wo 2025/006433 A1 |0 00000 KRN0 Y 0 00 000 00

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
02 January 2025 (02.01.2025)

(10) International Publication Number

WO 2025/006433 Al

WIPO I PCT

(51) International Patent Classification:
H02M 1/00 (2006.01) HO02M 3/158 (2006.01)

(21) International Application Number:
PCT/US2024/035361

(22) International Filing Date:
25 June 2024 (25.06.2024)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:

63/510,165 26 June 2023 (26.06.2023) Us

(71) Applicant: MURATA MANUFACTURING CO., LTD
[JP/JP]; 10-1 Higashikotari 1-chome, Nagaokakyo-shi, Ky-
oto, 617-8555 (JP).

(72) Inventor; and
(71) Applicant: PERREAULT, David, J. [US/US]; 229 Vassar
Street, Apt. #3605, Cambridge, Massachusetts 02139 (US).

(72) Inventors: HOVERSTEN, John, R.; 136 Wild-
wood Avenue, Arlington, Massachusetts 02476 (US).

TKACHENKO, Yevgeniy, A.;, 24 Amherst Road, Bel-
mont, Massachusetts 02478 (US).

Agent: LANGE, Kris et al.; Daly, Crowley, Mofford &
Durkee, LLP, One Adams Place, 859 Willard Street, Suite
110, Quincy, Massachusetts 02169 (US).

(74)

(81) Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CV, CZ,DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN,HR, HU, ID, IL, IN, IQ, IR, IS, IT, M, JO, JP, KE, KG,
KH, KN, KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY,
MA, MD, MG, MK, MN, MU, MW, MX, MY, MZ, NA,
NG, NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO,
RS, RU,RW, SA, SC, SD, SE, SG, SK, SL, ST, SV, SY, TH,
TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS,
ZA,ZM, ZW.

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, CV,

GH, GM, KE, LR, LS, MW, MZ, NA, RW, SC, SD, SL, ST,

(54) Title: DIFFERENTIAL HYBRID SUPPLY GENERATOR AND SUPPLY MODULATOR

Controller(s)

[#)]
[e]
[e=]

550
Vo
N_L. Hybrid Supply
7 Generator and
™M ) Modulator
Nt
502

|‘ Additional |

Circuitry VSUPPLY

(optlonal) |

___l__ RF N PA>__RFOUT

1 -

FIG. 5
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DIFFERENTIAL HYBRID SUPPLY GENERATOR AND SUPPLY MODULATOR

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. Provisional Patent Application
No. 63/510,165 filed on June 26, 2023, which is hereby incorporated by reference
herein in its entirety.

BACKGROUND

[0002] The efficiency of radio-frequency (rf) power amplifiers (PAs) can be
improved through “supply modulation” (or “drain modulation” or “collector
modulation”), in which the power supply voltage provided to the PA is adjusted
dynamically (“modulated”) over time depending upon the rf signal being
synthesized. For the largest efficiency improvements, supply voltage can be
adjusted discretely (among discrete levels) or continuously on a short time scale
that tracks or dynamically accommodates rapid variations in rf signal amplitude (or
envelope), such as may occur as data is encoded in the rf signal or as the rf signal
amplitude is desired to be changed with high envelope bandwidth (e.g., asin
envelope tracking, envelope tracking advanced, polar modulation, “class G” power
amplification, multilevel backoff, multilevel LINC, Asymmetric Multilevel
Outphasing, etc.). The power supply voltage (or voltage levels) provided to the PA
may also be adapted to accommodate longer-term changes in desired rf envelope
(e.q., “adaptive bias”) such as associated with adapting transmitter output strength
to minimize errors in data transfer, for rf “traffic’ variations, etc.

[0003] “Continuous” supply modulation (e.g., “envelope tracking” or “adaptive
bias”) may be advantageously realized by dynamically selecting an intermediate
voltage from among a set of discrete power supply voltages and then further
regulating (stepping down) this intermediate voltage to create a continuously-
variable supply voltage to be provided to the PA, or by pulse-width modulating
between two or more levels and filtering the output to create a continuously-
varying waveform.
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[0004] Some rf amplifier systems utilize “discrete” supply modulation (or
discrete “drain modulation”) in which the supply voltage is switched among a set
of discrete voltage levels, possibly including additional filtering or modulation to
shape the voltage transitions among levels. Systems of this type include “class G”
amplifiers, multilevel LINC (MLINC) Power Amplifiers, Asymmetric Multilevel
Outphasing (AMO) Power Amplifiers, Multilevel Backoff amplifiers (including
“‘Asymmetric Multilevel Backoff” amplifiers) and digitized polar transmitters among
other types. Hybrid systems which utilize a combination of continuous and

discrete supply modulation may also be realized.

SUMMARY

[0005] Described are concepts, systems, circuits, devices and techniques for
use in and/or with PA architectures using supply modulation. The described
concepts, systems, circuits, devices and techniques can provide both very rapid
variations in modulated power supply voltage (e.g., among multiple discrete
levels) while also providing the ability to slowly adapt the voltages of the discrete
levels over a desired range. Such concepts, systems, circuits, devices and
techniques find use in a number of applications including, but not limited to PA

architectures.

[0006] Using descried concepts, systems, circuits, devices and techniques, it is
possible to efficiently and compactly generate a set of m power supply voltages.
Two of the m power supply voltages (e.g., V1 and Vm) can be independently
controlled. The other m-2 power supply voltages can be distributed in some
prescribed relation to the two independently controlled power supply voltages,
such as spaced in an even fashion between them and/or around them (e.g., with
adjacent voltage levels each separated by an approximate voltage AV). Thus, for
example, the following m power supply voltages can be provided wherein V1 and

Vm are the independently controlled supply voltages:
Vi =V + (K-1)-(Ve-V1)[(m-1) fork = 1..m.

[0007] Such an arrangement is equivalent to allowing for independently

specifying or controlling:
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(a) minimum (Vmin) and maximum (Vmax) voltage levels (with the spacing
between voltage levels AV determined in terms of Vimin and Vmax and the
total number of levels m).

(b) the minimum supply voltage level (Vmin) and the inter-level voltage
spacing AV (with the maximum voltage level Vimax determined by AV and
the total number of levels m.)

(c) the maximum supply voltage level (Vmax) and the inter-level voltage
spacing AV (with the minimum voltage level Vmin determined by AV and

the total number of levels m.)

[0008] The concepts, systems, circuits, devices and techniques described
herein provide substantially all (or most) of the practical benefits available from
supply modulation (e.g., in terms of PA efficiency) while at the same time avoiding
limitations associated with providing truly independent voltage level control or
ratiometric levels. Thus, the concepts, systems, circuits, devices and techniques
described herein provide significant advantages in combinations of size, cost,

efficiency and performance as compared to existing approaches.

[0009] Further benefits are provided if one only need generate two regulated
supply voltages and be able to directly provide one or more additional supply
voltage levels to the PA, without the necessity of having a separate supply
generator element to generate these additional levels cascaded with a supply
modulator to select among the levels. Merging the functions of intermediate level
generation and supply modulation can reduce the number and size of passive
components (e.g., capacitors) required as well as the number, required area and

loss of semiconductor elements (e.g., switches).

[0010] In accordance with one aspect of the concepts described herein, a
system includes: a differential multilevel converter comprising: a differential input
including a first input terminal configured to be coupled to a first voltage Va and a
second input terminal configured to be coupled to a second, different voltage Vg; a
plurality of switches Sa, Sa, Ss, Ss' coupled between the first and second input
terminals; and a capacitor C; having a first terminal coupled to a first terminal of a

first one of the plurality of switches and a second terminal coupled to a first
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terminal of a second, different one of the plurality of switches; an output terminal
coupled to a first terminal of a third, different one of the plurality of switches and a
controller coupled to the plurality of switches and configured to control selected
ones of the plurality of switches Sa, Sa, Sg, Se' to switch, at points in time,
between a plurality of switch states with each switch state producing an output
voltage Vsm corresponding to one of three discrete voltage levels L1, L2, L3 at the
output terminal of the differential multilevel converter and wherein: at least two of
the plurality of switch states produce an output voltage which is substantially the
same and at those points in time when ones of the plurality of switches switch
among the at least two switch states producing the substantially same output
voltage, the controller seeks to maintain a voltage V¢ across the capacitor Cs
within a voltage deviation AV of a target voltage and wherein the voltage deviation
AV determines a maximum deviation of the substantially same output voltage from

an ideal output voltage.

[0011] With this arrangement, a system may synthesize one of three discrete
voltage levels from a differential input. That is, from two supply voltages, the
system operates to directly provide one or more additional discrete voltage levels.
Such discrete voltage levels may find use, for example, in a discrete digital
envelope tracking system in which such discrete voltage levels may be provided
to a supply terminal of a power amplifier (PA) in a base station (e.g., a base
station of a cellular system) or mobile hand set (e.g., a cell phone or other mobile
device), without the necessity of having a separate supply generator element to
generate these additional levels cascaded with a supply modulator to select
among the levels. Merging the functions of intermediate level generation and
supply modulation can reduce the number and size of passive components (e.g.,
capacitors) required as well as the number, required area and loss of

semiconductor elements (e.g., switches).

[0012] It should be appreciated that individual elements of different
embodiments described herein may be combined to form other embodiments not
specifically set forth above. Various elements, which are described in the context
of a single embodiment, may also be provided separately or in any suitable or

reasonable sub-combination. It should also be appreciated that other
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embodiments not specifically described herein are also within the scope of the

following claims.

[0013] Accordingly, system, circuits and techniques described herein may
include one or more of the following features independently or in combination with
one or more other features to include: a differential multilevel converter comprises
switched capacitors configured to synthesize instantaneous voltage levels while
enabling desired voltage / charge-balance on the capacitors; a differential
multilevel converter comprising a differentially-connected flying-capacitor
multilevel converter (FCML); a differential multilevel converter comprising a
capacitor-based energy-transfer topology in which the charge transfer
requirements prevent one or more of the synthesizable levels to be continuously
provided without switching of the differentially-connected multi-level converter; a
first switch Sopt,a; and a second switch Septs With the first and second switches
configured to enable direct energy transfer from output A (e.g., Va) to output B
(e.g., V) or vice versa; a multi-output regulation stage provided as one of:. (a) a
magnetic regulation stage; or (b) a hybrid magnetic/switched-capacitor regulation
stage; a multi-output regulation stage of claim comprising a pair of output
decoupling capacitors; and a differential output decoupling capacitor; a differential
multi-level converter configured to receive at least a first voltage Va and a second
voltage Vg, and combine a differential capacitive energy transfer supply
generation function with a supply modulation function to thereby provide the
differential multi-level converter having an area and size which is reduced
compared to an area and size required to provide like first and second voltages
Va, VB using a differential supply generator which is separate from, but coupled to,
a supply modulator; a differential multi-level converter in which the second voltage
Vs is larger than the first voltage Va, a differential multi-level converter comprising
a differential decoupling capacitor Cp coupled between terminals (or points) at
which exist respective ones of the first and second voltages Va and Vg, a
differential multi-level converter configured such that: (1) the output is taken with
discrete levels; and (2) a dc input voltage is taken differentially between the first
and second voltages Vaand vg rather than from an input source and common; a

differential multi-level converter configured such that the output voltage output Vs
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is a ground referenced output voltage vsm which may take on discrete voltage
values distributed between the first and second voltage values Vaand Vg, with
energy transferred from and between terminals at which Va and Vg exist and the
of the output differential multi-level converter; a differential multi-level converter
having switches (e.g., Sa, Sa, Ss, Sg’) which are all NMOS devices; a differential
multi-level converter having switches (e.g., Sa, Sa, Ss, Sg)) comprising a
combination of NMOS and PMOS devices; a differential multi-level converter
having switches (e.g., Sa, Sa, Sg, Se)) comprising all PMOS devices; differential
multi-level converter comprising a pair of switches implemented as a CMOS pair;
a differential multi-level converter having a first pair of switches implemented as a
CMOS pair and a second pair of switches implemented as a CMOS pair; a
differential multi-level converter comprising switches having unidirectional blocking
capability and which are required to block less than or equal to the maximum
difference between the first and second voltages va and vg but more than half the
maximum difference between the first and second voltages Va Vg, a differential
multi-level converter comprising switches with gate-drive levels derived from the
first and second voltages Va, Ve; a differential multi-level converter configured to

provide four (4) switch states providing the following specified output voltage Vsu:

State | Switches Vsm VsM = Level Ves
On
1 Sa, Ss VB VB L3 | Unchanging
2 Sa, Se’ VB — Ve | (Va+ vB)/2 L2 Increasing (under load)
3 Se, Sa Va+ Ver | (Va+ vB)/2 L2 Decreasing (under load)
4 Se, Sa VA VA L1 Unchanging

[0014] a differential multi-level converter provides a three (3) level supply
voltage corresponding to voltages Vaand Vg and (Va + Vg)/2 wherein Level 1 =
Va, Level 3 = Vg, and Level 2 = (Va and Vg)/2); a differential multi-level converter
configured to operate such that: switch state 1 passes the second voltage Vs to
the output terminal of the differential multilevel converter. switch state 4 passes the
first voltage Va to the output terminal of the differential multilevel converter. switch

state 2 results in a voltage corresponding to Vg - Vs being provided to the output
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terminal of the differential multilevel converter; and switch state 3 results in in a
voltage corresponding to Vs + Vs being provided to the output terminal of the
differential multilevel converter; a differential multi-level converter switches are
controllable to maintain a value of voltage across the capacitor V¢ to be near a
value of voltage corresponding to a voltage value of (Vs - Va)/2; a differential
multi-level converter switches are controllable to maintain a value of voltage v to
be near a value of voltage corresponding to a voltage value of (Vg — Va)/2 such
that both states 2 and 3 provide an output voltage substantially equal to a voltage
of (Va + Vg)/2; a differential multi-level converter in which selections between
states 2 and 3 results in a voltage across the capacitor V¢ being maintained near
a value of voltage corresponding to a voltage value of (Vg — Va)/2 such that both
states 2 and 3 provide an output voltage corresponding to a voltage value of about
(Va + VB)/2; a differential multi-level converter wherein the voltage across the
capacitor V¢ may be maintained near (vs — va)/2 by appropriately selecting
between states 2 and 3 when seeking to synthesize an output voltage level near
(va + vB)/2; a differential multi-level converter wherein when selecting which of
states 2, 3 to use to supply a voltage close to (va + vg)/2 at the modulator output
(i.e., synthesizing Level 2, or L2), state 2 can be selected if v falls too far below
(v — va)/2 and state 3 can be selected if v rises too far above (v — va)/2; a
differential multi-level converter comprising a linear circuit which may be an active
linear circuit; a differential multi-level converter wherein in response to a positive
load current, a voltage ver1 across the capacitor Cs will increase over time in state
2 and will decrease over time in state 3; a controller which seeks to maintain a
voltage vcr1 across the capacitor Cr within a voltage deviation AV, of a target
voltage and wherein the voltage deviation AV determines a maximum target
deviation of a discrete voltage level from an ideal voltage level; a controller which
acts to maintain a voltage vcr1 across the at least one capacitor Cr within a voltage
deviation AV of a target voltage and wherein the voltage deviation AV determines
a maximum desired deviation of a discrete voltage level from an ideal voltage
level; a controller operates on an on an unclocked basis to select switch states to
synthesize a desired level; a hybrid supply generator and modulator provided as
an integrated circuit including the differential multilevel converter and the multi-

output regulation stage, a filter having first and second terminals with a first one of
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the first and second filter terminals coupled to the output terminal of the differential
multilevel converter; an amplifier having a supply terminal coupled to a second
one of the first and second filter terminals; a filter provided as a reconfigurable
pulse shaping network; a disconnect switch coupled between an output terminal of
a differential multilevel converter and a supply terminal of a radio frequency (rf)
amplifier and operable to electrically disconnect the output terminal of the
differential multilevel converter from the rf amplifier; a multi-output regulation stage
having N outputs, the multi-output regulation stage comprising: N separate buck-
boost converters configured to synthesize first and second voltages va and vs
wherein the first and second voltages va and vs are coupled to respective ones of
the first and second outputs of the multi-output regulation stage wherein each of
the N separate buck-boost converters are provided as buck-boost converters
comprising four switches to provide the buck-boost converters a 4-switch buck-
boost converters; a multi-output regulation stage comprising N-2 flying capacitors
and N-1 complementary switch pairs to yield up to 2N switching states that may
be used for level synthesis; a multi-output regulation stage comprising a pre-
charge circuit configured to pre-charge at least some of the N-2 flying capacitors.

[0015] In accordance with a still further aspect of the concepts described
herein a radio frequency (rf) module includes a hybrid supply generator/modulator
comprising a hybrid magnetic/switched-capacitor power converter configured to
synthesize three or more discrete supply modulator voltage levels vsu at its output
at substantially any instant in time. The radio frequency (rf) module may further
include one or more of the following features independently or in combination with
one or more other features to include: a supply modulator having voltage levels
vsm based upon a pair of independently-controlled dc supply voltages synthesized
from an input voltage Vin; the three or more discrete levels are related discrete
voltage levels; the hybrid supply generator/modulator generates two or more
regulated supply voltages and directly provides one or more additional supply
voltage levels to a power amplifier; a hybrid supply generator / supply modulator
which includes a multi-output regulation stage which receives, couples or
otherwise receives an input voltage Vin and synthesizes two intermediate voltages

Va and Vg; and a multilevel converter having its input differentially connected or
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otherwise coupled between voltages Va and Vg, the multilevel converter
configured to enable synthesis of three or more instantaneous output voltage
levels vsm wherein the hybrid supply generator / supply modulator is provided as

integrated circuit.

[0016] In accordance with a still further aspect of the concepts described
herein a system includes a differential multi-level converter; and a multi-output
regulation stage having N outputs, the multi-output regulation stage comprising: N
separate power converters configured to synthesize first and second voltages va
and v wherein the first and second voltages va and vg are coupled to respective
ones of the first and second outputs of the multi-output regulation stage wherein
depending upon voltage range requirements, at least one of the N separate power
converters is implemented as a 4-switch buck-boost converter and at least one of
the N separate power converters is implemented either as: a buck converter
configured to supply the smaller of the two voltages va and vg; or as a boost

converter configured to supply the larger of the two voltages va and ve.

[0017] According to another aspect of the present disclosure, a hybrid supply
generator / modulator comprises: a multi-output regulation stage configured to
receive an input voltage and synthesize two intermediate voltages having voltage
levels different from each other; a multilevel converter configured to receive the
two intermediate voltages at its input and provide a supply voltage having a
voltage level corresponding to one of the two intermediate voltage levels or at
least one synthesized voltage level different than the two intermediate voltage
levels, the multilevel converter comprising at least one flying capacitor and a set of
at least four switches; and at least one charge regulation circuit to control charge

on the at least one flying capacitor.

[0018] In some embodiments, one of the two intermediate voltages is the input
voltage. In some embodiments, the at least one flying capacitor and the set of at
least four switches are collectively configured to transfer charge from the two

intermediate voltages to the supply voltage.

[0019] In some embodiments, the at least one charge regulation circuit is

configured to monitor a voltage of the at least one flying capacitor and to charge

9
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or discharge the at least one flying capacitor to maintain said voltage within a
voltage range. In some embodiments, the charge regulation circuit includes a
differential sensor configured to detect the voltage of the at least one flying
capacitor. In some embodiments, the voltage range is based on a reference
voltage. In some embodiments, the reference voltage is a variable voltage. In
some embodiments, the reference voltage is related to the two intermediate
voltages. In some embodiments, the reference voltage is derived from the two
intermediate voltages. In some embodiments, the reference voltage is at a
midpoint between the two intermediate voltages. In some embodiments, the at
least one charge regulation circuit is configured to control the charge on the at
least one flying capacitor based on a comparison involving the reference voltage
and the voltage across the at least one flying capacitor. In some embodiments,
the at least one charge regulation circuit is configured to control the charge on the
at least one flying capacitor based on comparing a magnitude of a difference
between the reference voltage and the voltage across the at least one flying

capacitor to a threshold value.

[0020] In some embodiments, the at least one charge regulation circuit is
configured to selectively control the charge of the at least one flying capacitor
based on a state or mode. In some embodiments, the state or mode is a state or
mode of the hybrid supply generator / modulator. In some embodiments, the at
least one charge regulation circuit is configured to control the charge of the at
least one flying capacitor during at least one of: a shutdown mode of operation; a

standby mode of operation; and a startup mode of operation.

[0021] In some embodiments, the at least one charge regulation circuit
comprises a linear regulator configured to receive a reference voltage and to
control the charge of the at least one flying capacitor. In some embodiments, the
at least one charge regulation circuit further comprises another set of at least two
switches configured to selectively connect terminals of the at least one flying
capacitor to the linear regulator. In some embodiments, a first one of the another
set of at least two switches is connected between an output of the linear regulator
and a first terminal of the at least one flying capacitor, and a second one of the

another set of at least two switches is connected between the output of the linear

10
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regulator and a second terminal of the at least one flying capacitor. In some
embodiments, the another set of at least two switches are configured to sink or
source current through the at least one flying capacitor to maintain a voltage of the

at least one flying capacitor within a voltage range.

