POVNER DI STORTI ON- BASED SERVO CONTRCOL SYSTEMS FOR FREQUENCY TUNI NG RF
PONER SOURCES FI ELD [ 0001] The
present disclosure generally relates to a radio frequency (RF)

generator and, nore particularly, to friequency control of a RF
gener at or. BACKGROUND [ 0002] The

background description provided herein is for the purpose of
generally presenting the context of the disclosure. Woirk of the
presently naned inventors, to the extent t is describ
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network. This inpedance nmatching aids in maximzing an
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.
[0003] 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 a radio frequency
(RF) generator of a RF power system. The RF power signals generated by the RF
generator must be precisely controlled to effectively execute plasma etching.
[0004] A RF power system may include a RF generator, a matching network and a
load (e.g., a plasma chamber). The RF generator generates RF power signals, which are
received at the matching network. The matching network matches an input impedance of

the matching network to a characteristic impedance of a transmission line between the RF

generator and the matching network. This impedance matching aids in maximizing an



2 anount of power forwarded to the matching network ("forward power")
and m nim zing an anount of power reflected back fromthe matching
network to the RF generator ("reverse power"). Forward power may be
maxi m zed and reverse power may be m ni,m zed when the input inpedance
of the matchi ng network matches the chdracteristic i npedance of the
transm ssion |line. [0005] Heuristic, feedback or feedforward
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determined. An error signal is generated based on this difference. The control module

may generate a power control signal based on the error signal. The power amplifier



Frequency of a power anplifier is adjusted via a voltage-controlled
oscillator based on 4 the forward power and the reverse power to
mnimze the reverse power. Phase information is not utilized in this
approach to minimze the reverse power. [0009]1n one feedforward
approach, a feedforward |oop is used to adj ust capacitance of a
capacitor in a matching network. Sensors are used to detect forward
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is provided and includes a power anplifier that outputs a radio
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systemis provided and includes generating a radio frequency signal

via a pawdor aagerief pewer. THhergdse difference based frequency adjustment approach can
lead to a quantitative error, which is associated with a systematic variation in a RF power
system. Systematic variations may include a phase error (or phase offset), a mismatched
load, a misalignment in RF signal delivery associated with tune and load parameters of
the matching network, etc. The systematic variations can prevent the phase difference
from being reduced to zero and/or a reflection coefficient as plotted on a Smith chart
from reaching a (0,0) point. The systematic variations can also prevent a required power
transfer to a load. As a result, a calibration scheme is needed to prevent a phase offset
and/or a heuristic approach is needed to minimize these systematic variations. Also,
when adjusting frequency of a power amplifier based on phase, a directivity signal is
needed to determine which direction to adjust the frequency to minimize the phase
difference.

[0008] Yet another feedback approach detects forward power and reverse power.

Frequency of a power amplifier is adjusted via a voltage-controlled oscillator based on



5 frequency signal is outputted to a matching network via a

transm ssion |ine between the power anplifier and the matching
network. The radio frequency signal is nonitored and sensor signals
are generated based on the radio frequency signal. A first distortion
value is determ ned according to at | edst " one of (1) a sinusoidal
function of the sensor signals and (ii) a cross-con-elation function
of the ﬁFn or skgnals. A H%rst i mpedance tuningfval e igﬁgenerated h
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RF power syst'em 1 ncorporating teedforward control and power
correction feedback control in accordance with the present
di scl osure;

SUMMARY

[0010] A radio frequency system is provided and includes a power amplifier that
outputs a radio frequency signal to a matching network via a transmission line between
the power amplifier and the matching network. A sensor monitors the radio frequency
signal and generates first sensor signals based on the radio frequency signal. A distortion
module determines a first distortion value according to at least one of (i) a sinusoidal
function of the first sensor signals and (ii) a cross-correlation function of the first sensor
signals. A first correction circuit (i) generates a first impedance tuning value based on
the first distortion value and a first predetermined value, and (ii) provides feedforward
control of impedance matching performed within the matching network including
outputting the first impedance tuning value to one of the power amplifier and the
matching network.

[0011] In other features, a method of operating a radio frequency system 1s provided

and includes generating a radio frequency signal via a power amplifier. The radio



6 [0016]FIG 3 illustrates a feedfoivard and feedback control nethod
I n accordance with the present disclosure; [0017]FIG 4 illustrates a
feedf orward and feedback control nethod with frequency- based

i npedance mat ching feedforward control jn accordance with the present
di sclosure; [0018]FIG 5A is a Smth chart illustrating a frequency
tuning trace of a reflection coefficient when voltage and current

sensor s qar I Lnitializ | ow_en f frequenc an
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change in magnitude of the reflection coefficient corresponding to
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illustrating a frequency tuning trace of a reflection

is determined according to at least one of (i) a sinusoidal function of the sensor signals
and (i) a cross-correlation function of the sensor signals. A first impedance tuning value
1s generated based on the first distortion value and a first predetermined value.
Feedforward control of impedance matching performed within the matching network is
provided and includes outputting the first impedance tuning value to one of the power
amplifier and the matching network.

[0012]  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

[0013] The present disclosure will become more fully understood from the detailed
description and the accompanying drawings, wherein:

[0014] FIG. 1 is a functional block diagram of a RF power system incorporating
feedforward control in accordance with the present disclosure;

[0015] FIG. 2 is a functional block diagram of a RF power system incorporating
feedforward control and power correction feedback control in accordance with the

present disclosure;



coefficient when voltage and current sensors are used while
initializing at a high end of a frequency range in accordance with
the present disclosure; [0022]FIG 6B is a plot illustrating
frequency updating associated with the frequency tuning trace of FIG
6A; [0023]FIG 6Cis a plot iIIustratiﬁg a change in magnitude of the
reflection coefficient corresponding to the frequency updating of

uni ng 190480 oF T peilietefied a slReart aet bbbl mf B TR b pgpaance
sensors are used while initializing at a | ow end of a frequency range

i n accowithribepuisett disdopresent disclosure; 7 [0025]FIG 7B is a plot
Illustrating frequency updating associated with the frequency tuning

trace 0[00&'7? TAG. hQ0egldeGa fdddfbsvadpindt feblibaekt doatioh ehedhech aidefrbduency-
magni tude of the reflection coefficient
based impedance matching feedforward control in accordance with the present
disclosure;
[0018] FIG. 5A is a Smith chart illustrating a frequency tuning trace of a reflection
coefficient when voltage and current sensors are used while initializing at a low end of a
frequency range in accordance with the present disclosure;
[0019] FIG. 5B is a plot illustrating frequency updating associated with the frequency
tuning trace illustrated in FIG. 5A;
[0020] FIG. 5C is a plot illustrating a change in magnitude of the reflection coefficient
corresponding to the frequency updating of FIG. 5B;
[0021] FIG. 6A is a Smith chart illustrating a frequency tuning trace of a reflection
coefficient when voltage and current sensors are used while initializing at a high end of a
frequency range in accordance with the present disclosure;
[0022] FIG. 6B is a plot illustrating frequency updating associated with the frequency
tuning trace of FIG. 6A,;
[0023] FIG. 6C is a plot illustrating a change in magnitude of the reflection coefficient
corresponding to the frequency updating of FIG. 6B;
[0024] FIG. 7A is a Smith chart illustrating a frequency tuning trace of a reflection

coefficient when directional coupling sensors are used while initializing at a low end of a

frequency range in accordance with the present disclosure;



corresponding to the frequency updating of FIG 7B; [0027]FIG 8A is
a Smth chart illustrating a frequency tuning trace of a reflection
coefficient in a matching network when directional coupling sensors
are used while initializing at a | ow end of a frequency range in
accordance with the present disclosure;” [0028]FIG 8B is a plot

Il lustrating frequency updati ng associated with the frequency tuning

trace o I . 0291 FlI G.. 8C i.s lot illustrating a,change in
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frequency updating of FIG 8B; [0030]FIG 9A is a plot illustrating

f r equentipingtracd oigFlAnd Asead back in accordance with the present
di sclosure; [0031]FIG 9B is a plot illustrating distortion change
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corresponding to the frequency updating of FIG. 7B;
[0027] FIG. 8A is a Smith chart illustrating a frequency tuning trace of a reflection
coefficient in a matching network when directional coupling sensors are used while
initializing at a low end of a frequency range in accordance with the present disclosure;
[0028] FIG. 8B is a plot illustrating frequency updating associated with the frequency
tuning trace of FIG. 8A;
[0029] FIG. 8C is a plot illustrating a change in magnitude of the reflection coefficient
corresponding to the frequency updating of FIG. 8B;
[0030] FIG. 9A is a plot illustrating frequency updating and read back in accordance
with the present disclosure;
[0031] FIG. 9B is a plot illustrating distortion change associated with the frequency
updating shown in FIG. 9A;
[0032] FIG. 9C is another plot illustrating frequency updating and read back in
accordance with the present disclosure;
[0033] FIG. 9D is a plot illustrating distortion change associated with the frequency
updating shown in FIG. 9C;
[0034] FIG. 10 is a Smith chart illustrating frequency tuning in accordance with the

present disclosure;



accordance with the present disclosure; [0033]FIG 9D is a plot

Il lustrating distortion change associated with the frequency updating
showmn in FIG 9C, [0034]FIG 10 is a Smith chart illustrating
frequency tuning in accordance with the present disclosure; 8
[0035]FIG 11 is a plot illustrating di®tortion, phase angle, and

| npedance val ues in accordance with the present disclosure;
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power distortion versus frequency traces for

accordance with the present disclosure;

[0036] FIG. 12 is a plot illustrating impedance traces in accordance with the present

disclosure; and

[0037] FIG. 13 is a plot illustrating power distortion versus frequency traces for

different impedances in accordance with the present disclosure.

DESCRIPTION

[0038] The foregoing description 1s merely illustrative in nature and 1s in no way
intended to 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. For purposes of clarity, the same reference
numbers will be used in the drawings to identify similar elements. 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.

[0039] As used herein, the term module may refer to, be part of, or include an
Application Specific Integrated Circuit (ASIC); an electronic circuit; a combinational

logic circuit; a field programmable gate array (FPGA); a processor (shared, dedicated, or



di fferent inpedances in accordance with the present disclosure.
DESCRI PTI ON [ 0038] The foregoing description is nerely illustrative in
nature and is in no way intended to limt the disclosure, its
application, or uses. The broad teachings of the disclosure can be
impl emented in a variety of fornms. Ther%efore, while this disclosure

i ncl udes particul ar exanples, the true scope of the disclosure should
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be stored using a group of nenories.
group of memories.
[0041] The apparatuses and methods described herein may be implemented by one or
more computer programs executed by one or more processors. The computer programs
include processor-executable instructions that are stored on a non-transitory tangible
computer readable medium. The computer programs may also include stored data. Non-
limiting examples of the non-transitory tangible computer readable medium are
nonvolatile memory, magnetic storage, and optical storage.
[0042]  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



[ 0041] The apparatuses and net hods descri bed herein may be

i npl enented by one or nore conputer prograns executed by one or nore
processors. The conputer prograns include processor-executable
instructions that are stored on a non-transitory tangi ble conputer
readabl e nedi um The conputer progransl®ay al so include stored data.
Non-limting exanples of the non-transitory tangible conputer
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[ 0043] Vari ous techni ques are discl osed bel ow to nmaxi m ze power
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feedf orward control to servo tune_an agile RF power source (referred
to as abftwegBePOwRInERRYBel) andrpie RERr o senemtenard 8l matshipgeretweork of a RF
correct distortion (or disturbance) within a RF power system The
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transferred to and/or reflected back fromthe matching network due to
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correct distortion (or disturbance) within a RF power system. The distortion refers to
and/or is directly related to an amount of power transferred to and/or reflected back from
the matching network due to a reactive change in load impedance.
[0044] The disclosed techniques use the feedforward control in combination with
feedback control. The feedforward control is used to minimize the distortion, whereas
the feedback control, is used to minimize error in power output of the power amplifier.
Feedback control is used to adjust power output of a power amplifier based on a
difference between the power output and a predetermined power setpoint. The
feedforward control does not affect closed-loop performance associated with the
feedback control {(and associated feedback transfer function).

[0045] Feedforward control is provided, as a feedback controller is limited to

providing error correction adjustments when the error in power output is not equal to



f eedback control. The feedforward control is used to mnimze the
di stortion, whereas the feedback control, is used to mnimze error
in power output of the power anplifier. Feedback control is used to
adj ust power output of a power anplifier based on a difference

bet ween the power output and a predetethi ned power setpoint. The
feedf orward control does not affect closed-Ioop performance

associ ated w.t.h the.feedback contro nd assocl ated feedbac ) )
EFanat ofPuncis AT Bss PUSGREr hara It CORT LSt f oV a2 e, distortion.
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RF power system 10 i s shown. The RE power system 10 includes a RF
generator ~12. a natGhing ne rk 14, an a f . the.matching
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unchangi ng over tine) or dynamc (i.e. changing over tinme). [0048] The
RF genengtark 112 tma obleactariRic pmpedarseuot @ 2nshassian davwel 8 amgitvieén ¢hg RF
and a feedback | oop 22. The power anplifier 20 generates the RF power
signal ddheri¥Bt 9D drid t@l'éhﬁh‘trchr;{féé ﬁRéé“FoH@ 1aRt b DRSS WY, khd Mmatd g RRMGEk 14

anplifier 20 may generate t

matches an impedance of the load 16 to an impedance as seen by the output of the RF
generator 12. The matching network 14 and the load 16 may be considered as the load on
the RF generator 12. The load 16 may be, for example, a plasma chamber or other RF
load. The impedance of the load 16 may be static (i.e. unchanging over time) or dynamic
(i.e. changing over time).

[0048] The RF generator 12 includes a RF power source 20 (or a power amplifier) and
a feedback loop 22. The power amplifier 20 generates the RF power signal 17, which is

outputted to the matching network 14. The power amplifier 20 may generate the RF

power signal 17 based on a power signal received from a power source 24 external to the



power signal 17 based on a power signal received froma power source
24 external to the 12 power anplifier 20. Al though the power source
24 is shown as part of the RF generator 12, the power source 24 nmay

be external to the RF generator 12. The power source 24 may be, for
exanpl e, a direct current (DC) power sburce. [0049] The feedback | oop
22 includes one or nore sensors (first sensors) 26, a scaling nodule
28, a first su , d wer control dul e 32. The s 26
oy TncPlbe SUPEe 0, Aihoneh SRRIPOKCaRsEs PR ath Congh SRTQLIBORE Sepiiitor
sensors 26 may detect (i) voltage V and current | output of the power
anpl i fi &2, te,poawrent/sonrogi 34 nfagrhwaextefmat te the BE) gquevator PHYDheutovedr sohece 24
power anplifier 20 and/or RP generator 12 and reverse (or reflected)

power Pmaﬁf%efd{%‘iaﬁfp%natch%c%ﬁ&&tr@@)%dw&‘éoﬂtfce The vol tage V,
current forward power , and reverse power P REv nmay be scal ed

s af#od‘*?‘ﬁrvi?@sefs%%cﬁé?orf %2 T onsl O R S S R B ser S, agcaling

sensors 26 maé be anal og and/or digital sensors. In a digital
i mpl emenodtlcons, 2 Hastsansmes 396 andya pawkndenapamogutco3di glhabersarsDpo may
converters and signal sanpling conponents wth correspondl ng sanpling

rates. [RARRIVHIREEATRNE aRB/ 08 ANCEA IR SORSTIRF s&isBRal Bhe3dns¥RI2E may detect (i)
recei ved by the scallng nodul e 28. The scallng nodul e 28 scal es” the

F eoanactoHiE 2 A8 RSP ARLR 5 t@%ﬁ@&%@%ﬂ%ﬁ 23 BIPR Povd P o

scaling matri x. The power feedback signal Blé represent the
f or war dP@u#ied riror ot opfadlial PpBIRE ranklviedri A a@érmv powsRtor Tiie ap@wererse (or

f eedback signal 34 may represent the RF power transferred to the

mat chi ng:feeted hlswké Ak, teRatlefdvan the naitchiag hetreorkely. e"$“ﬁ@&r@tia§a/1/ current /,
equation 1, where V |s vol t age out put of the power arrpl ifier

and/ or t

and/ or Wg&ngp%gf d gﬂd i \Fe}lk%r @WePP Vo%lai fﬂ)%dsl} 8 ¥é%r ence gﬁ%@geﬁe‘@%s of
vol t age and t ur rent out uts V, / of the power anmp hfl er

11111/ ﬁ@oaé:(c V-l;) tag§ CUITSRE (Wﬁlrd power and reverse power of the output of the power

amplifier 20. The sensors 26 may be analog and/or digital sensors. In a digital
implementation, the sensors 26 may include analog-to-digital (A/D) converters and signal
sampling components with corresponding sampling rates.

