and, basically is the reciprocal of the step-
down ratio. Thus, for step up circuit operation, the ratio
becomes (2N)/m. From the description provided herein, it
should be appreciated that a minimum of two steps or levels
are required to provide a step-up ratio. When implemented
in this manner, the circuit provides a square wave output
signal having a relatively large amplitude. This is accom-
plished while only requiring switch devices and capacitors
having a small voltage rating. Although such a voltage
step-up inverter may be considered more crude than achiev-
able with other types of inverters (e.g. a Marx inverter), this
approach takes advantage of the self-driven nature of many
of the switches in a CMOS implementation to provide a
distinct performance advantage (i.e. no floating drivers are
required and the floating/flying switches are self-driven).
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A controller circuit (not shown in FIG. 3) provides control
signals to switching elements S3, S4, S5 through driver
circuits to provide desired operation as will be described in
below in conjunction with FIGS. 4-4B. Suffice it here to say
that rectifier circuit 34 operates such that a controlled
voltage (either a step-down or a step-up voltage) is provided
as output terminals thereof. An exemplary driver circuit will
be described hereinbelow.

It should be appreciated that the topology for step-down
rectification described herein allows use of a step-down ratio
in the rectifier circuit which is relatively high compared with
step-down ratios in conventional circuits. Conventional half
bridge rectifiers, for example, have a step-down ratio of
(m/2)—greater than one—between the input ac fundamental
voltage to the dc output voltage.

In the multi-step, switched-capacitor rectifier described
herein, however, it is possible to achieve a (m/(2N)) step-
down voltage ratio—Iless than one for two or more steps—
where the precise ratio depends upon the number of steps (or
levels) included the rectifier circuit. The step-down ratio
achieved is said to be relatively large compared with con-
ventional approaches since it is possible to have a step-down
ratio much smeller than 1 if the rectifier circuit includes a
large number of levels. The voltage step-down system
includes a matching network and a rectifier (from ac to dc).
While maintaining the overall system voltage step-down
ratio the same, either the rectifier or the matching network
provides the voltage step down. For the matching network,
the efficiency is an inverse function of the transformation
ratio. The higher transformation ratio needed in the match-
ing network, the lower efficiency it will be.

The approach described herein reduces the transformation
ratio in the matching network, and thus improves efficiency.

Furthermore, in some embodiments, it is possible to
leverage CMOS devices for rectification, maintain low
blocking voltage for CMOS devices. It is recognized that in
at least some applications a trade-off may be made between
the above advantages and higher device count and greater
control complexity.

Referring now to FIGS. 3A-3C, waveforms of the two-
level switched-capacitor rectifier circuit 30 of FIG. 3 are
shown. The waveforms illustrate operation of the rectifier
circuit. It should be noted in FIG. 3B that the input of the
rectifier switches between substantially O volts and substan-
tially 2Vo volts, and a step down ratio of @/4 is provided
between an input ac fundamental voltage to dc output
voltage in the two step SC rectifier. This step down is
achieved using devices that only need to be rated for the
(small) output voltage, and not the peak of the (large) input
voltage.

Referring now to FIGS. 4 and 4A, switch operation of the
two-level switched-capacitor rectifier circuit 30 of FIG. 3 is
described. With reference first to FIG. 4, when the input ac
current is positive, switches labeled S1 are closed and
switches labeled S2 are open. The capacitors C1 and C2 are
connected such that positive current charges capacitor C1.
This current recharges C2 during at least a portion of this
state, and this current and the current in C2 support the load
current. Since capacitors C1 and C2 both hold the same
voltage Vo at steady-state, the input voltage of the SC
rectifier is approximately 2Vo in this state. Thus, the input
voltage of the SC rectifier during one switch state is sub-
stantially 2Vo.

When the input current is negative, switches S1 are
opened and switches S2 are closed. In this case, capacitors
C1 and C2 are connected in parallel to support the load and
the input of the SC rectifier is shorted to the ground. As a
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result, the input voltage of the SC rectifier is O volts (V). In
this case, it has a 2Vo voltage swing at the input of a rectifier,
thus providing a V;/V,, sudementai=1/(4/7)=n/4 fundamen-
tal peak ac-to-dc conversion which results in step-down in
the rectification stage. Higher level versions of this
switched-capacitor rectifier can provide a higher step-down
ratio, but require a higher device count and greater control
complexity.