[0022] In some embodiments, the at least one charge regulation circuit
comprises: a regulator having one or more controllable source elements
configured to charge and discharge the at least one flying capacitor; and a charge
control circuit configured to receive a reference voltage and to control individual
ones of the controllable source elements to maintain a voltage across the at least
one flying capacitor to within a voltage range. In some embodiments, the one or
more controllable source elements comprise one or more controllable current
sources. In some embodiments, the one or more controllable source elements are
configured to sink or source current through the at least one flying capacitor to

maintain a voltage of the at least one flying capacitor within a voltage range.

[0023] In some embodiments, the at least one flying capacitor includes a
plurality of flying capacitors, wherein the at least one charge regulation circuit
comprises a plurality of charge regulation circuits each configured to control
charge on a corresponding one of the plurality of flying capacitors. In some
embodiments, the at least one charge regulation circuit is configured to adjust at

least one of the two intermediate voltages.

[0024] According to another aspect of the present disclosure, a method is
provided for controlling charge on at least one flying capacitor of a hybrid supply
generator / modulator having a multi-output regulation stage and a multilevel
converter, the method comprising: monitoring a voltage of the at least one flying
capacitor; and charging or discharging the at least one flying capacitor to maintain
said voltage within a voltage range.

[0025] In some embodiments, the monitoring of the voltage of the at least one
flying capacitor comprises detecting the voltage of the at least one flying capacitor
using a differential sensor. In some embodiments, the voltage range is based on a
reference voltage. In some embodiments, the reference voltage is a variable

voltage. In some embodiments, the reference voltage is derived from two

11
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intermediate voltages generated by the multi-output regulation stage. In some
embodiments, the reference voltage is between two intermediate voltages
generated by the multi-output regulation stage. In some embodiments, the
charging or discharging of the at least one flying capacitor to maintain said voltage
within a voltage range comprises performing a comparison involving the voltage of
the at least one flying capacitor to the reference voltage. In some embodiments,
the comparison comprises: calculating a difference between the reference voltage
and the voltage of the at least one flying capacitor; and comparing a magnitude of

the difference to a threshold value.

[0026] In some embodiments, the method further comprises: determining a
mode of operation of the hybrid supply generator / modulator, wherein the
charging or discharging of the at least one flying capacitor is responsive to the
determined mode of operation. In some embodiments, the wherein the charging or
discharging of the at least one flying capacitor is responsive to the mode of
operation being at least one of. a shutdown mode of operation; a standby mode of

operation; and a startup mode of operation.

[0027] In some embodiments, the charging or discharging of the at least one
flying capacitor comprises operating a plurality of switches configured to
selectively connect terminals of the at least one flying capacitor to a regulator. In
some embodiments, the charging or discharging of the at least one flying
capacitor comprises controlling one or more controllable source elements. In
some embodiments, the method further comprises adjusting at least one of two
intermediate voltages generated by the multi-output regulation stage using
circuitry also used for the charging or discharging of the at least one flying

capacitor.

[0028] According to another aspect of the present disclosure, an apparatus
comprises: a multi-output regulation stage having an input to receive an input
voltage and at least two outputs to provide two intermediate voltages having
voltage levels different from each other; a multilevel converter having at least two
inputs to receive the two intermediate voltages and provide an output voltage

having a level corresponding to one of the two intermediate voltage levels or

12
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another level generated from the two intermediate voltage levels using at least
one capacitor; and at least one charge regulation circuit to regulate voltage across

the at least one capacitor to maintain said voltage within a range.

[0029] According to another aspect of the present disclosure, a system
comprises: a hybrid supply generator / modulator having: a first stage having an
input configured to receive an input voltage and first and second outputs
configured to provide respective first and second intermediate voltages having
respective first and second intermediate voltage levels, and a second stage
having first and second inputs configured to respectively receive the first and
second intermediate voltages, a switching network, at least one energy storage
device, and an output configured to provide an output voltage; and a controller
configured to operate the switching network to modulate the voltage level of the

output voltage from among a set of three or more voltage levels.

[0030] In some embodiments, the first or second intermediate voltage
corresponds to the input voltage. In some embodiments, the set of three or more
voltages levels includes at least: a first voltage level corresponding to the first
intermediate voltage level; a second voltage level different from the first and
second intermediate voltage levels; and a third voltage level corresponding to the
second intermediate voltage level. In some embodiments, the switching network
has at least the following states: a first state producing the third voltage level; a
second state producing the second voltage level; a third state also producing the

second voltage level; and a fourth state producing the first voltage level.

[0031] In some embodiments, in response to a command to set the output
voltage level to the second voltage level, the controller uses a state machine to
operate the switching network alternately between the second and third states to
maintain the second voltage level. In some embodiments, transitions of the state
machine are based at least in part on a voltage across the at least one energy
storage device. In some embodiments, transitions of the state machine are based
on comparisons involving a voltage across the at least one energy storage device,

the first and second intermediate voltage levels, and a threshold value.
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[0032] In some embodiments, the switching network includes: a first switch
having a first terminal connected to the second input of the second stage; a
second switch having a first terminal connected to a second terminal of the first
switch; a third switch having a first terminal connected to a second terminal of the
second switch; and a fourth switch having a first terminal connected to a second
terminal of the third switch and a second terminal connected to the first input of
the second stage. In some embodiments, in the first state, the first and second
switches are on; in the second state, the first and third switches are on; in the third
state, the second and fourth switches are on; and in the fourth state, the third and

fourth switches are on.

[0033] In some embodiments, a first terminal of the at least one energy storage
device is connected between the first and second switches and a second terminal
of the at least one energy storage device is connected between the third and
fourth switches. In some embodiments, the output of the second stage is
connected between the second and third switches. In some embodiments, the set
of three or more voltages levels includes at least: a first voltage level
corresponding to the first intermediate voltage level; a second voltage level
different from the first and second intermediate voltage levels; a third voltage level
also different from the first and second intermediate voltage levels; and a fourth

voltage level corresponding to the second intermediate voltage level.

[0034] In some embodiments, the switching network has at least the following
states: a first state corresponding to the first voltage level; a second state
corresponding to the second voltage level; a third state also corresponding to the
second voltage level; a fourth state corresponding to the third voltage level; a fifth
state also corresponding to the second voltage level; a sixth state also
corresponding to the third voltage level; a seventh state also corresponding to the
third voltage level; and an eighth state corresponding to the fourth voltage level. In
some embodiments, the controller uses: a first state machine to operate the
switching network alternately between the second, third, and fifth states to
maintain the second voltage level;, and a second state machine to operate the
switching network alternately between the fourth, sixth, and seventh states to

maintain the third voltage level.
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[0035] In some embodiments, the at least one energy storage device includes
a plurality of energy storage devices, and wherein transitions of the first and
second state machines are based on voltages across each of the plurality of
energy storage devices. In some embodiments, transitions of the first and second
state machines are based on comparisons involving voltages across one the
plurality of energy storage devices, the first and second intermediate voltage

levels, and threshold values.

[0036] In some embodiments, the switching network includes: a first switch
having a first terminal connected to the second input of the second stage; a
second switch having a first terminal connected to a second terminal of the first
switch; a third switch having a first terminal connected to a second terminal of the
second switch; a fourth switch having a first terminal connected to a second
terminal of the third switch; a fifth switch having a first terminal connected to a
second terminal of the fourth switch; and a sixth switch having a first terminal
connected to a second terminal of the third switch and a second terminal

connected to the first input of the second stage.

[0037] In some embodiments, in the first state, the fourth, fifth, and sixth
switches are on; in the second state, the first, fourth, and fifth switches are on; in
the third state, the second, fourth, and sixth switches are on; in the fourth state,
the first, second, and fourth switches are on; in the fifth state, the third, fifth, and
sixth switches are on; in the sixth state, the first, third, and fifth switches are on; in
the seventh state, the second, third and sixth switches are on; and in the eight
state, the first, second, and third switches are on.

[0038] In some embodiments, the at least one energy storage device includes
first and second energy storage devices; a first terminal of the first energy storage
device is connected between the second and third switches and a second terminal
of the first energy storage device is connected between the fourth and fifth
switches; and a first terminal of the second energy storage device is connected
between the first and second switches and a second terminal of the second

energy storage device is connected between the fifth and sixth switches. In some
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embodiments, the output of the second stage is connected between the third and

fourth switches.

[0039] According to another aspect of the present disclosure, a method is
provided for controlling a hybrid supply generator / modulator, the method
comprising: producing control signals to turn switches of a second stage of the
hybrid supply generator / modulator on and off to modulate a voltage level of a
supply voltage from among a set of three or more voltage levels, wherein the
hybrid supply generator / modulator comprises a first stage to generate first and
second intermediate voltage levels from a first input and a second stage to
synthesize the supply voltage from the first and second intermediate voltage
levels.

[0040] In some embodiments, turning the switches of the second stage on and
off includes using one or more state machines to alternately operate the switches
between the different ones of at least four distinct switching states to maintain at
least one of the set of three or more voltage levels. In some embodiments,
transitions of the one or more state machines are based on a voltage across at
least one energy storage device of the second stage. In some embodiments,
transitions of the one or more state machines are based on comparisons involving
a voltage across the at least one energy storage device, the first and second
intermediate voltage levels, and at least one threshold value. In some
embodiments, the one or more state machines include at least two state
machines, and wherein transitions of the state machine are based on
comparisons involving a voltage across the at least one energy storage device,

the first and second intermediate voltage levels, and at least two threshold values.

[0041] According to another aspect of the present disclosure, a hybrid
generator / modulator comprises: a regulation stage having a single input and at
least two outputs, the regulation stage configured to receive an input voltage at
the single input and to provide two intermediate voltages at respective ones of the
at least two outputs; and a multilevel converter configured to receive the two

intermediate voltages and provide an output voltage having a voltage level
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corresponding to a voltage level of one of the two intermediate voltages or at least

one other voltage level synthesized from the two intermediate voltages.

[0042] In some embodiments, the regulation stage comprises a converter with
a single input and more than one output and a single inductive element. In some
embodiments, the regulation stage comprises: a first decoupling capacitor
connected to a first one of the at least two outputs; and a second decoupling
capacitor connected to a second one of the at least two outputs. In some
embodiments, the regulation stage further comprises a differential decoupling

capacitor connected across the at least two outputs.

[0043] In some embodiments, the regulation stage comprises two converters to
provide respective ones of the two intermediate voltages. In some embodiments,
at least one of the two converters is a buck-boost converter. In some
embodiments, at least one of the two converters is a buck converter. In some
embodiments, at least one of the two converters is a boost converter. In some
embodiments, at least one of the two converters comprises at least two switches

and at least one inductive element.

[0044] In some embodiments, the regulation stage comprises: at least on
inductive element; a first switch connected between the single input and the at
least one inductive element; a second switch connected at one end between the
first switch and the at least one inductive element and at another end to ground; a
third switch connected between the at least one inductive element and a first one
of the at least two outputs; and a fourth switch connected at one end between the
fourth switch, the at least one inductive element, and the third switch, and at
another end to a second one of the at least two outputs. In some embodiments,
the regulation stage further comprises a fourth switch connected at one end
between the at least one inductive element and the third switch and at another
end to ground. In some embodiments, the hybrid generator / modulator further
comprises two additional switches configured to enable direct energy transfer

between the at least two outputs.

[0045] In some embodiments, the regulation stage comprises: a first converter

configured to generate a first one of the two intermediate voltages; and a second
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converter configured to generate a second one of the two intermediate voltages,
wherein the first and second converters are in a cascade arrangement. In some
embodiments, the regulation stage wherein the second converter is powered by
the first one of the two intermediate voltages generated by the first converter. In
some embodiments, the second converter is a buck converter. In some

embodiments, a voltage level of the first one of the two intermediate voltages is

greater than a voltage level of the second one of the two intermediate voltages.

[0046] In some embodiments, the regulation stage comprises: a direct

connection between the single input is and a first one of the at least two outputs;
and a first regulator coupled between the single input is and a second one of the
at least two outputs. In some embodiments, the first requlator comprises a buck

converter. In some embodiments, the first regulator comprises a boost converter.

[0047] According to another aspect of the present disclosure, a system
comprises: a regulation stage having at least one output coupled to an input via
one or more converters, the regulation stage configured to receive an input
voltage at a single input and to provide at least one intermediate voltage at the at
least one output; and a multilevel converter configured to receive two intermediate
voltages including the at least one intermediate voltage provided by the
regulations stage and to provide an output voltage having a voltage level
corresponding to a voltage level of one of the two intermediate voltages or at least

one other voltage level synthesized from the two intermediate voltages.

J0048] According to another aspect of the present disclosure, a system
comprises: a hybrid supply generator / modulator comprising: an input to receive
an input voltage; an output to provide a modulated voltage; a multi-output
regulation stage configured to provide two intermediate voltages having voltage
levels different from each other, at least one of the two intermediate voltages
synthesized from the input voltage; and a multilevel converter configured to
receive the two intermediate voltages and to generate the modulated voltage
having a voltage level corresponding to one of the two intermediate voltage levels
or at least one synthesized voltage level different from both intermediate voltage

levels; and circuitry coupled to the output of the hybrid supply generator /
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modulator and to a power supply terminal of at least one radio frequency (rf)
amplifier, the circuitry configured to modify the modulated voltage supplied to the

at least one rf amplifier.

[0049] In some embodiments, the circuitry comprises a disconnect switch
configured to selectively supply a zero voltage level to the at least one rf amplifier.
In some embodiments, the circuitry comprises a disconnect switch configured to
selectively isolate the output of the hybrid supply generator / modulator from the at
least one rf amplifier. In some embodiments, the disconnect switch is configured

to be actuated in conjunction with enabling or disabling the rf amplifier.

[0050] In some embodiments, the circuitry comprises a pulse shaping network
(PSN) configured to filter the modulated voltage. In some embodiments, the PSN
includes at least one passive element. In some embodiments, the at least one
passive element is realized as a discrete element. In some embodiments, the at
least one passive element is realized on an integrated circuit (IC) or module. In
some embodiments, the at least one passive element results from parasitic
resistance, inductance, or capacitance. In some embodiments, the PSN includes:
first and second inductors connected in series between the output of the hybrid
supply generator / modulator and the power supply terminal of the at least one rf
amplifier; a capacitor having a first terminal connected between first and second
inductors; and a third inductor connected between a second terminal of capacitor

and ground.

[0051] In some embodiments, the PSN includes: a resistor having a first
terminal connected to the output of the hybrid supply generator / modulator; and a
capacitor having a first terminal connected to a second terminal of the resistor and
a second terminal connected to ground. In some embodiments, the PSN includes:
a capacitor having a first terminal connected to the output of the hybrid supply
generator / modulator and a second terminal connected to ground; and a resistor

having a first terminal connected to the first terminal of the capacitor.

[0052] In some embodiments, the circuitry further comprises a switching
network. In some embodiments, the switching network is configured such that in a

first state, the switching network provides a first signal path having a first filter
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configuration between the output of the hybrid supply generator / modulator and
the power supply terminal of the at least one rf ampilifier, and in a second state,
the switching network provides a second signal path having a second, different
filter configuration between the output of the hybrid supply generator / modulator
and the and the power supply terminal of the at least one rf amplifier. In some
embodiments, the switching network comprises at least one passive element
having a first terminal connected to the output of the hybrid supply generator /
modulator, a switching network configured such that in a first state the switching
network connects a second terminal of the at least one passive element to
ground, and in a second state, the switching network disconnects the second

terminal of the at least one passive element from ground.

[0053] In some embodiments, the switching network is coupled in a cascaded
configuration with the hybrid supply generator / modulator. In some embodiments,
the switching network is coupled across the PSN and configured to selectively
provide a signal path which bypasses the PSN. In some embodiments, the
switching network is coupled in parallel with a passive element of the PSN and
configured to alter a transfer function of the PSN by selectively shorting at least
one passive element. In some embodiments, the switching network comprises
plurality of switches and at least a first set of the plurality of switches are located
on a first integrated circuit die and at least a second set of the plurality of switches

are located on a second, different integrated circuit die.

[0054] According to another aspect of the present disclosure, a system
comprises: a hybrid supply generator / modulator comprising: an input to receive
an input voltage; an output to provide a modulated voltage; a multi-output
regulation stage configured to provide two intermediate voltages having voltage
levels different from each other, at least one of the two intermediate voltages
synthesized from the input voltage; and a multilevel converter configured to
receive the two intermediate voltages and to generate the modulated voltage
having a voltage level corresponding to one of the two intermediate voltage levels
or at least one synthesized voltage level different from both intermediate voltage

levels, wherein the output of the hybrid supply generator / modulator is directly or
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indirectly coupled to a power supply input of at least one radio frequency (rf)

amplifier.

[0055] According to another aspect of the present disclosure, a method is
provided for change a frequency response of circuit coupled to an output of a
hybrid supply generator / modulator and to a radio frequency (rf) amplifier, the
method comprising: in a first state, configuring the circuit to provide a first signal
path having a first filter configuration between the hybrid supply generator /
modulator output and the rf amplifier input; and in a second state, configuring the
circuit to provide a second signal path having a second, different filter
configuration between the hybrid supply generator / modulator output and the rf
amplifier input.

[0056] According to another aspect of the present disclosure, a hybrid
generator / modulator comprises: a regulation stage configured to provide two
intermediate voltages having voltage levels different from each other, at least one
of the two intermediate voltages synthesized from an input voltage; and a plurality
of multilevel converters each configured to selectively output three or more
instantaneous output voltage levels from the two intermediate voltages for
supplying one or more power amplifiers (PAs).

[0057] In some embodiments, at least two of the plurality of multilevel
converters are used to produce a supply voltage provided to at least one of the
one or more PAs. In some embodiments, outputs of the at least two of the plurality
of multilevel converters are combined via a combiner circuit to produce said
supply voltage. In some embodiments, the combiner circuit comprises a coupled
magnetic structure. In some embodiments, the combiner circuit comprises a first
winding connected at a first end to the output of the first of the at least two of the
plurality of multilevel converters; and a second winding connected at a first end to
the output of the second of the at least two of the plurality of multilevel converters.
In some embodiments, the first and second windings have equal numbers of
turns. In some embodiments, the combiner circuit comprises one or more

inductors. In some embodiments, the combiner circuit comprises at least one of:
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an interphase transformer combiner; uncoupled magnetics; a transmission-line

transformer combiner; and a three-port lumped or distributed passive network.

[0058] In some embodiments, at least one of the plurality of multilevel
converters is coupled to a supply terminal of at least one of the one or more PAs
via afilter circuit. In some embodiments, each of the plurality of multilevel
converters is independently controllable. In some embodiments, one or more PAs

include one or more radio frequency (rf) PAs.

[0069] According to another aspect of the present disclosure, a hybrid supply
generator / modulator comprises: a regulation stage configured to provide two
intermediate voltages having voltage levels different from each other, at least one
of the two intermediate voltages synthesized from an input voltage; and at least
two differential multilevel converters each configured to selectively output three or
more instantaneous output voltage levels from the two intermediate voltages,
wherein the outputs of the at least two differential multilevel converters are
coupled to provide a power amplifier (PA) supply voltage; and a controller
configured to independently control each of the at least two differential multilevel

converters.

[0060] In some embodiments, the controller is configured to receive an input
signal indicating a desired voltage level of the PA supply voltage and to provide
outputs for independently commanding the instantaneous output voltage level of
the at least two differential multilevel converters according to the desired voltage
level. In some embodiments, the controller is configured to delay commanding
one of the at least two differential multilevel converters relative to another one of
the at least two differential multilevel converters such that the instantaneous
output voltage levels of the at least two differential multilevel converters are
different during a period corresponding to a duration of the delay. In some
embodiments, the controller is configured to select the one of the at least two
differential multilevel converters to delay commanding using a state machine. In
some embodiments, the duration of the delay is configurable. In some
embodiments, the at least two differential multilevel converters include at least a

first differential multilevel converter, a second differential multilevel converter, and
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a third differential multilevel converter, wherein the controller is configured to delay
command of the first differential multilevel converter relative to the second
differential multilevel converter using a first delay duration, and to delay command
of the second differential multilevel converter relative to the third differential
multilevel converter using a second delay duration different from the first delay

duration.

[0061] According to another aspect of the present disclosure, a method is
provided for adjusting a time domain shape and frequency content of a supply
voltage using two or more differential multilevel converters, the method
comprising: receiving an input signal indicating a desired voltage level of the
supply voltage; generating a first output to command an instantaneous output
voltage level of a first one of the two or more differential multilevel converters
according to the desired voltage level; and after a delay, generating a second
output to command an instantaneous output voltage level of a second one of the
two or more differential multilevel converters according to the desired voltage

level.