[0050] The sensors 26 generate sensor signals 33, which are received by the scaling
module 28. The scaling module 28 scales the sensor signals 26 and generates a power
feedback signal 34. The power feedback signal 34 is generated based on the sensor
signals 33 and a scaling matrix. The power feedback signal 34 may represent the forward
power for forward power leveling deliver power. The power feedback signal 34 may
represent the RF power transferred to the matching network 14 or load power P, and can
be represented by equation 1, where ¥ is voltage output of the power amplifier 20 and/or

RF generator 12, 7 is current out of the power amplifier 20 and/or RF generator 12, and



[0051] The first sumer 30 suns the power feedback signal 34 with a
predet er mi ned power setpoint signal 36, which nmay be generated by a
power setpoint nodul e 38. The power feedback signal 34 nay be
subtracted fromthe predeterm ned power_setpo nt signal 36 to

generate an error signal eft,. [0052]Tﬁ% power control nodule 32
receives the error signal egenerates a power control signal urfb to
regul at e, power, out..of the wer anmpli.fier 20, The we ont r.ol .
S gnal P 10 & Eha it s BRRTR B g anfl the B RTHERELRE TF the power
amplifier 20 adjusts the RF power signal 17 based on the power

cont r ol agip§fiar 2Vt s. The RF power signal 17 may be a continuous
waveform or a pul sed waveform The servo control described herein
allows for the RF power signal pl7 ulised gue to the update rat
associated with the servo cont?blngﬁgﬁggmé?whoﬁ??ol nodul e 32 may W
include a proportional integral derivative (PID) controller and/or a

di rect G al Thenfitse simmEebBs) suaonibemenviar Spedbagk signal A veitle atpaedesermined
the power control nodule 32 is a first PID controller with a function

i denti f hesteASetpliht 6%hal ThewRRNEha¢ BB JeBbrabdDBRAla feiverRYHII RobhleVE. The
si gnal and have a offset or rall voltage, a frequency and a phase.

Ho h ignal uzi dj f f
the Re BolEr ErbAck STt ot MidoBs Hhlresed JERur B PSRl AP EREY sSboin
include a first feedforward | oop 40 and a second feedforward | oop 42.

The fi r signale¥utoogangraie ppepronoignakkudes a first distortion nodul e 44
and a first correction circuit 46. The first distortion nodul e 44

det erm ﬂﬁ)%ﬁ The power control module 32 receives the error signal e, and generates a
power control signal 4, to regulate power out of the power amplifier 20. The power
control signal u#, is provided to the power amplifier 20. The power amplifier 20 adjusts
the RF power signal 17 based on the power control signal uf,. The RF power signal 17

may be a continuous waveform or a pulsed waveform. The servo control described
herein allows for the RF power signal 17 to be pulsed due to the update rate associated
with the servo control. The power control module 32 may include a proportional integral
derivative (PID) controller and/or a direct digital synthesis (DDS) component(s). In one
implementation, the power control module 32 is a first PID controller with a function

identified as D#,(z). The power control signal «f, may be a drive signal and have a DC
offset or rail voltage, a frequency and a phase. However, the power control signal u%,

does not adjust frequency of the RF power signal 17.



distortion value d, representative of the distortion as seen at the
out put of the power anplifier 20 and/or RF generator 12. The first
distortion value d, is generated based on the sensor signals 33 and a
distortion function. The distortion function is described in nore
detail below. The first correction cirélit 46 generates a first power
tuning value (or first inpedance tuning value) u' s- based on the

mat chi nifRalworRe1BE Fgr g bty ek A SeToriEL g 46 and 2

adj usting purposes. The first distortion nmodule 44 may deteiine the
first dsesondticedopaandelogp s ddicohirsh fe¢dfaewirdaloop ik trichides i fisst distortion
cross-correl ati on function. Si nusoi dal

Funct i omoli0R54] M ti firkse cheedtivnadienitd® dihs GirosedtoRese ntbdu@ 4 idecdrihees a
maxi m zing optimal power transfer in an RF power systemw th a

dynam Cdilgf;?)?ﬁi & lyafie 3 lrgﬁgls%ng%tii\\?ﬁg Pﬁ%fé% L@?&o&i@ﬁ%ﬁ%ﬁ:ﬁ( a?%%‘gnégﬁtéﬁtr 8t the power

techni qu I ch™1s "des pect
amplifier 20 and/or RF generator 12. The first distortion value d, is generated based on
the sensor signals 33 and a distortion function. The distortion function is described in
more detail below. The first correction circuit 46 generates a first power tuning value (or

first impedance tuning value) u, based on the first distortion value d,. The tuning value
u'y is provided to the matching network 14 for frequency response tuning and impedance

adjusting purposes. The first distortion module 44 may determine the first distortion

value d, based on a sinusoidal function and/or a cross-correlation function.

Sinusoidal Function
[0054] Multiple techniques are disclosed herein that include maximizing optimal
power transfer in an RF power system with a dynamic load (i.e. a load having varying
impedance(s)). A first technique, which is described with respect to FIGs. 1 and 3
includes the RF power source 20 connected to the matching network 14. The matching
network 14 may include an impedance matching circuit 50 with two or more variable
tuning elements 52 (e.g., variable capacitors). The variable tuning elements 52 may be in
a ‘L’-configuration (one capacitance in parallel with the RF generator 12 and one
capacitance in series with the load 16). The variable tuning elements 52 are used for

adjusting tune and load parameters of the matching network 14, and may have



i ncl udes the RF power source 20 connected to the matching network 14.
The mat chi ng network 14 may include an inpedance matching circuit 50
with two or nore variable tuning elenents 52 (e.g., variable
capacitors). The variable tuning elenents 52 nay be in a
“L'-configuration (one capacitance in parallel with the RF generator
12 and one capacitance in series with the load 16). The variable

tuning el enents 52 are. us for j ust | t.un | oad par,aneters o
he. mat PR MALY ABAROTiR o e g dvand [ iR | Vs e R J0RL Pt
tune input 54 and |oad input 56. The tune and | oad paraneters refer
to i npetiitict adpetange ndiispuetts mesi@rmad thehermasphing nesvod k4 va Vheavamable
vari able tuning el enents 52. As an exanple, the tune paraneter and

the | oaghnpds aldicRits FBY ALaResfepRL Gk WinkhhaiABBRE hhd ehé ARRICHIramers redy be
capacitors 1 n the matching networ k 14. [ 0055] A second techni que,

whi ch i scrib w.th.respect to Fl.Gs. 2 and L gL

Var | abl SPRRGLERED etal G EREC e ter ShnaTtoRh e L8R RETHR 4.

used alternatively or in conbination with the first technique. The

tune antP055hd parweendrischrquaavhidhe if ideseribadi sutletrespectdpeblGpl 2, and 4,

and/ or adj ustabl e when using the second techni que. [0056]In both the

first apgrosieeend vagigbri Go@sencl hejimpevwey tHel goisdredhplfiEld2 6 namhie be used
alternatively or in combination with the first technique. The fune and load parameters
may each be fixed, discretely selectable, and/or adjustable when using the second
technique.
[0056] In both the first and second techniques, the RF power transferred P, from the
power amplifier 20 to the matching network 14 is maximized. This may occur when the
forward power Pryp to the matching network 14 is maximized and/or the reverse power
Prey from the matching network is minimized. The RF power transferred P,y may be
represented by equation 2. A maximum RF power transferred £, may be represented
by equation 3.

P, =|V|||cos(®) )

B, = max([V||7|cos(©)) = max ( Py, ) —min (P, ) (3)

[0057] The RF power transferred P, is maximized when the phase @ is as close to
zero as systematically achievable for a RF power system 10 providing power to a reactive
load or reactive impedance {e.g., the load 16). A reactive impedance refers to a load with

changing impedance. The first and second techniques minimize the phase ® by



power anplifier 20 to the matching network 14 is maxim zed This may
occur when the forward power PFWD to the matching network 14 is
maxi m zed and/or the reverse power PRE,, fromthe matching network is
m nimzed. The RF power transferred Pd may be represented by equation
2. A maxi mum RF power transferred PAddX® nmay be represented by
equation 3. =cos (0)(2) MAX = max(Illll cos (0)) = max (PF,f,D)- mn

( PRE, , .3),.[ 0057] The ower transferred Pd i s maxim zed en.the .
bhase’ ohabtte B ke ol TP PeEtm s B B S e aB T By at iy (g phedt © is
power system 10 providing power to a reactive |oad or reactive

i npedandepenideny. on theecaditug inPedance; eedictior in thegduse @ et danction of frespdncy
w th changi ng i npedance. The first and second techniques mnimze the

phaseby 7 dBtRGidHedr agplifite Aounes anskultophlaRatan®icdr &inde pdoriRUGRIaBinction
network 14. Since the phase 8 is dependent on the reactive inpedance,

reductiopn _in_the phase () is a function of frequency f of the power
anpl i fi of thepfrequerieyr 4o 91( £n ofpg swodsq thet Phatec8n Ci bparfiesadeld &k hearly 0 by

function
adjusting the frequency f of the power amplifier 20 and thus the output frequency f of

the power amplifier 20. Frequency adjustment is provided by the implementations of
FIGs. 2 and 4.

[0058]  Although the first and second techniques can be used to minimize the phase @,
the techniques do not directly detect or adjust the phase ®. The techniques may include
determining cos(®) (referred to herein as “the cosine function™), 1-sin’®@ (referred to
herein as “the sine function”), and/or another primary and/or sinusoidal function. The
phase ® may be referred to as a secondary function. The first distortion value d, is
determined via the first distortion module 44 using vector calculus without determining
the phase @. The first distortion value d, may be equal to and/or be represented by the
sinusoidal function.

[0059]  As an example, the cosine function cos(®) for two independent variables X, ¥

may be represented by, for example, equation 4, where X may be voltage or reverse

power, Y may be current or forward power, and (XY ) is a dot product of X and Y.

(X7)

R N7

(4)

The sine function 1-sin”® may be determined based on one of the equations 5 and 6.



of the frequency f or in other words, the phase 0 can be reduced to

or nearly 0 by adjusting the frequency f of the power anplifier 20

and thus the output frequency f of the power anplifier 20. Frequency

adj ustnment is provided by the inplenentations of FIGs. 2 and 4.

10058] Al t hough the first and second teéhni ques can be used to

m nimze the phase , the techniques do not directly detect or adjust

t he phase 0. The techni ques may i ncl L1de dﬁtern‘i ning cos (0) (referred

to herein as "the cosine functgiﬁ)@)i £®&¢h20 (referred to herein as (5)
er||1i5!,i|{j’?|ﬁry and/ or si nusoi dal

"the sine function"), and/or ano
function. The phase 0 may be referred to as a secondary function. The

first distortion value d, is determned via the first distortion

nodul e 44 using vector cal cul us \AA” 10 i‘aterm’ ning the phase (r).
The first distortion val ugn®) to and/or be represented (6)
by the sinusoidal function. [0059]|| 2||é’ exanpl e, the cosine function
cos(0) for two independent variables X,

[0060] One technique disclosed herein includes maximizing power transfer to the

matching network 14 by maximizing the cosine function cos(®). As an example, the
variables X and Y may be substituted for voltage V" and current 7, and cos(®) may be

calculated directly using a closed form solution to control the frequency f of the power
amplifier 20. The cosine function is maximized to maximize the power transferred. This
technique may be performed digitally using, for example, digital circuitry and/or a PID
controller.

[0061] An example analog technique includes using directional coupler sensors to
detect the reverse power Prgy and the forward power Pryp. The variable X of expression
4 may be replaced with the reverse power Przy and the variable Y of expression 4 may be
replaced with the forward power Prpp. A reflection coefficient I of the transmission line
18 is a function of the reverse power Ppgy and the forward power Pryp. The reflection
coefficient I’ may be represented by the reverse power Prgy divided by the forward
power Prpp and or by equation 7, where z, is the impedance of the load on the RF
generator 12 (i.e. the matching network 14 and the load 16) and z, is the impedance of

the transmission line 18.

(7

Z +ZU



may be represented by, for exanple, equation 4, where X may be

vol tage or reverse power, Y may be current or forward power, and (xi)
Is a dot product of X and Y. <cos(e) - (xi) 11x112 11Y-112 (4) The
sine function 1-sin20 may be determ ned based on one of the equations
5 and 6. 17 1X0Y1 sm (0) -' 8

[0062] The techniques disclosed herein enable autonomous servo of an agile
frequency RF power source (power amplifier 20) for maximized power transfer.
Although servo control includes feedback and feedforward control, the feedforward
control provided herein aids in quickly maximizing the power transferred to the matching
network 14, These techniques include determining distortion of a RF power system (RF
power system 10) and providing feedforward correction using vector calculus. The
distortion refers to the reflected power due to the reactive change in load impedance,
which is directly related to the sinusoidal function of the phase @ .

Cross Correlation

[0063] As an alternative to and/or in addition to using a sinusoidal function, a cross-

correlation function may be used to determine the first distortion value d,. The energy

of a signal s(r) may be represented by equation 8 using vector calculus, where ¢ is time.

s(t)=]"s*(£)dr (8)
[0064] To compute energy for a change in load impedance or an arc disturbance of a
load, the energy exhibited by a RF power system is based on two parameters. The two
parameters may be determined based on signals from RF sensors (such as the sensors 26).
The RF sensors may be, for example, voltage and current sensors or directional coupler
sensors that are used to acquire voltage, current and/or power samples of a transmission
line. Signals from the RF sensors are oscillating continuous time signals, which may be
arbitrarily designated as x(z) and y(#), which correspond to the above variables X and Y.

The corresponding digital version of these oscillating continuous time signals is x(77) and



XM211112 sin (0) _ ())2 MX112 MY12 [0060] One techni que di scl osed
herei n includes maxi m zi ng power transfer to the matchi ng network 14
by maxi m zing the cosine function cos (0) . As an exanple, the

vari ables X and Y may be substituted for voltage V and current |, and
cos (0) may be calculated directly usiﬁ% a closed formi solution to
control the frequency f of the power anplifier 20. The cosine

techni qti)mey B THERTBY R GBI UGT gt B TR S S < iy may be
circuitry and/or a PID controller. 100611An exanpl e anal og techni que

i ncl udegepisdeteddby esduagpal 9,c QUBHLT, S efiedchtd ShdlQbeilzet HE tHLRMEE x(1n), 1.
power P \}#and theyfef)qrward power PE ?/}%ﬁ The vari ablteg X of ex%rhessi((;n &
4 may be replaced with the reverse power P v and the variable Y of =
expr esslapiesenisaific fyeragg ofciag signah yimle andraderreprsiie an PVERAP Af and/or shift in
reflection coefficient F of the transmssion line 18 is a function of

t he revﬁm@@wtﬂesmlgﬂa)ﬁ@ay@gd power P FryD. The reflection
coefficient F nay be represented by the reverse power P REv divided

by the forward power P Ewp and or, [ quat i 7, where z1 is the
i mpedance of the | oad on the ﬁﬁ?ﬁe—%éﬁ r_‘ig(?’g’f_.@._ﬂb' e mat ching ®)

network 14 and the load 16) and zo I's the inpedance of the

transm ssi line 18. F = - 70 (7). Zo
006%? Power p associated with ghe) two signals x(n) and y(n) can be determined when

ris equal to 0. The two signals x(n) and y(n} completely overlap in time when r is equal

to 0. Energy E,_, for an impedance changing event can be represented by equation 10 and

as a function of the power p, where 5 identifies a block number, 7, is a duration time of
each block, X is a total of non-overlapping blocks of samples of the two signals x(n) and

y(n), and k identifies a current block and/or sample.
X
E, =T, (plk]~ plk~1]) (10)
k=]

[0066]  The dot product {XY) may be determined based on the cross-correlation value
when zis equal to 0. The dot product (XY) is directly related to the cross-correlation
value when 7 is equal to 0. Also, the power p (or Py) is related to the dot product (XY)

by substituting equation 2 into equation 4. Based on the discrete-time cross correlation

value 7,(r), the power p (or Py), and the dot product (X¥) the distortion value of the

sinusoidal function (e.g., the cosine function or the sine function) may be determined

based on vector calculus.



