SYSTEM AND METHODS OF BIMODAL AUTOMATIC POWER AND FREQUENCY TUNING OF RF
GENERATORS CROSS-REFERENCE TO RELATED APPLICATIONS [0001] This application claims
the benefit of U.S. Provisional Application No. 61/615,063, filed on March 23, 2012. The entire
disclosure of the above application is incorporated herein by reference. FIELD [0002]The present
disclosure relates to radio frequency (RF) generators and, more patrticularly, to power and frequency
tuning control of RF generators. BACKGROUND [0003]The background description provided herein is
for the purpose of generally

SYSTEM AND METHODS OF BIMODAL AUTOMATIC POWER AND FREQUENCY TUNING OF RF
GENERATORS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of U.S. Provisional Application No. 61/615,063, filed
on March 23, 2012, The entire disclosure of the above application is incorporated herein by
reference.
FIELD
[06002] The present disclosure relates to radio frequency (RF} generators and, more

particularly, to power and frequency tuning control of RF generators.

BACKGROUND

[0003] The background description provided herein is for the purpose of generally
presenting the context of the disclosure. Work of the presently named inventors, to the extent
the work is described in this background section, as well as aspects of the description that may
not otherwise qualify as prior art at the time of filing, are neither expressiy nor impliediy
admitted as prior art against the present disclosure.

[0004] Plasma etching is frequently used in semiconductor fabrication. In plasma etching,
ions are accelerated by an electric field to etch exposed surfaces on a substrate. The electric
field is generated based on RF power signals generated by one or more radio frequency {RF)
generators of a RF power system. The RF power signals generated by the RF generators must

he precisely controlled to effectively execute plasma etching.



presenting the context of the disclosure. Work of the presently named inventors, to the extent the work
is described in this background section, as well as aspects of the description that may not otherwise
qualify as prior art at the time of filing, are neither expressly nor impliedly admitted as prior art against
the present disclosure. [0004]Plasma etching is frequently used in semiconductor fabrication. In
plasma etching, ions are accelerated by an electric field to etch exposed surfaces on a substrate. The
electric field is generated based on RF power signals generated by one or more radio frequency (RF)
generators of a RF power system. The RF power signals generated by the RF generators must be
precisely [consolledit@efectiralysexaatity plasnia £R0higkhesitch asnsaplpismachampandTheRE power
signals may be used to drive the load to fabricate various components such as integrated circuits,
solar panglsh Gerapasintisksa(cas), Their yeusatitestarsvidgob disasd(BRMViash arddbe tikeadhetwad may
include any of a number of elements or devices driven by a RF signal, including, by way of a
non-limitipgie¥aregies ehplaspacehambesgrbbaileadumayshisluderigadhapscmismatanng lgascsi(i.e.
cables with mismatched resistor terminations), narrowband mismatched loads (i.e. a 2-element
matching.Refymek)orngsonaden inasts. RGBT MRRE PoWr-aighalsiiR deceiyad at fismpeatshing
network. The matching network matches an input impedance of the matching network to a

characteriflic dmperapsedlfiansmisson dneeiwee i R aenshalehandihe patshingnetwork.

This impedance matching aids in minimizing an amount of power applied to the matching network in a

forward difghion toward e plasmahagbgia i vad Benel lapd relledsd bagk fram,the,matching

network to the RE generator ("reverse power"). Impedance matching also assists in maximizing

forward power YR 1o e, mASaaR OBk oA ma, hamber, [9907HR 11s R pawer

supply field, there are typically two approaches to applying the RE signal to the load. A first, more

traditionall aggggagh ig to apply a continuous wave signal to the load. The continuous wave signal is
. es Of 1Cads. . .

typically a sinusoidal wave that is output continuously by the power supply to the load. In the

continuoysapgve appraach, the BE 9903l assumes,a sinysoinaloulpulan the ampituds anglor

frequency or the sinusoidal wave ¢an

n roach lyi he RF
second aﬁ\%t?ﬁgs ;}8 ?er%y Prgptef?amce of the matching network to a characteristic impedance of a

e varied in order to vary the output power apbrf%aet(‘)”ﬁ{e load. A

transmission line between the RF generator and the matching network. This impedance
matching aids in minimizing an amount of power applied to the matching network in a forward
direction toward the plasma chamber {“forward power”} and reflected back from the matching
network to the RF generator (“reverse power”). Impedance matching also assists in maximizing
forward power output from the matching network to the plasma chamber,

[0007] in the RF power supply field, there are typically two approaches to applying the RF
signal to the load. A first, more traditional approach is to apply a continuous wave signal to the
toad. The continuous wave signal is typically a sinusoidal wave that is output continuously by
the power supply to the load. In the continuous wave approach, the RF signal assumes a
sinusoidal output, and the amplitude and/or frequency of the sinusoidal wave can be varied in

order to vary the output power applied to the load. A second approach to applying the RF



signal to the load involves pulsing the RF signal, rather than applying a continuous wave signal to the
load. SUMMARY [0008]A radio frequency generator is provided and includes a power control module,
a frequency control module and a pulse generating module. The power control module is configured to
generate a power signal indicating power levels for target states of a power amplifier. The frequency
control module is configured to generate a frequency signal indicating frequencies for the target states
of the power amplifier. The pulse generating module is configured to (i) supply an output signal to the
power amplifier, (ii) recall at least one of a latest power level or a latest frequency for one of the target
states of thepoweraioglifien aedp(iy) agdjbstRr cignantabevarhieyebpiytha cooremtuseguaenesighthe
output signal from a first state to a second state based on the power signal, the frequency signal, and
at least otietbé thadlatest power level and the latest frequency of the power amplifier. [0009]In other
features, a method is provided and includes generating a power signal indicating power levels for
target states of a power amplifier in a radio frequency generator. A frequency signal is generated
indicating frequencies for the target states of thg pawgkgmplifier. An output signal is supplied to the
power amplifier. At least one of a latest power level and a latest frequency is recalled for one of the
target staR@P8} the povvér replifiery Acveredot jsoweriarepaddrxlcdrent fracpreruyrof thedslrpat signal
are adjusted from a first state to a second state based on the power signal, the frequency signal, and
at least ofrequietivg ledetpoweiulevehard pasdagestrtiggemoydttherpowenamplifien! [BOA@H-isther
areas of applicability of the present disclosure will become apparent from

configured to generate a power signal indicating power levels for target states of a power

amplifier. The frequency control module is configured to generate a frequency signal indicating
frequencies for the target states of the power amplifier. The pulse generating module is
configured to (i} supply an output signal to the power amplifier, (i) recall at least one of a latest
power level or a latest frequency for one of the target states of the power amplifier, and {iii)
adjust a current power level and a current frequency of the ocutput signal from a first state to a
second state based on the power signal, the frequency signal, and at least one of the latest
power level and the latest frequency of the power amplifier.

[o009] In other features, a method is provided and includes generating a power signal
indicating power levels for target states of a power amplifier in a radio frequency generator. A
frequency signal is generated indicating frequencies for the target states of the power
amplifier. An output signal is supplied to the power amplifier. At least one of a latest power
level and a latest frequency is recalled for one of the target states of the power amplifier. A
current power level and a current frequency of the output signal are adjusted from a first state
to a second state based on the power signal, the frequency signal, and at least one of the iatest

power level and the latest frequency of the power amplifier.



the detailed description, the claims and the drawings. The detailed description and specific examples
are intended for purposes of illustration only and are not intended to limit the scope of the disclosure.
BRIEF DESCRIPTION OF DRAWINGS [0011]The present disclosure will become more fully
understood from the detailed description and the accompanying drawings, wherein: [0012]FIG. 1 is a
functional block diagram of a RF power system in accordance with the present disclosure; [0013]FIG.
2 is a functional block diagram of RE generators in accordance with the present disclosure; [0014]FIG.
3 is a power signal diagram illustrating states of output power of a pulse

[001G) Further areas of applicability of the present disclosure will become apparent from

the detailed description, the claims and the drawings. The detailed description and specific

examples are intended for purposes of illustration only and are not intended to limit the scope

of the disclosure.

BRIEF DESCRIPTION OF DRAWINGS

[0011] The present disclosure will become more fully understood from the detailed
description and the accompanying drawings, wherein:

[0012] FIG. 1 is a functional block diagram of a RF power system in accordance with the
present disclosure;

[0013] FiG. 2 is a functional block diagram of RF generators in accordance with the present
disclosure;

[0014] FIG. 3 is a power signal diagram illustrating states of output power of a pulse
generating module, a power amplifier, or a RF generator in accordance with the present
disclosure;

[0015] FIG. 4 illustrates a power control method in accordance with the present disclosure;

[0016] FIG. 5 illustrates a frequency conirol method in accordance with the present
disclosure; and

[0017] FIG. 6 illustrates a state control method of a pulse generating module and in
accordance with the present disclosure,

[0018] in the drawings, reference numbers may be reused to identify similar and/or

identical elements.



generating module, a power amplifier, or a RF generator in accordance with the present disclosure;
[0015]FIG. 4 illustrates a power control method in accordance with the present disclosure; [0016]FIG.
5 illustrates a frequency control method in accordance with the present disclosure; and [0017]FIG. 6
illustrates a state control method of a pulse generating module and in accordance with the present
disclosure. [0018]In the drawings, reference numbers may be reused to identify similar and/or identical
elements.