The switched-capacitor rectifier operation described
above illustrates that all devices in the rectifier circuit need
only block the low output voltage level since they are only
required to block the voltages across the capacitors. As a
result, the rectifier can be implemented utilizing low voltage
CMOS devices. This results in a circuit having lower
switching loss and/or higher switching frequency (i.e., input
ac frequency) at a given efficiency as compared to designs
requiring high voltage devices. For example, in a designs
operating at a few volts output, ac frequencies of 10 MHz,
20 MHz or even 50 MHz are achievable at high efficiency.
For designs at output voltages of 2 V and below, ac fre-
quencies in the VHF range such as 30 MHz, 50 MHz or even
100 MHz are achievable. As switching element S3 has its
control part referenced to a dc output voltage (i.e. switching
element S3 sits on top of DC output voltage), it can be driven
easily. Also, switching elements S1 and S2 can be self-
driven by the output voltage. A detailed control circuit for
the two-step switched-capacitor circuit of FIG. 3 is
described in conjunction with FIG. 5.

Referring now to FIG. 4B, a series of waveforms illustrate
the theoretical switching and voltage waveforms of the
two-step switched-capacitor rectifier circuit of FIG. 4. Inter-
mediate voltage V, switches between 0 and V, volts while
V, switches between V, to 2V, volts and V,, switches
between 0 to 2V, volts. Thus, the circuit provides an
additional factor of two step down compared to a half-bridge
while maintaining device and capacitor stress at a voltage
level of V.

Although this example utilizes a duty ratio of 50% (i.e. a
duty ratio of switching and sinusoidal input currents of
approximately 50%), it is recognized that other duty ratios
not specifically enumerated herein are also possible and are
within the scope of the concepts, systems, circuits and
techniques described herein. It is recognized, for example,
that one may switch between two states with other than 50%
duty ratio, and may use duty ratio as a means of control.
Duty ratio will affect the relation between the input ac
voltage and its frequency components and the dc output
voltage. The frequency with which the rectifier is switched,
and the relative phase of the rectifier operation (with respect
to an inverter and/or with respect to the phase of the input
current) may also be used as control mechanisms in a power
conversion system. Likewise the input current may have
various frequency content, including harmonics of the fun-
damental switching frequency and dc. One of ordinary skill
in the art, after reading the description provided herein, will
understand how to select a duty ratio (or duty ratios) for use
in any particular application. It is recognized, for example,
that one may switch between two states with other than 50%
duty ratio, and may use duty ratio as a means of control.
Duty ratio will affect the relation between the input ac
voltage and its frequency components and the dc output
voltage. The frequency with which the rectifier is switched,
and the relative phase of the rectifier operation (with respect
to an inverter and/or with respect to the phase of the input
current) may also be used as control mechanisms in a power
conversion system. Likewise the input current may have
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various frequency content, including harmonics of the fun-
damental switching frequency and dc.

Referring now to FIG. 5, a control circuit for the multi-
step, switched-capacitor rectifier of the type described above
in conjunction with FIGS. 3-4B is shown. A flying capacitor
C1 can he used as a bootstrap capacitor to provide energy for
the gate driver of switching element S3. This eliminates
extra circuitry which may otherwise be required to supply
power for the gate driver of switching element S3 and also
reduces (and ideally minimizes) the energy storage capaci-
tance of capacitor C3. In addition, since switching elements
S1, S2, S3 and S4 share the same control pattern, only a
constant voltage (illustrated as Vo in the exemplary embodi-
ment of FIG. 5) is required to drive the gate of switching
elements S1 and S2 while the node at which voltage Vx
appears can be controlled by switching elements S4 and S5.
As a result, the first stage switching elements S1 and S2 can
be self-driven by output voltage V, as illustrated in the
exemplary embodiment of FIG. 5.