[0062] In some embodiments, the instantaneous output voltage levels of the
two or more differential multilevel converters are different during a period
corresponding to a duration of the delay. In some embodiments, the method
further comprises: changing the duration of the delay in order to adjust the time
domain shape and the frequency content of the supply voltage. In some
embodiments, the method further comprises: selecting which of the two or more
differential multilevel converters to delay command of using state machine.

DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

[0063] The manner and process of making and using the disclosed
embodiments may be appreciated by reference to the figures of the
accompanying drawings. It should be appreciated that the components and
structures illustrated in the figures are not necessarily to scale, emphasis instead
being placed upon illustrating the principals of the concepts described herein. Like

reference numerals designate corresponding parts throughout the different views.
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Furthermore, embodiments are illustrated by way of example and not limitation in

the figures, in which:

[0064] Fig. 1A is a block diagram of an rf amplifier system utilizing multiple
supply levels which may supply multiple PAs.

[0065] Fig. 1B is a block diagram of an rf amplifier system utilizing multiple
supply levels and implemented as a single-inductor multiple-output boost

converter as a supply generator, a parallel supply modulator and an LC filter.

[0066] Fig. 2A is a schematic diagram of an illustrative switching network

provided as a series supply modulator.

[0067] Fig. 2B is a schematic diagram of an illustrative switching network

provided as a parallel supply modulator.

[0068] Fig. 3 is a block diagram of a supply modulator with a cascaded turn-off

switch.

[0069] Fig. 4 is a schematic diagram of an illustrative implementation of the

series modulator of Fig. 2A.

[0070] Fig. 5is a block diagram of an rf amplifier system utilizing a hybrid

supply generator / modulator to provide multiple supply levels.

[0071] Fig. 5A is a block diagram of an rf amplifier system having a hybrid
supply generator / modulator and a filter network.

[0072] Fig. 5B is a block diagram of an rf amplifier system having a hybrid

supply generator / modulator and a PA turn-off switch.

[0073] Fig. 6 is a block diagram illustrating an architecture of a hybrid supply

generator / supply modulator suitable for use in an rf amplifier system.

[0074] Fig. 6A is a block diagram of another hybrid supply generator / supply
modulator architecture wherein one of the intermediate voltages corresponds to

the input voltage.
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[0075] Figs. 7A—E are schematic diagrams illustrating implementations of a
multi-output regulation stage suitable for use in a hybrid supply generator / supply

modulator.

[0076] Fig. 8 is a schematic diagram of a differential multilevel converter
suitable for use in a hybrid supply generator / supply modulator, the converter
capable of providing three (3) effective output levels using four (4) switch states.

[0077] Figs. 9 and 9A are diagrams of state machines that can be used for

controlling switch state in the differential multilevel converter of Fig. 8.

[0078] Figs. 10A—10C are a series of plots illustrating voltage patterns and

state transitions associated with the state machine of Fig. 9.

[0079] Fig. 11 is a schematic diagram of a differential multilevel converter
suitable for use in a hybrid supply generator / supply modulator, the converter

capable of providing four (4) effective output levels using eight (8) switch states.

[0080] Figs. 12A and 12B are diagrams of state machines that can be used for

controlling switch state in the differential multilevel converter of Fig. 11.

[0081] Figs. 13A and 13B are schematic diagrams of differential multilevel
converters suitable for use in a hybrid supply generator / supply modulator, the

converters having circuitry to regulate charge on a flying capacitor.

[0082] Fig. 14 is a schematic diagram of an RF power amplifier system having
a hybrid supply generator / supply modulator with multiple outputs to supply

multiple power amplifiers.

[0083] Fig. 14A is a schematic diagram of an RF power amplifier system
having multiple differential multilevel converters magnetically coupled to supply a

single power amplifier.

[0084] Fig. 15 is a schematic diagram of a switching network having one or
more pulse-shaping networks (PSNs) and being coupled to one or more hybrid

supply generator / supply modulators.
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DETAILED DESCRIPTION

[0085] Referring now to Fig. 1A, shown is an overview of an illustrative rf
power amplifier system architecture utilizing supply modulation wherein a supply
modulator switches among multiple voltages generated by a separate supply
generator (elements and aspects signal processing and control for such a system

are omitted for clarity).

[0086] lllustrative system 10 includes a multiple output supply generator
subsystem (or more simply a “supply generator”) 12 that can synthesize multiple
power supply voltages Vi—Vn, from a single input source 11. In some examples,
supply generator 12 may regulate one or more of power supply voltages Vi—Vm.
Supply generator 12 provides one or more of the voltages V1—Vm, to inputs of one
or more supply modulators subsystems (or more simply “supply modulators”)
14a—-14N of a supply modulator system 14. Supply modulators 14a—14N can
switch (and ideally, rapidly switch) among the different power supply voltages
provided thereto by supply generator 12 to thus provide modulated supply
voltages Vsuppiy#i—Vsupply#n @t an output thereof. Switches may be modulated
sufficiently rapidly to provide a power supply voltage to the PA such that the PA
can provide the required rf output envelope while maintaining high efficiency, in
accordance with techniques known in the art as discrete drain modulation,
envelope tracking advanced (ETA), discrete envelope tracking, and digital
envelope tracking (digital ET). Such techniques are described, for example, in one
or more of U.S. Patents, 8,829,993; 9,160,287; 9,166,536; 9,172,336; 9,209,758;
9,755,672. The supply voltage inputs may be coupled to supply terminals of
respect ones of one or more PAs 18a—18N. In some examples, PAs 18a—18N
may be provided as rf power amplifiers. In some examples, supply generator 12
may supply the same or different voltages to supply modulators 14. In some
examples, supply generator 12 a different number of voltages may be coupled

between supply generator 12 and supply modulators 14.

[0087] In some examples, some or all of the supply voltages may be coupled
to the supply terminals of the PAs through respective ones of optional filtering or

voltage regulation stages 16a—16N. The filtering/regulation stages 16a—16N may
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comprise filtering networks, including passive filters and/or active filters and/or
additional means of regulating the voltage (e.g., including low-dropout

regulator(s), LDOs) to the PA, Vsuppy, from the modulated voltage, Vimod.

[0088] In some examples, one, some or all of the supply modulator
subsystems 14a—14N may comprise one or more switches to couple one or more
voltages provided by supply generator 12 to PA supply terminals 19a—9N. A
variety of different switching circuits (i.e. switches having a wide a variety of switch
configurations or switch topologies) may be utilized to realize supply modulator
subsystems 14. For example, a supply modulator subsystem may comprise a
plurality of serially coupled switches configured to provide a “series” modulator.
Alternatively, a supply modulator subsystem may comprise a plurality of parallel
coupled switches configured to provide a “parallel” modulator. Alternatively still, a
supply modulator subsystem may comprise one or more serially coupled switches

and one or more parallel coupled switches.

[0089] It is appreciated that the manner in which the voltages are synthesized
by the supply generator affects the required ratings of the switches in the one or
more supply modulators 14a—14N. This can be an important consideration as the
required voltage ratings of the modulator switches can influence (and in some
cases, highly influence) switching speed (and achievable modulation rate) and
modulator efficiency, both of which are significant system factors. Regardless of
the modulator switch topology used, if there are m supply levels ordered in
increasing voltage V1,...,Vm (i.€. V41 <V2<...< Vp), the plurality (or chain) of
switches coupled between the ji" supply voltage V; and the output Vmes may ideally
be rated to block at least a negative voltage of magnitude (Vm— V;) and a positive
voltage that is either (V; — V1) or V; depending upon whether the modulator
sources a lowest voltage V1 or should ideally be able to directly supply zero volts
to the PA. In some examples having designs of the latter type, where the power
supply provided to the PA needs to be “cut off’ (discharged to a zero volt power
supply), a separate low-frequency “turn-off’ or “disconnect” switch can be
advantageously placed in series with the output of a supply modulator capable of

sourcing modulator output voltages Vi,...,Vm. Such a turn-off switch can reduce
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the modulator switch chain voltage blocking requirements from Vjto (V; — V4); this

can be advantageous for modulator design. Thus,

[0090] In some examples, an rf power amplifier system such as system 10 may
comprise a “series” modulator in a form suitable for integrated circuit (I1C)
fabrication and for use with ratiometric supply voltages (e.g., V2 = 2V1, V3=3V1,
V4=4V). Such a design illustrates the impact of the supply levels on the required
voltage rating of individual modulator devices; by correct selection of the level
voltages, the best use of integrated CMOS processes can be made using both
core devices and extended voltage devices to achieve the required voltage
blocking characteristics of the modulator switch chains. Moreover, such a circuit
illustrates the use of the generated levels for gate drive of the devices. This type
of drive approach facilitates high efficiency and switching speed. However, to take
advantage of driving the device gates between adjacent level voltages (e.g.,
between V; and Vj.1), level voltages for this design should be maintained with
sufficient spacing; otherwise, more sophisticated gate drive designs may be

needed that can limit achievable switching performance.

[0091] Fig. 1B shows an implementation of the architecture illustrated in Fig.

1A, which may be suitable for discrete supply modulation, for example.

[0092] As shown, a system 30 can comprise a multiple output supply generator
34 a supply modulator 36 and optional filter 38 and a PA 40 having an rf input
40a, an rf output 40b and a supply terminal 40c. In this example of Fig. 1B, supply
generator 34 is provided as a single inductor 3-output boost converter comprising
an inductor L having a first terminal coupled to a voltage supply 32 and a second
terminal coupled to a node 34a. One or more switches (here three switches Sy,

Sz, S3) have a first terminal coupled to node 34a and a second terminal coupled to
at least one voltage node established via capacitor stack C1, C2, C3,C4 (e.g. a
plurality of capacitors C1, C2, C3, C4 serially coupled between a first voltage node
and ground so as to establish a plurality of voltage nodes V1 — Vs). A fourth switch
So has a first terminal coupled to node 34a and a second terminal coupled to
ground. In the example of Fig. 1A, the second terminal of switches S+, Sz, Ss are

coupled to respective ones of voltage nodes V1, V2, V3.
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[0093] Alsoin the example of Fig. 1B, power supply modulator comprises a
plurality of switches Smi—Sms with a first terminal of each switch Smi—Sms coupled
to a corresponding one of voltage terminals V1 — Vs and a second terminal of each

switch Smi—Sms coupled to a node 36a.

[0094] In the example of Fig. 1B, node 36a is coupled to supply terminal 40c of
PA 40 though filter 38. In some examples, filter 38 can be provided as an LC filter
comprising inductor Lf, resistor Rf and capacitors C4, C5. In other examples, node
36a may be coupled to supply terminal 40c of PA 40 through other circuitry (i.e.
circuitry other than filter circuitry). In still other examples, node 36a may be directly

coupled to supply terminal 40c of PA 40.

[0095] The illustrative systems illustrated in Figs. 1A, 1B include two separate
subsystems: (a) a supply generator that can synthesize multiple power supply
voltages from a single input source, and possibly regulate one or more of those
power supply voltages, and (b) one or more supply modulators that can each
rapidly switch among the power supply voltages provided by the supply generator

to provide a modulated supply voltage to a PA.

[0096] In accordance with the concepts described herein, the inventors have
recognized that the manner in which these two subsystems are best implemented
(or “realized”) may depend upon the power level, voltage level and application
space of the rf amplifier system. The inventors have also recognized that for many
mobile applications (e.g., cell phones, smart phones, personal devices and the
like), it may be desirable to monolithically integrate electronic elements of both the
supply generator and supply modulator on a single semiconductor die (e.g., in a
CMOS process or a BCD process). The inventors have further recognized that in
some cases it may be desirable to integrate electronics for the supply generator,
supply modulator(s) and PAs on a single die. In other cases (especially at high
power) it may be desirable to implement the subsystems with discrete

components connected on one or more printed circuit boards.

[0097] A variety of different switching circuits may be utilized to
implement/realize a supply modulator subsystem. Two illustrative networks are

shown in Figs. 2A, 2B. Fig. 2A illustrates a series modulator 200 having switches
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S1—S4, S34, and Sa34 connected as shown. Fig. 2B illustrates a parallel
modulator 240 having switches S1—S4 connected as shown. Additionally, filtering
networks, including passive filters and/or active filters and/or additional means of
regulating the voltage (e.g., including low-dropout regulator(s), LDOs) to the PA

Vsupply from the modulated voltage Vmod, may be utilized, as illustrated in Fig. 1.

[0098] Referring now to Fig. 3, in some embodiments, the modulated power
supply provided to the PA (e.g., Vsuppy) may need to be “cut off” (discharged to a
zero-volt level). For example, this can be used to enable reduction of the
modulator switch voltage ratings in cases when a zero output must be provided to
the PA. In such cases, a circuit 300 can include a separate low-frequency turn-off
switch 302 (or “disconnect switch”) coupled in series between an output of a
supply modulator 304 (capable of sourcing modulator output voltages V4i,...,Vm)
and a PA 306.

[0099] Fig. 4 shows an implementation of the series modulator of Fig. 2A, in a
form suitable for integrated circuit fabrication and for use with ratiometric supply
voltages (e.g., V2 = 2V1, V3=3V1, V4=4V1). An illustrative circuit 400 includes
switches S1, Sz, and Ss implemented as NMOS transistors and switches S4, Saa,
and S2z4 implemented as PMOS transistors. Circuit 400 also includes CMOS gate

drivers powered differentially among levels.

[0100] Circuit 400 illustrates the impact of the supply levels on the required
voltage rating of individual modulator devices; by correct selection of the level
voltages, the best use of integrated CMOS processes can be made using both
core devices and extended voltage devices to achieve the required voltage
blocking characteristics of the modulator switch chains. Moreover, circuit 400
illustrates the use of the generated levels for gate drive of the devices (e.g.,
transistors). This type of drive approach can facilitate high efficiency and switching

speed.

[0101] To take advantage of driving the device gates between adjacent level
voltages (e.g., between V; and Vi.1), level voltages for this design must be
maintained with sufficient spacing. Otherwise, more sophisticated gate drive

designs may be needed that can limit achievable switching performance. Devices,
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circuits and techniques described herein facilitate maintaining voltage levels that
are suitable for achieving integrated circuit-based modulators and high-
performance gate drives through the ability to maintain desired voltage

relationships among the levels.

[0102] Supply generators can be realized through a variety of methods. For
example, supply generators can be realized using multiple separate converters,
multiple-output magnetic converters, multiple-output switched-capacitor
converters and hybrid magnetic/switched-capacitor converters providing a
ratiometric set of output voltages. A further approach is to realize a multiple-output
supply generator that creates two independently controllable dc voltages (e.g.,
with a magnetic conversion stage) and further uses a differential capacitive energy
transfer stage to realize one or more further dc supply voltages that are that
ratiometrically distributed between or around the two independently controllable
voltages. Each of these approaches has limitations (which some may consider
substantial limitations) in terms of achievable size, cost, efficiency and/or
performance (e.g., modulation bandwidth) of supply-modulated rf amplifier

systems.

[0103] Use of multiple separate power converters to generate the multiple
supply voltages yields a solution that is flexible, allowing each output voltage to be
independently regulated to desired values independent of input voltage variations
and providing the ability to continuously adjust the output voltages over time (e.g.,
to provide for adaptive bias of the PA). Unfortunately, this solution is inherently
large and expensive, owing to the large numbers of physically large power supply

components (e.g., magnetic components) required.

[0104] Single-inductor multiple-output converters, (sometimes referred to as
“SIMQO” converters) allow multiple output voltages to be independently regulated
while only requiring a single magnetic component, somewhat mitigating the size
challenge of multiple power converters. However, as SIMO designs inherently
utilize time-sharing of the inductor to supply the multiple outputs, performance and
efficiency can degrade and control complexity can increase with increasing

numbers of outputs. This characteristic can limit the efficacy of this approach in
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multilevel supply modulator systems, which typically utilize between three and
seven supply levels to achieve high performance (with even more levels

potentially desirable in some cases).

[0105] Some types of converters, such as conventional multiple-output
magnetic converters (e.g., multi-output flyback converters), multiple-output
switched-capacitor converters and hybrid magnetic / switched-capacitor
converters yield multiple ratiometrically related output voltages while reducing the
numbers of magnetic components required as compared to using multiple
independent power converters. Traditional multiple-output magnetic converters
typically utilize transformers with scaled turns ratios to generate multiple (ideally)
ratiometrically scaled output voltages. These designs can only usually regulate a
single output, with the ratiometric relations of the other outputs approximately
maintained by the transformer turns ratios (unless additional “post regulation” is
provided the other outputs, such as through use of added linear regulators). The
use of transformers tends to lower achievable efficiency in these designs (often to
unacceptable levels), and such designs may suffer significant cross regulation
among the outputs in practice (i.e., one output voltage varying depending upon
the load on a different output). This results in undesirable performance in rf
amplifier systems unless additional post regulation is used, which can further

degrade performance.

[0106] Multiple-output switched-capacitor converter circuits can generate
multiple ratiometrically related output voltages while achieving very high efficiency
and small size, with the rational (ideal) ratios among output voltages determined
by the circuit topology and/or switching pattern. However, with this type of circuit,
the output voltages are all scaled versions of the input voltage, which does not
provide a means to continuously regulate the output voltages independent of

variations in the input voltage; this is a significant disadvantage in many systems.

[0107] Some limitations of these previous approaches to multiple-output supply
generation can be addressed via hybrid magnetic/switched-capacitor circuits
having ratiometrically scaled outputs. In these designs, a magnetic regulation

stage independently regulates a single output voltage (independent of the system
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input voltage) with additional ratiometrically-related output voltages synthesized
and enforced through the action of a switched-capacitor voltage balancer stage.
For example, in an m-output supply generator, the magnetic stage may take an
input voltage Vx and regulate a single output voltage Vv, with the switched
capacitor voltage action synthesizing (ideally) voltages ki-Vv, k2-Vy,...,km1-Vy,
where constants ki,..,km-1 are rational numbers determined by the circuit topology
and/or switching pattern. Advantages of this approach include relatively high
efficiency and small size requirements for synthesizing multiple related output

voltages and relative simplicity of control.

[0108] Merits of the above design approaches notwithstanding, all designs
yielding ratiometric supply generator voltage outputs have limitations (which some
may consider significant limitations) for PA systems utilizing multiple level supply

modulation.

[0109] One limitation of ratiometric outputs relates to the usable supply voltage
ranges for available PAs. Some PAs may function well with wide supply voltage
ranges of up to 4:1 or even larger (e.g., function well across a power supply
voltage range from a maximum voltage of Vmax down to a minimum voltage equal
to or less than Vmin = Vmax/4.) Many other PAs — including those typically used in
applications such as Wi-Fi, mobile handset, and MIMO transmitters for LTE and
5G applications — can only operate over much narrower supply voltage ranges
(e.g., 3:1 or even less). With ratiometric supply voltages, if the maximum voltage
generated is reduced (e.qg., for conditions of reduced average PA output power)
then the synthesized ratiometric voltages are all reduced proportionately. This
often means that one or more of the lowest synthesized voltages will become
unusable for supply modulation under such conditions, as they fall below the
allowed minimum PA power supply voltage. This in turn reduces the achievable
PA efficiency enhancement that can be provided through supply modulation under
these conditions. In many applications, it would be desirable if the power supply
voltages were not maintained as a fixed set of ratios, such that all (or nearly all) of
the synthesized supply voltage levels remained above the allowed minimum
voltage for the PA under reduced power operation.
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[0110] Another limitation of ratiometric outputs relates to how the spacing
between voltages varies as the largest supply voltage synthesized is reduced. In a
ratiometric-output supply generator, two adjacent voltages may be expressed as
ki-Vv and ki.1-Vy, where k is a scaling value, j is an integer index, V is a voltage
and Y is an index corresponding to the number of voltage levels, Vy is the Yt
voltage level and where the value of Vy may be scaled up or down as the average
transmit power of the PA is adjusted. The difference between voltage levels may
thus be expressed as (kj — kj.1)-Vv which scales up and down proportional to V.
As described above in conjunction with Fig. 4, this can be problematic for driving
of integrated modulator switches, especially where the gate drive voltages are
derived from interlevel voltages (voltage differences between levels). This can
result in increased gate drive complexity in an integrated modulator, and can limit
achievable switching performance of the modulator. In many applications, it would
be desirable for the power supply voltages not to be maintained as a fixed set of
ratios, such that the spacing between adjacent levels can be controlled

independently of the maximum supply voltage synthesized.

A Hybrid Power Supply Generator/Supply Modulator

[0111] For PA architectures using supply modulation, it may be desirable to
provide a system that provides both very rapid variations in modulated power
supply voltage (e.g., among multiple discrete levels) while also providing the

ability to slowly adapt the voltages of the discrete levels over a desired range.

[0112] In particular, and as previously discussed, it would be useful to be able
to efficiently and compactly generate a set of m discrete levels for supply to a PA,
with two of the m voltage levels being independently controllable and the other m-
2 voltage levels distributed in a prescribed relation to the two independently-

controlled levels.