DESCRIPTION

[0019] Power out (“output power”) of a RF generator may be pulsed and include, for
example, a HIGH state and a LOW state. The HIGH state may refer to a peak power level {or
amplitude) of a pulse. The LOW state may refer to a minimum power level of a pulse and/or a
power level between consecutive pulses. Although this example provides two states (HIGH and
LOW]}, the output power of an RF generator may have n different states, where n is an integer
greater than or equal to two. The pulses of the output power may be RF frequency tuned for
low frequency changes {frequency changes less than a predetermined frequency) in output
power and/or load impedances. As the RF frequency at which the output power and/or load
impedance changes increase, the ability to tune the RF frequency of the output power such
that impedance matching occurs is limited.

[0020] As a result, for changes in output power and load impedance occurring at a high
frequency, a first {or HIGH) state of the output power may be frequency tuned over muitiple
pulses to a predetermined frequency. Once the RF frequency of the first state matches the
predetermined frequency, the RF frequency of the output power may not be changed. This
causes the RF frequency for all states to be the same. As a result, impedance matching is good
for the first state and may be off (not as accurate) for the other states. An alternative to this is
not to perform RF frequency tuning, which results in all states potentially having off impedance
matching.

[0021} RF frequency tuning can be slow and may not achieve a target before a next pulse
change. This can limit either the impedance match or the pulse rate. The following

implementations include RF generators that control discrete states of output power. Power



DESCRIPTION [0019]Power out ("output power") of a RE generator may be pulsed and include, for
example, a HIGH state and a LOW state. The HIGH state may refer to a peak power level (or
amplitude) of a pulse. The LOW state may refer to a minimum power level of a pulse and/or a power
level between consecutive pulses. Although this example provides two states (HIGH and LOW), the
output power of an RE generator may have n different states, where n is an integer greater than or
equal to two. The pulses of the output power may be RF frequency tuned for low frequency changes
(frequency changes less than a predetermined frequency) in output power and/or load impedances. As
the RF freqddticyatushighothibeoatputt power andiontoat:intpedemitc®clengesiintecdisaethetatsiity to
tune the RE frequency of the output power such that impedance matching occurs is limited. [0020]As a
result, forchatgewise datpivhdowerand foaek ithzesaneeseunintngnalt RE ighukecuenpyirasfirgt{or HIGH)
state of the output power may be frequency tuned over multiple pulses to a predetermined frequency.
Once thedakirfseqsieneyidbtheé st statdandiiebesothéspraedetennintd ffeguentypsheREVeagueacy of
the output power may not be changed. This causes the RF frequency for all states to be the same. As

a result, isspedpoceifnaREMBgUsgRed Tarsthe fisstsiaierandirnay he offidoehassacauratektaetig other
states. An alternative to this is not to perform RE frequency tuning, which results in all states

potentiallyhpyingeeffdrepedanae suatehingy PR bIRE i eQuan@s funiag 6 ke slaiwgandmaweet

achieve a target before a next pulse change. This can limit either the impedance match or the pulse

Late- The fallRwvinariayeiemsatatipasielude REgpmerators dhat nonkrl disstelasstaies péunut power.
ower
minimize reflected power for multiple different power levels, {ii) minimize reflected power for
changes in a load, and {iiij increase control over delivered output power. The changes in the
load may be due 1o, for example, pulsed plasma of the load.
[0022] FIG. 1 shows a RF power system 10. The RF power system 10 may include one or
more RF generators 12 (RF generators;.,, are shown). The RF generators 12 may receive
alternating current {(AC) power and provide RF power tc a matching network 14 via respective
transmission lines 16, which in turn provide RF power to a load 18. For example only, the AC
power may be three-phase AC power of approximately 480 Volts AC {VAC) or another suitable
voltage. Power out of the RF generators 12 may be combined in the matching network 14 and
provided to the load 18. As an alternative, @ matching network may be provided for each of the
RF generators 12 and outputs of the matching networks may be combined and provided to the
load 18.
[0023] The RF generators 12 include respective pulse control circuits 20 (pulse control
circuits;., are shown). The puise control circuits 20 provide output power, which is transmitted

on the transmission lines 16 to the matching network 14. The output power provided by each

of the RF generators 12 may be continuous wave {CW) power, pulsed power, or pseudo-CW



and RE frequency of the output power are controlled to transition between the discrete states in a
step-wise fashion (i.e., based respective power setpoints and RF frequency setpoints). This control is
provided based on feedback of latest previously delivered power levels and corresponding RF
frequencies. This feedback control allows for quick changes in RE frequency and power levels of the
output power providing quick response times to changes in power setpoint and/or load impedance.
During pulsing, the implementations disclosed herein (i) minimize reflected power for multiple different
power levels, (i) minimize reflected power for changes in a load, and (iii) increase control over
deliveredpoutput Powewdheohaageshinfthenlobdanayebpldue t0)daridataippié, pulsetiplasmanf the
load. [0022]FIG. 1 shows a RE power system 10. The RE power system 10 may include one or more
RE generathrgel 2(f=tgenetatorsiunare dffewn). Rie Réggengeatarsdlarmayweceie:Bltemating
current (AC) power and provide RE power to a matching network 14 via respective transmission lines
16, which:-énrtidpa famd driiR Fspoweiha naiel@e ey exampleraplyuthel ACvrowesngay badleae-phase
AC power of approximately 480 Volts AC (VAC) or another suitable voltage. Power out of the RF
generatokssia Ny WRISQMP Rk intbe malebiagdetwelkdd andRreyiteslia:thesloadhs8 pdean
alternative, a matching network may be provided for each of the RE generators 12 and outputs of the
matchingingiworks may be combined and provided to the load 18. [0023]The RF generators 12
include respective pulse control circuits 20 (pulse control circuitsim are shown). The pulse control
circuits 2fhpsayide QUHIYERPUEMRICRIRIANSMEEe o 1hs transmissoNn ines Ak th the maishing

network 14. The output power provided by each of the RF generators 12 may be continuous wave

(CW) powy, RUSEAROWEL R BEE R GV RAWET: GYY BPWRSdRYCREN FAGLAHD Alniar sxample, a

sinusoidal signal. Pulsed power may include discrete pulses having different RE frequencies and/or

power leyela,and g onBORING AUIRNG eghenon (R RBuSNAY Alieiking.Rulsed Pyt phanges

between states). Pseudo-CW power may include discrete pulses, where each pulse has a same power

level. provide a pulsed output power signal with changing amplitude and RF frequency (referred to

operating in a bimodal mode}. One or more of the other RF generators 12 may provide a
pseudo-CW power signal having the same pulsing frequency as frequency of the pulsed output
power signal {referred to as operating in a pseudo-CW mode). This allows the pulsing
frequency of the pseudo-CW power signal to match the pulsed frequency of the pulsed output
power signal at any moment in time. Each of the RF generators 12 operating in the bimodal
mode and/or the pseudo-CW mode may generate RF output signals based on the same or
different predetermined states and/or detected RF outputs of respective power amplifiers in
the RF generators 12.

[G025] The matching network 14 matches an input impedance of the matching network 14
to characteristic impedances of the transmission lines 16. Put another way, the matching
network 14 matches an impedance of the load 18 to impedances as seen by outputs of the RF
generators 12. The matching network 14 and the load 18 may be considered as the load on the

RF generators 12. The load 18 may be, for example, a plasma chamber or other RF load. The



[0024]Although power setpoints of an RE generator may be the same while in a pseudo- CW mode,
RF frequencies may be different and/or modulated to have the same pulsing frequencies of other RF
generators. As an example, one or more of the RE generators 12 may provide a pulsed output power
signal with changing amplitude and RE frequency (referred to operating in a bimodal mode). One or
more of the other RE generators 12 may provide a pseudo-CW power signal having the same pulsing
frequency as frequency of the pulsed output power signal (referred to as operating in a pseudo-CW
mode). This allows the pulsing frequency of the pseudo-CW power signal to match the pulsed
frequencyrpktha uised Oldpitl pawsr isionaliatianyunaamgrdrotiimeinz=ach afthamRE. getrenaiior 12
operating in the bimodal mode and/or the pseudo-CW mode may generate RE output signals based
on the saa ar@ifferent predetermined states and/or detected RE outputs of respective power
amplifiers in the RE generators 12. [0025]The matching network 14 matches an input impedance of

the matclgpgsnetwark:ddgio GRaractRE MCHRRREHICES06 IR WARSMISHIENR KNgk k6. dub@netaer way,
the matching network 14 matches an impedance of the load 18 to impedances as seen by outputs of

the RE ggnesatRes deaeliernatching Retwark, 1duanskther lnad1g,may ercensidrieshgs the igad on the

RE generators 12. The load 18 may be, for example, a plasma chamber or other RE load. The

impedange af the Joad, 18 rpay.be stalie (& pHPGRARHNGLURILING Pho¥RRAMICH(HE oRBangngG over

time). [0026]Although each of the RF generators 12 are shown as having a single RE output, each of

the RE 96AEIA0NS, 14, MGPINE RIAY NMAs! OLRE, QUIRUSHE Qrexapie, ANk, the Rk aenefators 12

may generate a RE output per plasma electrode implemented in one or more plasma chambers of the

load 18 Qe a1 101, 8115 R ensialnian ey sontal e majching peia - are secificall

the RF generators 12 may control the extent to which the matching network 14 performs impedance

matching, The matching netwprk 14 may.apply the RF, autputs.to plasma electro respectively,
Qh am%n woéf%{_per rmg{%g%ﬁgeé%at&{rp %thoetﬁwgtc in neg’ or(aeﬁ mapﬁaépi}ob/e

impIementgdﬂwfhln%ﬁe oa Applicati ou p%l'ts e plasma electrodes

performed, for example, in thin film deposition systems, thin film etchi stems, angd in.other suitable
Cystoms B BHth A e et e ST et b St RUar o Fic

2, which ws RE generator 2(m referr R
’ ¢ gp?hesRF o%?ptﬁ:saE% %hBeO’p asn(la %Ye?t?ogeg rr?gyt%easperg)rmed, for example, in thin film

deposition systems, thin film etching sysiems, and in other suitable systems. The RF outputs
may also be applied to other suitable systems.