It should be appreciated that the multi-step, switched-
capacitor rectifier utilizes a clock circuit which provides
non-overlapping pulses (i.e. a non-overlapping clock gen-
erator may be used). With the controlled dead-time (non-
overlapping gap), the input current can discharge/charge the
output capacitance in the switches to achieve a zero-voltage
switching scheme (similar to class-D or class DE operation).
In this case, switching loss due to device output capacitance
can be reduced (and ideally eliminated) resulting in
improved rectifier efficiency. In addition, the gate driver can
be made weaker (the transition time can be longer due to
lower switching loss) to reduce the loss in the gate driver.

Referring now to FIG. 6, a general structure of a multi-
step, switched-capacitor rectifier circuit 50 includes a plu-
rality of, here N, rectifier stages 52a-52N. A half flying
bridge 54 is coupled between a source 56 and a first one of
the N rectifier stages and a load 58 is coupled to an output
of the Nth rectifier stage.

It should be appreciated that this rectifier is ideally driven
from an inductive ac source, or an ac source that looks
similar to a current source (this is because the input voltage
of the rectifier is switching and controlled by the operation
of the rectifier, and thus the rectifier is best driven by a
current source, rather than a voltage source).

Except for the switches SB coupled to the top of the half
bridges, all other switches can be replaced by diodes. In
steady state operation, the voltages across all capacitors are
equal to the output voltage. Whether those capacitors will be
connected in series or in parallel by the operation of the
switches depends upon the current direction. With this
configuration, the input voltage swing of the switched-
capacitor rectifier is N times the output voltage where N
corresponds to the number of stages. And hence the
switched-capacitor rectifier can provide a t/(2N) step-down
voltage conversion ratio between the input fundamental ac
peak voltage to the output dc voltage (V,;/V .. 1). This
Increases the step down transformation in the rectification
stage of a dc-dc or ac-dc power converter and also mini-
mizes the step down conversion ratio of a transformation
stage in an ac power delivery system (to be discussed
hereinbelow in conjunction with FIG.) to provide better
performance.

It will also be recognized that this rectifier can be driven
in reverse to provide an inverter having a large step-up
voltage conversion ratio. When implemented in this manner,
one gets a large amplitude square wave output. Although this
is more crude than achievable with a Marx inverter, for
example, this approach takes advantage of the self-driven

20

25

30

35

40

45

50

55

60

65

12

nature of many of the switches in a CMOS implementation
to provide a distinct performance advantage.

Referring now to FIG. 7, a driving scheme of a multi-step
SC rectifier (e.g. as described above in conjunction with
FIG. 6) is shown. In general, devices in the bridge of a
previous stage or level (e.g. stage 62P-1) can be driven by
a positive voltage of the capacitor in the next stage or level
(e.g. stage 62P).

Furthermore, the devices referencing to the positive node
of'the flying capacitors can be driven by a dc voltage (N)(Vo)
where N corresponds to the level at which the device is
located in the circuit) since their reference nodes are switch-
ing with the flying capacitors. This approach greatly reduces
the complexity of the driving scheme.

Only the devices in the last stage are required to be
controlled and all other devices in the multi-step SC rectifier
can be either self-driven or driven by a dc voltage.

Referring now to FIG. 8, a multi-step, switched-capacitor
rectifier circuit 66 implemented with two bridge stages
operating in complementary fashion. Each of the bridge
stages are provided as half-bridges having their own capaci-
tors (it should be noted that the two bridge stages do not
form a full bridge since the respective capacitors are not
connected in parallel). The SC rectifier has the same general
operating pattern as a half-bridge SC rectifier (e.g. as
described above in conjunction with FIGS. 3-7, for example.
This exemplary embodiment, however, has two half-bridge
SC rectifiers in operating complementary fashion (i.e. oper-
ating 180 degrees out of phase). In the this exemplary
embodiment of the SC rectifier, the input voltage swing is
+/-(N)(Vo) so the step-down voltage conversion ratio is
7/(4N). Moreover, no dc voltage component is provided at
the input to the rectifier in this implementation. Thus, similar
to the full bridge rectifier, the multi-step, SC rectifier can
also be connected as a full bridge as a way to double its
voltage in the input and convert power from both polarities.