[0113] While not quite as flexible as truly independent control of all voltages,
one would gain most of the practical benefits available from supply modulation
(e.g., in terms of PA efficiency) while avoiding the above-described limitations

associated with providing truly independent voltage level control or ratiometric
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levels. Such a design would provide significant advantages in combinations of

size, cost, efficiency and performance as compared to existing approaches.

[0114] It would be further beneficial if one only need generate two regulated
supply voltages and be able to directly provide one or more additional supply
voltage levels to the PA, without the necessity of having a separate supply
generator element to generate these additional levels cascaded with a supply
modulator to select among the levels. Merging the functions of intermediate level
generation and supply modulation can reduce the number and size of passive
components (e.g., capacitors) required as well as the number, required area and

loss of semiconductor elements (e.g., switches).

[0115] Referring now to Fig. 5, shown is a general system architecture of an rf
amplifier system (or “rf module”) 500 comprising a hybrid supply generator /
modulator 502 configured to generate and provide a modulated supply voltage
Vsm t0 @ PA 504. The hybrid supply generator / modulator 502 may comprise a
hybrid magnetic/switched-capacitor power converter that can synthesize three or
more discrete levels (which may be related discrete voltage levels) at its output
(i.e., voltage Vsm may correspond to one of three or more discrete voltage levels
at any instant in time). As described above, voltage Vsm may be based upon a pair
of two independently controlled dc supply voltages that it synthesizes from an
input voltage Vin. In some implementations, one of the two dc¢ supply voltages
may be directly equal to voltage Vin, and the second supply voltage may be

independently controlled.

[0116] Of note, “hybrid magnetic/switched-capacitor converters” are a broad
class of converters. Disclosed systems described as “hybrid supply generator /
modulator” may be considered a specific and subtype of this broad class. Also of
note, in the term, “hybrid magnetic/switched-capacitor converters,” the word
“hybrid” refers to hybridization of a magnetic converter and a switched-capacitor
converter together. In contrast, in the term “hybrid supply generator / modulator,”
the word “hybrid” refers to hybridization of the supply generator and supply
modulator.
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[0117] As shown in the figure, system 500 can optionally include additional
circuitry 506 coupled between an output of the hybrid supply generator /
modulator 502 and the PA 504. Additional circuitry 506 may comprise, for
example, a disconnect switch, filtering network(s) including passive filters and/or
active filters, low-dropout regulator(s), LDO(s), and/or additional means of
regulating or controlling the PA supply voltage, Vsupply, from the modulated
voltage, Vsm. In some embodiments, additional circuitry 506 can have more than
two terminals. For example, additional circuitry 506 can optionally be connected to

ground, as shown.

[0118] System 500 can also include one or more controllers 550 to operate
switches and/or other devices of hybrid supply generator / modulator 502 using
control techniques described in detail below. For example, the one or more
controllers 550 can implement, execute, or otherwise utilize one or more state
machines described herein for modulating Vsm. In some embodiments, the hybrid
supply generator / modulator 502 can include a multi-output regulation stage (or
“first stage”) and a differential multilevel converter (or “second stage”) and the one
or more controllers 550 can include at least one controller to control the switching
state of the multi-output regulation stage and at least one controller to control the
switching state of the differential multilevel converter. These can be the same
controller or different controllers. In some embodiments, at least one of the one or
more controllers 550 may be configured to receive commands for

selecting/controlling a voltage level of the modulated voltage, Vsm.

[0119] In some embodiments, the one or more controllers 550 can include a
digital controller configured to provide one or more control signals to one or more
hybrid supply generators/modulators. In response, the hybrid supply
generators/modulators can provide variable supply voltages to one or more rf
amplifiers. That is, the control signals can be used to select discrete supply
voltages for the amplifiers from among multiple independent supply voltages
generated by the hybrid supply generator/modulators. In more detail, the control
signals may be used to directly, or indirectly, operate one or more switches within

the hybrid supply generator/modulator (e.qg., switches within a multi-output
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regulation stage such as illustrated in Figs. 7A—E and/or switches within the

differential multilevel converter such as illustrated in Fig. 8 or Fig. 11.)

[0120] Fig. 5A shows an rf amplifier system 520 similar to that of Fig. 5,
wherein the additional circuitry 506 is implemented as a filter network 522.
llustrative filter network 522 includes first and second inductors 524a, 524b
connected in series between an output of hybrid supply generator / modulator 502
and an input of PA 504. Filter network 522 further includes a capacitor 526 having
one terminal connected between first and second inductors 524a, 524b, and a
third inductor 524c¢ connected between the other terminal of capacitor 526 and
ground. Filter network 522 may sometimes be referred to as a pulse-shaping
network (PSN).

[0121] The filter network 522 of Fig. 5 is merely one example and other types
of filter networks may be used. For example, a reconfigurable filter may be used,
whereby one or more switches are configured to change the filtering parameters

(or characteristics) of filter network.

[0122] Fig. 5B shows an rf amplifier system 540 similar to that of Fig. 5,
wherein the additional circuitry 506 is implemented a PA turn-off switch 542 (or
“disconnect’ switch). As previously discussed, in some cases, the modulated
power supply provided to the PA (e.g., Vsuppy) may need to be “cut off’
(discharged to a zero-volt level). For example, this can be used to enable
reduction of the modulator switch voltage ratings in cases when a zero output
must be provided to the PA. In such cases, a low-frequency turn-off switch 542
can be connected in series between an output of the hybrid supply generator /
modulator 502 and an input of PA 504, as shown. Turn-off switch 542 can be used
to selectively isolate the output of the multi-output regulation stage from the rf
amplifier.

[0123] In some embodiments, rf amplifier system 540 can be part of a
transceiver system having a modem among other components external to the rf
amplifier system. The modem or another one of the components can directly or
indirectly generate control signals to cause the turn-off switch 542 to be actuated

in conjunction with enabling/disabling the rf amplifier.
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[0124] Fig. 6 shows an illustrative architecture of a hybrid supply generator /
supply modulator 600, according to some embodiments. lllustrative hybrid supply
generator / supply modulator 600 may be provided within the system 500 of Fig. 5.
For example, modulator 600 of Fig. 6 may correspond in whole or in part to
modulator 502 of Fig. 5.

[0125] lllustrative hybrid supply generator / supply modulator 600 includes a
multi-output regulation stage 602 and a differentially coupled multilevel

converter 604.

[0126] Multi-output regulation stage 602 is configured to receive, couple, or
otherwise takes an input voltage Vi and synthesizes two intermediate voltages Va
and Vg. In some embodiments, intermediate voltages Va and Vs may be
independently controllable. In some embodiments, multi-output regulation

stage 602 may be provided as a magnetic or hybrid magnetic/switched-capacitor
regulation stage.

[0127] Differentially coupled multilevel converter 604 has input differentially
connected or otherwise coupled between intermediate voltages Va and Ve and is
configured to synthesize three or more instantaneous output voltage levels Vswu
therefrom. In some embodiments, differentially coupled multilevel converter 604
may use switched capacitors to synthesize instantaneous levels while enabling
desired voltage / charge-balance on the capacitors. Differentially coupled
multilevel converter 604 may be based on a differentially connected flying-
capacitor multilevel converter (FCML) or on some other capacitor-based energy-
transfer topology, including those in which the charge transfer requirements
prevent one or more of the synthesizable levels to be continuously provided

without switching of the differentially connected multilevel converter.

[0128] Multi-output regulation stage 602 and differentially coupled multilevel
converter 604 can include one or more devices (e.g., switches) configured to be

controlled according to one or more control techniques described in detail below.
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[0129] The multi-output regulation stage 602 and/or differential multilevel
converter 604 can be controlled by one or more controllers, such as the one or

more controllers 550 of Fig. 5.

[0130] Fig. 6A shows another architecture of a hybrid supply generator / supply
modulator 620 wherein one of the intermediate voltages directly corresponds to
the input voltage. As shown, the input voltage Vi, can be provided as input to a
regulation stage 622 and also connected to provide intermediate voltage Vg to
differential multilevel converter 604. The other intermediate voltage Va provided to
differential multilevel converter 604 can be generated by regulation stage 622. In
other words, Vg can be said to bypass the regulation stage 622. Regulation

stage 622 may be similar to any of the multi-output regulation stage
implementations described herein or portions thereof, but adapted to have only a
signal output and associated circuitry. While Fig. 6A shows an example where Vg
corresponds to Vi, in other examples the same general approach can be used to

have Va correspond to Vin.

[0131] The multi-output regulation stage 602 and/or differential multilevel
converter 604 can be controlled by one or more controllers, such as the one or

more controllers 550 of Fig. 5.

[0132] Referring now to Figs. 7A—7E, shown are implementations of a multi-
output regulation stage which may be provided within the hybrid supply generator
/ supply modulator 600 of Fig. 6, according to embodiment of the present
disclosure. For example, the multi-output regulation stage implementations of
Figs. 7A—7E may correspond, in whole or in part, to multi-output regulation

stage 602 of Fig. 6. Likewise, the implementations of Figs. 7A—7E may be used
within the system 500 of Fig. 5.

[0133] Fig. 7A illustrates a multi-output regulation stage 700 comprising a two-
output single-input-multiple-output (SIMQO) converter based upon a 4-switch buck-
boost converter, but with an additional output and switch. Multi-output regulation
stage 700 has two outputs 702a and 702b (e.g., terminals) at which respective
ones of synthesized voltages Va and Vg may be provided. A first switch S1 is

connected between a voltage source, Viy, and an inductive element, L. A second
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switch Sz is connected at one end between S1 and L and at the other end to
ground (or, more generally, a reference voltage). A third switch Ss is connected
between L and an output 702b (providing Vg). A fourth switch S4 is connected at
one end between L and Sz and at the other end to ground. A fifth switch Ss is
connected at one end between S4, L, and Sz and at the other end to another
output 702a (providing Va). Independent decoupling capacitors Ca and Cg may be
connected to respective outputs 702a and 702b, as shown.

[0134] As shown, additional optional switches Septa @and Sept,s may be included
to enable direct energy transfer from output 702a to output 702b or vice versa.
Also as shown, a differential decoupling capacitor Cpo may be optionally included
and connected across the two outputs 702a, 702b.

[0135] Fig. 7B illustrates a multi-output regulation stage 720 having two
outputs 722a and 722b (e.g., terminals) at which respective ones of voltages Va
and Vs may be provided. The voltages Va and Vg may be synthesized using
separate 4-switch buck-boost converters 724a and 724b, respectively. As shown,
each buck-boost converter 724a, 724b has four switches S1—S4 and an inductive
element (La or Ls). Optional output decoupling capacitors Ca, Cg, and/or Cp may
also be provided, as shown.

[0136] While the embodiment of Fig. 7B includes two buck-boost converters,
depending upon voltage range requirements, two different types of converters
may be used. For example, in other embodiments, one converter may be
implemented as a 4-switch buck-boost, while the other converter may be
implemented either as a simple buck converter (e.g., to supply the smaller of the
two voltages Va and Vg) or as a simple boost converter (1o supply the larger of the
two voltages Va and Vg).

[0137] Fig. 7C illustrates a multi-output regulation stage 740 which includes a
4-switch buck-boost converter to synthesize a first output voltage Vg at an

output 742b and includes a buck converter powered from voltage Vg to synthesize
a second independently regulated voltage Va at another output 742a, where Va is
less than or equal to Vs. In more detail, the buck-boost converter comprises

switches S1—S4 and inductive element Lg, whereas the buck converter comprises
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switches Ss, Sg and inductive element La. Optional output decoupling capacitors

Ca, Cg, and/or Cp may also be provided, as shown.

[0138] It will be appreciated that other like conversion approaches can be used
to synthesize two independently controllable voltages Va and Vs. For example, the
structure of Fig. 7C can be adapted such that the initial buck-boost stage is
omitted, and the input (Vin) is directly connected to capacitor Cg, such that voltage
Ve equals the input voltage and voltage Va is independently controllable. Like
structures may be created such that voltage Va equals the input voltage and
voltage Vg is independently controllable (e.g., derived from voltage Va with a boost
converter).

[0139] Fig. 7D illustrates a multi-output regulation stage 760 wherein Vs
directly corresponds to the input voltage Vin and Va is generated from Vi» using a
buck converter such that Va < Vg. The buck converter may include, for example,
an input capacitor Cin, a pair of switches S+, S1, and an inductor L, connected as
shown. Output decoupling capacitors Ca, Cg, and/or Cp may optionally be

provided.

[0140] Fig. 7E illustrates a multi-output regulation stage 780 wherein Va
directly corresponds to the input voltage Vin and Vg is generated from Vi, using a
boost converter such that Va < Ve. The boost converter may include, for example,
a pair of switches S¢, S¢, an inductor L, and at least one of capacitors Cg or Cp,
connected as shown. Decoupling capacitors Ca and/or Cin may optionally be

provided.

[0141] Of note, whereas the hybrid supply generator / supply modulator 620 of
Fig. 6A provides the input voltage as one of the intermediate voltages by
bypassing the regulation stage 622, the same result can be achieved without
bypassing the regulation stage, such as using the regulation stage implementation
of Fig. 7D or Fig. 7E.

[0142] The various switches illustrated in Figs. 7A—E can be controlled by one

or more controllers, such as by the one or more controllers 550 of Fig. 5. For
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example, the one or more controllers can generate control signals that are

coupled to selectively turn individual switches on or off.

[0143] Fig. 8 shows the structure of an illustrative differential multilevel
converter 800 which may be the same as or similar to the differential multilevel
converter described in conjunction with Fig. 6. The differential multilevel converter
operates from two voltages Va and Vg received at respective inputs 802a and
802b (e.g., terminals). The two voltages Va, Vg may, for example, be synthesized
by a multi-output regulation stage which may be the same as or similar to one of
the multi-output regulation stages described above in conjunction with Figs. 7A—
7E. In some embodiments, voltage Ve may be controlled to be larger than voltage
Va. In some embodiments, Ve or Va may correspond to an input voltage Vin.

[0144] Differential multilevel converter 800 includes four switches Sa, Ss, Sa;,
Se connected in series between the two inputs 802a, 802b, and a flying capacitor
Ct connected at one end between Sa and Sg and at the other end between Sa and
Se. An output 804 (e.g., a terminal) can be connected between Sg and Sg, as
shown, to provide a modulated output voltage Vsm, which can be ground
referenced for example. Converter 800 may optionally include a differential
decoupling capacitor Cp (not shown) coupled between inputs 802a, 802b.

[0145] The structure of converter 800 is partially similar to that of a flying
capacitor multilevel converter (FCML) with distinctions that: (1) the output 804 is
taken with discrete levels instead of being filtered to provide a continuously-
variable output; and (2) the dc input 802a, 802b is taken differentially between Va
and Vg rather than from an input source and common. The ground referenced
output voltage Vsw may thus take on discrete values distributed between voltage
values Va and Vg, with energy transferred from and between V4 and Vg and the
output 804.

[0146] The switches Sa, Sg, Sa, Ssmay be implemented in a variety of
manners with some or all of the switches having unidirectional blocking capability.
For example, one or all of the switches may be configured to block less than or
equal to the maximum difference between Va and Vg, but more than half the

maximum difference therebetween.
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[0147] In a CMOS or BCD process, one or more of the switches Sa, Sg, Sa, S
may be realized as all NMOS devices or a combination of NMOS and PMOS
devices, or all as PMOS devices. In some implementations one may choose to
implement switches Sa and Sa as a CMOS pair and switches Sg and Sg' as a
CMOS pair. Selection of a particular implementation may be based on
size/performance of the switches and/or gate drive convenience of the switches,

with gate-drive levels optionally derived from Va and V.

[0148] In some embodiments, the differential multilevel converter of Fig. 8 can
be operated according to four (4) different switch states, providing the output
voltage Vswm indicated in Table 1. That is, a controller (e.g., the one or more
controllers 550 of Fig. 5) can be connected and configured to turn individual
switches Sa, Sg, Sa, Sg on or off to achieve a given one of the states set forth in
Table 1.

TABLE 1
State | Switches On Vsm Vam « Level Vet

1 Sa, Ss Ve Ve L3 Unchanging

2 Sa, Se V=V | (Va+Vg)/2 L2 Increasing (under
load)

3 Sg, Sa Va + Ve (Va + VB)/2 L2 Decreasing (under
load)

4 Se, Sa Va Va L1 Unchanging

[0149] Table 1 shows the behavior of the differential multilevel converter of Fig.
8 for different switch states. In the table, V¢ denotes the voltage across flying
capacitor Cr. State one (1) passes Vg to Vsu, while state four (4) passes Va to
Vsm. State two (2) results in Vsm = Vi — Ve, while state (3) results in Vem = Va +
V. It is appreciated herein that, with suitable switching control of the converter
(i.e., appropriate selections between states two (2) and three (3)), Vs will be
maintained near (Vs — Va)/2, which results in both states two (2) and three (3)
providing an output voltage Vsw = (Va + VB)/2, as indicated in Table 1.
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[0150] Controlled using the switch states of Table 1, converter 800 enables
three effective levels (i.e., approximate level values) to be synthesized at its
output 804: Va, Vi, and (Va + Vg)/2. Converter 800 may thus be utilized to provide
similar functionality to a 3-level supply modulator producing levels L1 = Va, L3 =
Ve, and L2 = (Va + VB)/2, for example.

[0151] A benefit of the design of Fig. 8 is that it combines the differential
capacitive energy transfer supply generation function with the supply modulation
function, reducing device area and component size as compared to using a

separate differential supply generator and supply modulator.

[0152] In some embodiments, V. (the voltage across flying capacitor Cr) may
be maintained near (Vs — Va)/2 by appropriately selecting between states two (2)
and three (3) of Table 1 when seeking to synthesize an output voltage level near
(Va + VB)/2. Under a positive load current (e.g., deriving from a PA), Vs will
increase over time in state two (2) and will decrease over time in state three (3).

[0153] In some embodiments, when selecting which of states two (2) or three
(3) to use to supply a voltage close to (Va + Vg)/2 at the modulator output (i.e.,
synthesizing L2), state two (2) can be selected if V¢ falls too far below (Vs — Va)/2
and state three (3) can be selected if Vi rises too far above (Ve — Va)/2, where

“too far” can be defined using one or more threshold values as described below.

[0154] In some embodiments, switching between states two (2) and three (3)
can be controlled on a hysteretic basis and/or with clocked switching transitions.
For example, such switching can occur instantaneously when the voltage Ve
exceeds an allowed voltage deviation AV above or below (Vg — Va)/2, or with
transitions clocked, such as at a discrete supply modulation clocking rate. In some
embodiments, the allowed voltage deviation AV value may be hardcoded in the
controller, may be a programmable value of the controller, or maybe be conveyed

via an external signal.

[01565] It will be appreciated that circuitry may be provided to measure/detect
the voltage V. across the flying capacitor Cr. For example, a differential

sensor (not shown) may be provided, with each of its two inputs connected to a
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different terminal of Cr and its output connected to the controller controlling the

switch states.

[01566] Referring now to Fig. 9, shown is an illustrative state machine 900 that
may be used to control the switch state of the differential multilevel converter 800
to maintain L2 (i.e., Vsm~(Va + VB)/2) by transitioning back and forth (e.g.,
alternating) between states two (2) and three (3). For example, when L2 is
selected (e.g., when the hybrid supply generator / supply modulator is
commanded to output the voltage level L2), the controller can use state machine

900 to determine whether state two (2) or three (3) is used to synthesize L2.

[0157] In the example of Fig. 9, transitions between state two 902 and state
three 903 are a function of the capacitor voltage V.. In more detail, starting from
state two 902, state machine 900 can transition to state three 903 when V. is
greater than (Ve — Va)/2 + AV. State machine 900 can transition back to state
two 902 when V¢ is less than (Vs — Va)/2 — AV.

[0158] Such state transitions can be made on either an instantaneous or
clocked basis. The allowed deviation AV of Vs from (Vs — Va)/2 determines the
maximum deviation of the L2 output voltage from (Va + Vg)/2, and may be used as
a fixed value or a programmable value. Reducing AV gives a more precise supply
modulator output voltage for L2 (smaller difference between the two states

synthesizing L2) but requires more frequent switching between states.

[0159] In some embodiments, state machine 900 may be re-initialized each
time L2 is selected (i.e., transitioning from L1 or L3), with the initialization
dependent upon voltage V.. For example, it may be desirable to initialize the state
machine to state two 902 if V¢ < (Ve — Va)/2 and to initialize the state machine to
state three 903 if Vs > (Ve — Va)/2. Such a selection — or a similar one with
different threshold(s) — can reduce the number of transitions required between

states two (2) and three (3) to synthesize L2, and hence improve efficiency.

[0160] Turning to Fig. 9A, according to some embodiments, the illustrative
state machine of Fig. 9 for maintaining L2 voltage can be integrated into a larger

state machine 920 for controlling all three levels L1, L2, and L3. In addition to
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states 902 and 903 corresponding to L2, illustrative state machine 920 also

includes state 901 corresponding to L3 and state 904 corresponding to L1.