[0027] Referring now to FIG. 2, which shows RF generators 30, 32 {may be referred to as RF
generator modules). The RF generators 30, 32 may replace two of the RF generators 12 of FIG.
1. The RF generators 30, 32 provide RF output power, which may be provided to a matching
network {e.g., the matching network 14). The RF generators 30, 32 may include respective
source circuits 34, 36, pulse control circuits 38, 40, power amplifiers 42, 44 and sensors 46, 48,
The source circuits 34, 36 generate pulse patterns, which are provided to the puise control
circuits 38, 40. The pulse control circuits 38, 40 control RF and pulsing frequencies and power
levels of RF outputs provided by the pulse control circuits 38, 40 and/or power amplifiers 42,
44. The sensors 46, 48 detect and/or are used to detect RF frequencies and RF outputs of the

power amplifiers 42, 44.



generator modules). The RE generators 30, 32 may replace two of the RE generators 12 of FIG. 1.
The RE generators 30, 32 provide RE output power, which may be provided to a matching network
(e.g., the matching network 14). The RE generators 30, 32 may include respective source circuits 34,
36, pulse control circuits 38, 40, power amplifiers 42, 44 and sensors 46, 48. The source circuits 34,
36 generate pulse patterns, which are provided to the pulse control circuits 38, 40. The pulse control
circuits 38, 40 control RE and pulsing frequencies and power levels of RE outputs provided by the
pulse control circuits 38, 40 and/or power amplifiers 42, 44. The sensors 46, 48 detect and/or are used
to detect gz fipquenciesaod Reputpuisefite peweae auRbfigiada, HbdRR2B] THe SRUECEUNECUItS 34,
36 may include pulse pattern modules 50, 52, slave pulse source modules 54, 56, master pulse source

modules 28,60 naehiether, BulSe SobIGR aodHRS BdhBfesTH e Ryllsadatamninedulrsaltnaduiay

determine pulse patterns including pulse magnitudes, pulse times, power levels, pulse widths (or

durationsp dglaysrhetyiaen priass. ANRKCIRS ahthe:nuisepAlRI s RESRIHRNGIBS RIE- U Pulse

patterns may be generated based on stored values for each of these parameters. The pulse patterns

and/or any of theRe RAFAMEIRLS MR LR RIDVIERY 1A RREOF LA NS INERHISEIRMIENOMUIRS 54-64.

The pulse patterns indicate when to transition from a current state t0 a next state. Each of the states

may have.a esperive magniure, filion. RE-equenepand panshiave) 02N bR pylae source
modules 54-64 generate pulse pafterns for the pulse control circuits 38, 40\6ased on the outputs of the
pulse pattern. madules 50,52. The e source modules 54-64 may generat Ise patterns
based on Ly Pl e A g B R oo R T T ar B G
and/or the power amplifiers 42, 44. As an example, the, first RE generator 3 perate as a master
il the ELEHor e o 8 e e S S e R TR e
module 56 g{)f the.rsig.cond RE gteneratqcr 32f may receivct-:- as nchroni%ati(%n sggr}‘al ;r m 'g[hg[a master pulse
source ofHEHTaI REGENAIENY Ha SR HHE STHERFSIYatbA MEhariay Tndicae siitet Tels of a
pulse pattern generated by the master pulse source module 58 of the fifst RE generator 30 and not
pulse duriit %FGFHECEV ?ﬁﬂ@@dseoge%gtfﬂ%?tﬁ "BRUSP e LS RS RE §enerator 32 may then generate
a pulse pattern based on the synchronization_signal and an output of the pulse pattern module 52 of
the seconf%®H genBiatBl'e® SPHEFR (MRS e S @S MRERIGIY 69, RATRIRY SEnEiaBYRse Pitlerns
based on synchronization signals and/or detected RF outputs of the pulse control circuits 38, 40 and/or
power anipffEFs38249 P2f60301THE pHIBHE HtFBR dHiEft8 BB A0MREIR Tespéctls RikE EHirel

modules 70, 72,
modules 54-64 may generate the pulse patterns based on synchronization signals, and/or

detected RF outputs of the pulse control circuits 38, 40 and/or the power amplifiers 42, 44. As
an example, the first RF generator 30 may operate as a master while the second RF generator
32 may operate as a slave. in this example, the slave pulse source module 56 of the second RF
generator 32 may receive a synchronization signal from the master pulse source of the first RF
generator, as shown. The synchronization signal may indicate power levels of a pulse pattern
generated by the master pulse source module 58 of the first RF generator 30 and not pulse
durations. The slave pulse source module 56 of the second RF generator 32 may then generate
a pulse pattern based on the synchronization signal and an output of the pulse pattern module

52 of the second RF generator 32. The other pulse source modules 62, 64 may generate pulse



power control modules 74, 76, frequency control modules 78, 80, power setpoint modules 82, 84, and
pulse generating modules 86, 88. The pulse control modules 70, 72 receive respective (i) pulse pattern
signals from outputs of the pulse source modules 54-64, and (ii) feedback data signals DATApg,f2,
DATAps,,f2. Each of the feedback data signals DATAps,f2, DATApg,12 include one or more updated
power levels and one or more updated RF frequencies of RF outputs of the respective power
amplifiers 42, 44. [0031]The pulse control modules 70, 72 determine pulsing frequencies and generate
state signals STATEL, STATEZ2, power data signals DATApi, DATApZ2 and frequency data signals

DATAfi, RAtAR: based en thechHse Aalteraignalsdaanddhe feedhack gaia ignals ST ABBIko!
DATApk(2. The pulsing frequencies (e.g., 10-100kHz) may be stored in the pulse control modules 70,

72, memenytdhe RE HRNWRLIeRe AN £24and or received as inputs from an input device (e.g.,
user interface). The pulsing frequencies may be used to modulate RF output power of the RF

generatofgoip) 32, YUChREVR AESRLFIVR Ris MafuRNGeS {88 ctite-g OMHDn TFheRHSIeg feguencies

refer to rates at which the RF output power is changed between states. RF frequencies of the RF

output POYKGFS @ HAFHOSY 9%@”‘?499@(%9?%&9&%8!%%8@@ eesn [00ReHRe SialGRIgNalSs2 TATEL,

STATEZ2 indicate a next state, for example, via a numerical value. The state signals STATE1, STATE2

may be ag,inig %ﬁ@léege‘ﬁfr%}ﬂ{k %W@_&,@PT%&G&&@&#‘%}BPH@&R& the ﬂar%%gg%gﬁgépr%ﬁér EL,

STATE?2 provide state’values i; where i is equal to 0-n and n is a total number o e power

data si ATADpI, DATAR?2 indicate th | levels. T.
e Sl ATARLBATARE My SRS, I LA RIS povel g s

data sign may indicate ncies of the respective outputs of
the power ARIEF 12, 44+I0025T0e AT LaL MRk iEad bAASS BIAE BONE G Belonals P
more updated power levels and one or more updated RF frequencies of RF outputs of the
respective power amplifiers 42, 44.
[0031] The puise control modules 70, 72 determine pulsing frequencies and generate state
signals STATE1, STATEZ, power data signals DATAs., DATA;; and frequency data signals DATA:,
DATA:; based on the pulse pattern signals and the feedback data signals DATApgs, DATApgs.
The pulsing frequencies {e.g., 10-100kHz} may be stored in the pulse control modules 70, 72,
memory of the RF power generators 30, 32, and or received as inputs from an input device
(e.g., user interface}). The pulsing frequencies may be used to modulate RF output power of the
RF generators 30, 32, which have respective RF frequencies {e.g., 10-20MHz). The pulsing
frequencies refer to rates at which the RF output power is changed between states. RF
frequencies of the RF output power is a function of the corresponding pulsing frequencies,
[0032] The state signals STATE1, STATE2 indicate a next state, for example, via a numerical
value. The state signals STATEL, STATE2 may be an integer greater than or equal to zero. In

one implementation, the state signals STATEL, STATE2 provide state values i, where i is equal to

0-n and n is a total number of states. The power data signals DATAp,, DATAy; may indicate the