Referring now to FIG. 9, a polyphase version of a
multi-step, switched-capacitor rectifier may be constructed
and the system architecture is shown in FIG. 9. The circuit
includes 78 includes a polyphase inverter 72 having an input
configured to coupled to an ac source 74 (shown in phantom
since it is not properly a part of the circuit 70) and an output
coupled to an input of a transformation stage 76. In one
embodiment, the polyphase inverter may be provided as a
three-phase GaN inverter. The transformation stage may
include, for example on die magnetic elements. These on-die
magnetic elements may preferably be implemented as induc-
tors, although in some cases coupled magnetic devices (such
as transformers) may be used.

An output of the transformation stage is coupled to an
input of a polyphase SC rectifier circuit 78 having a storage
element coupled across an output thereof (with the storage
element here being illustrated as capacitor C). An output
voltage Vo is provided across a load 80 (shown in phantom
since it is not properly a part of the circuit 70) coupled to an
output of the SC rectifier circuit 70.

Referring now to FIG. 10, to further explore the func-
tionality of the switched-capacitor rectifier circuit and vali-
date the concepts and techniques described herein, an exem-
plary two stage full-bridge switched-capacitor rectifier
circuit 84 was fabricated utilizing discrete components. The
topology of the rectifier circuit 84 is illustrated in FIG. 10.
The discrete rectifier circuit was designed for operating at a
10 MHz switching frequency and a 3V output voltage in
magnitude with 2 W of output power. In order to simplify the
control of this exemplary prototype embodiment, diodes are
used in the bridges. In addition, the output voltage polarities
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are inverted for better PCB layout purpose (it is noted,
however, that this does not affect the operation of the SC
rectifier).

In the exemplary embodiment, the diodes were provided
as BAT60A Infineon silicon Schottky diodes. Switches were
provided as Si1012R N-Channel silicon MOSFET (Vishay)
and the drivers for the switches were NC7WZ04 TinyLogic
inverter manufactured by Fairchild Semiconductor. Isolation
is provided by a 1:1 transformer having a BLN1728-8A/94
core. There are six turns on the transformer providing
magnetizing inductance L,, of 961 nH and leakage Induc-
tance L, of 43 nH. A 360 nH Coilcraft air core inductor and
a 500 pF ATC capacitor are used to form a matching network
to match the input impedance of the SC rectifier to a 50 ohm
(£2) output impedance of a power amplifier.

Referring now to FIG. 11, an integrated rectifier circuit 90
for polyphase ac power delivery operates with a 2.5V output
voltage, designed for 50 MHz switching frequency. The
circuit can implement single or polyphase systems, can be
configured as a 3-phase rectifier and can be configured into
three separate full-bridge rectifiers. The circuit allows 2 W
output power for each phase and thus a total of 6 W output
power for the system. The system includes a full bridge
switched-capacitor rectifier capable of providing 4 W output
power (it should be noted that only 1 phase rectifier and half
bridge switched-capacitor rectifier are shown in FIG. 11).

For an integrated three-phase rectifier, three-phase gate
signals are controlled with voltage controlled delay lines, a
taper factor of 8 is used for the gate driver, 1 ns dead-time
is used to achieve zero-voltage-switching (ZVS) and two
single bridges in parallel are provided for each phase. Thus,
1C 90 includes nonoverlapping clock generation circuitry as
well as tapered drivers.

As noted above a multi-step, switched-capacitor inverter
circuit may be used to provide an ac power delivery system
as will be described below in conjunction with FIG. 12.