18 [0062] The techni ques di scl osed herein enabl e aut ononbus servo of
an agile frequency RF power source (power anplifier 20) for maxim zed
power transfer. Although servo control includes feedback and

feedf orward control, the feedforward control provided herein aids in
qui ckly maxi m zi ng the power transferréd to the mat chi ng network 14.
These techniques include determning distortion of a RF power system

vect or  T9CTHT ua Peri BRErBDE MR RRHLRES BTRISS BRI GEFRRNE) Mg s sgoed

the reactive change in | oad i npedance, which is directly reI ated to

the si nogahédisctetaeimonrab cohelpivasealie ), (5 asien Goris ebakied tol 0GHeASrst
an alternative to and/or in addition to USi ng a si nusoi dal functlon
a cross-, correlation function may be used %o determne the fir

di st or t fi§kriign yaodyle %éné}ﬁefrqjyd%?mé}n@l thgalirss qishprtipn, vighiey éiprlé%s@ﬁt% the

by equation 8 using vector calculus, where t is tinme. s(t)=l (t)dt(8)

[ 0064] a i e AQr
i 5t U b oM Pl Fa e ) ™y Rt oy g8 oo, his

based on two paraneters. The two paraneters may be determ ned based
on si gneailoss-coumarbnstealsuase (saycheasetdo dansoa ssi@@pidal HenRons bavoen two
may be, for exanple, voltage and current sensors or directional

coupl er y5@2AH S SR @ & 8S¥ot pi@q %ﬂﬁgﬁr)"(@'é aosy PAUN SMiclARMeBFesentative
power sanples of a transnission he. Signals fromthe RF sensors are

oscillat} nt.i,nuo S, ich may be arbitrarily
desi gna?t%@aﬁﬁt csaﬁh?/t@?sm ﬁm&)l\lgt’]espond to the above vari abl es

X and Y. The correspondi ng digi taI version of these oscillating
cont i nub1P$8] i ndhei gmasedals ﬁ;@(qﬁlpnamy be used as described below for autonomous
19 y(n). A discrete-tinme cross correlation value 7-"(r) of the

si gnal scxftrol éhd ydriwblé@dyeqdency RF power source to maximize power transfer. The
sinusoidal function is used in feedforward control to correct distortion impinged on
power regulation when the frequency of the RF power source (or power amplifier)
achieves a power transfer that is less than a maximum power fransfer. This correction is
immune to spectral interference due to harmonics or intermodulation distortion. For this
reason, this technique is useful for dynamic load conditions and RF power applications
requiring frequency tuning responses of a RF power source within a predetermined
period (e.g., less than 3 microseconds (us)) with a predetermined update rate (e.g., less
than 1 us). Frequency tuning of a RF power source is described primarily with respect to
FIGs. 2 and 4.
[0069] Referring again to FIG. 1, in one implementation, the first correction circuit 46
includes a first input module 60, a second summer 62 and a tune control module 64 (or

Dy(z)). The first input module 60 may generate a first predetermined value (e.g., 0



represented by equation 9, where pthe average of the signal x(n), py
represents the average of the signal y(n), and r represents an
overlap of and/or shift in tine between the signals x(n) and y(n).
rw(v)= Ecx[n]-prxy[n -2] -PQ(9) Vn [0065] Power p associated with the
two signals x(n) and y(n) can be deterdined when r is equal to 0. The
two signals x(n) and y(n) conpletely overlap in tine when r is equal

to 0. Ener ko, .for an i.npedance changin ven an be repr.esented
by equabTeh dCC AT 16 FITHITPBAYARS 1 he SHSRAIEIO oS Ben YIGHAR  9h LsWhen

bl ock nunber, gib is a duration tinme of each block, Kis a total of

non- oveggtarfinie hhe isoftfors aaRleed, Ofccbftbng Wo ledddise Fimdticahd Y68)second
and k identifies a current block and/or sanple. ETb E(p[k] - p[k

-11)(10) k=1 k0066] The dot product (xi'). may be det ﬁrm' ned based. o
the croSYUBGF Pe [y Bvtipst the Hpkdistpriian yelug) 4. (gom thehest paedetergnped value to
(Xi) is directly related to the cross-correlation value whenr is

(eg(g/)a' t QerferatllSRnidd 6 RRMBErBHA vAIH: d S TheltabELodtbIiheadlet4RhedUfdude a

second PID controller and generate a power tuning value (or first impedance tuning
value) u; based on the first correction value ¢,. The tune control module 64 may adjust

r

the power tuning value uj, to match the first distortion value d, with the first

predetermined value. The tune control module 64 may generate and/or receive the first
predetermined value.

[0070] The second feedforward loop 42 may include a second distortion module 70
and a second correction circuit 72. The second distortion module 70 determines a ratio of

magnitudes (or second distortion value) d, based on the sensor signals 33 and a second

distortion function. The second distortion function may be represented by equation 11.

<
7

(11)

The first and second distortion values d ,d, each provide an indication of distortion

and/or associated parameters, as measured by the sensors 33.

[0071] The second correction circuit 72 may include a load setpoint module 76, a third

summer 78 and a load control module 80, which may be represented as a function Djy (z).

The load setpoint module 76 may generate a predetermined load setpoint value (e.g., 50



by substituting equation 2 into equation 4. Based on the

di screte-tinme cross correlation value r(r) , the power p (or Pa), and
the dot product (Xi) the distortion value of the sinusoidal function
(e.g., the cosine function or the sine functlon) may be det erm ned
based on vector cal cul us. 22 20
[0067] The first distortion nodule 44 nmay determine the first

distorti \V ased on t di screte-ti ne cr s correl ation
val ue tb)% S@ Zﬁ rtf%.l SHBE (Y .tra%ﬁhef%epg% TP B g dim the
44 may not determne the first distortion value d, based on the

di scr et By seBpoit0RSuCRNreRlenité Qmoadaédt%ch()h)valﬂd’ée(@edoddsco‘?ﬁ@ﬁbn y8lu8) ¢S
shown above this cross-correlation technique my be used to derive a

si nusoi d functl o] betvvee t wq WI band si gnal s
PREv) a BJa d gorgfo Fmﬁ)w .I@ﬁy.lgclﬂlgsr%@ﬁ@ﬁlhéoavoi\{er and may

characteri stl cs of the transm ssion |ine 18. [0068] The sinusoi dal

functi opemsrytebepais@doas vekeqor badniehpediase tatingneim)s, e datgdodn tHe @cond
vari abl e frequency RF power source to maxim ze power transfer. The

sinusoidal function is used in feedforward control to correct
di st or t Ferieqtins yajeel conThewead eenjral apedre Blanay Réjust dguovesy load valse Ry, to

power source (or povver arrplifier) achieves a power transfer that is

less t hﬁ-{gli (TR COMH B8 1{1 K&hafa? to. tﬂ@'lc?ad%%?ﬁo‘?ﬁ% villlo. | §pb 1 10 Gon it module

spectra roni c er nodul"at’i on ortion.
For this reason, this technl que is useful for dynam c |oad conditions
and RF Powery ggmetdte atd/onseceaguhe lomgl fetmroevalye.t uni ng responses of a
RF power source within a predeterm ned period (e.g., less than 3

m cros eE}rU'PgT (I112) i dofitrd 1 B’i(ﬁﬁl@é 8l jaetheURdat®nfB! Sad®1d80 48 %%ufjféa,n as

1 Ms). equency tun| ng of RF power source is described primari
with resetfj%ggenEe% by glsISfOW gZ" Ci“he arrow 82 represents a mutual coupling between the tune

and the load inputs 54, 56 of the matching network 14. The power load value u), is
affected (or indirectly adjusted) when the power tune value u, is directly adjusted by the
tune control module 64. Similarly, the power tune value u, is affected (or indirectly

adjusted) when the power load value u/;

is directly adjusted by the load control module
80. The tune and load inputs 54, 56 are adjusted respectively by the power tune value
u'y and the power load value u), .
[0074]  The matching network 14 may also include second sensors 90. The second
sensors 90 may include phase and magnitude sensors, which are used by the impedance
matching circuit 50 to adjust the tune and load inputs 54, 56. The impedance matching
circuit 50 may adjust the tune and load inputs 54, 56 such that the load 16 and the

matching network 14 have an impedance as seen by the power amplifier 20 and/or the RF



[ 0069] Referring again to FIG 1, in one inplenentation, the first

correction circuit 46 includes a first input nodule 60, a second

sumer 62 and a tune control nodule 64 (or Dffs (z)). The first input

nodul e 60 may generate a first predeterm ned value (e.g., 0 21 when

determining the distortion value d, acédrding to the sine function or

1 when determ ning the di stortion value d, according to the cosine

function). The econ 62, ma ubtract the f rst di stortion

val ue d,ggl}eﬁ%tﬁ’ft elie] Eﬂm HepsaRch tgaﬁt?élsmassg% P& o 1hg Phg apf load

first correction value ¢, . The tune control nodule 64 may include a

second i?ipli)tscbﬁtﬁﬁninlagrbea&djlusjedmnﬁl phaxemdvibe RFupdwer sigihalel 7(ier0 &nd stpedance

| npedance tuning value) u'il based on the first correction value (.

The tun 4 | v Uthie £:0c ;
ﬁf ﬁ@‘ﬁfa?él dﬁ%ﬁeﬂ“ﬁ‘orﬁ 1Wata§@%t<{rd}ﬁ?ﬁgﬁ§§?cgat%é 82V 30¢%). UThis 4ifs in

match t rst tortion val ue

minimizing the reverse power Pggy, which maximizes power transferred to the matching
network 14. The second sensors 90 may be electrically coupled to the transmission line
18 and used to detect the distortion (or Ppgy) of the RF power system 10. The tune and
load adjustments performed by the impedance matching circuit 50 based on the outputs
of the second sensors 90 do not need to fully maximize the power transferred, as the
feedforward loops 40, 42 further aid in maximizing the power transferred.

[0075] The second sensors 90 may be located at an input of the matching network 14,
not at an output of the matching network 14 to quantify the distortion of the RF power
system 10 as a function of the reverse power Ppgp. The impedance matching circuit 50
may apply a feedforward match correction wj to correct an impedance mismatch
between the matching network 14 and the transmission line 18. Collective power transfer
contributions by the power control module 32 and the matching network 14 (and/or
controller of the matching network 14) to power delivery may be analytically represented
as a sum of the correction values provided by these controllers. This sum is provided by

equation 12, where u is the total distortion correction.

u=uj +uy (12)

[0076] The tune and load control modules 64, 80 provide the distortion corrections

values ), and u), which are provided to the tune and load inputs 54, 56. The match



predet erm ned val ue. The tune control nodule 64 nmay generate and/ or
receive the first predeterm ned value. [0070] The second feedforward

| oop 42 may i nclude a second distortion nodule 70 and a second
correction circuit 72. The second distortion nodule 70 deternm nes a
rati o of magnitudes (or second distortién value) di based on the

sensor signals 33 and a second distortion function. The second
distortion function my be represented by equation 11. The first and
second EPEEGION WAL &) UB3Y BegxXPesstd #r biBOTdheserorest poHalygs, as represented
di stortion and/or associ ated paraneters, as neasured by the sensors

33. [00 : nd correction circuit 72 may include a | oad
setpoing}#ﬁgﬁﬁgpgg, a third summer 78 and a | oad control nodul e 80,

whi ch nmay be represented as a function Dffe (z). The | oad setpoint

m I !

nodul e 76 may generate a predet er ignedyHtoad set point value (e.g., 5013)

[0077]  Without the distortion correction of the matching network 14, there can be a
loss in the RF power system 10 if feedback control is used without feedforward control.
The second sensors 90 may be coupled to the transmission line 18 to measure the reverse
power Prgy. The matching network 14 may not correct all of the distortion, as other
feedforward control is provided via the feedforward loops 40, 42. The matching network
14 may adjust the tune and load inputs 54, 56 based on the reverse power Prgy. The
distortion correction as performed by the matching network 14 may be limited and may
not reduce the reverse power Prey to 0 due to model imperfections and/or a measurement
error. The feedforward correction provided by the feedforward loops 40, 42 may further
correct the distortion and reduce the reverse power Ppgy to 0.
[0078] To reduce the number of sensors incorporated in the RF power system 10, the
first sensors or the second sensors may not be included. The remaining sensors included
in the RF power system 10 and the corresponding signals and/or parameter actuators are
accessible to the RF generator 12 and the matching network 14. As an example, sensor
and controller consolidation may be achieved by deploying power delivery feedforward
correction within the RF generator 12.

Autonomous Control of Agile RF Power Source



22 Ohns(0)). The third sumrer 78 may subtract the second distortion
value di fromthe | oad setpoint value to generate a | oad correction
val ue (second correction value) c,. [0072] The | oad control nodul e 80
may include a third PID controller and may generate a power | oad

val ue (or second inpedance tuning val ué} 6 based on the second
correction value c,. The load control nodul e 80 nay adj ust the power

| oad va to, mtch the se ond distortion valye.di  to the |oad
set poi nbl{%g ue Thﬁhéhﬁl&?aafééﬁtsﬁ%‘ila froddll %n o'(Hal2sgentslainshipg which may be
receive the | oad setpoint value. [0073] The tune control nodule 64 and

t he | oaespeesehtedl bynegliskien8@, ahercBliplegdal tashe dpr mddndte@ydy arrow 82.

The arrow 82 represents a nutual coupling between the tune and the

| oad i nputs 54, 56 of the matchi twork 14. The power |oad val ue
affected (or indirectly adj usWeﬂ’{}?M‘}:’a hces@ power tune value 6' is (14
directly adjusted by the tune control nodule 64. Si mIarIy, t he power

Fune Ve ik AR i, AL kL N 8 SO orva
correction is based. This feedforward correction may be used when the sensors used to
determine the distortion value of the cosine function are (i) voltage and current sensors or
(i1) directional coupler sensors. As an example, the voltage and current signals are in
phase when the load impedance matches the characteristic impedance of the transmission
line 18. Similarly, the signals representative of the forward and reverse power are in
phase when load impedance matches the characteristic impedance of the transmission
line 18.

[0080] Based on the complex reflection coefficient I', which is a ratio of the reverse
power Prgy to the forward power Pgyp, a phase difference between the reverse power
Prgy and the forward power Pryp is minimized and/or reduced to 0. When voltage and
current sensors are used, a phase difference between the voltage and phase signals 1s also
minimized and/or reduced to 0. This leads to a control law represented by equation 15,
wherein cos(® )4 is a desired or predetermined value and cos(®), is an actual and/or
calculated value.

cos(®), —cos(®), =1-cos(®), (15)
Minimizing the phase difference between the sensor signals minimizes and/or reduces the

distortion to 0.



80. The tune and load inputs 54, 56 are adjusted respectively by the
power tune value 'lift and the power |oad value u. [0074] The

mat chi ng network 14 may al so i nclude second sensors 90. The second
sensors 90 may include phase and magnitude sensors, which are used by

t he i npedance matching circuit 50 to a# ust the tune and | oad inputs
54, 56. The inpedance matching circuit 50 may adjust the tune and

| oad i nputs 54, 56 such that the | oad 16 and the matchi ng network 14
have anlU083kdateé @Eé’e“é@é‘ﬁpBWHIﬁJ‘eS%@éﬂmaFﬁﬂl?fﬁ?@ns2b Isa%@ﬁ%ﬂe %awfflsztsto
generator 12 matching the inpedance of the transm ssion |ine 18. The

t une andcduodd d ppumiasy SéndiBameycibde dchym sineadmiitante phidsef ofSmite cREt. The
power signal 17 is 0 and i npedance of the matching network 14 is at a

pr edet eﬁx%\'%é?c&ﬂﬂiﬁ%ﬁ Qilcfe SefersIBQ cir@i@itﬁataééi%@ frSidH M %h%ﬁl D8 complex

reverse po PREvV, i ch maxi m zes power transferred to the matching

network 14. . The second sensors .90 be el ectri.cally coupled to the
rr amar SLEHOR FrE RGN g [SabE SHTHLEET P RERES S it PR b RO BMAncheicle
the RF power system 10. The tune and | oad adjustnents performnmed by

t he i npagashownmatidhi. dd, (A,ClA an8@athd laad ofhtheondtphing refwoltkel 6 schduch
sensors 90 do not need to fully maxi m ze the power transferred, as

t he feegf.oi ¥ . L.y, J :

tr anst o Poe PG BRESf el edhiitd Ehudnt PRl SERRIETT AR Hidpped 0 o
of the matching network 14, not, at an output of the matching network .
14 to quaheitelp efee finditheharb o Hrllama qundpeiapee siydle anfl rasnihrgugh Hie oegin.
of the reverse power PRET. The inpedance matching circuit 50 may

appl y aAt ehelforigiar thematisddanoe refcthieomatching netwaerkci4 anatchgse tieen clearacteristic
m smat ch between the matching network 14 and the transm ssion |ine

18. Col{ aﬁgg{% P%’P{%rtrag{%ﬁ‘ﬁ‘%ﬁcﬁ{liﬁ@ﬁ‘ﬁ.” butions by the power control

nodul e 3 e matching network 14 (and/or controller of the

mat chi n work 14) to power del jvery may. he anal ytically

opr osoBdl s A Gifier oRmiEofike bEshey e, 06 SRS wabihs 2fauay be servo

controllers. This sumis provided by equation 12, where u is the

total deémttoolledao adjusteébe impedant Janfl@e76fldtteon cordfiaiedt I'dadincmdrsaition of a

nodul es 64, 80 provide the distortion corrections
real axis of the Smith chart in a complex plane of the reflection coefficient I. Frequency
adjustment of the power amplifier 20 is described below with respect to FIGs. 2 and 4.
For a directional coupler sensor implementation, the phase difference is adjusted to *m.
Taking advantage of the symmetrical nature of the cosine function, the control law is
revised and may be represented by equation 16.

cos(®), —cos(®), =1- Icos(®)0| (16)

[0083] For a voltage and current sensor implementation, the primary conductance
circle may not intersect the origin and exhibit a rotational offset due to systematic

variation in the RF power system 10 and the load to be matched. The cosine function



24 correction value u; my be expressed as a sum of these correction
val ues, as represented by equation 13. =1ti (13) ff [0077] Wthout the
distortion correction of the matching network 14, there can be a | oss
in the RF power system 10 if feedback control is used wthout

feedf orward control. The second sensor8790 may be coupled to the
transm ssion line 18 to neasure the reverse power Pp. The mat chi ng
network 14 may not_ correct all of the distortjon, as oth

f eedf or Wdﬂ%l@ﬁﬂm toj & NOR-BETERIUG PEdUSES @ sl ke 4o |ca@{6>§d 200s(@2.- This 18
mat chi ng network 14 nmay adjust the tune and |oad inputs 54, 56 based

on the pgy 8f§&reP£"M%heﬁ@Erﬂcofm§st% %&éﬁﬁﬁﬂn‘i@tﬂé‘iﬂa@@mr@&l}as perforned by
t he mat chi ng network ltmted may not reduce the reverse

rror. M4 Ce d?‘e\%aéﬁeﬁ?ﬁn? é@%rgﬁ%kf%{?#ﬁﬁ@mﬁvwﬁétrwﬁa%ﬁx@% fesgfurwand

40, 42 may further correct the distortion and reduce the reverse
power Pcantrel follopscrBijEetoredlnng thheondutienceofirde e arigimzeche disiansg torthe
the RF power system 10, the first sensors or the second sensors may

not be pAginugiedto A8Qirs EMRithk NRigSE NS eehbMC|Si@dtHenfeBforard e¥itiol includes
system 10 and t he correspondl ng 5| gnal s and/ or paraneter actuators

are accessible enerat 12 .an twor.k 14

an exantiibe wsehboridat doriron it e, 5HuBF ratdoanmieliipe dfiiGbe Hyat® of
depl oyi ng power del i veré feedforward correction within the RF

gener at BragnudgsupioNoisus, esnenblatiye mepsiee REdpeoevitySsupipeided. The ratio of

magnitudes provides a quantitative measure for directivity. Directivity may refer to a
tuning direction, a direction in which a correction value is adjusted, whether distortion is
increased or decreased, etc.