10



indicate power levels for each of the n states. The power control modules 74, 76 generate outputs
indicative of predetermined amplitudes of the RF outputs of the power amplifiers 42, 44 for each of the
n states. The outputs of the power control modules 74, 76 are also indicative of when to transition
between the states. The power control modules 74, 76 receive the state signals STATEL, STATE2 the
power data signals DATApi, DATAp2, and setpoint signals SET1, SET2. The setpoint signals SET1,
SET2 are received from the power setpoint modules 82, 84 and are indicative of predetermined power
setpoints (e.g., PD,10)) for each of the power control modules 74, 76. For example only, the power
setpoint eedules 82, Bddmay stovertheqisedeterminedrppuetasatpalnisA?ap|(pikThe paweardeapérol
signals Poppi, PDels2 may also include step sizes corresponding to incremental offsets between
intermedigie giPRIA F Wiag Delfaias biomie g- et wRRIREWIIRNL StFies aod targepisiates. The step sizes may
refer to amplitudes and/or durations of transition pulses between current pulses and target pulses of
the pulse[gessyratinthmpsiues $ardGnaadies thereawpsarapliiess dhtdd siERigsallQwsethe, pewver levels

of the power amplifiers 42, 44 to be tuned over time to target power levels for target states of the pulse

generating nRadulesg6 18R RNEIAE IO FOWEaRUbEr 12, e T RS ROWRICBANRIE O ANPElWER: Afe 76
generate the power control signals P Delsl, Popisz based on the state signals STATE1, STATEZ2, the

power dagasigRalsRATAR: RATARZ AN the siedelesmine Ao SIPaiatolRa3diFhediesiency

control modules 78, 80 generate frequency control signals f Delsl, fDels2 which include RF frequency

setpoints fippsfLfareach fthe.n siatespases an DIRIAE RIgNAISy STATE Y STARE 7aRg fieduency
data signals DATAri, DATAr2. The frequency control modules 78, 80 store the RE frequency setpoints

forfini, whic, GOTESRARG 18,8 RWES SelRYDLS -ﬂ@%&(ﬁ&%ﬁiv&m@kg%@b@%@l&%@%ﬁStep

sizes corresponding to incremental offsets between intermediate setpoints when transitioning between

current sigles aophiaiachstales, 16 S1eh.sies oFhg fleausncy caplioL sianalpayJefas tg.dganges in

RE frequgﬁcy i provide e ansition pulse between current ﬁﬁlses and target pulses of the pulse

generaling modles, 86, 88 anloc e power ampliirs. 42, 44, Tis slows (e RE reguencios o

i N
power out 0 power ampl iers 0 be tuned over arge quencies ?OI‘ target

states of th Ise generating modules 86, 88 and/or the power amplifiers 42, 44. The power control
mocules PR 0 B AR e R SR T B0 80 Tosr R ROt BUGLR A oteoral
derivative (PID) controller and/gr a direct digital synthesis (DDS) component(s). [O(%gjéThe_pul e
Generatind miGAUIGE SEHEQRRN B HEE IR RROME AR eI e S EASeE T EN
outputs of the pulse control modules 70, 72, the power control modules 74, 76, and the frequency
control mAMIRESST B BHS Thehul S8 RRYEHAY HIIdtRNe B8d beg bkt th & POVIEP AR rdeR S48 may
receive power from respective power sources 90, 92. Although the power sources 90, 92 are shown as
part of thERESHeRdinfdie Bsravenidl RifietssBaiuseDaMeITReiFt5e SRAALT 88 RENgEiRsiagors 30,
32 and be integrated into a single power source. The power sources 90, 92 may be, for example, a
direct cuPBHYRDTT oM rssefgrcasd TREBpowatesouldessttP 9Zehd)eceive iR mplivgenerda
generate DC power for the pulse generating modules 86, 88 and/or the power amplifiers 42, 44. The
power ansiglifidpsuol UanaiwmiRLibRs RENREP S Ghihe Setstng dpreritmismotiihs i egmnerating

modules 86, 88 and/or the power amplifiers 42, 44. This allows the power levels of the power
amplifiers 42, 44 to be tuned over time to target power levels for target states of the pulse
generating modules 86, 88 and/or the power amplifiers 42, 44. The power control modules 74,
76 generate the power control signals Ppeisi, Ppeisz based on the state signals STATEL, STATE2,
the power data signals DATAg,, DATAp; and the predetermined power setpoints,

[0034] The frequency control modules 78, 80 generate frequency control signals fpes:, foetss

which include RF frequency setpoints fig-f(,) for each of the n states based on the state signals
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of the RF outputs of the power amplifiers 42, 44. The power levels may be detected by the sensors 46,
48 and/or determined based on outputs of the sensors 46, 48 and fed back to the pulse generating
modules 86, 88. The RF frequencies may be determined by the frequency control modules 78, 80. The
RF frequencies may be determined based on multiple inputs. A first input may include identifications of
current states (also referred to as pulse states) as determined by and received from the pulse control
modules 70, 72. Other inputs may be outputs of the sensors 46, 48. The frequency control modules
can recall latest frequencies for each state. The frequency control module may then select RE

frequencieste minimize sefectigskpanenfargefiechanab aTA) forrathgiatey RPFHASIENE a7e)
recalling the updated power levels and RF frequencies allows for quick transitions between states. The

pulse generating medries &R.88,may arnerale thefeadback gaiaisionals PAAREIIMAPeReand/or

the RF outputs of the pulse generating modules 86, 88 based on the power control signals PDels1,

PDels2 apdhe-fequrney Geniiol-signgls fingﬁ&l/sf%?|§2es“8&t‘b@9@ﬁ%91EQW%E@M%@@M%R@:S
frequencies are indicated in the feedback data signals DATApkfi, DAT4psoc2. [0038]Multiple feedback

loops areppiQdeshEirak ieadnagk/aarsiralvde delpationaiins, wadaiad pewer Javels angRE

frequencies, which are fed back to the pulse generating modules 86, 88. Second feedback loops

include piyiding Iheoclest aouet Uibaol RE ISmeaCies famIR Rilse grneratingapadules 86,

88 to the pulse control modules 70, ck loops include providing sensor signals and/or

detected E&@ﬁ?%ggogﬁmsg‘ﬁe%@é%%ﬁ h‘ﬁgquetsh%Bqx\‘oglétffé)%%gnré‘rgﬁectlﬁg?s:ee%gshgf‘%‘ﬁggaﬁﬁsggwgfor

setpoint module may determine the "power setp ase

detected pergmeters, Fouih feedbakloops mavinelys, pravding senser siqpals apdiy gijected

parameters € sens to the ffequency control modulé requency control
modules 78, 80 may. determine the RF frequency setpoints based on the sensor signals and/or
Cotecto PRI AL oo e B By T AU et A Bt
coupler sensors. The sensors 46, y detect (i) voltages ang. currents out of the power amplifiers
P AL R RN o e S
(Hi) reverse Fg)(/r reflected) power received from the matching network. The voltages, currents, forward
power, and’ ’%%gé'pﬁ@%éﬁ%f%%%ﬁ%#ﬂ|f8PéI&E€% ofé BFhEs fﬂ&ﬁ%ﬂ%@é‘é‘?%ﬂ%ﬂtg,
forward power and reverse power of the RF outputs of the power amplifiers 42, 44. The sensors 46, 48
may be aﬁé?@@b?ﬁﬂ&?%‘f@ifgﬁl)[géﬁggr‘g!%aﬁ%{@t%ﬂjifﬁﬂéjrﬁgﬁ éYm?fﬁJ)%%ﬂs%ﬂ@ﬁ%?%(?ﬁay include
analog-to-digital (A/Déconverters and signal sampling components with corresponding sampling rates.
The sensf@ak, 48 JbfeRiES BRI EiiRalSIANIER agél r&gi\@i‘ﬁﬁ‘tﬁetﬁéw& chirRthokRYES 74, 76,
the frequency control modules 78, 80 and/or the pulse generating modules 86, 88. The sensor signals
may indidd&S e ined esl@srbertd, 96ritera Yenerdia e evare S uie MEbAe Fid 73, Shevire Wehower

signal diagram Hustra ing pulses and corresponding states of
control modules 74, 76, and the frequency control modules 78, 80. The pulse generating

modules 86, 88 and the power amplifiers 42, 44 may receive power from respective power
sources 90, 92. Although the power sources 90, 92 are shown as part of the RF generators 30,
32, the power sources 90, 92 may be external to the RF generators 30, 32 and be integrated
into a single power source. The power sources 90, 92 may be, for example, a direct current
{DC) power sources. The power sources 90, 92 may receive AC input power and generate DC
power for the pulse generating modules 86, 88 and/or the power ampilifiers 42, 44. The power

amplifiers 42, 44 amplify the RF ocutputs of the pulse generating modules 86, 88.
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output power of a pulse generating module, a power amplifier and/or a RF generator (e.g., one of the
pulse generating modules 86, 88, power amplifiers 42, 44 and/or RF generator 12, 30, 32 of FIGs. 1,
2). The pulse generating module, the power amplifier and/or the RF generator may generate outputs
having n discrete states. Each of the n discrete states has an associated RF frequency, duration,
amplitude, and duty cycle. In FIG. 3, example States 0-6 are shown. The States 0-6 illustrate different
pulse widths (or durations), amplitudes, duty cycles, RF frequencies, etc. The states of output power
may include multiple amplitudes per pulse and/or state. [0041]As an example, the pulse generating
module, floe3sdwer araplifier gendhe RFrgentrais; Atastdrangitionr dropwer ceveanirst®e f(S4atem O340 a
target state (one of States 1-6 or other target state). States 1-6 may be transition states (or
intermedigitenstaies)tphe plise generating madule, tze phwebamplifier aidthedilegensaraiptivay
transition from a current state to a target state over one or more pulses. When transition states are

included,spregetapnizeschoftsedstarayoa Ysaditetansiientaandfim te 4pasitinn sialese The offsets
may indicate changes in amplitude (or power level), RE frequency, pulse duration, etc. The offsets

may be starad s gravided deandder Bsedrhy arpiisf eanbOLBEdlReBpANES GANFRl Meddlya

frequency control module, and/or a pulse generating module (e.g., one or more of modules 70-88 of

FIG. 2) ofshe St fmagnesaiar soach ohingeguaciienpay baus resnestiveiaiicatorapies,j0a42aFor

example, the pulse generating module may pulse between power setpoints, (e.g., two or more of

power sefpqints RoglorReeip)idara dapaliop fiprathedist siae terthe gacond sirte seiaulatly, the

pulse generating module maintains a different RF power setpo nt for each of multiple RE frequency

setpoints f(O):HM. WVHED A RUISH CHaRgE e Wsbtbihe RE AqWesans RIBTIRAusRcy may be

gradually changed between the range of power and RE frequency setpoints over a first period.