[0161] In some cases, state machine 920 can be initialized (e.g., at
startup/power up) to one of the states 901-904 based on a default voltage level

programmed or hardcoded into controller, for example.

[0162] State machine 920 can transition between states 901-904 in response
to level select commands, such as commands received from an extermnal circuit or
control unit. For example, as shown, state machine 920 can transition to state 904
when L1 is selected and can transition to state 901 if L3 when selected. When L2
is selected, state machine 920 can transition to either state 902 or state 903

depending on Vs, the voltage across the flying capacitor.

[0163] One or more system controllers (e.g., controller(s) 550 of Fig. 5) can
implement, execute, or otherwise utilize the state machine of Fig. 9 and/or Fig. 9A

to control a differential multilevel converter.

[0164] Figs. 10A—10C illustrate voltage patterns (Figs. 10A, 10B) and state
transitions (Fig. 10C) associated with the state machine of Fig. 9 when used on an

unclocked basis.

[0165] Fig. 10A shows a plot 1000 having a vertical axis corresponding to
voltage and a horizontal axis corresponding to time t. A curve 1002 represents Ve
over time. Horizontal line 1004 indicates (Va — Vg)/2, horizontal line 1006a
indicates (Vs — Va)/2 + AV, and horizontal line 1006b indicates (Vs — Va)/2 — AV.

[0166] Fig. 10B shows a plot 1020 having a vertical axis corresponding to
voltage and a horizontal axis corresponding to time t. A curve 1022 represents Vem
over time. Horizontal line 1024 indicates (Va + VE)/2 (i.e., the effective L2 value),
horizontal line 1026a indicates (Va + Vg)/2 + AV, and horizontal line 1026b
indicates (Va + Vg)/2 — AV.

[0167] Fig. 10C shows a plot 1040 having a vertical axis corresponding to the
L2 switch state (i.e., state two (2) or state three (3)) and a horizontal axis

corresponding to time t. A curve 1042 indicates the L2 state, which is a function of
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V¢ (Fig. 10A). For example, at time t1, curve 1042 changes from state (2) to state
(3) when curve 1002 crosses (or approaches) horizontal line 1006a.
Subsequently, at time t2, curve 1042 changes from state (3) to state (2) when

curve 1002 crosses (or approaches) horizontal line 1006b.

[0168] From Figs. 10A—10C, it can be seen that the approach of transitioning
between switch states as a function of V¢ maintains Ve within a maximum voltage
deviation AV from a center voltage (Vs — Va)/2, and maintains the supply
modulator voltage vsm within a maximum voltage deviation AV from a center
voltage (Vs + Va)/2.

[0169] L2 state selection may additionally or alternatively be done on a clocked
basis. One way to do this is, for example, to use a state machine like that in Fig. 9
to select how L2 is synthesized, with the state of a state machine updated on a
clock edge. The clock may be the same clock as that used to make level
selections, or may be derived from it.

[0170] In some embodiments, when transitioning L2 states on a clocked basis,
the manner in which L2 is synthesized on each clock cycle can be updated,
choosing state two (2) if Ve < (VB — Va)/2 or state three (3) if Ver > (VB — Va)/2,
optionally using a small degree of hysteresis in the comparator upon which the
decision is made. For a fully clocked selection, this approach can lead to a
minimum deviation in Vsm from (Ve + Va)/2 for L2, at the expense of a possibly

high number of transitions to do so.

[0171] Turning to Fig. 11, the general concepts, structures, and techniques
described above can be extended to provide a hybrid supply generator / supply

modulator having more than three (3) output levels.

[0172] Fig. 11 shows a differential multilevel converter 1100 for a hybrid supply
generator / supply modulator. Converter 1100 operates from two voltages Va and
Ve received at respective inputs 1102a and 1102b, and synthesizes Vsm at

output 1104. In some embodiments, voltage Ve may be controlled to be larger
than voltage Va. In some embodiments, Vg or Va may correspond to an input

voltage Vin.
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[0173] Converter 1100 includes two (2) flying capacitors Cr, Crz and three (3)
complementary switch pairs S1/Sy, S2/S2, and S3/Sz. The switch pairs can be
operated (e.g., by a controller) according to eight (8) different switch states to

provide four (4) effective output levels (Vsm).

[0174] A voltage Ve across first flying capacitors Cs can be controlled to be
near (Vs — Va)/3 and a voltage Ve across second flying capacitors Ci can be
controlled to be near 2(Ve — Va)/3, enabling one to synthesize four effective output
levels:

L1 =Va.

L2 =Ve—2(Ve—Va)3=Va+ (Vs —Va)/3;

L3 =Ve—(VB—Va)3=Va+2(Ve—Va)/3; and

L4 = Ve.

[0175] There is thus an evenly spaced distribution of effective output levels

between Va and Vs.

[0176] In some embodiments, switches S, S, Sz, Sz, Ss, Sz may be selected
to have a voltage rating of more than 1/3 the maximum difference between Vg and
Va, but need not be rated for more than the maximum difference between Vg and
Va. Again, gate drive sources for the switches may be derived from input voltages

Va, Ve and/or flying capacitor voltages Ve, Ve

[0177] Table 2 shows the behavior of the differential multilevel converter 1100
of Fig. 11 for eight (8) different switch states.
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TABLE 2
State | Switches Vsm VM= Level Verl Ven2
On
Sr, 820, Sz | Va Va L1 Unchanging | Unchanging
S1.82,8: | VB—Vep Ve - 2(Vs - L2  [Unchanging | Increasing
Va)/3
S17.82.83 | Va+ Vep— Ve —-2(VB— L2 Increasing Decreasing
Ve VA)/3
S1.S2,8; | VB— Ven Ve—-(Ve—-Va)/3 | L3 Increasing Unchanging
S1,82, 83 | Va+ Ve Ve - 2(Ve - L2  |Decreasing | Unchanging
Va)/3
S1,S2»,8: | VB—Vin + Ve - (Ve—-Va)/3 | L3 Decreasing | Increasing
Vet
S1.82, 83 | Va+ Vep Ve—(Ve—Va)3 | L3  |Unchanging | Decreasing
S1, S2, S5 Vs Vs L4  |Unchanging | Unchanging
[0178] As can be seen from Table 2, there is one way to synthesize L2 (i.e.,

state one (1)), one way to synthesize L4 (i.e., state eight (8)), and three ways to

synthesize each of the two intermediate effective output levels L2 and L3. In

particular, L2 may be synthesized with states two (2), three (3), and five (5) while

L3 may be synthesized with states four (4), six (6), and seven (7).

[0179]

The states synthesizing each of the two intermediate effective levels

each have different effects on the charging and discharging of Cy# and Ce. (i.e.,

Ver1 OF Vesz increasing or decreasing under load). By dynamically choosing which

state is used to synthesize a desired intermediate output level, the capacitor

voltages V1 and Ve can be maintained each near their target voltages of (Ve —

Va)/3 and 2(Vs — Va)/3. These control selections can be done through a variety of

means including through use of one or more appropriate state machines. For

example, a control scheme / state machine can be selected to have V¢ to be

maintained within a voltage AV, of the target voltage (Vs — Va)/3 and V¢ to be

maintained within a voltage AV- of the target voltage 2(Vs — Va)/3. The values AV1
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and AV2 may be hardcoded in the controller, may be programmable values of the

controller, or maybe be conveyed via one or more external signals.

[0180] It will be appreciated that circuitry may be provided to measure/detect
the voltage Ven across flying capacitor Cr and the voltage Ver2 across flying
capacitor Cr2. For example, two differential sensors (not shown) may be provided,
one having its inputs connected across Cr and the other having its inputs
connected across Cr.. The outputs of both differential sensors can be connected

to the controller controlling the switch states.

[0181] Figs. 12A and 12B show state machines that can be used to control the

switch state of the differential multilevel converter 1100 of Fig. 11.

[0182] Fig. 12A shows a state machine 1200 that may be used to control the
switch state of the converter 1100 to maintain L2 by transitioning between state
two 1202, state three 1203, and state five 1205 as a function of Ve or Vep. For
example, when L2 is selected (e.g., when the hybrid supply generator / supply
modulator is commanded to output the voltage level L2), the controller can use
state machine 1200 to determine whether state two (2), three (3), or five (5) is
used to synthesize L2.

[0183] Fig. 12B shows a state machine 1220 that may be used to control the
switch state of the converter 1100 to maintain L3 by transitioning between state
four 1204, state six 1206, and state seven 1207 as a function of Vs or Ve, For
example, when L3 is selected, the controller can use state machine 1220 to

determine whether state four (4), six (6), or seven (7) is used to synthesize L3.

[0184] The illustrative state machines of Figs. 12A, 12B will select which states
to use to synthesize the intermediate output levels within the desired tolerances.
Again, the state machines can be implemented on a clocked or unclocked basis. It
will be apparent that there is adequate control authority in the proposed system to
select states to both synthesize the desired output levels and maintain the flying
capacitor voltages in an acceptable range; many other means can likewise be
realized to do so.
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[0185] The illustrative state machines of Figs. 12A, 12B can be integrated into
a larger state machine with eight distinct states as in Table 2 for controlling all four
levels L1-L4, with transitions occurring in response to level select commands
(similar to the state machine described above in the context of Fig. 9A for a 3-level

converter).

[0186] After reading the disclosure provided herein, those of ordinary skill in
the art will appreciate that hybrid supply generator/supply modulator designs
having more flying capacitors and more effective output levels can be synthesized

by direct extension of the 3-level design of Fig. 8 and the 4-level design of Fig. 11.

[0187] In general, designs providing N effective output levels may utilize N-2
flying capacitors and N-1 complementary switch pairs (yielding up to 2(N-1 switch

states that may be used for level synthesis).

[0188] It will be appreciated that additional circuitry may be used to pre-charge
the flying capacitors (e.g., Crin Fig. 8 or Cs and Csz in Fig. 11) to desired levels

before modulation starts.

[0189] In some embodiments, additional circuitry may also be provided to
maintain the flying capacitor voltages to within a desired range (e.g., close to their
respective target voltages) during time periods when the synthesized output levels
do not provide charging/discharging control of the capacitor voltage(s), when the
system is not operating (e.g., in standby mode or in startup), and/or when the
voltage levels Va, Vs, or their references are adjusted. Such circuitry might
comprise linear circuits (e.g., current sources, linear regulators, etc.) implemented

in the integrated circuit.

[0190] Fig. 13A shows an example of a differential multilevel converter 1300
with one flying capacitor Cs and circuitry for regulating or controlling charge

thereon, according to some embodiments.

[0191] Converter 1300 operates from two voltages Va and Ve received at
inputs 1302a and 1302b, respectively. The two voltages may, for example, be

synthesized by a multi-output regulation stage which may be the same as or
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similar to one of the multi-output regulation stages described above in conjunction
with Figs. 7A—7E. In some embodiments, voltage Vs may be controlled to be
larger than voltage Va. An output 1304 provides a modulated output voltage Vsm,

which can be ground referenced.

[0192] As shown, the differential multilevel converter circuit includes a set of
four switches Sa, Sg, Sa, Sg connected in series between inputs 1302a, 1302b, a
flying capacitor Cy having a first terminal connected between switches Sa and Sg,

and a second terminal connected between switches Sa and Sg.

[0193] To regulate charge on the capacitor Cs, the converter 1300 further
includes charge regulation circuitry (sometimes referred to as “pre-charge” or
“charge holding” circuitry). In the example of Fig. 13A, the charge regulation
circuitry includes a regulator 1306 (e.g., a linear regulator) receiving a reference
voltage Vp, a fifth switch Sg connected between an output of regulator 1306 and a
first terminal of flying capacitor Cr1, and a sixth switch Sk connected between the
output of regulator 1306 and a second terminal of flying capacitor Cs. The linear
regulator may be supplied differentially between Va and Vs is designed to source
and/or sink current to make its output voltage close to the reference voltage Ve.
The reference voltage Vp may be selected based on the levels Va and Vg. TO
regulate charge on the flying capacitor in a three-level system, reference voltage
Ve may be selected to be half-way in between Va and Vg such that the linear
regulator seeks to charge vcf1 towards half of (Vs - Va). Alternatively, it may be
dynamically programmable (e.g., from external circuitry). In a four-level system,
one may have a charge control circuit for each of the flying capacitors, with
reference voltages selected to charge the capacitor voltages towards (Vs - Va)/3

and 2(Ve - Va)/3, respectively.

[0194] Converter 1300 provides a ground referenced output voltage Vsu taken
between switches Sg and Sg, as shown. The output voltage Vsu may take on
discrete values distributed between voltage values Va and Vg, with energy

transferred from and between Va and Vg and the output.
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[0195] The switches in Fig. 13A may be implemented in a variety of manners
including but not limited to the various switch implementations described above
with Fig. 8.

[0196] The regulator 1306 and switches Sg, S may be used to regulate the
flying capacitor voltage V¢ to within a desired range (e.g., close to reference
voltage V) during time periods when the synthesized output levels do not provide
charging/discharging control of the capacitor voltage(s), when the system is not
operating (e.g., in standby mode or in startup), and/or when the voltage levels Va,

Ve or their references are adjusted.

[0197] In a state where switch Sa is held on, switch Sf may be turned on and
the regulator 1306 can sink or source current through Cs such that the voltage on
Cr is maintained close to a desired reference voltage V,. Likewise, in a state
where switch Sa is held on, switch Se may be turned on and regulator 1306 can
sink or source current through Cs¢ such that the voltage on Cs is maintained close

to the desired reference voltage Vp.

[0198] The reference voltage Ve can be related to the intermediate voltages
Va, Ve. For example, Ve can be at the midpoint between Va and Vs, that is, Ve =
(Ve+Va) / 2. One could optionally create reference voltage Vp through a voltage
divider between Va and Vg Alternatively, the reference voltage Ve may be

provided externally in either analog or digital form.

[0199] Regulator 1306 may be configured to drive the voltage across Cs to
match reference voltage Vr or may be configured to act to drive the voltage
across Cy towards Vp only when the difference between Vp and Vs exceeds a
threshold value AV, > 0. In some embodiments, the threshold AV, may be
selected to greater than the voltage AV used for selecting the switch state to

synthesize the output voltage level near (Vg+Va) / 2.

[0200] In some embodiments, regulator 1306 (e.g., a linear regulator) may be
configured to source or sink current if V1 is greater than a magnitude AV, away
from V,. This can include a hysteretic comparison. In some examples, one

comparator with hysteresis may be used. In other examples, two comparators
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may be used: a first comparator to detect when Vs is greater than Vp+ AV, and a
second comparator to detect when V¢ is less than Vp - AV, If the first comparator
is activated, regulator 1306 may be activated to drive V¢ down. If the second
comparator is activated, regulator 1306 may be activated to drive Ve up. When

the voltage is within V, - AV, < Ve <V + AV, the regulator may not act.

[0201] In some embodiments, charge regulation circuitry (e.g., requlator 1306
and switches Sg, Sr) may be selectively activated and deactivated based on
operating mode, modulator state, duration of a particular modulator state, etc. For
example, charge regulation circuitry be selectively activated during modes such as
startup and standby, or during particular states of the modulator (such as when
switch Sa or Sa is active) or when particular states of the modulator are held for

more than a certain duration, or when voltages Va and Vg are being adjusted.

[0202] Fig. 13B shows another example of a differential multilevel

converter 1340 with one flying capacitor and circuitry for regulating or controlling
charge thereon, according to some embodiments. Similar to the converters of
Figs. 8 and 13A, converter 1340 of Fig. 13B includes a set of four switches Sa, Sg,
Sa, Sg connected in series between inputs 1302a, 1302b, a flying capacitor Cs
having a first terminal connected between switches Sa and Sg, and a second

terminal connected between switches Sa and Sg.

[0203] Additionally, converter 1340 of Fig. 13B includes a differential

sensor 1342, a regulator 1344, and a charge control circuit 1346, which may
collectively be referred to as the “charge regulation circuitry.” Differential

sensor 1342 has inputs connected to opposite terminals of C¢ to detect the
voltage Vi1 across Cs, and an output connected as input to charge control circuit
1346. Regulator 1344 can include controllable source elements 1348a—-1348¢
(e.g., controllable current sources) that can charge and discharge capacitor Cx.
Charge control circuit 1346 receives a reference input V, (e.g., a reference
voltage) and the output of differential sensor 1342 and is configured to control the
regulator and, more particularly, to control individual source elements 1348a—
1348c of regulator 1344.
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[0204] In some embodiments, charge control circuit 1346 may be configured to
charge or discharge C if its voltage V¢ is more than some magnitude AV, away
from V,. In some examples, this may be done using two comparators: a first
comparator to detect when Ve is more than V, + AV, and a second comparator to
detect when V¢ is less than Vp, - AV,. If the first comparator is activated, then
middle current source 1348b can be activated/turned up to drive V¢ down. If the
second comparator is activated, current sources 1348a and 1348c can be
activated to drive V¢ up. When the voltage is within V- AVp < Ve < Vp + AV, all

current sources 1348a—c can be turned off.

[0205] In some embodiments, reference input Vp can be related to the
intermediate voltages Va, Vs such as discussed above for Fig. 13A.

[0206] In some embodiments, current sources 1348a—c of Fig. 13B may be
controlled to regulate the voltage at each terminal of the capacitor in response to
Va target voltage, Vg target voltage, system operating mode, and/or other
conditions.

[0207] Similar to the charge regulation circuitry discussed above with Fig. 13A,
the charge regulation circuitry of Fig. 13B can drive the voltage across Cx to
match reference input V, or may be configured to act to drive the voltage across
Cr towards Ve only when the difference between Ve and Ve exceeds a threshold
value AV,. In some embodiments, the threshold AV, may be selected to greater
than the voltage AV used for selecting the switch state to synthesize the output

voltage level near (Ve+Va) / 2.

[0208] Also as discussed above with Fig. 13A, the charge regulation circuitry of
Fig. 13B may be selectively activated and deactivated based on operating mode,

modulator state, duration of a particular modulator state, etc.

[0209] Figs. 13A and 13B illustrate charge regulation used with a differential

multilevel converter 1340 having a single flying capacitor, such as may be used to
provide three effective output levels. For converters with greater numbers of flying
capacitors (e.g., the converter of Fig. 11 configured to provide four effective output

levels), the general structures and techniques shown and described with Figs.
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13A and 13B may be extended to control charge on each of the flying capacitors.
For example, using the approach of Fig. 13A, a separate linear regulator 1306 and
pair of switches Se, Sk may be provided for each flying capacitor. As another
example, using the approach of Fig. 13B, a separate charge control circuit 1346
and set of controllable source elements 1348a—1348c may be provided for each

flying capacitor.

[0210] Turning to Fig. 14, according to embodiments of the present disclosure,
a hybrid supply generator / supply modulator can have multiple outputs to supply

one or more power amplifiers (e.g., with different voltages).

[0211] lllustrative hybrid supply generator / supply modulator 1400 includes a
single multi-output regulation stage 1402 and a plurality of differentially-coupled
multilevel converters 1404a, 1404b, ..., 1404n. Multi-output regulation stage 1402
receives input voltage Vin and synthesizes two intermediate voltages Va and Ve
which may be independently controllable. Each of the differentially-coupled
multilevel converters 1404a—n may receive the intermediate voltages Va and Vg
and be configured to synthesis one of three or more instantaneous output voltage
levels, which voltage levels may be used to supply a corresponding one of a
plurality of PAs 1406a—n.

[0212] In some embodiments, the differentially-coupled multilevel converters
1404a—n may directly provide supply voltages Vsuppiy1..n to the PAs 1406a—-n, as
shown. In other embodiments, the outputs of the differentially-coupled multilevel
converters 1404a—n may be filtered/regulated using additional circuitry to provide
the plurality of PA supply voltages Vsuepiy1..n. Examples of such additional circuitry
are described above in the context of Figs. 5, 5A, and 5B. In any case, it will be
appreciated that different ones of the PA supply voltages Vsyppy1..n May be
independently controllable using the system architecture of Fig. 14.

[0213] Multi-output regulation stage 1402 may be the same as or similar to any
of the multi-output regulation stage embodiments disclosed herein. Likewise, a
given one of the differentially-coupled multilevel converters 1404a—n may be the
same as or similar to that any of the differentially-coupled multilevel converter

embodiments disclosed herein.
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[0214] In some embodiments, multi-output regulation stage 1402 can be
realized on an IC. In some embodiments, differential multilevel converters 1404—n
can be realized on one or more ICs. In some embodiments, the multi-output
regulation stage 1402 IC can be different from the differential multilevel converters
1404—n IC(s). In some embodiments, multi-output regulation stage 1402 and one

or more differential multilevel converters 1404—n can be realized on the same IC.