[0085] The use of the sine function instead of the cosine function can also provide
directivity. The cosine function does not provide implied directivity, whereas the sine
function does, as the output of the sine function may be compared to 0 and the output of
the cosine function may be compared to 1. Equation 13 may be modified as follows to
provide directivity. Both sides of equation 4 may be squared to provide cos*(®). The
square of the cosine function cos(®) is equal to 1 minus the square of the sine function
(1-sin’(®)). The control law provided by equation 16 may then be modified as shown by
equation 17.

cos(®), —cos(®), 21—1 in? (17

[0086] When directional coupler sensors are used, impedance of the matching network

14 and/or frequency of the power amplifier 20 may be adjusted such that the ratio of



25 [0079] The phase of the signals x(t) and y(t) has a rel ationship,

whi ch may be represented by equation 14, where Wis equal to the dot
product (XY). W=11/211/112cos(0)(14) The cosine function nmay be used
to represent distortion upon which feedforward correction is based.
This feedforward correcti on may be used@ when the sensors used to
determ ne the distortion val ue of the cosine function are (i) voltage
and current sensors or (ii) directional coupler sensors. As . an

exanpl emagpisudes) is agducad do cumirintung vghgt sRedusing theratie afassnifides dngicates
i npedance matches the characteristic i npedance of the transm ssion

| i ne 18thaSithe liardedandeh end/log fadicnep radhestnatts vareofenting forwaradiame power
reverse power are in phase when | oad i npedance matches the

charactg i t 1,851

the contr it BpERITHERES Bitk; 2R, b ARARAR Aok DT RIALR A UERDEhIOE he

power PREv to the forward power PPM phase difference between.the
" ever s el theRPASHARAcENa TAETIEIA JSIREErTSE DPY erPRRnTSD S RIpRspred and

reduced to 0. When voltage and current sensors are used, a phase
di f f er emeeinbetdveeWhicheroltaft agd camehtphases siegusat] sthiesmplkedanogianidfdr Aesdiuency
and/or reduced to 0. This leads to a control |aw represented by

equat i ofyitGmoMRes i iré{ 9‘?‘@2)35?3 haf uftesfibed n@gﬁﬁ%&,&@%@ trr@l:rze)a@tgﬁl§tic

cos( (1 )a I's an ate cos -cos(e
cos(0) a(‘Wgﬂ M nr the lgl fference between the sensor

si gnal s aHf‘i@ Fmt‘-% he distortion to 0. 26 [0081]In a
directional coupler sensor i rrpl enentation, it is feasible for an

of fset {87] As described herein, techniques are provided to correct a power mismatch

using servo tunable elements based on a ratio of magnitudes of RF sensor outputs and a
sinusoidal calculation based on the RF sensor outputs. Although the update rate is faster
in a digital sampling system than for mechanically tunable circuit elements, analog
components may be used for a frequency tunable power source.

[0088] Instead of or in addition to adjusting the tune and load inputs 54, 56, frequency
of the power amplifier 20 may be adjusted within a predetermined frequency range.
Agile frequency control may be provided using feedforward control complementing
feedback power control. If the load impedance of the RF generator 12 varies, the power
control module 32 may not be able to correct for this change and/or may be limited in
correcting for this change. By determining the sinusoidal function, an estimate of the
distortion imposed by an impedance disturbance is determined. To further correct for the
change in load, the frequency drive of the power amplifier and/or the frequency of the RF

power signal may be adjusted based on the sinusoidal function to further counter the



occur in a primary conductance circle froman admttance grid of a
Smth chart. The primary conductance circle refers to a circle that
passes through an origin in a conplex reflection coefficient grid of
the Smith chart. Portions of the primary conductance circle are shown
in FIG 5A 6A 7A and 8A. The | oad of 22he matching network 14 is set
such that the tune input 54 mhen adj usted causes the reflection
coefficient F as nmapped unit circle of the Smth chart to follow
a condufsH¥e d&ﬁ'fQIélpé taﬁhe 6%5% L Asoigesemedom Girther detaihpelgp with respest to
i npedance of the matching network 14 matches the characteristic

i npedanERGof? drfided.t ransm ssion |line 18. [0082] As anot her exanple, the
frequency of the power anplifier 20 may be servo controlled to adjust

the i mpagope andirer. 2,04 e HoaRGasich GBMis dholvh, a”“Le R¥" BEGE Ssieh 200

real t he chart in a“conplex plane of t cti

coeff|CIe F. uenc ust ment O.f the p fle 0is

descri bERHES R Eﬁnqrééﬁzﬂz 20 Bikesing nv DR TRGRTR F r Belgpes matching
coupl er sensor inplenentation, the phase difference |s adj usted to

-m Takemgpia b and dlgesafont] hsenmrsrﬂﬁ; ancttle load W6 e Tofe RFeenasiore 02 generates a
function, the control lawis revised and may be represented by

equat i ORF#%W&O:?{ 1 o, W&kp%g?mvﬂded t6 984 ﬁ?at?_lhlh% 18w d:R088] g‘ﬁé RF %enerator

voltage a current sensor enentatl on ri mary COI’] uct an

circle . i nt ect the origin and exhibit rot i, on

Gue’to WL imktudesca I Baivet ASurie b Aoiss vy dob 2uing Brdickagop 02
be matched. The cosine function 27 may be reduced to a non- zer o

val ue prbepoey ampdifer|106r ganerdtes thesRO)powercogfad) @4, wiich is anmatptt to the
several benefits in contrast to neasuring the phase directly.

][ 003?] F@fatcgﬁ‘ngﬁé’%rﬁ Y. SERE HBweP athpliERel TOMRABENdrERNEE /E pbake sighAB104
eedar or war

based on (i) a power signal received from the power source 24 external to the power

amplifier 106, and/or (ii) a frequency tuning value «/ . The power source 24 may be, for

example, a direct current (DC) power source.

[0090] The feedback loop 22 includes the sensors 26, the scaling module 28, the first
summer 30, and the power control module 32. The sensors 26 generate the sensor signals
33, which are received by the scaling module 28. The scaling module 28 scales the
sensor signals 33 and generates the power feedback signal 34. The power feedback
signal 34 is generated based on the sensor signals 33 and the scaling matrix. The first
summer 30 sums the power feedback signal 34 with the predetermined power setpoint
signal 36, which may be generated by the power setpoint module 38. The power
feedback signal 34 may be subtracted from the predetermined power setpoint signal 36 to

generate the error signal e, .



control follows a trajectory along the conductance circle to mnimze
the distance to the origin and to assure that the origin is reached.
Since the feedforward control includes using vector calculus to
measure the cosine function including determning a ratio of

magni t udes of X and Y, a quantitative Hasure of directivity is

provi ded. The ratio of magnitudes provides a quantitative neasure for
directivit¥. Directivity na¥ refer to a tuning direction, a direction
in whi cHO1Eor Adetharenianis! imaodHe d2t wacivih ditheroyrignal eq i generates the
i ncreased or decreased, etc. [0085] The use of the sine function

i nst ead t I f.unGt i 0. r QVi j f1AH T

cosi no. Pomet PHFESARI SEEh s bR Bolel SRt 06" Bhe power
sine function does, as the output of the sine function may be

conpar egmpfier a06ladjnstsabié R p@bert igndlavidnesédos thopowey chigral eipal ed and
to 1. Equation 13 may be nnd?fied as follows to provide directivity.
Bot h sides of equation 4 may be squared to provide cos2( ?. The

squar e B fremucoes uméng valseingn Ebe RF power seuual1 O¢anay be apylsed svayglarmeand
of the sine function (1-sin2( 0 )). The control |aw provided by

equation 16 t hen gg difjed as shown. b uagion 17. cos(0)d -
cos(0) ..Ea_ye_aggﬁ_ n(cg)se a_‘f?”?Opdb%grm%ygtpp‘é’@%"fai%f’ﬁcoupl er sensors are
used, inpedance of the matching network 28 magnitudes is reduced to

a m ni N9l UeheRRHULNBEAtSNE2 114V FuiBherMRGRide U Sfidsh déctidd @rd Nabp H0e the
i npedance and/or frequency adjustnments are tending to a maxi num power

transfe ft . nat i ve 0 ro.n,.
addi 11 oreep g Br Ry RER ARt a BRuF el FaBE o, AR ok ierypm 10
the reverse power PREv may be nmonitored and mnjmzed. \Wen vol tafge
and cur mantinglgeche third fgsdigrwarkelqoppbihaed nohdhedirst aegisproypd feedforward
adj ustnents are perforned such that the ratio of the magnitudes tends
to the Ihgs d0f 42 iostmay incheidane €irolf s¢doadtandrthird Seedfordanddodds 40,008 7]18sas
descri bed herein, techniques are provided to correct a power m smatch

USi g Sefoigh [ ¥TIERLE LATRES 183590 iAufed AbIAsOlistRaAN hisdeR &1 affihe firs

sensor outputs and a sl nusoi cal cul at1on based on t sensor

out puts. Although the update rate is f er in a digital sanpling
ysh e FHEFG kR 1 franipe mati bo. e oot Siamis g andthe tune
conponents may be used for a frequency tunabl e power source.

[ 0088] | essttad dnodulertdi nTheldetdndnfeedfoaraprds taopgt2 heayt innkidartbe Isectodi diptartson
54, 56, frequency of the power anplifier 20 may be adjusted within a

pr edet ep¥aaRA 70 r-BAUBR GécsRNI6rreAd BirbKiETUERRY BONbAPketBMt BBodule 76, the
provi ded using feedforward control conplenenting feedback power

control .1 f the |oad i dance of, the RE.generator 12 varies, the
power c%’fdrsé]lm%]aﬁ§an%g%ﬁ8§dﬁB’Etr%lemggllﬂg 8too correct for this change
and/or may be limted in correcting for this change. By determning
the si nlM¥BHal Alfliowghitbh hishicsstoniare lasp | Weisdiravbresiadaedbnsideep oye dird
i npedance di sturbance is determ ned. To further correct for the

change fdedf@aded tibep frienperformelrdsve RbdidrwapbWedp ang! péif@maadiebfdriard
frequency of the RF power signal may be adjusted based on the

sinusoi galeqbHRGH O ks Qe fetfdaE e QH M &' febMrward loop. The third feedforward loop

110 provides the frequency tuning value uj}, which is used to adjust frequency of the RF

power signal 104. By adjusting the frequency of the RF power signal 104, frequency
responses of the matching network 14 changes, which alters impedances 1n the matching

network 14. These impedance changes affect impedance matching between the matching



29 reactive distortion to the load. This is described in further
detail below with respect to FIGs. 2 and 4. [0089]In FIG 2, a RF
power system 100 is shown. The RF power system 100 includes a RF
generator 102, the matching network 14 with the inpedance natching
circuit 50 and the second sensors 90, ahd the load 16. The RF
generator 102 generates a RF power signal 104, which is provided to

the mat chi ng twork 14. The, RF_geperat.o 2 ipcludes a RF power

sour ce (lwoakﬁ tgﬁﬁqanfmssonﬂ@@ Bhavies afj’fge@tfge RMOYBpODIEVerR I erReltREY
anplifier 106 generates the RF power signal 104, which is an output

to the amd thei argoustofipoket ranFbeepdper anplifier 106 may generate the
RF power signal 104 based on (i) a power signal received fromthe

power Sg){)'%? ?%Hé%lﬁfd‘?éed‘f&wﬁa‘?@l [0 2ALAL 8 ﬂi@ﬁdisﬁ?ﬂéﬂrmé&dl% 42 and a
frequency tuning value u. The power source 24 may be, for exanple, a
direct guryent (DC) power .source. 090] The feedb l o 22 includes
he: sentiids CoedtRi bR 148 bl thn g SOPIoRHOR | TSR LA BTS2 s ara b
power control nodule 32. The sensors 26 generate the sensor signals

33, whi oledalel tecefmeth bymtiee 14 6adridng fregdehey entrdiheodalal i 18y windueay be
28 scal es the sensor signals 33 and generates the power feedback

si gnal p a s{gn I d e
censor SPpHIREYE IhRFERCETY Ol 0 ahe b Aq PR AR GRrtice a third
t he power feedback signal 34 with the predeterm ned power setpoint

si gnal g&detshinciedreaudée.genir Atedolyh shmnpovids may paitrect toddisor88n tuning
The power feedback signal 34 nay be subtracted fromthe predeterm ned

power s i pteSd : i I :
[0001] TaTe Sher TLane AP pIRCREATE BILOR, Boichlied MRl cofiblipn yifte crg The

generates the power control signal udii, to regul ate power out of the
power afrpilidricyr card®] mhdulgost gy induds alertadPls tentiedeRAEng qgemerate the
signal 104 based on the power control signal u7i, and the frequency

tuni ng ¥ahe&icYftiming MG RANEY of M &irdlQfrdB¥nRanR Pl $rE ﬁ‘é’@ﬁéﬁ(ﬁ"’ dBntrol
and have a frequency set based on the frequency tunirfg value uiff.

module 118 may adjust the frequency tuning value «/, to match the first distortion value
d, to the third predetermined value. The frequency control module 118 may generate

and/or receive the third predetermined value.

[0095] The RF power system 10 of FIG. 1 may be operated using numerous methods,
an example method is provided by the method of FIG. 3. In FIG. 3, a feedforward and
feedback control method is shown. Although the following tasks are primarily described
with respect to the implementation of FIG. 1, the tasks may be easily modified to apply to
other implementations of the present disclosure. The tasks may be iteratively performed
and may be performed as described above. The method may begin at 200,

[0096] At 202, the power amplifier 20 generates the RF power signal 17 based on the

power control signal uf. At 204, the sensors 26 detect voltage V, current /, reverse



[ 0092] The RF generator 12 may further include the first feedforward

| oop 40, the second feedforward | oop 42, and a third feedforward | oop
110. The RF power system 10 may include the third feedforward | oop
110 and not the first and second feedforward | oops 40, 42 or may
include the first, second and third feé&dforward | oops 40, 42, 110, as
shown. The first feedforward | oop 40 includes the first distortion
nodul e 44 and the first correction circuit 46 with the first input
Todul & BOWCE Facis daBIR OTHE DOFCTaAc Wl EEREIS e GITerBRRAIBE Gansofpignals
second feedforward | oop 42 may include the second distortion nodul e
70 and Bhe second correction circuit 72 with the | oad setpoint nodul e
76, the third summer 78 and the |oad control nodul e 80.