[00431F'%u%bu{9%tr%%ss§t QM 92@.”%mﬁé'aﬂgagw&ﬁews%g@%m%}%ﬁ RIRY: BFRELIRERSg; LY. for

example, one or more of the pulse control modules 70, 72 and/or powe

each state. The frequency control module may then select RF frequencies to minimize reflected
power (or reflection ratio y) for each state.

[0037] Storing and recalling the updated power levels and RF frequencies allows for quick
transitions between states. The pulse generating modules 86, 88 may generate the feedback
data signals DATApgs, DATApgs; and/or the RF outputs of the pulse generating modules 86, 88
based on the power control signals Ppaii, Ppeisz and the frequency control signals fpaisy, Toess.
The updated power levels and RF frequencies are indicated in the feedback data signals
DATApgt1, DATARgs2.

{0038] Multiple feedback loops are provided. First feedback loops include detection of the
updated power levels and RF frequencies, which are fed back to the pulse generating modules
86, 88. Second feedback loops include providing the updated power levels and RF frequencies
from the pulse generating modules 86, 88 to the puise control modules 70, 72. Third feedback
loops include providing sensor signals and/or detected parameters from the sensors 46, 48 to

the power setpoint modules 82, 84. The power setpoint modules 82, 84 may determine the
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control modules 74, 76 of FIG. 2. Although the following tasks are primarily described with respect to
the implementations of FIGs. 1-2 and the features of a single RF generator, the tasks may be easily
modified to apply to other implementations of the present disclosure and to multiple RF generators.
The tasks may be iteratively performed. The method of FIG. 4 may begin at 200. In this method
parallel sets of tasks are performed. Each set of tasks corresponds with one of n states. Although the
sets of tasks are shown as being performed in parallel, during a same period and/or simultaneously,
the sets of tasks may be performed sequentially and/or in a different order. [0044]At 202a-n, the pulse

control mesluie 7&anafohtieddewen ekl mgasile af detaeniorg whelhetupdataapoweddavels
and/or RF frequencies have been detected and saved. The updated power levels may have been

detected RyghensenrAig«As andistaeddnandlot AeLASEad Ry dierpler GeRGRAIRG sRash #6863 the
pulse control module 70 and/or the power control module 74. The updated RF frequencies may have

been detesmipgd byeihs HsaHansyLAR Bodiie F8R:ASSIIRRS RBavrR A7l sta%RY ianak

accessed by the pulse generating module 86, the pulse control module 70 and/or the power control

module 7&er%@@|@9@«%@95@%@&/§4§@&¢{% RRdspaprasissmmnbe dndicatahyiathe feedback data

signal DATApmi. It updated power levels have been detected and stored, tasks 204a-n are performed.

[0045] At g1, thePUSEFORE A dMLMIE AR ISNIHLANG RIS SI9EAb AT Ao lch{BR POWET

data signal DATApi based on the updated power levels and RF frequencies and one or more outputs

of one or o1 YRe BOMICR APAules (=, 90e ALVBLE. A e RIS S0P MMRISS 54,2862

[0046]At 206a-n, the power control module 74 may save and/or transfer the updated power level data
to the frequiency control mode, 78,1835 2008 MAkAthe eriamed whan inip daja js pigyided
from the pulse control mo Gfe"76 andlor t gpu se generating module 86 (o the frequency control
module 78, (00471 2083.1) the power senirelmogule 74 deneralcs Rower coniel sianal Pels? to
include one or more power 2&\%15 for 65ch of the n ‘states, egpower Controf moduie 7 generates the
power coptrol sciignal Roeisi pased on the state si&nal SlT QTE% f"nd,c-ﬂ‘e updated r’oov¥etrhdata.tﬂi1e
method may'&Hd BUBSEqUEnt {0 Taskd D68 R may Tetin 16/ tdsks 202a 4 43 shdwn e 2@

voltages, currents, forward power and reverse power of the RF outputs of the power amplifiers
42, 44. The sensors 46, 48 may be analog and/or digital sensors. In a digital implementation,
the sensors 46, 48 may include analog-to-digital (A/D)} converters and signal sampling
components with corresponding sampling rates. The sensors 46, 48 generate sensor signals,
which are received by the power control modules 74, 76, the frequency control modules 78, 80
and/or the pulse generating modules 86, 88. The sensor sighals may indicate the voltages,
currents, forward power and reverse power.

[oo40}] FIG. 3 shows a power signal diagram illustrating pulses and corresponding states of
output power of a pulse generating module, a power amplifier and/or a RF generator {e.g., one
of the pulse generating modules 86, 88, power ampilifiers 42, 44 and/or RF generator 12, 30, 32
of FIGs. 1, 2). The puise generating module, the power amplifier and/or the RF generator may
generate outputs having n discrete states. Each of the n discrete states has an associated RF

frequency, duration, amplitude, and duty cycle. in FIG. 3, example States 0-6 are shown. The
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[0048]FIG. 5 illustrates a frequency control method. The frequency control method may be performed
by, for example, one or more of the pulse control modules 70, 72 and/or the frequency control modules
78, 80 of FIG. 2. Although the following tasks are primarily described with respect to the
implementations of FIGs. 1-2 and the features of a single RE generator, the tasks may be easily
modified to apply to other implementations of the present disclosure and to multiple RE generators.
The tasks may be iteratively performed. The method of FIG. 5 may begin at 250. [0049]At 252a-n, the
pulse control module 70 and/or the frequency control module 78 determines whether updated power

levels and{gircRBpfsequgnacies hanedHeepurtegiathangsauadtdhg, upspieddowanigvelsimayrhave

been detected by the sensors 46 and stored in and/or accessed by the pulse generating module 86,

the pulsereapieat@odite Wi anfIHau A WeNGY RN RRAUIB:H: JRBipdaieE: RE Jegiepcies may

have been determined by the frequency control module 78 as described above and stored in and/or
accessed,pythe pulse generating module 86, the pulse control module 70 and/or the power control
module 74. The updated power levels and/or RF frequencies may be indicated via the feedback data

signal DAFAIS. If updated pavier levels lave e feteaieiand elasitn fida-p alpungiformed.

[0050] At 254a-n, the pulse control module 70 may generate the state signal STATE1 and the

freq“e”%&%ﬁ%@@ﬂ% %Ir%\@n?%ﬁgaoa%vgﬁ e(?tBPe"‘fSrt'c?‘éeJS'r dRfe TEUEPSigR.a0d; 05 or

more outputs of one or more pulse source modules (e.g., one or mare of the pulse source modules 54,

58, 62). [0051]At 256a-n, the.frequency control module 78 may save and/or transfer the updated
reauency e e e e for Ao o 4 e e e A AR R e i

provided Al Pl Senirel moste 101 er the Guise generating mols 89 19 the pouter contro

rtnﬁgga-n, thé ?rvé%ruééﬁgy control module” generates frequency controfréﬁanalf

state to a target state over one or more pulses. When ftransition states are included,
predetermined offsets may be used to transition to and from the transition states. The offsets
may indicate changes in amplitude {or power level}, RF frequency, pulse duration, etc. The
offsets may be stored in, provided to and/or used by a pulse control module, a power control
module, a frequency control module, and/or a pulse generating module (e.g., one or more of
modules 70-88 of FIG. 2} of the RF generator. Each of these modules may have respective
offset values.

[0042] For example, the puise generating module may pulse between power setpoints,
(e.g., two or more of power setpoints Ppeiq)-Poeiny) for a transition from the first state to the
second state. Similarly, the pulse generating module maintains a different RF power setpoint
for each of multiple RF frequency setpoints fio-fi,. When a pulse change occurs, both the RF
power and RF frequency may be gradually changed between the range of power and RF
frequency setpoints over a first period.