Referring now to FIG. 12, an ac power delivery system
100 is coupled between a source 102 and a load 104 (with
source 102 and load 104 shown in phantom since they are
not properly a part of the power delivery system 100). Power
delivery system 100 includes a very high frequency (VHF)
inverter 106 having an input configured to accept a VHF so
signal from source 102 and having an output coupled to an
integrated transformation stage 110 via a transmission line
interconnect circuit 108. The integrated transform stage 110
has an output coupled to an on-die rectifier 112 (i.e. a
multi-step, switched-capacitor rectifier circuit). System 100
thus provides ac delivery across an interconnect at high
voltage with local transformation and rectification. It should
be noted that high-voltage inverter can be remote and the
rectifier can use low-voltage on-die Si devices. This
approach mitigates interconnect thermal and transient limits.
With this approach, an ac power delivery architecture for
low-voltage integrated power delivery is provided.

It has been recognized that future computation systems
pose a major challenge in energy delivery that is difficult to
meet with existing devices and design strategies. Delivery of
power to the die at the final very low voltage requires a
dominant portion of the chip in count that could otherwise
be better employed for computation and communication.
Moreover, conventional systems pose challenge related to
voltage control (drop) and conductor loss both on die and the
interconnect to the die.

It has been further recognized in accordance with the
concepts, systems and techniques described herein, that to
reduce interconnect bottlenecks and enable more flexible
computation and energy utilization, it is desired to deliver
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power across the interconnect at high voltage and low
current with on- or over-die transformation to low voltage
and high current, while providing localized voltage regula-
tion in numerous lanes. With the high-voltage ac distribution
architecture, high-voltage discrete power devices (e.g., GaN
RF transistors) can be used for the VHF inverter stage off
die, generating high-voltage, low-current power at VHF
frequencies (e.g. 50-100 MHz) which is delivered across the
interconnect.

To accomplish this, a transformation network disposed on
an integrated circuit die is used (e.g. disposed on a CMOS).
This can be implemented, for example, by using integrated
passive circuit elements (a/k/a “passives”) on a CMOS die
to form a matching network for the transformation stage.
This converts the VHF power to low voltage and high
current.

Integrated rectifiers of the type introduced here, using
native low-voltage CMOS devices, transform the wave-
forms back to dc, completing the power delivery system.
This limitation aside, ac distribution in this application has
important merits: it allows high-voltage and low current
distribution, allows the use of low-voltage CMOS rectifiers
on die, and enables the inverter to be placed off die where
size and loss are less important and where it can be effec-
tively realized in a non-CMOS device process. One alter-
native to magnetic transformers for providing voltage trans-
formation is the use of matching networks or immittance
conversion networks, which require only inductors and
capacitors to realize. Practical ac power delivery systems
may include high-efficiency, high-power-density integrated
inductors which operate in the very high frequency (VHF)
range.

Referring now to FIG. 13, an exemplary embodiment of
a multi-step, switched-capacitor full bridge rectifier circuit is
shown. FIGS. 13A, 13B illustrate plots of switched capaci-
tor rectifier system input voltage and switched capacitor
rectifier voltage, respectively, for the circuit of FIG. 13. The
circuit operates at an 8:1 conversion ratio witha20 V. ., ac
input, 2.5V dc output and 4 W output power. AC input
line-line voltage amplitude=40 V. A 1:1 hand-wound trans-
former is used to provide isolation (BLN1728-8A/94 core, 7
turns, L,=1.2 uH and L,,,,=30 nH). A 360 pF capacitor is
used to resonate out leakage inductance and capacitor C
(180 pF) and inductors L. (22 nH) are used to form a
matching network.

The apparatus and techniques described herein are not
limited to the specific embodiments described. Elements of
different embodiments described herein may be combined to
form other embodiments not specifically set forth above.
Other embodiments not specifically described herein are
also the scope of the following claims.