[0093] ALG(E@E?? éithﬁoé Wh%%cﬁﬁﬁ?fﬂéd’%ﬁé gl Qf%&slé&iléns ﬁ%%v‘ﬁg]?s%n@oﬁ %%ﬁ%cﬁ to

| oop, the t f eedf or war oop 110 pertorns as a feedforwar oop

and perforns a,feedforward functi and.is thus referred to herein as
o et BT TH5opo™ Shacahrrl SR ekt POCBR A5V Gorcabg v mends a
frequency tuning value uC, which is used to adjust frequency of the
RF powemosimmaverdgel. Ty seadjngshodiget2emby aphedey twb teie fiRFe popelse response
signal 104, frequency responses of the matching network 14 changes,

whi ch atﬁlﬁp%wpmaﬁn'g Phddife TRURLDY AShID WD Ky 1tdiNes &is | FRRGHMACKRrein.

changes af fect | npedance nat chi ng bétweeh the matching =~ 31 network 14

and the transmssion line 18 ich affects the nt..of. revers

over  PAEAANGS RE TR HSHRET SHS QB ek e e g, 26 Mt (hd BSer Feadback
signal 34 to generate the error signal e, .

Calibration
[0098]  Referring again to FIGs. 1 and 2, irrespective of sensor type, signals generated by the
sensors 26 may be phase corrected via the scaling module 28. Systematic error £ between
signals X and ¥ may be determined using trigonometric functions or equations 18 and 19, where

® is the phase difference between signals X and Y.

sin(@+¢)=sin®@cos& +cos@sin& (18)
cos(@-+¢&) =cos@cosé +sin@siné (19)

The systematic error & is determined based on a least square approximation of multiple
impedances with known phase angles. The sin(@) and cos(®) quantities are measurement
distortion quantities, which are each used in the calibration.

Filtering
[0099] When performing heterodyne filtering, the scaling module 28 may use a digital
heterodyne method, which is an analog implementation that extracts a frequency of interest from

a multiple frequency spectrum (referred to as a sinusoidal function extraction). This may include



[ 0094] The third feedforward | oop 110 includes the first distortion
nodul e 44 and a third correction circuit 112. The third correction
circuit 112 includes a second i nput nodule 114, a fourth sumrer 116
and a frequency control nodule 118, which may be represented as a
function D./11(z). The second input nodll e 114 generates a third
predeterm ned value (e.g., 1). The fourth summer 116 may subtract the

di stortion, tuni value d, fromthe third predeterm ned value to,

gener at AR Re] TR OB G TROD o e &QIP{G}- Bay FERRIB eSO :l‘ﬁlteﬁt}?B’cﬂBF-eThe
118 may include a fourth PID controller and generate the frequenc

t uni ng aqugacy; of -inteesis ésg thenfreqiengshiof dhe &Fr e¥¢oAr eanaiorf(e.g., onpeof the RF
frequency control nodule 118 nay adjust the frequency tuning value u

t o mat ckenetmorkil2 ot 10)st orti on value d, to the third predetern ned

val ue. The frequency control nodule 118 may generate and/or receive

t he thi [()100pdeter, mdistinttibalof tHeGR8%} cdibEutRbaspo wasthalysiian diduidatfifaction
1 may be operated using nunerous nethods, an exanple nethod is

provi deﬁlxeﬁ%d.t hg, mﬁ%ﬁ%g éa'fenﬁ! (e gectdrnq[a@uﬁs I%Btﬁlg'd fg t%ﬂ@ﬁﬂ siﬁgg) and cos(@)

f eedback control ne I's shown. Although the follow ng Tas are

Pasice. riHE GRUPTYE Hoitek 3 REPIE ooy PEBY Far T e Mg (ieteieby

koot s TRkt Vo B Sne G

202, the power anplifier 20 generates the RF power signal 17 based on

t he be used for wideband sampling when the frequency spectrum is not corrupted by other
frequencies. In the case when the wideband spectrum contains the frequency of interest and
other frequencies that will impair the distortion measurement (e.g., sin(®) and cos(®)), a
heterodyne method may be used.
[00101] A resulting output signal or signal representing a frequency of interest, generated
when using a heterodyne method, may be sampled. The samples may be used to compute the
distortion using the vector calculus method. When the heterodyne method produces quadrature
signals (a signal represented in complex form — real component (I} and imaginary component

(Q)), the distortion is measured more directly.

[0100] In general form, a first quadrature sensor signal x[n] may be expressed as
n]= X |e/@7% is representative of the frequency of interest from one of the sensor
signals generated by one of the sensors 26. Similarly, a second quadrature sensor signal
y[n] may be expressed as y[n]=Y | . Mathematically, these complex expressions
have an alternate form, x[n]=x[n]+ jx[n], where the real quantity is defined as

x,[n]=| X jcos(wnT +46,), and the imaginary quantity is defined as x,[n]=| X |sin(wnl +6.).



power control signal ufl,, . At 204, the sensors 26 detect voltage V,
current |, reverse 32 power PRET', and/or forward power PF-wp and
generate the correspondi ng sensor signals 33. [0097] At 206, the

scal ing nodul e 28 scales and/or filters the sensor signals 33 to
generate the power feedback signal 34.34he scaling and/or filtering
may include a noving average. The scaling nodule 28 may include a two
termfinite_inmpul se response (FIR). filter. The scaling npdul e 28 nmay
apply héherbygron deteaninggon {gisiaéion; Bedhode @ﬁ%‘.ﬂoeﬁt by, 15t %%anﬁlﬁeét by the
sumer suns the power setpoint signal 36 with the power feedback

si gnal Sdutcddgehactidss, heretheqthasé @nialthe phase@ffetsnat between 6, and 0,. From
[ 0098] Referring again to FIGs. 1 and 2, irrespective of sensor type,

cart ngRodar O g ENER B0 4Py APeRler ORI R AL ERRE Y yeionaing

determ ned using trigononetric functions or equations 18 and 19,
wher e 036050% [iignghatdhe distorderras bredaisaningdgdapelyxdim v single sample of the
si n( 0+0=si necose+cosesi ne(18) cos (0+e) = cos COcose + sinGsine(19)
The sysyedtrbtuee dnsoF signglet.gnPamee[Has®sloaris anlegasblseisdw to computationally
approxi mation of multiple

extract this information from the real and imaginary components.

[0101] A numerator term is formed from: a product of x{»] and y[n]; a conjugate of
ﬂﬂ;md?Mkﬂﬂéwﬁ%HoﬁddmmMMQQ“mﬂe®=@—Q.

A[n]-Fln]= X | 0|7 | T = | x||7)e’ Y =] X||7|(cos®+ jsin®)  (20)
The numerator term is normalized by a denominator term |X | |Y | . A ratio of the numerator term
and the denominator term yields a sinusoidal function, cos®@+ jsin® . As described above, the
x[n] and y[n] terms may represent output signals from a sensor. For example, x[n] may
represent a voltage port and y[n] may represent a current port of a V/I sensor. The calibration
method may then be applied to the real (cos® ) and imaginary (sin ®) terms. Example output
results shown in FIGs. 9A-9D are provided using the digital heterodyne filtering method
and a sinusoidal function as described above.
[0102]  There is no inherent speed difference for frequency tuning between the vector
calculus method and the heterodyne filtering method. The accumulation of samples to
perform the vector calculus version of quantifying the distortion takes approximately the

same amount of time as the heterodyne filtering method with quadrature output signal.



i npedances with known phase angles. The sin(0) and cos(0) quantities
are neasurenent distortion quantities, which are each used in the
calibration. Filtering [0099] When perform ng heterodyne filtering,

the scaling nodule 28 may use a digital heterodyne nethod, which is

an anal og i npl enentation that extracts3a frequency of interest froma
mul tiple frequency spectrum (referred to as a sinusoidal function
extraction).. This may include 33 the sinusoidal function extracti
which i 80 ferf’éntﬂ@:hﬁ}’? usRY O(QDVSI:tIE‘Pdléﬁl%I&?§eﬁaéf‘éha1eqﬂewefrr?@mf0 signal
frequency of interest is the frequency of the RF source or generator
(e.g., en®daedd bhehderrgesmal ers A2 200, H¥first [4I3R0h hbdsle, 44 Hetermines the
distinction of the vector calcul us based nmethod and the sinusoi dal
function method, In_a digital schene, the vector cal culus nmet hod of

det er ni AFSiGIsPRion)vakifddc aeqoclﬁmeﬂe theisigusRidel Ao monroEk correlalp figaction.
to perform corresponding cal culations, followed by performng a

cal i br aThanu(S? dcﬁstorﬁcﬁ'levﬁﬁlle' br a1 Q%Q@sﬁ% IQQﬁ%ﬁﬁ?’ @X. a TBE&tMRCHR urbance or
cal culus neth may be used for wi deband sa g when the frequency
spectrumis not corrupted by other frequencies. In the case when the

wi debandiststionr dh2d énthei sesonchauunsy 0 rgepeitesi the dirgor amg) eemestion value c,

frequencies that will inpair the distortion neasurenent (e.g., sin(8)
and Cosé@e}i n%@%@( 89?6?&01‘?%5%% ”ﬁ%’d e ﬁi%?ﬁredk&%ﬁi‘éd 16@5;% t2'18'9the tune
out put Sig Si re resen a frequenc ere

gener at ed when u5| ng a heter odyne rret hod, may be sanpl ed. The sanpl es
may be ostebltmoddepdtgentiaeesdhs porter ummgwaxmet(beﬁmempedmbwﬂnug value) u’;
nmet hod. Wen the het erodyne nethod produces quadrature signals (a

si gnal he rese d in conplex form- real conponent (1) and inaginary
conponeht e@@“)t WY QrEecHPR VA% measured rmore directly. [0100]1n
general form a first quadrature sensor signal Xx[n] may be expressed

as X[ n] [01D4K1 ext"2 1R Pho sdcodnd RBNtESRM MbivIe T ddtBenihes BHEREW FTmagnitudes to
i nt erest from one of t he sensor signals generat ed by one of the

sensors_26. I nd agr at ur | (3]
express%%mc’:%t 1%Qﬁ]sa E@fﬁéﬁ%@% 18%)9 Iétt @aﬂ ca r% ng}slg%(:%@n%\f%tgg the
expressions have an alternate form x[n] = xs[n]+ jX [n] , Where the
real qusetbntYor Badgtomedicasvalue [cnhasell of thesesgud dibtortiGs valuend &iethe load
i magi nary quantity is defined as x, [n] =1 X 1 s n(conT + 03.

setpoint value. At 222, the load control module 8§80 generates the power load value (or

second impedance tuning value) u} based on the second correction value c,.

[0105] At 224, the matching network 14 performs impedance matching based on the

{

first and second impedance tuning values ., u .

o At 226, RF power 1s provided from
the matching network 14 to the load 16. Task 202 may be performed subsequent to task
226.

[0106] The RF power system 100 of FIG. 2 may be operated using numerous
methods, an example method is provided by the method of FIG. 4. In FIG. 4, a

feedforward and feedback control method is shown with frequency-based impedance



34 The distortion determination (distortion nmethod) described above

is quantified by the sinusoidal functions, where the phase 0 is the
phase difference between O and By. Fromthis conplex representation

of the frequency of interest and fromthe correspondi ng sensor

signal, the distortion can be deternm ngd directly froma single

sanpl e of the quadrature sensor signals x[n] and y[n] . Belowis an
exanpl e of how_ to _conputationally extract this infornation_fronlthg X
real anBafohRg fredioraerd spaifls Altlough the folfey medrsksarpprigardy descaiped with
from a product of x[n] and Ali]; a conjugate of Y[n] ; and Y[n] =1Y1
(conT+0jespectytoethd iaglahemnati@d of itl6r. €, Qke easkesnay bendasily [mddified Xo Hpply to
| e "CronT+0,0 =1)(11111ei (9r)Yl (cos (1)+ j sin 0)(20) The nunerator

termis,far mmegﬁegltat%ﬁon{é‘ 82‘3%'(5)”?}6@@1&%1551%&.! %Pgétaégks iy Be & g{ti@?ﬁf performed.

;
numer at or ter e nator termyie SI rusoi ction,
cos O+ | sine, descri beZ% above, the x[n] and y[n] ternms may
represe lleetﬁf%(aé%ﬁ@b’g}‘?&%a’ff dm a sensor. For exanple, x[n] may
represent a voltage port and y[n] may represent a current port of a

VI senfd07] TheAtc2i2, thapbwar awiphitidr 18§ gehertdsetha®if pedet signhk 104 ahsed on
(cos (r)) and imaginary ( sin 0) terns. Exanple output results shown

in FIGs = provi.ded ugi t el r i ' .
ot hod S 0 g P el i A 294, B Shttns 3 QRLERRARE Lo chRERL Mitgverse
no i nherent speed difference for frequency tuning between the vector
cal cul upowet g, and/drferhatiepa@dyneyf, bnd gengrateetheochrreEhending sendat sigmals
of sanples to performthe vector cal culus version of quantifying the
distortgpn takes approximately the same anount of tinme as the

het erodyne filtering method with quadrature output signal. 35

[0108] At 256, the scaling module 28 scales the sensor signals 33 to generate the
power feedback signal 34. At 258, the first summer sums the power setpoint signal 36
with the power feedback signal 34 to generate the error signal e,. At 260, the power
control module 32 generates the power control signal uf, based on the error signal e, .
[0109] At 262, the first distortion module 44 determines the first distortion value &,
according to the sinusoidal function or cross-correlation function. At 264, the second
summer 62 generates the first correction value ¢, based on the first distortion value 4,
and the first predetermined value. At 266, the tune control module 64 generates the
power tuning value (or first impedance tuning value) u), based on the first correction
value c,.

[0110] At 268, the second distortion module 70 determines the ratio of magnitudes to

generate the second distortion value d,. At 270, the third summer 78 generates the



[ 0103] At 210, the power control nodule 32 generates the power control
signal zi,based on the error signal efl, . At 212, the first

distortion nodule 44 determnes the first distortion value d,

according to the sinusoidal function or cross-correlation function.

The first distortion value d, is a nmeasdrable quantity of a reactive

di sturbance or distortion. At 214, the second summer 62 generates the
first (or tune) correction value c, based on the first distortion

val ue dsccand edieectiopsyalpe eelebasefi predhe Secend Aistorfion y#eet dindng ofgreond
nodul e 64 generates the power tuning value (or first inpedance tuning
val ue) HredereP@ARA Pitud N1 D7D StheqBid EGHHAMYMIE R0 zenetlekt Bowet foad Piftuc
second distortion nodule 70 determnes the ratio ©of nagnitudes to
generate the second distortion valueg d,, At. 220, the third summer 78
gener at &¥ SH @@b‘%ﬁ‘&ﬂ%PunF%‘dé]U@)owz@ﬁﬁ%ﬁn %ﬁ%?&oﬁé CEdiPOYINGG
second distortion value d, and the | oad setpoint value. At 222, the
load copjyal modube 8. g8aen ABindP1P QBRLralcAtle VR fof HegBBEN Lorrect
inpedangg tEning Q§¥ue§q§@l'%gasedhon ghelgézon% cor?gctfgn v ugnﬁ@1on
[ 0105] At. 224, the matchi ng.netwrk 14 perforns i dance mat ghi

based oRRRe1hiSSN ORIl SERHOr NG (AN WG oo e Serihed A gy The
RE power is provided fromthe nmatching network 14 to the | oad 16.

Task 20g. FRN AR figh VRS Hb3eauUeNtalhe nbeekuA36-0) (L QG]ch e REWRRYRY of
system 18 ofC?,FI G C21 may be fogegét edEl usinng ltljmsr oas met hcods, fgéﬁlu %o

exanpl e nethod is provided by the nethod of FIG 4. In FIG 4, a
the RF power signal 104 is determined may be based on the sinusoidal function used.

Significance of the distortion is defined as the frequency f divided by a change in the
sinusoidal function due to the change in impedance of the load on the RF generator 102.
This can be quantified by comparing this significance of distortion to a frequency when

the disturbance is not present (i.e. when the frequency correction value ¢, is equal to 0).