[0043] FIG. 4 illustrates a power control method. The power control method may be

performed by, for example, one or more of the pulse control modules 70, 72 and/or power
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,Delsl to include a RF frequency for each of n states. The frequency control module 78 generates the
frequency control signal PDels1 based on the state signal STATE1 and the updated frequency data.
The method may end subsequent to tasks 258a-n or may return to tasks 252a-n, as shown. [0053]FIG.
6 illustrates a state control method. The state control method may be performed by, for example, one
or more of the pulse generating modules 86, 88 of FIG. 2. Although the following tasks are primarily
described with respect to the implementations of FIGs. 1-2 and the features of a single RF generator,
the tasks may be easily modified to apply to other implementations of the present disclosure and to

multiple RE-geNeraANEs TS F8S5S ARy, PelprAlbreIH P RETRIRGE 1Re mmethad iy e Simanhgoin at

300. [0054]At 302, the pulse control module 70 may determine whether to switch from a current state

14 10 a next taltl TankAM R OR Redmed U WRIRLANS & DS nRIRIDEADENIGRD Sales

[0055]At 304, the pulse control module 70, the power control module 74, the frequency control module

78 andlonibe pulse.aeneratiog moskie 86 whels e latestiREeaena ) Ad e alest ower

level Poel04) for the state I. This information may be shareé between the modules 70, 74, 78, 86. The

recall and, uise Of IS AESLRE MRAVENcY I04) RO RIGHRPWRIIPVEHR method of FIG. 4 may

begin at 200. In this method paraliel sets of tasks are performed. Each set of tasks corresponds
with one of n states. Although the sets of tasks are shown as being performed in parallel,
during a same period and/or simultaneously, the sets of tasks may be performed sequentially
and/or in a different order.

[¢044] At 202a-n, the pulse control module 70 and/or the power control module 74
determines whether updated power levels and/or RF frequencies have been detected and
saved. The updated power levels may have been detected by the sensors 46 and stored in
and/or accessed by the pulse generating module 86, the pulse control module 70 and/or the
power control module 74. The updated RF frequencies may have been determined by the
frequency control module 78 as described above and stored in and/or accessed by the pulse
generating module 86, the pulse contrel module 70 and/or the power control module 74. The
updated power levels and/or RF frequencies may be indicated via the feedback data signal
DATAsgz:. If updated power levels have been detected and stored, tasks 204a-n are performed,
[0045] At 204a-n, the pulse control module 70 may generate the state signal STATE1 and
the power data signal DATAp; based on the updated power levels and RF frequencies and one
or more outputs of one or more pulse source modules {e.g., one or more of the pulse source

modules 54, 58, 62}.
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Del0-1) provides quick response times for the output of the pulse generating module 86 and/or power
amplifier 42 to changes in power setpoint changes and/or load impedance changes. [0056]At 306, the
power control module 74, the frequency control module 78 and/or the pulse generating module 86
operate to set the power level and RE frequency of an RE output of the pulse generating module 86 to
transition to and/or be set at a power level and a RE P frequency indicated by the power control signal
Delsl and the frequency control signal FDelsl This may be an incremental change in a series of
incremental changes towards a target power level and a target RF frequency. The power level and the

RF frequeseaspf thepulss genrsaling 4N eduitoBtnaaybeichanaed oy mipsietermiaedrampurtsdrom the
latest power level and RF frequency based on respective and predetermined offset values. [0057]At

308, the pulgergenaratinornadule-8fenajtsshptrdatauningd halgd Ofde Prringy TibistallpyyeFasits of the
changes made during task 306 to occur and be detected by the sensors and/or one or more of the

modules e 8nB4486. At3dAdthemlseaeparating mackis 86 MRYIERSMRARIIY starsanypdated

power level PD,) and RE frequency F() for the current state detected and/or determined by the sensors

46 and the SieMy8E 6y FRIVQUBIUERI module 78.

[0047] At 208a-n, the power control module 74 generates power control signal Ppest to
include one or more power levels for each of the n states. The power control module 74
generates the power control signal Py based on the state signal STATEL and the updated
power data. The method may end subsequent to tasks 208a-n or may return to tasks 202a-n, as
shown.

[0048] FIG. 5 illustrates a frequency control method. The frequency control method may be
performed by, for example, one or more of the pulse control modules 70, 72 and/or the
frequency conirol modules 78, 80 of FIG. 2. Although the following tasks are primarily
described with respect to the implementations of FIGs. 1-2 and the features of a single RF
generator, the tasks may be easily modified to apply to other implementations of the present
disclosure and to multiple RF generators. The tasks may be iteratively performed. The method
of FIG. 5 may begin at 250.

[0849] At 252a-n, the pulse control module 70 and/or the frequency control module 78
determines whether updated power levels and/or RF frequencies have been detected and
saved. The updated power levels may have been detected by the sensors 46 and stored in
and/or accessed by the pulse generating module 86, the pulse control module 70 and/or the
frequency control module 78. The updated RF frequencies may have been determined by the

frequency control module 78 as described above and stored in and/or accessed by the pulse
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[0058]At 312, the pulse generating module 86 may transmit the updated power level EDerw and
updated RE frequency no in the feedback data signal DATApgn for the current state to the pulse
control module 70. The updated power level Ppelo) and updated RE frequency Er) may be forwarded
to the power control module 74 and the frequency control module 78 via the feedback data signals
DATApi, DATAft. Task 302 may be performed subsequent to task 312. [0059]The above-described
tasks of FIGs. 4-6 are meant to be illustrative examples; the tasks may be performed sequentially,
synchronously, simultaneously, continuously, during overlapping time periods or in a different order

dependingeHpRRi MBS RIMRICRHOMAlBR ARV IR IRARKS AN he pefermsd el sidapedgepeading on
the implementation and/or sequence of events. [0060]The implementations disclosed herein include

an RE geneiaiof thalpulees PewrsRealiverer RANRL s P oIS S1AmPleRehyaend0 dkligh) and

P Del (Low), the RE generator can maintain different RE frequencies for each of multiple setpoints

(e.g., f(high)rand f(mvg»at%\ém@rwég ROANGEAGRHER  RPIR REPAYVELROSRE edueney pl she RE

generator mafgbie change ng the same period and/or simultaneously. This allows the impedance

match forgach setpintia ¢ ,e_tﬂaaémg@gn@gnmwmpgér@mfédt%409%1;119iggn%&dﬁm%?‘gnd

amplitude) and low side (minimum amplitude) pulse impedance matching. The implementations also

maintain gongtant delivered pawenlora plasma leag winle pylsing vauoys aspeets of Ihe plagma load.
[0061]The Foreg%mg glescrlp on I1s merély illustrative in nature and is in no way intended to
one or more outputs of one or more pulse source modules (e.g., one or more of the pulse
source modules 54, 58, 62).
[0051] At 256a-n, the frequency control module 78 may save and/or transfer the updated
frequency data to the power control module 74. Tasks 256a-n may not be performed when this
data is provided from the pulse control module 70 and/or the pulse generating module 86 to
the power conirol module 74.
[0052] At 258a-n, the frequency control module 78 generates frequency control signal fpes
to include a RF frequency for each of n states. The frequency control module 78 generates the
frequency control signal Ppgs1 based on the state signal STATEL and the updated frequency
data. The method may end subsequent to tasks 258a-n or may refurn to tasks 252a-n, as
shown.
[0053] FIG. 6 illustrates a state control method. The state control method may be
performed by, for example, one or more of the pulse generating modules 86, 88 of FiG. 2.
Although the following tasks are primarily described with respect to the implementations of
FiGs. 1-2 and the features of a single RF generator, the tasks may be easily modified to apply to

other implementations of the present disclosure and to multiple RF generators. The tasks may

be iteratively performed. The method of FIG. 6 may begin at 300,
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limit the disclosure, its application, or uses. The broad teachings of the disclosure can be

implemented in a variety of forms. Therefore, while this disclosure includes particular examples, the
true scope of the disclosure should not be so limited since other modifications will become apparent
upon a study of the drawings, the specification, and the following claims. As used herein, the phrase at
least one of A, B, and C should be construed to mean a logical (A or B or C), using a non-exclusive
logical OR. It should be understood that one or more steps within a method may be executed in
different order (or concurrently) without altering the principles of the present disclosure. [0062]In this
applicatiqpo$agluding the definiions belews: thedarmmaodsjedaryhiad ephaess wilsiheterrargircuit. The
term module may refer to, be part of, or include an Application Specific Integrated Circuit (ASIC); a
digital, analegn s ERied @nalealdigial dissreledcinayit auisiahanalogs Mimexadapalpe/daiial
integrated circuit; a combinational logic circuit; a field programmable gate array (FPGA); a processor
(shared, geqigatedpi.group) that executes code; memory (shared, dedicated, or group) that stores
code executed by a processor; other suitable hardware components that provide the described

functionajfys gf a cRIHRALN of O8RS A HRS/BLAVE R SHER AshifR AYaIFEANIARIRLRG3| The

term code, as used above, may include software, firmware, and/or microcode, and may refer to

ProgramsJHRSy HTHANRy BIARSSw BHIRE ARIRE ol IESTLENRTGH HIRGCRAGHANRAARSEES @
single processor that executes some or all'code from multiple modules. The term group processor
encompagses, a pracesselialpcombinatign with addional prasessors, exReHes, spme ofall code
from one or more modﬂ?es. 'Ilﬁe tefit Share memory encompasses a s%gFe memory t\ﬁa? stores some
or all code Jiom rpiple paghis, The. erm roup memery epcompasses a memory.hat. g
combination wi?ﬁ additiondl “memories, s?ores some or all'code ﬁgm or¥e"6‘? more modules.
memory may he a subset of the ferm computer-readable medium, The term computer-readab|
o S B o Yk s e o e st e LS BB ERIERl
medium, and may therefore be caonsidered tangible and non-transitory. Non-limiting examples of a
vl R Rt el s ol e R
magnetic ﬁtorage, and optical storage.

changes.