[0215] Turning to Fig. 14A, in some embodiments, the outputs of two or more
differential multilevel converters can be combined (e.g., using coupled magnetics)
to supply a single PA. lllustrative system 1440 includes differential multilevel
converters 1442a, 1442b both configured to receive the same intermediate
voltages Va and Ve and to provide a respective modulated voltage Vsua and Vsus.
System 1440 further includes a combiner circuit 1444 configured to combine the
modulated voltages Vswma, Vsme into a combined modulated voltage Vsw, which is
used to supply a PA 1446. For example, Vsy may be coupled directly or indirectly
to a bias port of PA 1446.

[0216] System 1440 can optionally include a filter circuit 1448 or other
additional circuitry coupled between combiner circuit 1444 and PA 1446, as
shown. For example, filter circuit 1448 can be configured to filter to smooth the
transitions of supply voltage provided to PA 1446.

[0217] A controller 1450 can be coupled to control (e.g., independently control)
switching states of the differential multilevel converters 1442a and 1442b. In some
embodiments, controller 1450 may be provided as part of a hybrid supply
generator / modulator that also includes differential multilevel converters 1442a,
1442b. For example, controller 145 may be implemented on the same IC as
converters 1442a, 1442b.

[0218] It should also be appreciated that combiner circuit 1444 may be
provided as any means capable of combing two or more modulated power supply
output signals provided thereto so as to provide a combined modulated signal
appropriate for use in an application of interest. Examples of such combining

means are provided below. After reading the disclosure provided herein, one of
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ordinary skill in the art will appreciate how to select or design a means for

combining appropriate for use in a particular application.

[0219] In the illustrative embodiment of Fig. 14A, combiner circuit 1444 is
provided as a coupled magnetic structure having a high coupling (e.g., coupling
coefficient in the range or about 0.5 or greater or in some applications, it may be
desirable or necessary to utilize a coupling coefficient in the range of about 0.9 or
greater) between windings 1452a, 1452b (e.g. an interphase transformer
combiner). In this embodiment, output, Vsu, of combiner circuit 1444 is a linear

combination of the inputs from the individual converters 1442a, 1442b.

[0220] Combiner circuit 1444 is not limited to interphase transformer
combiners. It may comprise, for example, uncoupled magnetics (e.g., separate
inductors or uncoupled windings on a single core structure), a transmission-line
transformer combiner, a lumped or distributed GF combiner or hybrid circuit, or
another three-port lumped or distributed passive network.

[0221] Also, while two converters 1442a, 1442b and a two-way combiner are
shown in the example of FIG. 14A, a system may generally include M modulators
and an M-way combiner. This may allow for increasingly high performance (e.g.,
reduced content of undesired frequencies for a given desired frequency content)

as M is increased.

[0222] Two or more multilevel converters may be used together to provide a
single output Vsu. One such technique that can be used with illustrative system
1440 is so-called “split pulse transitions” (SPT). With SPT, controller 1450 can
receive a controller input signal indicating a voltage level desired at the combiner
output Vsm, and produce outputs which are, in turn, inputs to the differential multi-
level converters. Controller 1450 can independently command the output voltage
level Vsma and Vsus of two multilevel converters 1442 and, thus, Vsu, based on
the desired voltage level indicated by the controller input signal. One skilled in the
art may appreciate that more than two differential multilevel converters may be

combined in similar fashion to implement SPT.
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[0223] In some embodiments, controller 1450 may be configured to delay the
output signal for converter 1442b or converter 1442a such that a transition
observed at Vsma occurs after the same transition occurred at Vsus. This delay
may be referred to as a “split pulse transition delay” or “SPT delay.” In this case,
voltages Vsma and Vsus may be unequal for a period of time corresponding to the
SPT delay. Controller 1450 can apply the SPT delay to either converter 1442b or
converter 1442a according to a state machine implemented as part of the
controller. Which multi-level converter 1442b, 1442a input receives the delay may
change as frequently as every transition of the desired voltage level indicated by

the controller input signal.

[0224] In some embodiments, when the SPT delay is configured to a value
greater than zero, the overall transition of Vsu from a first level to a second level
will be comprised of three voltage levels spanning three portions. During the first
portion of the overall transition at Vsu, both Vsua and Vsus have the same output
voltage such that Vsw is equal to Vsma and Vsue. During the second period the
controller commands the desired transition for multilevel converter 1442a, such
that Vsma transitions to the second voltage level, but 1442b output Vsme remains at
the original level. During this portion current flows between the outputs of 1442a
and 1442b through combiner 1444. VVsy takes on a value between Vsua and Vsus
proportional to the ratio of the number of turns on winding 1452a to the number of
turns on winding 1452b. Assuming an equal number of turns, the voltage Vsm will
be (Vsma-Vsms)/2 + Vsma during this second period. The controller may delay the
command for 1442a or 1442b according to an internal state machine. During the
final period the controller commands the desired transition for multilevel converter
1442hb, such that the output of 1442a and 1442b are again equal, and Vsm will be

equal to VSMA and VSMB.

[0225] SPT has the effect of changing transition shape while retaining high
efficiency of the hybrid supply modulator / generator. Without SPT, the voltage
Vsm changes quickly from a first voltage level to a second voltage level. The
sample SPT implementation above reduces dv/dt (voltage slew rate) of Vsu during
the transition: Vsm starts at the first voltage level, moves to a voltage level

between the first and second voltage levels during the SPT delay time, and then
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moves to the second voltage level after the SPT delay time. The SPT delay
duration between 1442a and 1442b changes frequency content of the output Vgsw,
and may be configured to optimize the time domain shape and frequency domain
content of Vsm. A transceiver may command the controller 1450 to adjust SPT
delay time to optimize RF performance for challenging operating conditions (e.g.
high- or low-bandwidth transmission, stringent linearity or emissions

requirements).

[0226] While Fig. 14A shows an example of two differential multilevel
converters 1442b, 442a and the preceding discussion explains how one of the
converters can be delayed relative to the other, the general concepts and
techniques described may be applicable to other numbers of converters. For
example, a hybrid supply generator / modulator can have at least three differential
multilevel converters, and the controller can be apply two or more different delays

to the at least three differential multilevel converters.

[0227] In some embodiments, a system disclosed herein (e.g., system of Fig.
14A) can utilize one or more control techniques described in U.S. Patent No.
11,909,358, issued on February 20, 2024, and entitled “Multilevel Amplifier
Systems and Related Techniques,” which patent is incorporate by reference in its

entirety.

[0228] Turning to Fig. 15, as previously discussed, an RF power amplifier
system may include a controller (e.g., one of controllers 550 of Fig. 5) configured
to provide one or more control signals to one or more hybrid supply
generators/modulators. In some embodiments, the variable supply voltages (or
“supply bias voltages”) may be provided in the form of pulses with each pulse
having one of a discrete number of voltage levels. That is, the hybrid supply
generators/modulators can each provide one of a plurality of discrete supply
voltages to the supply/bias terminal of a corresponding rf amplifier (or in some
cases, to multiple rf amplifiers). Such discrete voltage supply levels may be
predetermined or may be adapted over time based upon required average

transmit power levels or other factors.
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[0229] Transitions between pulses of different voltage levels (i.e., transitions
from one voltage level to another) can give rise to undesired frequency
components in the varying supply voltage signals. In some embodiments, such
variable supply voltages can be provided to the supply/bias terminal of the
amplifier through one or more pulse shaping networks (PSNs). A PSN functions to
filter out or otherwise remove undesirable frequency components in a supply
voltage signal (i.e., the PSN filters or shapes the trajectory of the supply voltage
signal). Thus, a filtered supply voltage signal is provided to the supply terminal of
the rf amplifier. In the context of Fig. 5, PSNs may correspond to, or form a part of,
the additional circuitry 506, for example. In some cases, the supply generator,
supply modulator, and PSN may be provided as a power management integrated
circuit (PMIC).

[0230] Fig. 15 shows an example of a switching network having one or more
PSNs and being coupled to one or more hybrid supply generator/modulators.
Illustrative switching network 1500 has one or more inputs each of which may be
coupled to one or more hybrid supply generator/modulators with two hybrid supply
generator/modulators 1511a, 1511b show in this example. Alternatively or
additionally, rather than outputs separate hybrid supply generators/modulators
1511a and 1511b, signals 1501a and 1501b (and so forth) may represent multiple
outputs of a single hybrid supply generator / supply modulator (e.g., the differential
multilevel converter outputs 1404a and 1404b of hybrid supply
generator/modulator 1400 in Fig. 14), or as combinations of outputs of a single
multi-output hybrid supply generator/supply modulator and one or more other

hybrid supply generator/supply modulator(s).

[0231] In some implementations, the switching network 1500 may be coupled
in a cascaded configuration with the hybrid supply generator/modulators 1511a,
1511b. In this example embodiment, switching network 1500 comprises two inputs
1501a, 1501b coupled to outputs of respective ones of hybrid supply
generator/modulators 1511a, 1511b. Hybrid supply generator/modulators (A and
B) respectively supply modulated voltage signals VSMA and VSMB as inputs to
the switching network 1500.

61



WO 2025/006433 PCT/US2024/035361

[0232] Switching network 1500 comprises a first plurality of outputs 1502a —
1502N each of which may be coupled to one or more of a second plurality of rf
amplifiers (not shown in Fig, 15). In embodiments, the plurality of switching
network outputs may be the same as the number of rf amplifiers such that there
exists a one-to-one correspondence between the number of switching network
outputs and RF amplifiers. In this case, each rf amplifier may be coupled to a

respective one of the switching network outputs 1502a-1502N.

[0233] In the example embodiment of Fig. 15, switching network 1500 is
illustrated as providing N outputs 1502a—1502N (where N is any integer greater
than 1) at which respective ones of voltages Vo1—Von may be provided. The
switching network outputs may be coupled to one or more bias terminals (e.g., a
supply terminal) of one or more rf power amplifiers and thus output voltages Vo1—
Von may be coupled to a bias terminal of one or more rf power amplifiers. In some
embodiments, N may be equal to 2 (thus providing output voltages Vo1, Vo2). In
some embodiments, N may be equal to 4 (thus providing output voltages Vo1—
Vos). In some embodiments, N may be equal to 6 (thus providing output voltages
Vo1—Vos). In some embodiments, N may be equal to 8 (thus providing voltages
Vo1—Vos). In some embodiments, N may be equal to 10 (thus providing voltages
Vo1—Voro).

[0234] For example, in one embodiment, two or more output ports may be
coupled to provide output signals in some cases all N output signals Vo1—VVon may
be coupled to a bias terminal (e.g., a supply terminal) of a single rf power
amplifier. In other embodiments, one or more or each output signal Voi—Von may
be coupled to its own, respective, rf power amplifier (i.e., a bias terminal of
respective rf amplifiers). And in still other embodiments, one or more output
amplifiers may be coupled to a single output terminal of switching network 1500,
while other rf output amplifiers may be coupled to two or more output signals of
switching network 1500.

[0235] The switches S4-S11 of switching network 1500 may be coupled to a
controller (not shown) that can open and close the switches S1—S11 to control the

output signals Vo1—Von. In this way, the switching network 1500 can be coupled
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across one or more PSN (and in some cases, configured to provide a signal path
which bypasses one or more of the PSN). For example, when switch S is closed,
modulated voltage signal VSMA is coupled to output 1502a at which voltage VO1
is provided. When switch s1 is open and switches S> and Ss are closed, modulated
voltage signal VSMA is coupled through PSN 1503 (also referred to as filter
network 1503) to output 1502a. And when switches S¢ and Ss are open, the
output signal Vo1 at output 1502a is not connected to voltage signal VSMA, and
may be floating or may be tied to some other potential such as ground by circuitry
not shown. Thus, switches S4, Sz, and Sz can be used to adaptively (or
dynamically) in real time enable or disable filtering (performed by a filter network
1503) for output signal Vo1. It should be appreciated that filtering circuitry may be
provided in a variety of different circuit configurations to provide filter
characteristics selected to meet the needs of a particular application. Taking filter
network (PSN) 1503 illustrative of filter networks 1504—1510, filter network 1503
comprises one or more electronic elements. In the example of Fig. 15 filter
network 1503 comprises four electronic elements which are passive circuit
elements (also sometimes referred to herein as a “passive component”). Filter
networks 1503-1510 may have various passive or active circuit elements selected
to suit the needs of a particular application. After reading the disclosure provided
herein, one of ordinary skill in the art will understand how to design one or more
filter networks to suit the needs of a particular application.

[0236] In some embodiments, a PSN can include one or more passive
elements realized as discrete elements. In some embodiments, a PSN can
include one or more passive elements realized on an IC or module. In some
embodiments, a PSN can include one or more passive elements resulting from

parasitic resistance, inductance, or capacitance.

[0237] In some embodiments, a PSN can include a resistor having a first
terminal connected to the output of the hybrid supply generator / modulator, and a
capacitor having a first terminal to the second terminal of the resistor and a
second terminal connected to ground. In some embodiments, a PSN can include

a capacitor having a first terminal connected to the output of the hybrid supply
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generator / modulator and a second terminal connected to ground, and a resistor

having a first terminal connected to the first terminal of the capacitor.

[0238] Whether to connect or not a given PSN (e.g., one or more of filter
networks 1503, 1508, 1510, etc.) between a hybrid supply generator/modulator
(e.g., one or more of hybrid supply generator/modulators 1511a, 1511b) and an
output (e.q., one of outputs 1502a—1502N) may depend upon a variety of factors
including but not limited to: the rf frequency band in which the RF signal provided
to the RF input of the power amplifier resides; the bandwidth of the RF signal
provided to the RF input of the power amplifier; peak-to-average ratio of the RF
signal provided to the RF input of the power amplifier; power level of the RF signal
provided to the RF input of the power amplifier; other aspects or characteristics of
the RF signal to be provided to the RF input of the PA; the mode of the supply
modulation (e.g., digital envelope tracking vs. average power tracking vs. fixed
supply) being used; and/or by the characteristics of an operating or application

scenario (e.g., observed noise or amplifier behavior) among other factors.

[0239] Similarly, when switch S4is closed, modulated voltage signal VSMA is
coupled through filter network 1504 to output 1502b at which voltage Vo2 is
provided. When switch Ss is closed, modulated voltage signal VSMA is coupled
through filter network 1506 to output 1502¢. And when switch Sg is closed,
modulated voltage signal VSMB is coupled through filter network 1506 to output
1502c. Thus, switches Ss and Se may be used to select which modulated voltage
signal VSMA or VSMB (or both in parallel) is coupled to provide an output signal
at output 1502c.

[0240] When switch S7 is closed, modulated voltage signal VSMB is coupled
through filter network 1508 to terminal 1502d is provided. It should be appreciated
that one, some or all of filters 1503-1510 may be provided as reconfigurable
filters. For example, filter 1508 comprises switch Ss. Switch Ss is configured to
change the filtering parameters (or characteristics) of filter network 1508. In this
case, closing switch Sg creates a short circuit signal path across inductor L8
thereby effectively removing inductor L8 from filter 1508, which will affect the

transfer function of filter network 1508. In this way filter characteristics of filter
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1508 may be changed (e.g., adaptively changed or “on-the-fly” or in real time) to
suit the needs of a particular application or operating scenario. For example, it
might be desirable to dynamically adjust the characteristics of the filter depending
upon the rf band in which the signal will be transmitted by the power amplifier, by
the bandwidth, peak-to-average ratio, power level, or other aspects of the signal to
be transmitted, and by the mode of the supply modulation (e.g., digital envelope
tracking vs. adaptive power tracking vs. fixed supply) being used, or by the
characteristics of an operating or application scenario (e.g., observed noise or

amplifier behavior) among other factors.

[0241] Switches So, may be switched between open and closed states to
selectively couple modulated voltage signal VSMB through filter 1510 to node
1512. Switches S+, S11 may be switched between open and closed states to
couple node 1512 to either or both of outputs 1502N-1, 1502N at which respective
ones of voltages VN-1, VN are provided. When switches Sg and S+ are closed,
modulated voltage signal VSMB is coupled through filter network 1510 to output
1502N-1 at which voltage Vn-1 is provided. Similarly, when switches S¢ and S11
are closed modulated voltage signal VSMB is coupled through filter network 1510
to node 1512 at which voltage Vn may be provided. When all three switches Se,
S10, and S11 are closed, modulated voltage signal VSMB is coupled through filter
network 1510 to both output terminals 1502N-1 and 1502N.

[0242] The signal paths created by switches $1—S11 in Fig. 15 are provided as
examples. One skilled in the art will recognize that other configurations of signal
paths and filtering parameters and characteristics are possible by changing the
number, arrangement, and control of the switches in switching network 1500. For
example, the switches $1—S11 may be operated or controlled (i.e., placed in an
open or closed states) such either of modulated voltage signals VSMA, VSMB
may be coupled to any of terminals 1502a—1502N. In general, switches within
switching network 1500 may be configured to enable one or more on-die supply
modulator output(s) to be routed to one or more power amplifier supply terminals;
adjusting filtering of a provided modulator output (e.g., to provide a reconfigurable
pulse shaping network); reconfigure how different (possibly spatially separated)

filter stages are utilized in connecting one or more modulator outputs via one or
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more filter stages to one or more RF amplifiers; and turn-off switch(es) to enable a
supply modulator output to be disconnected from a power amplifier and/or filter, or
perform other tasks that modify and/or control the output signals that provide

power to RF power amplifiers.

[0243] The particular manner in which the switching network 1500 is realized
may depend upon the power level, voltage level and application space of the
system in which the switching network is being used (e.g., an RF amplifier
system). For some mobile device applications (e.g., a cellular phone, smart
phone, tablet PC with cellular communication capabilities) it may be desirable to
monolithically integrate electronic elements (e.g., circuit components) of both the
supply generator and supply modulator and switching elements as well as
portions of the ancillary circuits on a single semiconductor die (e.g., ina CMOS or
BCD process) or IC. In some cases it may be desirable to integrate electronics
such as the modulator(s) and switching network 1500 together with power
amplifiers on a single die. Moreover, in some cases it may be advantageous to
package the modulator, switches and some of the filter components within a
single module and locate other filter components and the RF amplifier in a
physically separated location. In still other applications it may be advantageous to
package the modulator and some switches on a first die, and further switches on
at least one additional die that is placed a relative distance from the first die. This
second die may also contain one or more power amplifiers or be located
physically close to power amplifier(s), e.g., in a module or co-located on a circuit
board. In these latter cases, the switches on the first die can be used for some of
the functions described above and may be placed close to one or more first filter
stages, while the second die can also implement some of the functions described
above and may be placed closer to one or more second filter stages.
Communication lines may also be provided between the first die and the second
die (or between a controller and the second die) to allow the configuration to be

changed.

[0244] Although reference is sometimes made herein to particular materials,
devices and/or components, it is appreciated that other materials, devices and/or

components having similar functional and/or structural properties may be
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substituted where appropriate, and after reading the description provided herein, a
person having ordinary skill in the art would understand how to select such
materials, devices and/or components and incorporate them into embodiments of
the concepts, techniques, and structures set forth herein without deviating from

the scope of those teachings.

[0245] Various embodiments of the concepts, systems, devices, structures and
techniques sought to be protected are described herein with reference to the
related drawings. Alternative embodiments can be devised without departing from
the scope of the concepts, systems, devices, structures and techniques described
herein. It is noted that various connections and positional relationships (e.g., over,
below, adjacent, etc.) are set forth between elements in the following description
and in the drawings. These connections and/or positional relationships, unless
specified otherwise, can be direct or indirect, and the described concepts,
systems, devices, structures and techniques are not intended to be limiting in this
respect. Accordingly, a coupling of entities can refer to either a direct or an indirect
coupling, and a positional relationship between entities can be a direct or indirect

positional relationship.

[0246] As an example of an indirect positional relationship, references in the
present description to forming layer "A" over layer "B" include situations in which
one or more intermediate layers (e.g., layer "C") is between layer "A" and layer "B"
as long as the relevant characteristics and functionalities of layer "A" and layer "B"
are not substantially changed by the intermediate layer(s).The following definitions
and abbreviations are to be used for the interpretation of the claims and the

specification. As used herein, the terms "comprises," "comprising, "includes,"

"including,” "has," "having," "contains" or "containing," or any other variation
thereof, are intended to cover a non-exclusive inclusion. For example, a
composition, a mixture, process, method, article, or apparatus that comprises a
list of elements is not necessarily limited to only those elements but can include
other elements not expressly listed or inherent to such composition, mixture,

process, method, article, or apparatus.
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[0247] Additionally, the term "exemplary" is used herein to mean "serving as an
example, instance, or illustration. Any embodiment or design described herein as
"exemplary" is not necessarily to be construed as preferred or advantageous over
other embodiments or designs. The terms "one or more" and "one or more" are
understood to include any integer number greater than or equal to one, i.e., one,
two, three, four, etc. The terms "a plurality” are understood to include any integer
number greater than or equal to two, i.e., two, three, four, five, etc. The term

"connection" can include an indirect "connection" and a direct "connection."