[0112] At 276, the frequency control module 118 generates the power frequency value

(or third impedance tuning value) u/ (or the degree of the correction) based on the third
correction value c¢,. For a given conductance circle and measured disturbance to the

reactance of a load, the sinusoidal (or cosine) function may be mapped with a gain Gto a

one step correction of the distortion, where the frequency tuning value uj} is equal to the
frequency correction value ¢, multiplied by the gain Gy as shown by equation 15.
u};, =c,G, (15)

[0113] The frequency control module 118 may provide a high order response with

frequency correction to offset the distortion and maximize power transfer. The higher



feedf orward and feedback control nmethod is shown with frequency-based
| npedance 36 matching feedforward control. Although the follow ng
tasks are primarily described with respect to the inplenentation of
FIG 2, the tasks may be easily nodified to apply to other

i npl enent ati ons of the present disclos3e. The tasks may be
iteratively perforned. The nethod may begin at 250. [0107] At 252, the
power anplifier 106 generates the RF power signal 104 based qn the
power cOWICE BESPERSmBRY befam. aligimaiyg to @relesHel spedpngapEeachy b Fageoptroller
current /, reverse power PREv, and/or forward power PFWD and generate
t he cor magpendedgo pensdy theilggiedr oré&. re§ i8] ddna2h6 redpoasegcal i ng nodul e
28 scal es the sensor signals 33 to generate the power feedback signal

34. At t hemfli : ' ' ]
The powiiLeqrti i Eualimeh st Bodfie 118"ay SEfghel. S1&3Brienil tE one
260, the power control dul %2 enerates the power, control signal
[if: ba¥€R YHTEHENAPRIPAE) G, |t@fgpprp@§ gpahap the ynppyigresponse of the
di stortion nodule 44 determines the first distortion value a',

frequency control module 118 is controlled. Frequency tuning may be defined for operation

over a finite bandwidth, for example, £5% of a center frequency of the RF power supply (e.g.,
one of the RF generators 12 or 102). The frequency control module 118 updates frequency to
accelerate through an operating bandwidth and converge on a frequency tune point that
maximizes power transfer. The operating bandwidth is scaled as a function of the center
frequency. As a result, a frequency response of the frequency control module 118 scales with
frequency. This allows auto-configuring of the response of the frequency control module 118 as
prescribed by the bandwidth. An example bandwidth is 1.356 MHz, from which results shown
in FIGs. SA-9D are provided.

[0115]  Frequency updates performed by the frequency control module 118 may be
performed using a PID controller with PID coefficients (or terms) that are based on the operating
bandwidth. The PID coefficients are set such that there is a minimal amount of overshoot past a
predetermined frequency and/or distortion value. Based on the distortion measurement, the
frequency control module 118 accelerates through the operating frequency band quickly without
considerable overshoot. This minimizes the amount of settling time. For a frequency of, for
example, 60 MHz, the bandwidth may be 6 MHz. The PID coefficients are scaled such that the
same tune-time performance is gained. The PID coefficients for, for example, 13.56 MHz

provide a maximum frequency hop of 165 KHz. For 60 MHz, this scales by about 5, or 0.825



according to the sinusoidal function or cross-correlation function.
At 264, the second sunmer 62 generates the first correction value c,
based on the first distortion value d, and the first predeterm ned
val ue. At 266, the tune control nodul e 64 generates the power tuning
val ue (or first inpedance tuning value$®us.' based on the first
correction value c,. [0110] At 268, the second distortion nodule 70

determ the rati.o of nmagnitudes tp generate.the second distortiaon.
Val e Iz A8 BUGRIPHE Bilpy d ThtmAeidrs Caari e SRR g ey Tining
correction value c, based on the second distortion value d, and the
second PREWETEPR ned val ue. At 272, the load control nodul e 80
generates the power |oad value (or second inpedance tuning val ue) uff
based off1ilie¢ sekiolitB, cbe neadthing network b peffodnid jmpedinge matehihgibased on the
summer 116 generates the third (or frequency) correction val ue cf

val e Ogﬁ%h?edc&nﬁséndj HREikpBlantR! MR vAREs LS second PAEARHERT Peder is

val ue.

provided from the matching network 14 to the load 16. Task 252 may be performed
subsequent to task 280.

[0117] The above-described tasks of FIGs. 3 and 4 are meant to be illustrative
examples; the tasks may be performed sequentially, synchronously, simultaneously,
continuously, during overlapping 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.

[0118] In the following FIGs. 5A-6C, example results are shown for voltage and
current sensor implementations where the sinusoidal function is used to servo the
frequency in a feedforward scheme. FIGs. 5A-5C illustrate sample results when
frequency adjustment is started at a low end of a predetermined frequency operating
range of the power amplifier. FIGs. 6A-6C illustrate sample results when frequency
adjustment is started at a high end of the predetermined frequency operating range of the
power amplifier.

[0119] In FIG. 5A, a Smith chart is shown illustrating a frequency tuning trace 300 of
a reflection coefficient ' when voltage and current sensors are used while initializing at a
low end of a frequency range. The frequency is adjusted such that the reflection

coefficient ' as mapped to the Smith chart follows a conductance circle 302. The



frequency correction value cf (e.g., a value not equal to 0) on which
the frequency f of the RF power signal 104 is determ ned may be based
on the sinusoidal function used. Significance of the distortion is
defined as the frequency f divided by a change in the sinusoidal
function due to the change in inpedanc# of the | oad on the RF
generator 102. This can be quantified by conparing this significance

of distortion tq a frequency when the disturhancg is. not present
(i.e. wWHBISCIORE G %ﬁ&%@% JGEPERDY BNGad dlélae"rlﬁfﬁg ﬁﬁela‘wnt 661551?11116 183Fdron
276, the frequency control nodule 118 generates the power frequency

val ue (signalhifram ithpedsageeantdunirmnt semsoey isushiofwn oF reghenajeigitédizefion keshown
correction) based on the third correction value cf. . For a given

conduct ang e elel i€ amqiﬁg@ssgéﬁ&nsﬂé@wéhaﬁa%etr@ﬂédar%nrc%%ﬁﬁ@}&%erQﬂ‘on@err%es at

| oad, the sinusoidal (or cosine) function may be mapped with a gai

G to a one st c egti.on.of the distortion, where the frequency

t uni ng %Pﬂgnhﬁfq)f&{tée Saﬂﬁﬂ chatf-t he frequency correction val ue cf

multiplied by the gain G, as shown by equation 15. ff = cf G (15)

[ 0113] THH20t eque k. 8Bne plit ibudoting Tidjuengy prdatingsassohiaigh vathdide frequency

response with 38
tuning trace 300 illustrated in FIG. 5A is shown. The frequency adjustment is shown on
the left y-axis and the frequency update 1s shown on the right y-axis. Signal 310 1s the
frequency of the RF power signal. Signal 312 illustrates change in the frequency and/or

the frequency tuning value uj} .

[0121] In FIG. 5C, a plot illustrating a change in magnitude of the reflection
coefficient I' corresponding to the frequency updating of FIG. 5B. The frequency signal
310 is shown along with a signal 314 illustrating the magnitude of the reflection
coefficient T'. By inspection of these results for the magnitude of the reflection
coefficient I' in FIG. 5C, the frequency control module 118 may tune to the configured
load condition in, for example, 60 us.

[0122] In FIG. 6A, a Smith chart is shown illustrating a frequency tuning trace 320 of
a reflection coefficient I' when voltage and current sensors are used while initializing at a
high end of a frequency range. The tune time in this example is 50 us. Adaptation
changes are provided to change the direction on a conductance circle 322 to eventual
convergence at an origin (0,0). Frequency initialization is shown as a circle 324.

[0123] In FIG. 6B, a plot illustrating frequency updating associated with the frequency

tuning trace of FIG. 6A is shown. The frequency adjustment is shown on the left y-axis



order response may be an alternative to a one step correction

approach. A PID controller may be used to provide the higher order
response (dynam c response). [0114] The frequency control 'nodule 118
may i npl enent two approaches the one step correction approach and the
approach in which the dynanic response4bf the frequency control

nmodul e 118 is controlled. Frequency tuni ng may be defined for

operatio et a finite bandw dth 5%.0f. a cen

P equentyd B Tpdens poiee Sampry opngriefhdNisr SRRARRCgs 160 HEBrarcy of the
or 102). The frequency control nodule 118 updates frequency to

accel er BFepewernsighalanStgmel 328 nfjuitzatdsicbiatgeamdthedinepregey amdéorf the fospeycy
tune point that maxi m zes power transfer. The operating bandwidth is
scal ed ﬁﬁnﬁg%{gggyon of the center frequency. As a result, a

frequency responsé ‘of the frequency control nodule 118 scal es wth
frequency. This allows auto-configuring of the response of the
frequenfii2zdpnt dol Frmd6Ce 4 18oaslipstesgiongi bedhdnget fre rhagidiiddt hf tAe reflection
exanpl e bandwidth is 1.356 MHz, fromwhich results shown in FlGs.

9A- 9D agserptnt 9@19?%%9&1}1%] t5"tRé %aﬁé’ndgﬂ%ﬁfaﬁ fig RS BBAs RioWhE The frequency

frequency control dul e 118 may "be d using a ND controlle

b APRRSTD B St e G 2 st o Qushoena iy mepettd & ihenﬁfﬂ&r:fion

anount of overshoot past a predeterm ned frequency and/or distortion
val ue. BxfBdieoh K he Biy gngpection ofedlsaseerasnlts fohghe rmqueinede obrihie oteflection
nodul e 118 accel erates through the operating frequency band quickly

Wi t hout ceansiede Tald BIGQY6Cs iROfreq ﬁ@iﬁ'c? c@hﬂbﬁhﬁﬁﬁlé DB amuUdhe @b tﬁ@&éﬂﬁg‘iﬁed
time. For a frequency of, for exanple MHz, the bandw dth may be

MHz. Th ef .| cj ent e.scal ed suchthat t he sane tune-tine
perforn&ﬁg Oflg%é’gilﬂe %@pkl 6(1”(§effici ents for, for exarrple 13 56

MHz provi de a maxi rmmfrequency hop of 165 KHz, For 60
scal es BY2&boutinghe dplloywesFiGH WCa§aﬁlpimmS#usnaﬁ%ﬁiusnme§ fﬂromiaé@tlcalal

handsof f servo-automatic frequency tuning configuration. [0116] At
278, t heoupdc Rengrnahplentenidioper Wbems thapadantkl nidnctibmdadsasiettdorvithhehe
first, second and third inpedance tuni ng values tiff' , uffl , u. At

280, RF, &%@gfm lcSe é;?éﬂtq qsédr E‘?hérﬁte tasg%ggxrg}%n{p?ﬂe?e F188%A-7C

16. Tas orne seque

illustrate sample results when frequency adjustment is started at a low end of a
predetermined frequency operating range of the power amplifier. FIGs. 8A-8C illustrate
sample results when frequency adjustment is started at a high end of the predetermined
frequency operating range of the power amplifier.

[0126] Phase information derived from the directional coupler was accomplished by
assigning X to the forward power signal and Y to the reverse power signal. In this case,
distortion is quantified by the cosine function of the complex reflection coefficient
quantity. The update rate and parameters of the controllers remain the same as the
previous simulations. The results from initializing the controller to the lower end

frequency range are shown in FIGs. 7A-C and the results with the upper frequency end



101171The above-descri bed tasks of FIGs. 3 and 4 are neant to be
illustrative exanples; the tasks may be perfornmed sequentially,
synchronously, sinultaneously, continuously, during overlapping tine
periods or in a different order dependi ng upon the application. Also,
any of the tasks may not be perfornmed ® skipped depending on the

i npl ement ati on and/ or sequence of events. [0118]|n the foll ow ng

FI Gs. 5A- exanpl e, r esul o] for v e and.current .s
ol eIz e RO R an ElARATT Hhetatb RO Re O hEE Grrs it fas Than
frequency in a feedforward schene. FIGs. 5A-5C illustrate sanple

r esul t s 1fvuedorf bath deequenadinitstlizetion cenditians.ed at a | ow end of a
predeterm ned frequency operating range of the power anplifier. FIGs.

6A-6C i [(129] ra"l%o%%ﬂﬂh@ sigttioh yhahsfiharuenae @ﬁb&%ﬂﬁ?%ub%rséé}féc@éj the
at a high end of the pr edet erm ned frequency operating range of

pwera lifi.er 9lln F A, Smth ghart is.shown )
PP st F RV HG (PR BEEAESE dthoer Yae B0 oftia eh  BEETEN ohdpd isopillcs
F when vol tage and current sensors are used while initializing at a

| ow endpofmgtdrs.ediieneyntrodleye pakhectersegereniyedted adjhusted of uismansaatingéhe
reflection coefficient F as mapped to the Smith chart follows a

conduct gihetneCakEhst ?’}Q?mlz-gﬁffor Herticupirash Arhafte. t UMTHROfcbMRrivERDEG R ler for
using a quantified stortion deternmned based on si gnal s fromthe

| t nt h Fr t
shown sl LA HED R B Ry BRBRR e B SO el baRE Pect f on
coefficient F converges at an origin (0,0) of the Smth chart.

[0120] | WU2BG.  3m FI&3.pfot & Snudy chat rﬂéluﬁﬁr@tm&racﬁeqw| ARG SEer ad 3 of a

wi th the frequency
reflection coefficient I' when directional coupling sensors are used while initializing at a

low end of a frequency range is shown. The frequency is adjusted such that the reflection
coefficient I" as mapped to the Smith chart follows a conductance circle 352. The
trajectory of tuning the frequency using a quantified distortion determined based on
signals from the directional coupling sensors is shown. Frequency initialization is shown
as a circle 354. Tuning is performed such that the reflection coefficient I' converges at
an origin (0,0) of the Smith chart.

[0129] In FIG. 7B, a plot illustrating frequency updating associated with the frequency
tuning trace 350 of FIG. 7A is shown. The frequency adjustment is shown on the left y-
axis and the frequency update 1s shown on the right y-axis. Signal 360 is the frequency
of the RF power signal. Signal 362 illustrates change in the frequency and/or the
frequency tuning value uj;, .
[0130] In FIG. 7C, a plot illustrating a change in magnitude of the reflection

coefficient ' corresponding to the frequency updating of FIG. 7B is shown. The



tuning trace 300 illustrated in FIG 5A is shown. The frequency
adjustnent is shown on the |left y-axis and the frequency update is
shown on the right y-axis. Signal 310 is the frequency of the RF
power signal. Signal 312 illustrates change in the frequency and/or
the frequency tuning value uisi . [01243In FIG 5C, a plot
illustrating a change in magnitude of the reflection coefficient F

correspgnding to t requency updat.ing of .H5B. The frequency,
conal "SRG 0N TG IIRG A SEnel Bo7 By AR ghe REABTILe of the
magni tude of the reflection coefficient F. By inspection of these
r esul t srdtlectivheoaiignint Ude Bofinspeetios foif €utse oesutio dof theireagnitdenf FhaxrefleCiion
the frequency control nodule 118 may tune to the configured | oad

condi ti fefbiBien ¢ i£FAOPYE, 180k Rnch AbARDI Mo 1 Pmay BAL L tebebdrifiked

shown illustrating a frequency tuninhg trace 320 of a reflection

coeffi cio%gt r when v Itaﬁe ﬁe{,‘q current sensors are used while

i ni tial (ACTgRERIoR lﬁiéﬁeé‘ §00% 18 A5t equency range. The tune tine in

this exanple is 50 its. Adaptation changes are provided to change the
directi fH3dh alodiltudBanacemdh chi igdownilbsenatingla feasneecyamieg dacai6ts of
origin (0,0). Frequency initialization is shown as a circle 324.

[0123] | g réfl&atio@Boeffidb@tinid ﬁluﬁ;hﬁ@g; hétarotlt QaeR HEdecHBEA hBliRS S@GLAL A€ used
with the frequency tuning trace of FIG 6A is shown. The frequency

adj ust nent, i.s.. shown on the |ef -axis 41 and-the. frequency..update i
Shown oNMIgATRRRHR A folP e bh i Seie ol Tl giediBHE Y ORR Bt
power signal. Signal 328 illustrates change in the frequency and/or

t he freGeiedipctiomicagficegniel wst mappgdtcp e pmthghagicfollpwsl dconductance circle
illustrating a change in magnitude of the reflection coefficient

corr espgp@li NMohd @rajdcorkr sHemey thpdalusgyolisinkG qaBntifed ddtionNdtermined

frequency signal 330 1s shown along with a signal 332 illustrating
th . L L _ : . _
resul ¢ <Opg 4 QbndS BrobE G Ol 3Bhsdrs iy oI PR A Pyl ERon

the freguency control module 118 may tune to the configyred |oad .
condi t i BrShayn ppa @%ﬁéﬁg; SHURNG. ISTREL f suRe thefl theipHgctmregoetticient I
7A-8C, sanple results are illustrated for a directional

converges at an origin (0,0) of the Smith chart.

[0132] In FIG. 8B, a plot illustrating frequency updating associated with the frequency
tuning trace of FIG. 8A is shown. The frequency adjustment is shown on the left y-axis
and the frequency update is shown on the right y-axis. Signal 374 is the frequency of the
RF power signal. Signal 376 illustrates change in the frequency and/or the frequency

: s
tuning value uj .