3
e term

[0058] At 306, the power control module 74, the frequency control module 78 and/or the
pulse generating module 86 operate to set the power level and RF frequency of an RF output of
the pulse generating module 86 to transition to and/or be set at a power level and a RF
frequency indicated by the power control sighal Poe; and the frequency control signal Fpess.
This may be an incremental change in a series of incremental changes towards a target power
level and a target RF frequency. The power level and the RF frequency of the pulse generating
module 86 may be changed by predetermined amounts from the latest power levei and RF
frequency based on respective and predetermined offset values.

{0057] At 308, the pulse generating module 86 waits a predetermined hold OFF period.
This allows results of the changes made during task 306 to occur and be detected by the

sensors and/or one or more of the modules 70, 78, 84, 86. At 310, the pulse generating module
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[0064]Although the terms first, second, third, etc. may be used herein to describe various elements,
components, loops, circuits, and/or modules, these elements, components, loops, circuits, and/or
modules should not be limited by these terms. These terms may be only used to distinguish one
element, component, loop, circuit or module from another element, component, loop, circuit or module.
Terms such as "first,” "second,” and other numerical terms when used herein do not imply a sequence
or order unless clearly indicated by the context. Thus, a first element, component, loop, circuit or
module discussed herein could be termed a second element, component, loop, circuit or module

without departineetiaue theiteashingsnaijba expowie kplepigriatiors digeiosed heseine[0Q6S]The

apparatuses and methods described in this application may be partially or fully implemented by one or

more CONRIeRECRIARIR RFRRMERAh DY PPELAE FRRAERRIMILHSRS fIdtR SR BsHePRgHamsdnclude
processor-executable instructions that are stored on at least one non-transitory tangible computer

readable \@m}lm- AD81GOMRUIEK PR IS MNAY RIROSIDEUIR-BRHAY iRl plastarsshiatryLRAIMS:

What is claimed is: 1. A radio frequency generator comprising: a power control module

S?n“é‘lﬁ y rf%@n&%ﬁ%@tﬁ%ﬂ%\@f&igﬁ% indicainh ROWRS Gyieks Hara PRtk OLIAaR! siales eha power

’pulse control module 70. The updated power level Pygyy and updated RF frequency Fy may be
forwarded to the power control module 74 and the frequency control module 78 via the
feedback data signals DATAp;, DATAq. Task 302 may be performed subsequent to task 312.
[0059] The above-described tasks of FIGs. 4-6 are meant to be illustrative examples; the
tasks may be performed sequentially, synchronously, simultaneously, continuously, during
overiapping time periods or in a different order depending upon the application. Also, any of
the tasks may not be performed or skipped depending on the implementation and/or sequence
of events.
[0060] The implementations disclosed herein include an RF generator that puises between
delivered power setpoints, for example between Pgg, (High} and Ppe {Low}, the RF generator can
maintain different RF frequencies for each of multiple setpoints {e.g., f(high) and f{Low)). When
a pulse change occurs, both RF power and RF frequency of the RF generator may be changed
during the same period and/or simultaneously. This allows the impedance match for each
setpoint o be maximized. The implementations provide both high side (peak amplitude) and
low side (minimum amplitude) pulse impedance matching. The implementations also maintain
constant delivered power to a plasma load while pulsing various aspects of the plasma load.

[oo61] The foregoing description is merely illustrative in nature and is in no way intended to

limit the disclosure, its application, or uses. The broad teachings of the disclosure can be
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a frequency control module configured to generate a frequency signal indicating frequencies for the
plurality of target states of the power amplifier; and a pulse generating module configured to (i)
supply an output signal to the power amplifier, (ii) recall at least one of a latest power level and a latest
frequency for one of the plurality of target states of the power amplifier, and (iii) adjust a current power
level and a current frequency of the output signal from a first state to a second state based on the
power signal, the frequency signal, and at least one of the latest power level and the latest frequency
of the power amplifier. 2. The radio frequency generator of claim 1, wherein the pulse generating

module isrsgfigwrd to (i) resalidotl thedatesthpanae levelirngrtbedatesifeqnansys angt(i)adjust the
output signal based on both the latest power level and the latest frequency. 3. The radio frequency

generatoeRfRiaé) thenhgsaiftpe of the AYWRR GeNBRAING Meduls intrEfigHieGiRPravidiadlithe power
control module with the latest power level, and (ii) the frequency control module with the latest

frequencyiii pecoth® ﬂ%%&%ﬁlﬂw%ﬁ%%ﬁwgg tnosnermisihe RovglsiaraliRgseshan the

latest power level; and the frequency control module is configured to generate the frequency

signal baged o ing JAteslIRALENGY e £kt TRE SpAIGITEANERRY AEBR"AIALAl FalM W RaERIRING Pulse

generating module is configured to adjust both the current power level and the current frequency

during a %P%'%rp&')',sﬁsﬂfﬁ“%enl%‘—’%%;é}m}%'if&%ﬁc%ﬂ%&?ﬁ%%ﬁo%t%% BRYEL RGNS LGHURBRY signal, the

latest power level and the latest frequency.

within a method may be executed in different order (or concurrently} without altering the
principles of the present disclosure.

[0062] In this application, including the definitions below, the term module may be
replaced with the term circuit. The term module may refer to, be part of, or include an
Application Specific Integrated Circuit (ASIC); a digital, analog, or mixed analog/digital discrete
circuit; a digital, analog, or mixed analog/digital integrated circuit; a combinational fogic circuit;
a field programmable gate array (FPGA); a processor {shared, dedicated, or group) that
executes code; memory (shared, dedicated, or group) that stores code executed by a processor;
other suitable hardware components that provide the described functionality; or a combination
of some or all of the above, such as in a system-on-chip.

[6063] The term code, as used above, may include software, firmware, and/or microcode,
and may refer to programs, routines, functions, classes, and/or objects. The term shared
processor encompasses a single processor that executes some or ali code from multiple
modules. The term group processor encompasses a processor that, in combination with
additional processors, executes some or all code from one or more modules. The term shared
memory encompasses a single memory that stores some or all code from multiple modules.

The ierm group memory encompasses a memory that, in combination with additional

21



5. The radio frequency generator of claim 1, wherein the pulse generating module is configured to
adjust power levels and frequencies of each of consecutive pulses of the power amplifier based on the
power signal, the frequency signal, the latest power level and the latest frequency. 6. The radio
frequency generator of claim 1, wherein: the pulse generating module configured to (i) wait a
predetermined period after adjusting the current power level and the current frequency, (ii) in response
to the predetermined period expiring, store an updated power level and an updated frequency of the
power amplifier, and (iii) provide the updated power level to the power control module and the updated

frequency @ ibRdseaurRICRANEOLMAHEG om oHREPANKRE GREGALINOEHHG dB-CoRdianFp ey generate the
power signal based on the updated power level; and the frequency control module is configured

to generafg, e Jegieney IGRYRASRA b IbedRRAe At e AURNCYombul LIS EadIB I GALGNGY Agnerator of

claim 1, wherein the power generating module is configured to store updated power levels and

updated freAuangies o eARLRl NG RIUALY 9f RGELIAISSn B THEIAJIR IISILaNGY RBEEAa) of
claim 1, further comprising the power amplifier and sensors, wherein: the power amplifier IS configured
to receivqntgcﬁl%]’tg% %Q%erefore be considered tangible and non-transitory. Non-limiting examples

of a non-transitory tangible computer readable medium include nonvolatile memory, volatile

memory, magnetic storage, and optical storage.

[0064] Although the terms first, second, third, etc. may be used herein to describe various

elements, components, loops, circuits, and/or modules, these elements, components, loops,

circuits, and/or modules should not be limited by these terms. These terms may be only used

to distinguish one element, component, loop, circuit or module from another element,

N

component, loop, circuit or module. Terms such as “first,” “second,” and other numerical
terms when used herein do not imply a sequence or order unless clearly indicated by the
context. Thus, a first element, component, loop, circuit or module discussed herein could be
termed a second element, component, loop, circuit or module without departing from the
teachings of the example implementations disclosed herein,

[0065] The apparatuses and methods described in this application may be partially or fully
implemented by one or more computer programs executed by one or more processors. The
computer programs include processor-executable instructions that are stored on at least one

non-transitory tangible computer readable medium. The computer programs may also include

and/or rely on stored data.
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the sensors are configured to detect power levels of power out of the power amplifier for each of the
plurality of target states; the frequency control module is configured to determines frequencies of
the power out of the power amplifier based on indications of current pulse states, and the power
generating module is configured to store the detected power levels and frequencies as latest power
levels and frequencies for the plurality of target states. 9. The radio frequency generator of claim 8,
wherein: the detect power levels and frequencies of the power out of the power amplifier are
based on changes in impedance of a load of the power amplifier; the power control module is
configured to generate the power signal based on the detected power levels; and the frequency
control mgdylads configured to generate the frequency signal based on the detected frequencies. 10.
The radio frequency generator of claim 1, wherein, while the output signal is being transitioned from
the first stdtetds ti@nseddnd state, at least one of:

1. A radio frequency generator comprising:

a power control module configured to generate a power signal indicating power levels
for a plurality of target states of a power amplifier;

a frequency control module configured to generate a frequency signal indicating
frequencies for the plurality of target states of the power amplifier; and

a pulse generating module configured to (i) supply an output signal to the power
amplifier, (i} recall at least one of a latest power level and a latest frequency for one of the
plurality of target states of the power amplifier, and ({iii) adjust a current power level and a
current frequency of the output signal from a first state to a second state based on the power
signal, the frequency signal, and at least one of the latest power level and the latest frequency

of the power amplifier,

2. The radio frequency generator of claim 1, wherein the pulse generating module is
configured to {i) recall both the latest power level and the latest frequency, and (i} adjust the

output signal based on both the latest power level and the latest frequency.