What is claimed is:

1. A multi-step ,switched-capacitor rectifier comprising:

a bridge stage having an input adapted to be coupled to a

first alternating current (AC) source and an output, said
bridge stage having a bridge capacitor and at least one
bridge switching element coupled between a first ter-
minal of said bridge capacitor and the bridge input and
at least one switching element coupled between a
second terminal of said bridge capacitor and the bridge
input and

one or more rectifier stages with a first one of the one or

more rectifier stages having an input adapted to be
coupled to an output of said bridge stage and at least
one of said one or more rectifier stages having a direct
current (DC) output adapted to be coupled to a load and
each of said one or more rectifier stages having a
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rectifier capacitor and a plurality of rectifier switching
elements with at least one of said rectifier switching
elements coupled between a first terminal of said
rectifier capacitor and a first input terminal of the
rectifier stage, at least one switching element coupled
between a second terminal of said rectifier capacitor
and the first input terminal of said rectifier stage and at
least one switching element coupled between a second
terminal of said rectifier capacitor and a second input
terminal of the rectifier stage,

wherein in response to a positive AC current being

provided to the input of said bridge stage, said at least
one bridge switching element and said plurality of
rectifier switching elements are configured to connect
said bridge capacitor and said rectifier capacitor such
that positive current charges said bridge capacitor and
recharges said rectifier capacitor.

2. The multi-step, switched-capacitor rectifier of claim 1
wherein both said bridge and rectifier capacitors hold sub-
stantially the same voltage Vo at steady-state.

3. The multi-step, switched capacitor rectifier of claim 2,
wherein the input voltage of the multi-step, switched-ca-
pacitor rectifier during one switch state is substantially 2Vo.

4. The multi-step, switched-capacitor rectifier of claim 1
wherein in response to a negative ac current being provided
to the input of said bridge stage, each of said at least one
bridge switching element and said plurality of rectifier
switching elements are configured such that said bridge
capacitor and said rectifier capacitor are connected in par-
allel to support the load.

5. The multi-step, switched-capacitor rectifier of claim 4
further comprising a transformation stage comprising one or
more magnetic circuit elements provided on or off a die on
which the rectifier switching elements are provided.

6. The multi-step, switched-capacitor rectifier of claim 5
wherein said magnetic circuit elements are provided as at
least one of one or more transformers or one or more
inductors.

7. The multi-step, switched-capacitor rectifier of claim 1
wherein an input voltage swing of the multi-step, switched-
capacitor rectifier is N times the output voltage where N
corresponds to the number of stages in the switched capaci-
tor rectifier, where N is a positive integer greater than 1.

8. The multi-step, switched-capacitor rectifier of claim 7
wherein said an input voltage swing of the multi-step,
switched-capacitor rectifier is N times the output voltage
where N corresponds to the number of stages in the switched
capacitor rectifier.

9. The multi-step, switched-capacitor rectifier of claim 1
wherein said bridge stage is a CMOS half-bridge, and
wherein a first one of the one or more rectifier stages
comprises a CMOS half bridge connected across the rectifier
output and an additional n-channel transistor connected
between the rectifier output and an input terminal of said
rectifier stage.

10. The multi-step, switched-capacitor rectifier of claim 1
wherein a constant voltage is used to drive the control
terminals of said bridge switching elements.

11. The multi-step, switched-capacitor rectifier of claim 1
wherein the bridge capacitor of said bridge stage provides
energy for a gate driver of a switching element in at least one
of said rectifier stages.

12. The multi-step, switched-capacitor rectifier of claim 1
wherein a node at which an intermediate voltage Vx is
provided is controlled by rectifier switching elements.
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13. The multi-step, switched-capacitor rectifier of claim 1
wherein at least one of the said at least one bridge switching
elements is self-driven by an output voltage of the rectifier.

14. The multi-step, switched-capacitor rectifier of claim 1
further comprising a non-overlapping clock circuit.

15. The multi-step, switched-capacitor rectifier of claim 1
disposed on a die.

16. The multi-step, switched-capacitor rectifier of claim 1
having said rectifier switching elements disposed in a
complementary metal oxide semiconductor (CMOS) semi-
conductor circuit.