[0133] In FIG. 8C, a plot illustrating a change in magnitude of the reflection
coefficient corresponding to the frequency updating of FIG. &B is shown. The frequency
signal 374 is shown along with a signal 378 illustrating the magnitude of the reflection

coefficient T'. By inspection of these results for the magnitude of the reflection



coupl er sensor inplenmentation, where the sinusoidal function
associated with the reflection coefficient is used to tune the
frequency of the power anplifier. FIG. 7A-7C illustrate sanple
results when frequency adjustnent is started at a | ow end of a
predet ermi ned frequency operating rangé4of the power anplifier. FIGs.
8A-8C illustrate sanple results when frequency adjustnment is started

at a hi nd of th eterpined fre ope i ng range of t

Sower abgYERIeE T B T56] Bhall MrpemeeoaronBdbs 1} i Hae & (o comraped
coupl er was acconpllshed by assigning X to the forward power signal

and Y t badhenddiverisefgpexempdd,§ned.. In this case, distortion is
quantified by the cosine function of the conplex reflection

coeffi CF@M qu%ﬁié h The upslake ﬁx%tvﬁie%ndsﬁﬁﬂ@t'f@{ ek&ufth tif@icate that the
controllers remain e sanme as the preV|ous sinmul ations. The results

frominiti I|z the o ntroll t he end frequen e.ar
shown | HMEREichRn i Ptinat hotdel isofgoniie A kit eilpeaA i the
|n|t|aI|zat|on are shown in FIGs. 8A-C. Automatic frequency tuning
occurs Weltagesand hametitSsensorf bnplovichtatiosq thase ypidaiet iagisi aratd Gmction of control
conditions. [0127] Though the sinulation results indicate the

directi gaanet@yPIBle 6MFR PabarhEiersPRWO el MBaifldieftichi Bat Gk \Fdlﬁgetaﬁﬁ cdkrent
sensor, this is a function of the controller paraneters T

control | er s were.selected with intent,of atin

Che scnesmisol RIS T PR R0 SBlker Al Jfr Rl AR IR’ Ellfuctive
feedf orward controller for the VI sensor can be S|gn|f|cantl

i mpr ovedirglies 08, Ba2.t &2, 90 dovwgaiaiEeersA, $61781 ad@Asarg pot perdpatdircles,
chart illustrating a frequency tuning trace 350 of a reflection

coef fi citepteabh Waena dircelat paaindabuphicrefdaisorns catksused whil e
initializing at a low end of a frequency range is shown. The

frequency is adj ustedssycis hRRkmidierdr el 6511108 UnRShHbE Gt F_as
mapped to the Smth chart Tolfows a conductance c rC|e 352. The

traj ect ing the fr n u nt| ortiagn

et br m 5D 0o dSHh g s R FRUPE R a0 P s A D el ebEP opine to
shown. Frequency |n|t|aI|zat|on is shown as a C|rcle 354, Tuning is

per f or nMBGOBYRIBERISROIENE shePne ckhicoipcene tinué ineariule | bd iy eangtgired tapgverse the
origin (0,0) of the Smth chart. [0129]In FIG 7B, a plot

i |1 ustr gejoenchnemlaendicestingaiind gdjasisd disadreidn wet boinh.el“lferé%ﬁ@tﬁﬂ @yut MBdh0e 114
trace 350 of FIG 7A is shown. The frequency adjustnent is shown on

the Ief Incha@s“tﬁe @é?qwoﬁr{a%fftﬁggfé%&l uﬁ)ﬁ‘@'ts&nfnﬁr ?b@%ﬁﬂeg ALY ér&ﬂ:% between the
y-axis. Signal 3607s the frequency of the RF power signal. Signal

362 i1l %Ju?édeﬁls{;oh&&g%nh s "% edoif M ot & HeOLortdMod "GN it W M sured

val ue t|

0

distortion is cos®, then the distortion set point is set equal to 1. If the measured distortion is
sin®, then the distortion set point is set equal to 0. The distortion set point is used for both
reversing the frequency update and for untenable loads.

Reversing the Frequency Update Direction

[0136] In FIG. 10, frequency tuning is illustrated for a frequency tuning direction illustrated
by arrows 400 based on a quantified distortion for an arbitrary conductance circle 402. As an

overlay in this figure, the implied directivity of a sine function and a frequency update is



[0130]In FIG 7C, a plot illustrating a change in magnitude of the
reflection coefficient F corresponding to the frequency updating of
FIG 7B is showmn. The 43 frequency signal 360 is shown along with a
signal 362 illustrating the magnitude of the reflection coefficient

F. By inspection of these results for the magnitude of the reflection
coefficient r in FIG 7C, the frequency control nodule 118 may tune

to the confiqured load condition in, for exanple, 16 pts. [0131]In

FIG sAmdigaiss; wHACHERES #80.shihen; @R thei Beausney sapfetlcipotilpi WG edatss a
368 of a reflection coefficient in a matching network when

di r ect i Gealencpuptlienyveensmly (ag.etheskld pakicr systansi ldl oz i 0@ cdtFI&. [1candedby
of a frequency range. The frequency is adjusted such that the

refl ect jRRe a0kl Hle@Mquendy WRRASHE®, IHGregiblc) SRS ItméRNd PVBdRrements the
conductance circle 370. The trajectory of tuning the frequency using

a quantified distortion determ ped based on signals f ) :
i rocti Brarrebime Ry SenbBhe T RE RethiRe BuBhdland: of A3 Ee e (govm o
shown a circle 372. Tunijng is perforned such that the reflectio
coet fi cPisht [ BrAvRIFERSY Hping oRSFAtgR nViloowsyr 87 dF?Fél%S‘Eﬁt F dngsfortion velue of
[0132]In FIG 8B, a plot illustrating fre%yency updating associated
wi t h t heinPpBgiherfteguensyiip dgnareagede vt sM@0.8)X the deskmtipn off eGP ethadrrgyency is
adj ustnment is shown on the left y-axis and the frequency update is

shown ofedrdiBed LENtsiv®=AX1 For BleORahpR holvs tHeBeduet by SfiftYe AInGHEiR3.9 MHz.
power signal. Signal 376 illustrates change in the frequency and/or

the fre ning.val ue uff . 33]In FIG ,8C a pl . .
T ust r At iAg Mt SR e Rt Rad fortibr sy SOmetrL e BoeRBRRry isnaripized
corresponding to the frequency updating of FIG 8B is shown. The
frequenfBA3g] gnat 8724 dxdsts ndware e ohigpeitshisaresergerhl I8 78is itkhges theasdongd input
t he magni tude of the reflection

module 114 adjusts the set point to reverse the directivity. Continuing from the above example,

an example range in which directivity is reversed is 12.88-13.3 MHz. When the frequency is
12.88-13.3 MHz, the sin® distortion is less than 0 and the frequency is decremented. By
decrementing in this frequency range, the frequency moves away from the convergence
frequency tuning set point. In this case, the direction is reversed and the distortion will

correspondingly decrease until sin®=0 at 13.3 MHz. At this frequency, the impedance Z (of the
matching network) and reflection coefficient I" maps to an outer point on the conductance circle

402. While this satisfies a distortion criterion for the sin®, the power transfer is not maximized
because the normalized impedance |Z| does not yield (or is not equal to) the transmission line
impedance. To account for this frequency range, the second input module 114 adjusts the set
point such that the frequency direction is reversed and servoing frequency does not yield a non-

optimal (or non-predetermined) frequency. Example cos8, sin®, phase angle of the reflection



coefficient F. By inspection of these results for the magnitude of
the reflection 44 coefficient Fin FIG 8C, the frequency control
nodul e 118 may tune to the configured | oad condition in, for exanple,
8 its. [0134] Al though the above provided sinulation results indicate
that the inplementation using directioffal coupler sensors provides a
qui cker update rate then the voltage and current sensor
i npl enentation, these update rates are a function of control
par amet @ediciqiellcomimnlized impetaics [fhypne seak@ad fnagingy dmpedaace for@ plots are
vol tage and current sensor inplenentation provides a quicker update
rate. Atlmoun fat thh dgientheancend UE.Bilve NiHzch 885.3Q0, 322, 352, 370 shown
in FIG. 5A, 6A 7A, and 8A are not perfect circles, they each have a
circular path and thus are referregidnahlas.osdd cl es. Set poi nt
Adj ustment for Reversal and Untenable Load [O135]Referring nowto
FIG. 2 10 j i) lLustrating.f Ny

L(ﬂ@g] Try p%v%hrbofsﬁgd’u%ﬁg [V5 % (g)tela@lg tgarﬁ}%glﬁ%}g Xﬁi}% RE%0 fl%léli?}]l’l%’ 420

convergence point is s secon |npﬁ 'S con

to reverse freq cy updat e .directi.on and adjust a distortion.set
poi nt » EablECish SR abd ped v R ERSRELLE  Bothto bt hle .
di stortion. The supmer 6 conputes a difference between {he_neasured
di st or t WBfe dhrareflRstonsioeisiont a%ﬂﬁfﬁﬁﬁa%r& th &L B#sFe Fi?ﬂﬁ“f’é]ﬂfhﬁ&l’.owlef supply
t he nmeasured distortion is cos(r), then the distortion set point is
set equiRy be ambitrarly rppresented Up dlep amgh shait githj an igipgdance gethattipa function of the
distortion set point is set equal to 0. The distortion set point is
used f ofredvendy f @y e(fs imthetdperafing Quretwaythud dst RE aodterf sopplyntie ndabbenhiog dH=0
Reversing the Frequency Update Direction [0136]In FIG 10, frequency

tuni ng indy inbd b6kt ASFeeBl urles THRAVRREYint, YR ﬂg?&héyeﬁ{ay%_ debed b mx@eizB Yhe
arrows 400 based on a quantified distortion for an arbitrary

CondUCtm& thinkfet. € THRSs a@&mﬂﬂished by adjusting the predetermined set point via the second

input module 114 until the sin® or the cos® meets an updated set point.

[0139] The above-described approaches couple servo auto-frequency tuning (AFT) of
frequency with power regulation, as opposed to performing these tasks as disparate functions.
The servo-AFT approach provides reduced algorithmic complexity relative to traditional directed
or guided search methods. A guided search can be defined with course and fine tune modes to
control multiple frequency tuning passes. By using the sinusoidal function, a quantitative
distortion measure is gained, and from the measured distortion, frequency updates occur until
convergence a set point. This allows coalescing of power regulation and frequency tuning for
coherent control.

[0140] Referring now to FIGs. 9A-9D, example frequency updating and read back
plots are shown along with corresponding distortion change plots. FIGs. 9A and 9B are
directed to a first example when the frequency of a RF power supply (e.g., the RF power

system 100 of FIG. 2) is adjusted by 220KHz from a tune frequency of 13.54 MHz. The



overlay in this figure, the inplied directivity of a sine function
and a frequency update is 45 indicated with arrows 400. When s nC>0,
the frequency control nodul e 118 updates a frequency of the power
supply (e.g., the RF power systens 10 %§ 100 of FIG 1 and 2) by
incrementing the frequency. Wen sinO<O the frequency control nodul e
118 decrenents the frequency of the power supply. In, for exanple, a

frequen I

t uni ng ﬁﬁénci]s;uoagl (ngﬁ‘er1 %GM‘éaeélg ?f%gﬂ%ﬁatgra % %&‘R’rtl 6?&: I(E)};]Q}\}gl ufgé{m? l and
si ne>0, the fre uency i s increased until sin0=0. If the dlstortlon of
si ne<0, offljae ﬁre‘egle@ﬁettcaﬂ o1 garylatgdbdistpitipn valugs 20 SINKEY areheawm ppllG. 9B

show, the frequency where sin0=0 is 13.9 MHz. At 13.9 MHz, the

di stort[0dd1is ¢aGp] BC ahy SToiteaditeetbdatoch pord ekimphf when S’ld’fﬁ@’dﬂﬁﬁ?df a R¥
[0137] A range exists where the directivity is reversed. In this

range: haFeSSaRNY (L Bethe MRt IO LY 110229 6L aliBliRl thOUIEKESFom o

i nuin rom-t ove exa e range
in which directivity.is reversed is.12,88-13.3 the
fr equenweifgeqe@neso{é?v ANz, e %m%ech?reﬁ%@wahaméa F%Qb%qlfafﬁe@le&ﬁﬂ f are

the frequency is decrenented. By decrenenting in this frequency
range, s$hevid refl(eriy. Anumd amdwaiflihe distdinencaies rofenc@E@ fare ghewn yn FIG $1Q.
set point In this case, the direction is reversed and the distortion

will cofgy a&pggqlm n%t%agtggfc%a?g wtmmﬁter%«% _RET ¥ §Et\£tﬂ.n FiL ethNi®vo-AFT is

frequen Y, of the matchi ng networ efl ection

coefficient FFz_Q to an oqter §0|nt on t he cogq%ctaqc%TC|rcle 402,
S

i 1 e CHFSPOATRITRSS PRIy U nCrIoCrpaR Pl TRe ity THR e

transfer is XIH]Z use t he n I|z

oty oy o S PRSE A Eoh ot PReTCRuIon G ol PPHE tPﬁQ&e&édﬁé °9$ﬁ3 2)is

account for this frequency range, the second jnput npdul e 114 adjusts

the set PHBIMRE] SBire BHTAINEREPY VBRI CARTFACRIBIF (e-rByRYEEoatd hodule 32

servoi ng frequency does not yield a non-optimal (or

non- pr edleF¥r. MnetRrvd-A&quis nugcesRlalwping asldsistergpiae)ln hsinseargmiel, shofrequeacy

reflection 46 coefficientnormalized inpedance 1ZlI, and real and

i magi naseytldsrpedetting poert mithirod-¢ isteupts. With interleaving the power regulation and servo-
AFT interrupts, the tune time is in the range of 100 ps. Due to the use of PID controllers, the
tune time duration does not vary between the first example and the second example that required
traversing 30% of a tune or operating bandwidth. The offline computation of sin(®) is provided
to verify accuracy of the actual sin(®) values.
[0143] In the above-described implementations, servo control techniques are provided
using feedforward control to regulate tuning of an agile RF power source to optimize
power delivery under dynamic load conditions. The servo control techniques provide
quick update rates and tuning to maximized power transfer conditions are achieved in a

few microseconds. Quick tuning improves RF power system reliability with less power

dissipation in the RF power source (or RF power supply) and less wear to electro-



shown for the frequency range of 13.3-14.2 Mz in FIG 11. Untenable
Loads [0138]Irrespective of frequency in the operating bandw dth of
the RF power supply, an untenable load is defined as a load that is

not in the proximty of a center of thsésmith chart, where the
reflection coefficient approaches zero.In this case, the |load to the
RF power supply nay be arbitrarily represented in the Smth chart

wth an n

the oper ST aNc Tt iy Aok AL RGO TRE holfo BRI 1%§'ndae§¥%nlb%ured
0=0 may not exjst. However, under this constralnt t he frequency

be servid tdcriaiadyi sesukt ngielling r siepten ssarol THRNSIIVALYa MaHIRTutedd qs@ntlta’fwe
adj usting the predeterm ned set point via the second input nodule 114
until t8etstioe or the cos(r) neets an updated set point. [0139] The
above-descri bed approaches coupl e servo auto-frequency tuning (AFT)

of freq Wi 0 o)