3. The radio frequency generator of claim 1, wherein:
the pulse generating module is configured to provide (i) the power control module with

the latest power level, and {ii} the frequency control module with the latest frequency;

23



the power control module is configured to incrementally adjust the power signal to adjust the current
power level to a target power level for the second state; and the pulse generating module
incrementally adjusts the current power level to a target power level for the second state. 11. The
radio frequency generator of claim 1, wherein, while the output signal is being transitioned from the
first state to the second state, at least one of: the frequency control module is configured to
incrementally adjust the frequency signal to adjust the current frequency to a target frequency for the
second state; and the pulse generating module incrementally adjusts the target frequency to the

target frequencyier $he Seeonfobiaigl uikisA TR COMRIRING: the GBRRIALIPELR PRMELRIGRA
indicating power levels for a plurality of target states of a power amplifier in a radio frequency

generatofrest FRNSRURY Mdrequency signal indicating frequencies for the plurality of target states of
the power amplifier; supplying an output signal to the power amplifier;

the frequency control module is configured to generate the frequency signal based on

the latest frequency.

4. The radio frequency generator of claim 1, wherein the pulse generating module is
configured to adjust both the current power level and the current frequency during a single
pulse of the power amplifier and based on the power signal, the frequency signal, the latest

power level and the latest frequency.

5. The radio frequency generator of claim 1, wherein the pulse generating module is
configured to adjust power levels and frequencies of each of consecutive pulses of the power
amplifier based on the power signal, the frequency signal, the latest power level and the latest

frequency.

6. The radio frequency generator of claim 1, wherein:

the pulse generating module configured to (i) wait a predetermined period after
adjusting the current power level and the current frequency, (ii} in response to the
predetermined period expiring, store an updated power level and an updated frequency of the
power amplifier, and {iii) provide the updated power level to the power control module and the
updated frequency to the frequency control module;

the power control module is configured to generate the power signal based on the

updated power level; and
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recalling at least one of a latest power level and a latest frequency for one of the plurality of target
states of the power amplifier; and adjusting a current power level and a current frequency of the
output signal from a first state to a second state based on the power signal, the frequency signal, and
at least one of the latest power level and the latest frequency of the power amplifier. 13. The method
of claim 12, further comprising: recalling both the latest power level and the latest frequency; and
adjusting the output signal based on both the latest power level and the latest frequency. 14. The
method of claim 12, further comprising providing () a power control module with the latest power level,

and (i) a frequeneyfeanirakinashutel with the ilatestifigedancyewhaeeine freqlBRdpairaricenialdnodule is
configured to generate the power signal based on the latest power level; and the frequency control
module isionfigarcteggensyate the frequency signal based on the latest frequency.

7. The radio frequency generator of claim 1, wherein the power generating module is
configured to store updated power levels and updated frequencies for each of the plurality of

target states.

8. The radio frequency generator of claim 1, further comprising the power amplifier and
sensors, wherein:

the power amplifier is configured to receive the output signal;

the sensors are configured to detect power levels of power out of the power amplifier
for each of the plurality of target states;

the frequency control module is configured to determines frequencies of the power out
of the power amplifier based on indications of current pulse states, and

the power generating module is configured to store the detected power levels and

frequencies as latest power levels and frequencies for the plurality of target states.

9. The radio frequency generator of claim 8, wherein:

the detect power levels and frequencies of the power out of the power amplifier are
based on changes in impedance of a load of the power amplifier;

the power control module is configured to generate the power signal based on the

detected power levels: and
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15. The method of claim 12, further comprising adjusting both the current power level and the current
frequency during a single pulse of the power amplifier and based on the power signal, the frequency
signal, the latest power level and the latest frequency. 16. The method of claim 12, further comprising
adjusting power levels and frequencies of each of consecutive pulses of the power amplifier based on
the power signal, the frequency signal, the latest power level and the latest frequency. 17. The
method of claim 12, further comprising: waiting a predetermined period after adjusting the current
power level and the current frequency; in response to the predetermined period expiring, storing
an updated powee leeglLand, apnipsated dte quendip ofdiecpgsver ampidiér qeneyating tivaspewear signal
based on the updated power level; and generating the frequency signal based on the updated
frequencyheldtdhiedmethecdaéclaim 12, further comprising storing updated power levels and updated
frequencies for each of the plurality of target states.

10. The radio frequency generator of claim 1, wherein, while the output signal is being
transitioned from the first state to the second state, at least one of:

the power control medule is configured to incrementally adjust the power signal to
adjust the current power level to a target power level for the second state; and

the pulse generating module incrementally adjusts the current power level to a target

power leve] for the second state.

11. The radio frequency generator of claim 1, wherein, while the output signal is being
transitioned from the first state to the second state, at least one of:

the frequency control module is configured to incrementally adjust the frequency signal
to adjust the current frequency o a target frequency for the second state; and

the pulse generating module incrementally adjusts the target frequency to the target

frequency for the second state.

12. A method comprising:

generating a power signal indicating power levels for a plurality of target states of a
power amplifier in a radio frequency generator;

generating a frequency signal indicating frequencies for the plurality of target states of
the power amplifier;

supplying an output signal to the power amplifier;
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19. The method of claim 12, further comprising: receiving the output signal via the power amplifier;
via sensors, detecting power levels of power out of the power amplifier for each of the plurality of
target states, wherein the detect power levels of the power out of the power amplifier are based on
changes in impedance of a load of the power amplifier; determining frequencies of the power out
of the power amplifier based on indications of current pulse states; storing the detected power
levels and frequencies as latest power levels and frequencies for the plurality of target states;
generating the power signal based on the detected power levels; and generating the frequency signal
based on the detesteesfrrgeencies 20.d haanethodolslainnk? swheseinsgiidedhecpuipatgignal is

being transitioned from the
plurality of target states of the power amplifier; and
adjusting a current power level and a current frequency of the output signal from a first

state to a second state based on the power signal, the frequency signal, and at least one of the

latest power level and the latest frequency of the power amplifier.

13. The method of claim 12, further comprising:
recalling both the latest power level and the latest frequency; and
adjusting the output signal based on both the latest power level and the latest

frequency.

14, The method of claim 12, further comprising providing (i} a power control modufe with
the latest power level, and (ii} a frequency control module with the latest frequency, wherein:
the power control module is configured to generate the power signal based on the
latest power level; and
the frequency control module is configured to generate the frequency signal based on

the latest frequency.

15. The method of claim 12, further comprising adjusting both the current power level and
the current frequency during a single pulse of the power amplifier and based on the power

signal, the frequency signal, the latest power level and the latest frequency.
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first state to the second state: incrementally adjusting the power signal to adjust the current power
level to a target power level for the second state; incrementally adjusting the current power level to a
target power level for the second state; incrementally adjusting the frequency signal to adjust the
current frequency to a target frequency for the second state; and incrementally adjusting the target
frequency to the target frequency for the second state.

16.  The method of claim 12, further comprising adjusting power levels and frequencies of

each of consecutive pulses of the power amplifier based on the power signal, the frequency

signal, the latest power level and the latest frequency.

17. The method of claim 12, further comprising:

waiting a predetermined period after adjusting the current power level and the current
frequency;

in response to the predetermined period expiring, storing an updated power level and
an updated frequency of the power amplifier;

generating the power signal based on the updated power level; and

generating the frequency signal based on the updated frequency.

18. The method of claim 12, further comprising storing updated power levels and updated

frequencies for each of the plurality of target states.

19.  The method of claim 12, further comprising:

receiving the output signal via the power amplifier;

via sensors, detecting power levels of power out of the power amplifier for each of the
plurality of target states, wherein the detect power levels of the power out of the power
amplifier are based on changes in impedance of a load of the power amplifier;

determining frequencies of the power out of the power amplifier based on indications

of current pulse states;
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storing the detected power levels and frequencies as latest power levels and
frequencies for the plurality of target states;
generating the power signal based on the detected power levels; and

generating the frequency signal based on the detected frequencies.

20. The method of claim 12, wherein while the output signal is being transitioned from the
first state to the second state:

incrementally adjusting the power signal to adjust the current power level to a target
power level for the second state;

incrementally adjusting the current power level to a target power level for the second
state;

incrementally adjusting the frequency signal to adjust the current frequency to a target
frequency for the second state; and

incrementally adiusting the target frequency to the target frequency for the second

state.
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