17. The multi-step, switched-capacitor rectifier of claim 1
used in dc-dc conversion.

18. The multi-step, switched-capacitor rectifier of claim 1
used in ac power delivery to low-voltage electronics.

19. A multi-step, switched-capacitor AC-to-DC rectifier
comprising:

a bridge stage having an input adapted to be coupled to an
input of the switched-capacitor rectifier and an output,
said bridge stage having a bridge capacitor and at least
one bridge switching element coupled between a first
terminal of said bridge capacitor and the bridge input
and at least one switching element coupled between a
second terminal of said bridge capacitor and the bridge
input; and

N-1 rectifier stages with a first one of the N-1 rectifier
stages having an input adapted to be coupled to an
output of said bridge stage and at least one of said N-1
rectifier stages having an output adapted to be coupled
to a load and each of said N-1 rectifier stages having a
rectifier capacitor and a plurality of rectifier switching
elements with at least one of said rectifier switching
elements coupled between a first terminal of said
rectifier capacitor and a first input terminal of the
rectifier stage, at least one switching element coupled
between a second terminal of said rectifier capacitor
and the first input terminal of said rectifier stage and at
least one switching element coupled between a second
terminal of said rectifier capacitor and a second input
terminal of the rectifier stage and wherein the multi-
step, switched-capacitor rectifier is provided having an
architecture such that an input voltage swing of the
multi-step, switched-capacitor rectifier is N times an
output voltage, where N is a positive integer greater
than 2,

wherein, in response to a positive AC current being
provided to the input of said bridge stage, said at least
one bridge switching element and said plurality of
rectifier switching elements are configured to connect
said bridge capacitor and said rectifier capacitor such
that positive current charges said bridge capacitor and
recharges said rectifier capacitor.

20. A multi-step, switched-capacitor rectifier comprising:

a bridge stage comprising a first bridge switching ele-
ment, a second bridge switching element, and a bridge
capacitor, wherein the first bridge switching element is
coupled between an AC source coupled to an input
node of the bridge stage and a first terminal of the
bridge capacitor, the second bridge switching element
is coupled between the source and a second terminal of
the bridge capacitor, the first terminal of the bridge
capacitor coupled to a first output node of the bridge
stage, and the second terminal of the bridge capacitor
coupled to a second output node of the bridge stage;
and

N rectifier stages, where N is a positive integer greater
than 2, each of the N rectifier stages comprising a first
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rectifier input node, a second rectifier input node, a first
rectifier output node, a second rectifier output node, a
first rectifier switching element, a second rectifier
switching element, a third rectifier switching element,
and a rectifier capacitor, wherein the first rectifier
switching element is coupled between the first rectifier
input node and a first terminal of the rectifier capacitor,
the second rectifier switching element is coupled
between the first rectifier input node and a second
terminal of the rectifier capacitor, and the third rectifier
switching element is coupled between the second rec-
tifier input node and the first terminal of the rectifier
capacitor, the first terminal of the rectifier capacitor
coupled to the first rectifier output node, and the second
terminal of the rectifier capacitor coupled to the second
rectifier output node;

wherein, for a first rectifier stage of the N rectifier stages,
the first rectifier input node is coupled to the first output
node of the bridge stage, and the second rectifier input
node is coupled to the second output node of the bridge
stage;

wherein, for each of a second rectifier stage to an N-1

rectifier stage of the N rectifier stages, the first rectifier
input node of each rectifier stage is coupled to the first
output node of a previous rectifier stage, the second
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rectifier input node of each rectifier stage is coupled to
the second output node of a previous rectifier stage;

wherein, for an Nth rectifier stage of the N rectifier stages,

the first rectifier input node of the Nth rectifier stage is
coupled to the first output node of the N-1 rectifier
stage, the second rectifier input node of the Nth rectifier
stage is coupled to the second output node of the N-1
rectifier stage, and a load is coupled between the first
output node of the Nth rectifier stage and the second
output node of the Nth rectifier stage to provide a DC
output voltage to the load,

wherein the multi-step, switched-capacitor rectifier pro-

vides an input voltage swing such that a voltage of the
source is N times the output voltage provided to the
load, and

wherein, in response to a positive AC current being

provided to the input of said bridge stage, said first
bridge switching element, said second bridge switching
element, said first rectifier switching element, said
second rectifier switching element, and said third rec-
tifier switching element are configured to connect said
bridge capacitor and said rectifier capacitor such that
positive current charges said bridge capacitor and
recharges said rectifier capacitor.

#* #* #* #* #*