[0248] References in the specification to an "embodiment” or "embodiments”
indicate that the embodiment(s) described can include a particular feature,
structure, or characteristic, but every embodiment can include the particular
feature, structure, or characteristic. Moreover, such phrases are not necessarily
referring to the same embodiment. Further, when a particular feature, structure, or
characteristic is described in connection with an embodiment, it is submitted that it
is within the knowledge of one skilled in the art to affect such feature, structure, or
characteristic in connection with other embodiments whether or not explicitly

described.

[0249] For purposes of the description hereinafter, the terms "upper," "lower,"
"right," "left," "vertical," "horizontal,” "top," "bottom," and derivatives thereof shall

relate to the described structures and methods, as oriented in the drawing figures.

The terms "overlying," "atop," "on top, "positioned on" or "positioned atop" mean
that a first element, such as a first structure, is present on a second element, such
as a second structure, where intervening elements such as an interface structure
can be present between the first element and the second element. The term
"direct contact" means that a first element, such as a first structure, and a second
element, such as a second structure, are connected without any intermediary

elements.

” o

[0250] Use of ordinal terms such as “first,” “second,” “third,” etc., in the claims
to modify a claim element does not by itself connote any priority, precedence, or
order of one claim element over another or the temporal order in which acts of a

method are performed, but are used merely as labels to distinguish one claim
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element having a certain name from another element having a same name (but

for use of the ordinal term) to distinguish the claim elements.

[0251] The terms “approximately” and “about” may be used to mean within
120% of a target value in some embodiments, within £10% of a target value in
some embodiments, within 5% of a target value in some embodiments, and yet
within 2% of a target value in some embodiments. The terms “approximately”
and “about” may include the target value. The term “substantially equal” may be
used to refer to values that are within £20% of one another in some embodiments,
within £10% of one another in some embodiments, within 5% of one another in

some embodiments, and yet within £2% of one another in some embodiments.

[0252] The term “substantially” may be used to refer to values that are within
1+20% of a comparative measure in some embodiments, within £10% in some
embodiments, within 5% in some embodiments, and yet within £2% in some
embodiments. For example, a first direction that is “substantially” perpendicular to
a second direction may refer to a first direction that is within £20% of making a 90°
angle with the second direction in some embodiments, within £10% of making a
90° angle with the second direction in some embodiments, within £5% of making a
90° angle with the second direction in some embodiments, and yet within £2% of

making a 90° angle with the second direction in some embodiments.

[0253] As used herein, the terms “processor’ and “controller’ are used to
describe electronic circuitry that performs a function, an operation, or a sequence
of operations. The function, operation, or sequence of operations can be hard
coded into the electronic circuit or soft coded by way of instructions held in a
memory device. The function, operation, or sequence of operations can be
performed using digital values or using analog signals. In some embodiments, the
processor or controller can be embodied in an application specific integrated
circuit (ASIC), which can be an analog ASIC or a digital ASIC, in a microprocessor
with associated program memory, in a digital signal processor (DSP), and/orin a
discrete electronic circuit, which can be analog or digital. A processor or controller
can include internal processors or modules that perform portions of the function,

operation, or sequence of operations. Similarly, a module can include internal
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processors or internal modules that perform portions of the function, operation, or
sequence of operations of the module. A single processor or other unit may fulfill

the functions of several means recited in the claims.

[0254] As used herein, the term “predetermined,” when referring to a value or
signal, is used to refer to a value or signal that is set, or fixed, in the factory at the
time of manufacture, or by external means, e.g., programming, thereafter. As used
herein, the term “determined,” when referring to a value or signal, is used to refer
to a value or signal that is identified by a circuit during operation, after

manufacture.

[0255] Itis to be understood that the disclosed subject matter is not limited in
its application to the details of construction and to the arrangements of the
components set forth in the following description or illustrated in the drawings. The
disclosed subject matter is capable of other embodiments and of being practiced
and carried out in various ways. Also, it is to be understood that the phraseology
and terminology employed herein are for the purpose of description and should
not be regarded as limiting. As such, those skilled in the art will appreciate that the
conception, upon which this disclosure is based, may readily be utilized as a basis
for the designing of other structures, methods, and systems for carrying out the
several purposes of the disclosed subject matter. Therefore, the claims should be
regarded as including such equivalent constructions insofar as they do not depart

from the spirit and scope of the disclosed subject matter.

[0256] Although the disclosed subject matter has been described and
illustrated in the foregoing exemplary embodiments, it is understood that the
present disclosure has been made only by way of example, and that numerous
changes in the details of implementation of the disclosed subject matter may be
made without departing from the spirit and scope of the disclosed subject matter.

[0257] Other variations to the disclosed embodiments can be understood and
effected by those skilled in the art in practicing the claimed invention, from a study

of the drawings, the disclosure, and the appended claims.
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[0258] The mere fact that certain measures are recited in mutually different
dependent claims does not indicate that a combination of these measures cannot

be used to obtain an advantage.

[0259] Any reference signs in the claims should not be construed as limiting

the scope.

[0260] All publications and references cited herein are expressly incorporated

herein by reference in their entirety.
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CLAIMS

1. A system comprising:
a differential multilevel converter comprising:

a differential input including a first input terminal configured to be coupled
to a first voltage Va and a second input terminal configured to be

coupled to a second, different voltage Vg;

a plurality of switches Sa, Sa,, S, Se coupled between the first and

second input terminals;

a capacitor Cs having a first terminal coupled to a first terminal of a first
one of the plurality of switches and a second terminal coupled to a first

terminal of a second, different one of the plurality of switches; and

an output terminal coupled to a first terminal of a third, different one of the

plurality of switches; and

a controller coupled to the plurality of switches and configured to control
selected ones of the plurality of switches Sa, Sa, Ss, Ss' to switch, at
points in time, between a plurality of switch states with each switch state
producing an output voltage Vsm corresponding to one of three discrete
voltage levels L1, L2, L3 at the output terminal of the differential multilevel
converter,

wherein at least two of the plurality of switch states produce an output
voltage which is substantially the same and at those points in time when
ones of the plurality of switches switch among the at least two switch
states producing the substantially same output voltage, the controller
seeks to maintain a voltage V¢ across the capacitor Cs within a voltage
deviation AV of a target voltage and wherein the voltage deviation AV
determines a maximum deviation of the substantially same output voltage
from an ideal output voltage.
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2. The system of claim 1 wherein the voltage deviation AV from a voltage
corresponding to a voltage of (Vs — Va)/2 determines a maximum deviation of one

of the three discrete voltage levels corresponding to a voltage of (Va + Vg)/2.

3. The system of claim 1 wherein:

a first one of the three discrete voltage levels corresponds to the first voltage
Va;

a second one of the three discrete voltage levels corresponds to one of: a

voltage of Vg — Vs ; or a voltage of Va + V¢; and

a third one of the three discrete voltage levels corresponds to the second
voltage V.

4. The system of claim 1 wherein at least some of the differential multi-level
converter switches have a unidirectional blocking characteristic to block less than
or equal to the maximum difference between the first and second voltages Va Ve
but more than one-half of a maximum difference between the first and second
voltages Va, Ve.

5. The system of claim 1 wherein the plurality of switches is provided as four
switches (Sa,Sg,Sa,Se’) coupled to provide four (4) switch states with each switch
state generating a specified output voltage Vsm at the output terminal of the
differential multi-level converter such that:

State | Switches On Vsm Level
1 Sa, Ss VB L3
2 Sa, Seg VB — Vet L2
3 Sg, Sa VA + Vof L2
4 Se', Sa A L1

and wherein, at discrete points in time, the differential multilevel converter
provides one of the three voltage levels L1, L2, L3 at the differential

multilevel converter output terminal with the voltage at level L1
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substantially corresponding to the first input voltage Va; the voltage at
level L3 substantially corresponding to the second input voltage VEg; and
the voltage at level L2 substantially corresponding to a voltage of (Va +
Ve)/2.

6. The system of claim 5 wherein the controller provides control signals to
control ones of the plurality of switches to switch between switch states 2 and 3

on an unclocked basis.

7. The system of claim 5 wherein switching between states 2 and 3 occurs when
the voltage Vcracross the capacitor exceeds the voltage deviation AV above or
below (Va - VB)/2.

8. The system of claim 1 further comprising:

a multi-output regulation stage having a single input coupled to receive an
input voltage V\n, a first output A coupled to the first input terminal of the
differential multilevel converter and a second output B coupled to the
second input terminal of the differential multilevel converter, the muilti-
output regulation stage operable to synthesize a first intermediate voltage
Va at the first output and a second intermediate voltage Vg at the second

output.

9. The system of claim 8 wherein the two intermediate voltages VA and VB are

independently controllable.

10. The system of claim 1 further comprising a multi-output regulation stage
having a single input coupled to receive an input voltage VIN and a first output A
coupled to the first input terminal of the differential multilevel converter, the multi-
output regulation stage comprising a buck converter having an input coupled to

receive the input voltage VIN and having a first output at which is provided the
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first output voltage VA with the first output of the buck converter coupled to the

first output A of the multi-output regulation stage.

11. The system of claim 1 wherein the plurality of switches corresponds to four
switches between the first and second input terminals of the differential multilevel
converter with the four switches coupled such that with all switches in their on
state, a short circuit signal path exists between the first and second input

terminals of the differential multilevel converter, and wherein:

a first one of the four switches has first and second terminals with the first
terminal coupled to the first input terminal of the differential multilevel
converter;

a second one of the four switches has first and second terminals with the first
terminal coupled to the second terminal of the first one of the four

switches;

a third one of the four switches has first and second terminals with the first
terminal coupled to the second terminal of the second one of the four
switches;

a fourth one of the four switches has first and second terminals with the first
terminal coupled to the second terminal of the third one of the four
switches and a second terminal coupled to the second input terminal of
the differential multilevel converter; and

the capacitor is a first capacitor Cs1 having first and second terminals with the
first terminal of the first capacitor coupled between the second terminal of
the first switch and the first terminal of the second switch and the second
terminal of the first capacitor coupled between the second terminal of the

third switch and the second terminal of the fourth switch.

12. The system of claim 11 wherein the four switches coupled between the first
and second input terminals of the differential multilevel converter are arranged

such that with all switches in their on state, a short circuit signal path exists
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between the first and second input terminals of the differential multilevel

converter.

13. The system of claim 1 wherein the capacitor is a first capacitor Cs+ and the
differential multilevel converter further comprises a second capacitor Cr and the

plurality of switches corresponds to six switches and wherein:

a first one of the six switches has first and second terminals with the first
terminal coupled to the first input terminal of the differential multilevel

converter;

a second one of the six switches has first and second terminals with the first
terminal coupled to the second terminal of the first one of the six

switches;

a third one of the four switches has first and second terminals with the first
terminal coupled to the second terminal of the second one of the six

switches;

a fourth one of the six switches has first and second terminals with the first
terminal coupled to the second terminal of the third one of the six

switches;

a fifth one of the four switches has first and second terminals with the first
terminal coupled to the second terminal of the fourth one of the six
switches;

a sixth one of the six switches has first and second terminals with the first
terminal coupled to the second terminal of the fifth one of the six switches
and the second terminal coupled to the second input terminal of the

differential multilevel converter;

the first capacitor Cr has first and second terminals with the first terminal of
the first capacitor coupled to the second terminal of the second switch
and the first terminal of the third switch and the second terminal coupled
to the second terminal of the fourth switch and the first terminal of the fifth

switch; and
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the second capacitor Cs; has first and second terminals with the first terminal
of the second capacitor coupled to the second terminal of the first switch
and the first terminal of the second switch and the second terminal
coupled to the second terminal of the fifth switch and the first terminal of

the sixth switch.

14. The system of claim 1 wherein the differential multilevel converter further
comprises a linear circuit coupled to the capacitor to maintain voltages across the
capacitor to within a desired range during time periods during which the switch
state does not provide charging/discharging control of the voltage across the
capacitor.

15. A system comprising:
a hybrid supply generator and modulator comprising:
a differential multilevel converter comprising:

a differential input including a first input terminal configured to be
coupled to a first voltage Va and a second input terminal

configured to be coupled to a second, different voltage Vs;

a plurality of switches coupled between the first and second input

terminals with the plurality of switches;

at least one capacitor Cr having a first terminal coupled to a first
terminal of a first one of the plurality of switches and a second
terminal coupled to a first terminal of a second, different one of

the plurality of switches; and

an output terminal coupled to a first terminal of a third, different one
of the plurality of switches; and

a multi-output regulation stage having a single input configured to receive
an input voltage Vi, a first output A coupled to the first input terminal
of the differential multilevel converter and a second output B coupled
to the second input terminal of the differential multilevel converter, the

multi-output regulation stage operable to synthesize a first
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intermediate voltage Va at the first output and a second intermediate
voltage Vg at the second output wherein, in response to control
signals provided thereto, the plurality of switches of the differential
multilevel converter are operable to switch between a plurality of
switch states with each switch state producing an output voltage Vsm
corresponding to at least one of three discrete voltage levels L1, L2,

L3 at the output terminal of the differential multilevel converter,

wherein at least two of the plurality of switch states produce an output
voltage which is substantially the same and at those points in time when
ones of the plurality of switches switch among the at least two switch
states producing the substantially same output voltage, the switches are
operable to seek to maintain a voltage across each of the at least one
capacitors C; within a voltage deviation AV of a target voltage and
wherein the voltage deviation AV determines a maximum deviation of the

substantially same output voltage from an ideal output voltage.

16. The system of claim 15 further comprising a controller coupled to the
plurality of switches of the differential multilevel converter, the controller operable
to provide control signals to the plurality of switches to control the switches
between on and off states such that the switches switch between the plurality of
switch states and wherein when ones of the plurality of switches switch between
states producing the substantially same output voltage, the controller provides
control signals acts to maintain a voltage across each of the at least one
capacitors within a voltage deviation AV of a target voltage and wherein the
voltage deviation AV determines a maximum desired deviation of a discrete
voltage level from an ideal voltage level.

17. The system of claim 15 wherein the hybrid supply generator and modulator
is provided as an integrated circuit comprising at least the differential multilevel

converter.
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18. The system of claim 15 further comprising a radio frequency (rf) amplifier
having a supply terminal coupled to the output terminal of the differential

multilevel converter.

19. A system comprising:
a differential multilevel converter comprising:

a differential input including a first input terminal configured to be coupled
to a first voltage Va and a second input terminal configured to be

coupled to a second, different voltage Vg;

a plurality of switches coupled between the first and second input

terminals with the plurality of switches;

at least one capacitor Cs having a first terminal coupled to a first terminal
of a first one of the plurality of switches and a second terminal coupled
to a first terminal of a second, different one of the plurality of switches;

and

an output terminal coupled to a first terminal of a third, different one of the

plurality of switches,

wherein, in response to control signals provided thereto, the plurality of
switches of the differential multilevel converter are operable to switch
between a plurality of switch states with each switch state producing an
output voltage Vsm corresponding to at least one of three discrete voltage
levels L1, L2, L3 at the output terminal of the differential multilevel
converter and wherein at least two of the plurality of switch states
produce an output voltage which is substantially the same and at those
points in time when ones of the plurality of switches switch among the at
least two switch states producing the substantially same output voltage,
the switches are operable to seek to maintain a voltage across each of
the at least one capacitors Cs within a voltage deviation AV of a target
voltage and wherein the voltage deviation AV determines a maximum
target deviation of the substantially same output voltage from an ideal

output voltage.
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20. The system of claim 19 further comprising a controller coupled to the
plurality of switches to provide control signals to control the plurality of switches
which act to maintain a voltage V¢ across the at least one capacitor within a

voltage deviation AV of a first target voltage.

21. A hybrid supply generator / modulator comprising:

a multi-output regulation stage configured to receive an input voltage and
synthesize two intermediate voltages having voltage levels different from

each other;

a multilevel converter configured to receive the two intermediate voltages at
its input and provide a supply voltage having a voltage level
corresponding to one of the two intermediate voltage levels or at least
one synthesized voltage level different than the two intermediate voltage
levels, the multilevel converter comprising at least one flying capacitor

and a set of at least four switches; and

at least one charge regulation circuit to control charge on the at least one

flying capacitor.

22. The hybrid supply generator / modulator of claim 21 wherein one of the two

intermediate voltages is the input voltage.

23. The hybrid supply generator / modulator of claim 21 wherein the at least one
flying capacitor and the set of at least four switches are collectively configured to

transfer charge from the two intermediate voltages to the supply voltage.

24. The hybrid supply generator / modulator of claim 21 wherein the at least one
charge regqulation circuit is configured to monitor a voltage of the at least one
flying capacitor and to charge or discharge the at least one flying capacitor to

maintain said voltage within a voltage range.
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25. The hybrid supply generator / modulator of claim 24 wherein the charge
regulation circuit includes a differential sensor configured to detect the voltage of

the at least one flying capacitor.

26. The hybrid supply generator / modulator of claim 24 wherein the voltage

range is based on a reference voltage.

27. The hybrid supply generator / modulator of claim 26 wherein the reference

voltage is a variable voltage.

28. The hybrid supply generator / modulator of claim 26 wherein the reference

voltage is related to the two intermediate voltages.

29. The hybrid supply generator / modulator of claim 28 wherein the reference

voltage is derived from the two intermediate voltages.

30. The hybrid supply generator / modulator of claim 28 wherein the reference

voltage is at a midpoint between the two intermediate voltages.

31. The hybrid supply generator / modulator of claim 26 wherein the at least one
charge regulation circuit is configured to control the charge on the at least one
flying capacitor based on a comparison involving the reference voltage and the

voltage across the at least one flying capacitor.

32. The hybrid supply generator / modulator of claim 31 wherein the at least one
charge regulation circuit is configured to control the charge on the at least one
flying capacitor based on comparing a magnitude of a difference between the
reference voltage and the voltage across the at least one flying capacitor to a

threshold value.
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33. The hybrid supply generator / modulator of claim 21 wherein the at least one
charge regulation circuit is configured to selectively control the charge of the at

least one flying capacitor based on a state or mode.

34. The hybrid supply generator / modulator of claim 33 wherein the state or

mode is a state or mode of the hybrid supply generator / modulator.

35. The hybrid supply generator / modulator of claim 33 wherein the at least one
charge regulation circuit is configured to control the charge of the at least one

flying capacitor during at least one of:
a shutdown mode of operation;
a standby mode of operation; and

a startup mode of operation.

36. The hybrid supply generator / modulator of claim 21 wherein the at least one
charge regulation circuit comprises a linear regulator configured to receive a
reference voltage and to control the charge of the at least one flying capacitor.

37. The hybrid supply generator / modulator of claim 36 wherein the at least one
charge regulation circuit further comprises another set of at least two switches
configured to selectively connect terminals of the at least one flying capacitor to
the linear regulator.

38. The hybrid supply generator / modulator of claim 37 wherein a first one of
the another set of at least two switches is connected between an output of the
linear regulator and a first terminal of the at least one flying capacitor, and a
second one of the another set of at least two switches is connected between the
output of the linear regulator and a second terminal of the at least one flying

capacitor.
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39. The hybrid supply generator / modulator of claim 37 wherein the another set
of at least two switches are configured to sink or source current through the at
least one flying capacitor to maintain a voltage of the at least one flying capacitor

within a voltage range.

40. The hybrid supply generator / modulator of claim 21 wherein the at least one

charge regulation circuit comprises:

a regulator having one or more controllable source elements configured to

charge and discharge the at least one flying capacitor; and

a charge control circuit configured to receive a reference voltage and to
control individual ones of the controllable source elements to maintain a

voltage across the at least one flying capacitor to within a voltage range.

41. The hybrid supply generator / modulator of claim 40 wherein the one or more

controllable source elements comprise one or more controllable current sources.

42. The hybrid supply generator / modulator of claim 40 wherein the one or more
controllable source elements are configured to sink or source current through the
at least one flying capacitor to maintain a voltage of the at least one flying

capacitor within a voltage range.

43. The hybrid supply generator / modulator of claim 21 wherein the at least one
flying capacitor includes a plurality of flying capacitors, wherein the at least one
charge regulation circuit comprises a plurality of charge regulation circuits each
configured to control charge on a corresponding one of the plurality of flying

capacitors.

44 The hybrid supply generator / modulator of claim 21 wherein the at least one
charge regulation circuit is configured to adjust at least one of the two

intermediate voltages.
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45. A method for controlling charge on at least one flying capacitor of a hybrid
supply generator / modulator having a multi-output regulation stage and a
multilevel converter, the method comprising:

monitoring a voltage of the at least one flying capacitor; and

charging or discharging the at least one flying capacitor to maintain said

voltage within a voltage range.

46. The method of claim 45 wherein the monitoring of the voltage of the at least
one flying capacitor comprises detecting the voltage of the at least one flying

capacitor using a differential sensor.

47. The method of claim 45 wherein the voltage range is based on a reference

voltage.

48. The method of claim 47 wherein the reference voltage is a variable voltage.

49. The method of claim 47 wherein the reference voltage is derived from two

intermediate voltages generated by the multi-output regulation stage.

50. The method of claim 47 wherein the reference voltage is between two

intermediate voltages generated by the multi-output regulation stage.

51. The method of claim 47 wherein the charging or discharging of the at least
one flying capacitor to maintain said voltage within a voltage range comprises
performing a comparison involving the voltage of the at least one flying capacitor

to the reference voltage.

52. The method of claim 51 wherein the comparison comprises:

calculating a difference between the reference voltage and the voltage of the

at least one flying capacitor; and
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comparing a magnitude of the difference to a threshold value.

53. The method of claim 45 further comprising:
determining a mode of operation of the hybrid supply generator / modulator,

wherein the charging or discharging of the at least one flying capacitor is

responsive to the determined mode of operation.

54. The method of claim 53 wherein the wherein the charging or discharging of
the at least one flying capacitor is responsive to the mode of operation being at

least one of:
a shutdown mode of operation;
a standby mode of operation; and

a startup mode of operation.

55. The method of claim 45 wherein the charging or discharging of the at least
one flying capacitor comprises operating a plurality of switches configured to
selectively connect terminals of the at least one flying capacitor to a regulator.

56. The method of claim 45 wherein the charging or discharging of the at least
one flying capacitor comprises controlling one or more controllable source

elements.

57. The method of claim 45 further comprising adjusting at least one of two
intermediate voltages generated by the multi-output regulation stage using
circuitry also used for the charging or discharging of the at least one flying

capacitor.
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58. An apparatus comprising:

a multi-output regulation stage having an input to receive an input voltage
and at least two outputs to provide two intermediate voltages having

voltage levels different from each other;

a multilevel converter having at least two inputs to receive the two
intermediate voltages and provide an output voltage having a level
corresponding to one of the two intermediate voltage levels or another
level generated from the two intermediate voltage levels using at least

one capacitor; and

at least one charge regulation circuit to regulate voltage across the at least
one capacitor to maintain said voltage within a range.

59. A system comprising:
a hybrid supply generator / modulator having:

a first stage having an input configured to receive an input voltage and
first and second outputs configured to provide respective first and
second intermediate voltages having respective first and second

intermediate voltage levels, and

a second stage having first and second inputs configured to respectively
receive the first and second intermediate voltages, a switching
network, at least one energy storage device, and an output configured

to provide an output voltage; and

a controller configured to operate the switching network to modulate the
voltage level of the output voltage from among a set of three or more

voltage levels.

60. The system of claim 59 wherein the first or second intermediate voltage

corresponds to the input voltage.
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61. The system of claim 59 wherein the set of three or more voltages levels

includes at least:
a first voltage level corresponding to the first intermediate voltage level;

a second voltage level different from the first and second intermediate

voltage levels; and

a third voltage level corresponding to the second intermediate voltage level.

62. The system of claim 61 wherein the switching network has at least the

following states:
a first state producing the third voltage level;
a second state producing the second voltage level;
a third state also producing the second voltage level, and

a fourth state producing the first voltage level.

63. The system of claim 62 wherein, in response to a command to set the output
voltage level to the second voltage level, the controller uses a state machine to
operate the switching network alternately between the second and third states to
maintain the second voltage level.

64. The system of claim 63 wherein transitions of the state machine are based at

least in part on a voltage across the at least one energy storage device.

65. The system of claim 63 wherein transitions of the state machine are based
on comparisons involving a voltage across the at least one energy storage

device, the first and second intermediate voltage levels, and a threshold value.

66. The system of claim 62 wherein the switching network includes:

a first switch having a first terminal connected to the second input of the

second stage;
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a second switch having a first terminal connected to a second terminal of the

first switch;

a third switch having a first terminal connected to a second terminal of the

second switch; and

a fourth switch having a first terminal connected to a second terminal of the
third switch and a second terminal connected to the first input of the

second stage.

67. The system of claim 66 wherein:
in the first state, the first and second switches are on;
in the second state, the first and third switches are on;
in the third state, the second and fourth switches are on; and

in the fourth state, the third and fourth switches are on.

68. The system of claim 66 wherein a first terminal of the at least one energy
storage device is connected between the first and second switches and a second
terminal of the at least one energy storage device is connected between the third

and fourth switches.

69. The system of claim 66 wherein the output of the second stage is connected
between the second and third switches.

70. The system of claim 59 wherein the set of three or more voltages levels

includes at least:
a first voltage level corresponding to the first intermediate voltage level;

a second voltage level different from the first and second intermediate

voltage levels;

a third voltage level also different from the first and second intermediate

voltage levels; and

88



WO 2025/006433 PCT/US2024/035361

71.

a fourth voltage level corresponding to the second intermediate voltage level.

The system of claim 70 wherein the switching network has at least the

following states:

72.

73.

a first state corresponding to the first voltage level;

a second state corresponding to the second voltage level;

a third state also corresponding to the second voltage level;

a fourth state corresponding to the third voltage level;

a fifth state also corresponding to the second voltage level;

a sixth state also corresponding to the third voltage level;

a seventh state also corresponding to the third voltage level; and

an eighth state corresponding to the fourth voltage level.

The system of claim 71 wherein the controller uses:

a first state machine to operate the switching network alternately between the

second, third, and fifth states to maintain the second voltage level; and

a second state machine to operate the switching network alternately between

the fourth, sixth, and seventh states to maintain the third voltage level.

The system of claim 72 wherein the at least one energy storage device

includes a plurality of energy storage devices, and wherein transitions of the first

and second state machines are based on voltages across each of the plurality of

energy storage devices.

74. The system of claim 72 wherein transitions of the first and second state

machines are based on comparisons involving voltages across one the plurality

of energy storage devices, the first and second intermediate voltage levels, and

threshold values.
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75. The system of claim 71 wherein the switching network includes:

a first switch having a first terminal connected to the second input of the

second stage;

a second switch having a first terminal connected to a second terminal of the

first switch:;

a third switch having a first terminal connected to a second terminal of the

second switch;

a fourth switch having a first terminal connected to a second terminal of the
third switch;

a fifth switch having a first terminal connected to a second terminal of the

fourth switch; and

a sixth switch having a first terminal connected to a second terminal of the
third switch and a second terminal connected to the first input of the

second stage.

76. The system of claim 75 wherein:
in the first state, the fourth, fifth, and sixth switches are on;
in the second state, the first, fourth, and fifth switches are on;
in the third state, the second, fourth, and sixth switches are on;
in the fourth state, the first, second, and fourth switches are on;
in the fifth state, the third, fifth, and sixth switches are on;
in the sixth state, the first, third, and fifth switches are on;
in the seventh state, the second, third and sixth switches are on; and

in the eight state, the first, second, and third switches are on.

77. The system of claim 75 wherein:

the at least one energy storage device includes first and second energy

storage devices;

90



WO 2025/006433 PCT/US2024/035361

a first terminal of the first energy storage device is connected between the
second and third switches and a second terminal of the first energy
storage device is connected between the fourth and fifth switches; and

a first terminal of the second energy storage device is connected between
the first and second switches and a second terminal of the second energy

storage device is connected between the fifth and sixth switches.

78. The system of claim 75 wherein the output of the second stage is connected

between the third and fourth switches.

79. A method for controlling a hybrid supply generator / modulator, the method
comprising:
producing control signals to turn switches of a second stage of the hybrid
supply generator / modulator on and off to modulate a voltage level of a
supply voltage from among a set of three or more voltage levels, wherein
the hybrid supply generator / modulator comprises a first stage to
generate first and second intermediate voltage levels from a first input
and a second stage to synthesize the supply voltage from the first and

second intermediate voltage levels.

80. The method of claim 79 wherein turning the switches of the second stage on
and off includes using one or more state machines to alternately operate the
switches between the different ones of at least four distinct switching states to

maintain at least one of the set of three or more voltage levels.

81. The method of claim 80 wherein transitions of the one or more state
machines are based on a voltage across at least one energy storage device of
the second stage.

82. The method of claim 81 wherein transitions of the one or more state

machines are based on comparisons involving a voltage across the at least one
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energy storage device, the first and second intermediate voltage levels, and at

least one threshold value.

83. The method of claim 81 wherein the one or more state machines include at
least two state machines, and wherein transitions of the state machine are based
on comparisons involving a voltage across the at least one energy storage
device, the first and second intermediate voltage levels, and at least two

threshold values.

84. A hybrid generator / modulator comprising:

a regulation stage having a single input and at least two outputs, the
regulation stage configured to receive an input voltage at the single input
and to provide two intermediate voltages at respective ones of the at least

two outputs; and

a multilevel converter configured to receive the two intermediate voltages
and provide an output voltage having a voltage level corresponding to a
voltage level of one of the two intermediate voltages or at least one other

voltage level synthesized from the two intermediate voltages.

85. The hybrid generator / modulator of claim 84 wherein the regulation stage
comprises a converter with a single input and more than one output and a single

inductive element.

86. The hybrid generator / modulator of claim 84 wherein the regulation stage

comprises:

a first decoupling capacitor connected to a first one of the at least two

outputs; and

a second decoupling capacitor connected to a second one of the at least two

outputs.
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87. The hybrid generator / modulator of claim 84 wherein the regulation stage
further comprises a differential decoupling capacitor connected across the at

least two outputs.

88. The hybrid generator / modulator of claim 84 wherein the regulation stage
comprises two converters to provide respective ones of the two intermediate

voltages.

89. The hybrid generator / modulator of claim 88 wherein at least one of the two
converters is a buck-boost converter.

90. The hybrid generator / modulator of claim 88 at least one of the two

converters is a buck converter.

91. The hybrid generator / modulator of claim 88 at least one of the two

converters is a boost converter.

92. The hybrid generator / modulator of claim 88 wherein at least one of the two

converters comprises at least two switches and at least one inductive element.

93. The hybrid generator / modulator of claim 84 wherein the regulation stage

comprises:
at least on inductive element;

a first switch connected between the single input and the at least one

inductive element;

a second switch connected at one end between the first switch and the at

least one inductive element and at another end to ground;

a third switch connected between the at least one inductive element and a

first one of the at least two outputs; and
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a fourth switch connected at one end between the fourth switch, the at least
one inductive element, and the third switch, and at another end to a

second one of the at least two outputs.

94. The hybrid generator / modulator of claim 93 wherein the regulation stage
further comprises a fourth switch connected at one end between the at least one

inductive element and the third switch and at another end to ground.

95. The hybrid generator / modulator of claim 93 further comprising two
additional switches configured to enable direct energy transfer between the at
least two outputs.

96. The hybrid generator / modulator of claim 84 wherein the regulation stage
comprises:

a first converter configured to generate a first one of the two intermediate
voltages; and

a second converter configured to generate a second one of the two

intermediate voltages,

wherein the first and second converters are in a cascade arrangement.

97. The hybrid generator / modulator of claim 96 wherein the regulation stage
wherein the second converter is powered by the first one of the two intermediate
voltages generated by the first converter.

98. The hybrid generator / modulator of claim 96 wherein the second converter

is a buck converter.

99. The hybrid generator / modulator of claim 96 wherein a voltage level of the
first one of the two intermediate voltages is greater than a voltage level of the

second one of the two intermediate voltages.
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100. The hybrid generator / modulator of claim 84 wherein the regulation stage
comprises:
a direct connection between the single input is and a first one of the at least

two outputs; and

a first requlator coupled between the single input is and a second one of the

at least two outputs.

101. The hybrid generator / modulator of claim 100 wherein the first regulator

comprises a buck converter.

102. The hybrid generator / modulator of claim 100 wherein the first regulator

comprises a boost converter.

103. A system comprising:

a regulation stage having at least one output coupled to an input via one or
more converters, the regulation stage configured to receive an input
voltage at a single input and to provide at least one intermediate voltage
at the at least one output; and

a multilevel converter configured to receive two intermediate voltages
including the at least one intermediate voltage provided by the regulations
stage and to provide an output voltage having a voltage level
corresponding to a voltage level of one of the two intermediate voltages
or at least one other voltage level synthesized from the two intermediate

voltages.

104. A system comprising:
a hybrid supply generator / modulator comprising:
an input to receive an input voltage;

an output to provide a modulated voltage;
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a multi-output regulation stage configured to provide two intermediate
voltages having voltage levels different from each other, at least one of

the two intermediate voltages synthesized from the input voltage; and

a multilevel converter configured to receive the two intermediate voltages
and to generate the modulated voltage having a voltage level
corresponding to one of the two intermediate voltage levels or at least
one synthesized voltage level different from both intermediate voltage

levels; and

circuitry coupled to the output of the hybrid supply generator / modulator and
to a power supply terminal of at least one radio frequency (rf) amplifier,
the circuitry configured to modify the modulated voltage supplied to the at

least one rf amplifier.

105. The system of claim 104 wherein the circuitry comprises a disconnect
switch configured to selectively supply a zero voltage level to the at least one rf

amplifier.

106. The system of claim 104 wherein the circuitry comprises a disconnect
switch configured to selectively isolate the output of the hybrid supply generator /

modulator from the at least one rf amplifier.

107. The system of claim 106 wherein the disconnect switch is configured to be

actuated in conjunction with enabling or disabling the rf ampilifier.

108. The system of claim 104 wherein the circuitry comprises a pulse shaping

network (PSN) configured to filter the modulated voltage.

109. The system of claim 108 wherein the PSN includes at least one passive

element.
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110. The system of claim 109 wherein the at least one passive element is

realized as a discrete element.

111. The system of claim 109 wherein the at least one passive element is

realized on an integrated circuit (IC) or module.

112. The system of claim 109 wherein the at least one passive element results

from parasitic resistance, inductance, or capacitance.

113. The system of claim 108 wherein the PSN includes:

first and second inductors connected in series between the output of the
hybrid supply generator / modulator and the power supply terminal of the

at least one rf amplifier;

a capacitor having a first terminal connected between first and second

inductors; and

a third inductor connected between a second terminal of capacitor and
ground.

114. The system of claim 108 wherein the PSN includes:

a resistor having a first terminal connected to the output of the hybrid supply

generator / modulator; and

a capacitor having a first terminal connected to a second terminal of the
resistor and a second terminal connected to ground.

115. The system of claim 108 wherein the PSN includes:

a capacitor having a first terminal connected to the output of the hybrid
supply generator / modulator and a second terminal connected to ground;

and

a resistor having a first terminal connected to the first terminal of the

capacitor.
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116. The system of claim 108 wherein the circuitry further comprises a switching

network.

117. The system of claim 116 wherein the switching network is configured such
that in a first state, the switching network provides a first signal path having a first
filter configuration between the output of the hybrid supply generator / modulator
and the power supply terminal of the at least one rf amplifier, and in a second
state, the switching network provides a second signal path having a second,
different filter configuration between the output of the hybrid supply generator /
modulator and the and the power supply terminal of the at least one rf amplifier.

118. The system of claim 116 wherein the switching network comprises at least
one passive element having a first terminal connected to the output of the hybrid

supply generator / modulator,

a switching network configured such that in a first state the switching network
connects a second terminal of the at least one passive element to ground,
and in a second state, the switching network disconnects the second

terminal of the at least one passive element from ground.

119. The system of claim 116 wherein the switching network is coupled in a

cascaded configuration with the hybrid supply generator / modulator.

120. The system of claim 116 wherein the switching network is coupled across
the PSN and configured to selectively provide a signal path which bypasses the
PSN.

121. The system of claim 116 wherein the switching network is coupled in
parallel with a passive element of the PSN and configured to alter a transfer

function of the PSN by selectively shorting at least one passive element.
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122. The system of claim 116 wherein the switching network comprises plurality
of switches and at least a first set of the plurality of switches are located on a first
integrated circuit die and at least a second set of the plurality of switches are

located on a second, different integrated circuit die.

123. A system comprising:
a hybrid supply generator / modulator comprising:

an input to receive an input voltage;

an output to provide a modulated voltage;

a multi-output regulation stage configured to provide two intermediate
voltages having voltage levels different from each other, at least one of
the two intermediate voltages synthesized from the input voltage; and

a multilevel converter configured to receive the two intermediate voltages
and to generate the modulated voltage having a voltage level

corresponding to one of the two intermediate voltage levels or at least

one synthesized voltage level different from both intermediate voltage
levels,
wherein the output of the hybrid supply generator / modulator is directly or
indirectly coupled to a power supply input of at least one radio frequency

(rf) amplifier.

124. A method for change a frequency response of circuit coupled to an output
of a hybrid supply generator / modulator and to a radio frequency (rf) amplifier,

the method comprising:
in a first state, configuring the circuit to provide a first signal path having a
first filter configuration between the hybrid supply generator / modulator
output and the rf amplifier input; and
in a second state, configuring the circuit to provide a second signal path
having a second, different filter configuration between the hybrid supply

generator / modulator output and the rf amplifier input.
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125. A hybrid generator / modulator comprising:

a regulation stage configured to provide two intermediate voltages having
voltage levels different from each other, at least one of the two

intermediate voltages synthesized from an input voltage; and

a plurality of multilevel converters each configured to selectively output three
or more instantaneous output voltage levels from the two intermediate

voltages for supplying one or more power amplifiers (PAs).

126. The hybrid generator / modulator of claim 125 wherein at least two of the
plurality of multilevel converters are used to produce a supply voltage provided to

at least one of the one or more PAs.

127. The hybrid generator / modulator of claim 126 wherein outputs of the at
least two of the plurality of multilevel converters are combined via a combiner

circuit to produce said supply voltage.

128. The hybrid generator / modulator of claim 127 wherein the combiner circuit

comprises a coupled magnetic structure.

129. The hybrid generator / modulator of claim 127 wherein the combiner circuit

comprises:

a first winding connected at a first end to the output of the first of the at least

two of the plurality of multilevel converters; and

a second winding connected at a first end to the output of the second of the

at least two of the plurality of multilevel converters.

130. The hybrid generator / modulator of claim 129 wherein the first and second

windings have equal numbers of turns.
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131. The hybrid generator / modulator of claim 127 wherein the combiner circuit

comprises one or more inductors.

132. The hybrid generator / modulator of claim 127 wherein the combiner circuit
comprises at least one of:

an interphase transformer combiner;
uncoupled magnetics;
a transmission-line transformer combiner; and

a three-port lumped or distributed passive network.

133. The hybrid generator / modulator of claim 125 wherein at least one of the
plurality of multilevel converters is coupled to a supply terminal of at least one of

the one or more PAs via a filter circuit.

134. The hybrid generator / modulator of claim 125 wherein each of the plurality

of multilevel converters is independently controllable.

135. The hybrid generator / modulator of claim 125 wherein the one or more PAs

include one or more radio frequency (rf) PAs.

136. A hybrid supply generator / modulator comprising:

a regulation stage configured to provide two intermediate voltages having
voltage levels different from each other, at least one of the two

intermediate voltages synthesized from an input voltage; and

at least two differential multilevel converters each configured to selectively
output three or more instantaneous output voltage levels from the two
intermediate voltages, wherein the outputs of the at least two differential
multilevel converters are coupled to provide a power amplifier (PA) supply
voltage; and
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a controller configured to independently control each of the at least two

differential multilevel converters.

137. The hybrid supply generator / modulator of claim 136 wherein the controller
is configured to receive an input signal indicating a desired voltage level of the
PA supply voltage and to provide outputs for independently commanding the
instantaneous output voltage level of the at least two differential multilevel

converters according to the desired voltage level.

138. The hybrid supply generator / modulator of claim 137 wherein the controller
is configured to delay commanding one of the at least two differential multilevel
converters relative to another one of the at least two differential multilevel
converters such that the instantaneous output voltage levels of the at least two
differential multilevel converters are different during a period corresponding to a

duration of the delay.

139. The hybrid supply generator / modulator of claim 138 wherein the controller
is configured to select the one of the at least two differential multilevel converters

to delay commanding using a state machine.

140. The hybrid supply generator / modulator of claim 138 wherein the duration

of the delay is configurable.

141. The hybrid supply generator / modulator of claim 136 wherein the at least
two differential multilevel converters include at least a first differential multilevel
converter, a second differential multilevel converter, and a third differential
multilevel converter, wherein the controller is configured to delay command of the
first differential multilevel converter relative to the second differential multilevel
converter using a first delay duration, and to delay command of the second
differential multilevel converter relative to the third differential multilevel converter

using a second delay duration different from the first delay duration.
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142. A method of adjusting a time domain shape and frequency content of a
supply voltage using two or more differential multilevel converters, the method
comprising:

receiving an input signal indicating a desired voltage level of the supply

voltage;

generating a first output to command an instantaneous output voltage level
of a first one of the two or more differential multilevel converters

according to the desired voltage level; and

after a delay, generating a second output to command an instantaneous
output voltage level of a second one of the two or more differential

multilevel converters according to the desired voltage level.

143. The method of claim 142 wherein the instantaneous output voltage levels of
the two or more differential multilevel converters are different during a period

corresponding to a duration of the delay.

144. The method of claim 143 further comprising:

changing the duration of the delay in order to adjust the time domain shape

and the frequency content of the supply voltage.

145. The method of claim 142 further comprising:

selecting which of the two or more differential multilevel converters to delay

command of using state machine.
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