Fasks Al L par ie M RS e Plosa (BRROSARALE, Rl Phi DLl B oncps.
al gorithm ¢ conpl ty relative to traditional directed _or guided

sear ch Waidogee uﬂcgﬂﬁ%ﬂs%é}fc]llﬁué’bﬁﬁcb‘éasééf5"1%‘31 Wt W%ﬁour@@ niqugg also
tune nodes to control nultiple frequency tuning passes. By using the

si nusoi palvideussteren, coatrglafi Rt atlsing vl vefamts gamenaad bye powegaamplifieanthe
fromthe nmeasured distortion, frequency updat es occur until

conver gfe'aﬁﬁig;i/}ess She piﬂ'v?ﬁantT{H %Ialsleﬁ %Cb%ﬁ%’ ﬁgﬁ""ﬁfrrén? gégn%ﬂsognd/or

and frequen tuni ng or coherent cont erring now t

FIGs. 9A-9D, e e fre enc dating ad ack pl ots are sho

ol ong whERFioga) Sopeica: Sees drdy R n%@g%gik igftel, Sgnling dgmigyc is
directed to a first exanpl e_when the frequency of a RF power supply
(e.g., phwidE foowpdatystesmuider eianFnGchaicdlly adpblstadembnyts 220Ky techoigues
a tune frequency of 13.54 MHz. The 47 updated frequency u and a read

back frgeusssided, eph@ &MWL s IndTh & a%ecﬁ%mhmﬁaﬂ (ﬁfaf élhﬁ%l&di f@nctlon using
t heoreti cal or sinmul ated) "distortion values of sin are shown in

the freliaNey ot MR Ot RE AT, To s e %‘i%@doys@?%ﬁ{ 5815

FIG 2) is adj usted by 420 KHz froma tune frequency of 13.54 MHz.
The upd¥eer ehugfitnegmputahonsaressiopact N ednenieer mining Bagniden ofpe@sor
9C. Actual and offline distortion values of sin (C)) are shown in
FI G 9Dsighfld4@ pihedphotise ditedt Vs, widelDprelvbhtystimiag én aeimproper directien. The

pl asma system Servo-AFT is
sensor signals are variables of power and are directly related to frequency.
[0145] The PID terms, of the PID controllers or of the frequency control module 118,
used to adjust the frequency can also be tailored around the design of the power amplifier
{(e.g., the power amplifier 20) and the overall RF power delivery system (e.g., one of the
RF power systems 10 and 100). The components within the RF power supplies (e.g., one
of the RF generators 12, 102) or the power delivery system may be limited by df/dt (or an

amount of frequency change that can occur over a period of time). The PID terms can be

formed to protect the RF power delivery system, components and sub-systems of the RF



i ncorporated with power regulation by interleaving a shared
interrupt. The interrupt may occur every 10 us. Power regul ation of a
power anplifier (e.g., the power anplifier 106 of FIG 2) is
performed during even interrupts via a power control nodule (e.g.,
the power control nodule 32 of FIG 2)4°Servo-AFT is processed during
odd interrupts. In both exanples, the frequency settles to a settling
point within 5-6 interrupts, Wth interleavin he power regul ation
Dd " ser DBV RSl R PR, andar aieh FapEityithch 86 RRgShosr S gy & Bowwer
Due to the use of PID controllers, the tune tinme duration does not
vary beteliany spssemi ansiforexamuingntsreddisib-systeorscdicha il powdrateliveryudyistan.
traversing 30% of a tune or operating bandwi dth. The offline

conput afj1ag] of A5 Qi SvdrrOMEEtedink @a&, ki PHY GathRGHaPbe kB 0AGhH3he scale
sin(0) values. [0143]1n the above-described inpl ementations, servo

control ,techni gues._are owi ded using feedforward.coptrol to.requlate
Cuni ng. GGt than g Sy BRE <Rt et s o T Ri R olefy PR e,
dynam c_| oad conditions. The servo control techniques provide quick
updat e begagse seticingnthegsize ofrthd Fegeancyowsiate reguite maye dtiquienes updases and
achieved in a few m croseconds. Quick tuning inproves RF power system
rel i abi b;ttbﬂdél\thﬁa*’frécﬁéﬁcﬁ%ﬁg s Wakh %ihg frd@efty ROpRKiFROM @epddahcdIn a
power supply) and |less wear to electro- 8 mechani cal el enent's

associ a herewith, .The.feedf rd .contral vi de nmeasur e [
cai oul atocg MPEREIEL JpaPlie s Bodlalft SuRRR S PleaRR G y R TR YL i fihee
quantitative distortioQ@%{0144]The techni ques provide closed form

sol ut i offEPQIE PRA/BF asfostastst withesisinsien solpi oapeedptrruned tlistqrion sange), a
heuristic based search nethods. The techni ques al so provi de coherent
cont r ol differt doutisl nHduby@h ebnBoli@n esspbask Bypravidede Therpipetiatie rediod may
techni ques are invariant to RF sensor type, as voltage and current
sensors ' i : : r ; : Al t : .
i gi ol "ol BEBl i Bl (o, InE R abORen g I ftortion
mechani cal Iy tunabl e el enents, anal og techniques are provided. The .

t echni qﬁe‘?dpﬁlﬁqu 3% t aﬁPF CHORRIARGH Bﬁﬁ‘ghtc%ﬁr Oﬁa%éf?qsﬁﬂ% SEFarmaRfsCisi pamentarily
using vector calculus in real-time (or as a RF power signal is

gener at woddted 0 mopwere drpfredueacy fundeciroactiegdané.on conput ati ons are
performed including determ ning magni tudes of sensor signals to

provi d?[ﬂlﬂ'?]rng 1Hial OhHM dehse, VW L EORFRURPES e rHEdided, R ABoAJEPAORRY Response
direction. The sensor signals are variables of power and are directly

rel ated,to frequency 0145] The PID ter of .the PID controllers or
of ¢ he. Pr BN SRonCPBIOERINE TPrgpisinds pechl futt Preh kiR csedianey
al so be tailored around the design of the power anplifier (e.g., the
power awpdate bar apmoppaialy ealiogethal freREngp werdage Tihie rgspopst snindicagive of a
one of the RF power systens 10 and 100). The conponents within the RF

pover sgRrties &Re@ling oL abfolhfeenidkiiemevaluer S 1A 2he HAItOh {shRSPANB the
delivery systemmay be limted by df/dt (or an anmount of frequency

change i i e.PlD:tgun
For nectt 0 E oPeRErthe iR, SoBFCl BBls Joabbie K T ctagtn Bl Bl R Bteence.
sub-systens of the RP i , )
Control module response B provides a convergences rate that is quicker than a
convergence rate of control module response A. In one implementation, the PID terms

are replaced to provide the control module responses A and B. Selectivity of the control

module responses may be based on the distortion detected (or measured).



49 power delivery system and/or enhance reliability and perfornmance

of the RF power delivery system and/ or conponents and sub-systens of
the RF power delivery system [0146]As a result, over a |arge tune
range, the PIDteins may be set to |limt the scale (anobunt of change)
of the frequency update. This can inad¥ertently retard performance,
because reducing the size of the frequency update requires nore
frequen dates and extends the frequency .tyning tinme. Wien_ tunin

1 equenflt 4 oG AR Ve R D THESTR e o i BT ¢ SiRONRE | Seasot, as
i npedance within a predeterm ned range of an inpedance set poi nt

and/ or appweil atcethemisd off ovos tRaT sennors aspdiint traditippaldBFepowaedystems.  For
distortion range), a different control nodule (or controller)

r esponsgxdriplel @¥dieieHal Rh@otveP § tHz@ AbRAmIRYa PRaseUBticht&Betech RBItage
determ ned distortion (e.g., the sinusoidal function). If the

distortion is reduced due to a l.ocal, i.npedagee point, nt r.ol dul e
per f or nELSUREN QBT sianels (pBaldRr P HRRobE YHeoPrRciRiEy e (e phase of
correction tine. [0147]In a broader sense, two control nodule )

r esponseash Fedigondtaga aaddcurResponget Bignatey He aygwde doderenes ismprfulesermined
response Ais used to limt the scale of the frequency update by

appr opr ghgliNe 95aVd-A&sctibed fté@ﬂiﬂﬁi&@)ﬁnﬁﬂﬂ@ahgle Rbi @ns@sPaPwR sed to determine
indicative of a distortion exceeding an absol ute nmaxi num val ue. If

the distortion s | han th | U Xl I n I

modul e ¥SHssd Gt R Duleiy of MpoB i ant BT KR ¥ EiorSEH pgbsea Also,
response B provides a convergences rate that is quicker than a. )
conver géhthe phase diffeieape ivnohdriemeinedsiherrdallppgasmssem@atedpydimsalibaatiog the
the PID terns are replaced to provide the control nodul e responses A

and B. Sedsecliifwichye afe dvoedeiont rol nodul e responses nmay be based on
the distortion detected (or neasured). 50 [0148] The above-descri bed

t echni hnc f i e ]
e usalBrof Ly THRCERbAR ¢88u S pRniiihfedtinaohE fimdits WHBRAF sifh the
exanpl e, traditional RFE r systens that determn hase . )

ai ffer ef?@é%@{ 9@%@@5@{198@%& 115OR rogmogu e @%‘Wgﬁfmgw@aﬂsmated with

i nclude two RF sensors to determ ne the phase of each of the voltage
and cur zéoad otitapBF sdrgrabs andier anphlasg whtWvber. edes isnobpraedar by dedristic
usi ng the above-described techniques and a single RE sensor nmay be

used t onREiREENRVING! RGN dpmvatRRt outputs of a power anplifier, a
single RF sensor may be used. ‘Al so, as the phase difference is not

determ t he, chal | enges associ.ated with, calibrating.the.phase

i 11 er MOS0y o o RseoES A5 T Sr EmPbb i B ot Her e apBRE R correct
i ntegrated performance coherent with the feedback control provided by
a power messired Powsd distoraion by epdagiyis wi amlealsepienay & powir suppbad Toe ahove
RF generator and/or matching network. This is not provided by

heuri st descibbianiethat@) aidiebe dedelbpéd badedapphoafifesonductance circle in a Smith

chart. This conveniently traverses the sin(®) over the 47 range. As a result, the
sinusoidal function ranges from =1 such that the operating bandwidth frequency limits
are assigned respective frequency limits (e.g., +1 for the minimum frequency, and -1 for
the maximum frequency).

[0151] There is an effect related to transmission line theory and its corresponding

handling. In transmission line theory, the impedance as seen by the source is effected by



[ 0150] One basis of the servo-auto-frequency techni ques descri bed

above is to correct nmeasured power distortion by updating an agile
frequency RF power supply. The above described nethod(s) may be

devel oped based on a unity conductance circle in a Smth chart. This
conveniently traverses the sin(0) over5the 171- range. As a result,

t he sinusoidal function ranges from 1l such that the operating

bandwi dth frequency limts are assigned resgective frequency Limts
(e.g., HE teaeth heohit HERRIRISHAR dHSy | Fahan - arbiigry deraipahiemynpedance zL, the
frequency). [0151] There is an effect related to transm ssion |ine

t heory anpedanse coatrths ponchiengilhaadd andhasé,nfor malossiesscabie,| whehtwgbrary as a
t he i npedance as seen by the source is effected by 51 the length L

of the 1351 e T B i i Qe Lp 1
the. 1 mpianon & e Ve L 6Pt A DR e Sth 00, 90 BB Y aares the
cable, which.will var S function of t variation L.of th

©r anen S8ioor erdeed Bt A2B) gha the SloRiy of e NaHOPE ARG (M), hecfrect
of the frequency (rad/s) and the velocity of the wave propagation
(m's). héeefrimmisabnfline dffewhom isyiedandd necedityesterom FipeldanE&Gi §2 shows
readily seen in FIG 12. FIG 12 shows inpedance variation with cable

I engt h ﬁ?ged@ﬂnt:@ %%PBHW%D&M p%lggqg;afn Wwﬁu&f cbﬁe%a%&ﬁﬁfgt co&taﬁiot% of the

m ni nrum frequency of the operat I's assoclated w e

square s ol.g in.the plot. The circle ols ipn the plot are

Saoct bt THe DHETRhE ey Ongr b hraguid asPrisiiin ghe suare
determ ned power transfer. [0152]In FIG 12, trace 410 provides the

i mpedangenbelsan theplot.olhhé ceglesyoypolam thagldtrare associat¢chwiibabe sunetfhwguency
trajectory of the inmaginary conponent of the inpedance initially

i ncr easgmt et BeMmAREA@ASAS/ oM deberh e EpSk B ridsgaruency. At the zero
crossing, optinmal power transfer occurs where sin(0=0)=0, where

5 0 1SRy TR o BONR o BB BT M TSRS e

maxi mum power transfer. This inpedance trajectory corresponds to the
unity cErauRICAnercesasciie Bhicethy Shithehirdginary seapaaerd naft that lewedance daiially
scenario. Wen the sin(0)> 0, frequency is increased. Simlarly, when
si n(0) <Bcreakes dndejeredeyredsess daarieasathg Thauengy. owit dies zao Syskarpbptonal power
met hod to servo frequency to achi eve optimal power transfer by

fi ndi ngrhfigertdébss WHRAUGR®Y:0YMIe RhstdifEP 1D g tifdbvk $biveddisbRba3h&Rhirement.

non-i deal scenarios, varying the cable length will rotate the
D0, Ul 0 STy D PRGOS SRR oo
single- tsr‘!:ngs g‘: '[Eh?ig iI!an':sc{agcr:]eCteréjeg&['ioﬁyhcgrpeespc?n%grtc? %I:lé 31'[11%/ icglﬁfusgrslcee ci:iPclg %P lthee Smith
chart and demonstrates an ideal scenario. When the sin(6)> 0, frequency is increased. Similarly,
when sin(8)<0, the frequency is decreased. This provides a systematic method to servo
frequency to achieve optimal power transfer by finding the tune frequency when sin(6=0)=0 is
satisfied.
[0153] For non-ideal scenarios, varying the cable length will rotate the impedance through

the Smith chart. With the appropriate increase or decrease in cable length, the sinusoidal

function sin(B) can become single-sided. For instance, with the appropriate increase in cable



52 length, the sinusoidal function sin(0) may take on val ues only
between 0 and Tr. A decrease in cable |length by an equal anount

causes the function sin(0) to have values only between O and -it In

t hese instances, the nmaxi mnum frequency has a simlar value as the

m ni mum frequency. The function sin(0)53s single-sided in the sense
that sin(0) includes values that are either positive or negative. The
function sin(0) is not two-sided as in the ideal scenario. [0154] The .
pover dicagly thesiuseidal fyactionesin(Ohmay fks-andwdies eabebetyeen) prghEt (A Accgfase in
frequency, is shown in FIG 13. In FIG 13, a plot of power

di st or t cable leyethby sh cuidl hmoespesdes tle finagpueng§) todasdoamesfonty bdnecdndeald -r.
case (z T) with an inpedance trajectory along the unity conductance

circle BnfledeOnsthits, NROmiafiafin 68GRNEY hikTa sililhivARK ALHPMIANEN frequency, The
correction (z nT RCW). The z T traces in FIGs. 12 and 13 correspond

to the | e 4l i C :
are tworBr ol RO L8Rl foch A ieCERe SATHOP etk Vo R S B Bl o
occurs with an_i npedance frajectory off of the unity conductance
circle tlff%éfw%o}“'%e@%w&smq@ ig n@f tygraded; s dytheudidt 6ROt s i s
denonstrated with z nT that primarily has values less than 0 in both

FI Gs. 101548 13he powehdiistoctisefor dreeided] anfl ewonlident ctbesay a Godticonf frequency, is
nodul es that corrects for power distortion does not have desirable

di rect i Mok in TG, 53, MusPIGIAN, b pisitdfPdwe degrion§-£98) it aespBe o Srdguahcy
are not the tune frequency where sin(0=0)=0. The case can be

corrected hangj . | e length, _hu i o i .
Iinitatﬁoﬁg%gﬁ ﬁ%ppgﬁg%ggt%%%s&hgﬁngﬁgéF@thﬁgﬁﬁgggiaggﬁﬁf6ﬂ&%%ﬁP% unity
can be corrected by an aut omated procedure executed by the control

nodul e ENdustasee ithle i By phopen-ddeal cateals vh WEh sppryPansingeoniediog @daT
i npedance for placenent on the unit conductance circle.

[ 0156] RROEN i Tig AQatatestia HiG6 121d 13 qohesmndriotiat Jaor impyddiee tatike [enladse
to cancel the cable length inpairnment that noved the inpedance

trajectQﬁﬁn§§goéﬁm§$5§dﬁagknggquggance circle and fornmed the
si ngl e-si ded power distortion function. The non-ideal neasured

; q s o i ] di
I npe anfd}stgﬁ] 2‘{ %ﬁlg{r%retag%l %&)‘t}ﬂ:;rlﬁfégsﬂtq RY %gn—tﬁr)] f E%ﬁ%ggur%_%?ﬁ] dnqgr%p?;%aﬁ%% é}aﬂgtory

conpl ex I'ndi ca race z he func

then rotated by phase angle (1), to formznT TRANS . ip.the plot and,
rever se® h%fdm'eaﬁ‘gfyaf?‘b C% o Pugleegt cPTsiPopdss i ¢ SI?%‘F‘%&T&“‘T‘E‘?“S This is
correction forns the two-sided fupction seen in FIG 13 by z nT ROI. |
Mat heraf§eepsityted v & BF el irghrils heekygsgess g 9-n both FIGs: 12 and 13. In this

case, one of the above-described control modules that corrects for power distortion does not have
desirable directivity. The sinusoidal function is negative for frequencies that are not the tune
frequency where sin(6==0)=0. The case can be corrected by changing the cable length, but this
has undesirable limitations on implementations using servo frequency control. This can be
corrected by an automated procedure executed by the control module to determine an appropriate
rotation to apply to the measured impedance for placement on the unit conductance circle.

[0156] Referring again to FIG. 12, a phasor rotation may be determined to cancel the cable
length impairment that moved the impedance trajectory off of the unit conductance circle and

formed the single-sided power distortion function. The non-ideal measured impedance trajectory



101571The broad teachings of the disclosure can be inplenented in a
variety of fornms. Therefore, while this disclosure includes

particul ar exanples, the true scope of the disclosure should not be

so limted since other nodifications will becone apparent to the
skilled practitioner upon a study of th& draw ngs, the specification,
and the followng clains. 54 CLAIMS What is claimed is: 1. Aradio
frequency_system conpri sing: a power anplifier that outputs a
radi o f78duereyedignall-G eporlinaiescei the coraplib Plangi iadigated A & tsase gl TRANS.
bet ween the power anplifier and the matchi ng network; a sensor
noni t or The fitnkeor sdhen fotaeflen phass iagglald tarfdmg eme TRIANRROTT iwtths plos amd reverse
signal s based on the radio frequency signal; a distortion

nodul e grtienBlkaib® d@edté b Finalicsilgrd APROTR! Uiis 36:660Hdh TenisOhatwb-8idsd figRGon
of (i) a sinusoidal function of the first sensor signals and (ii) a

Cross-c j i i Qi o | _ pLie a
s CBLFIGN U kO, Skl LhglnSepaiosl ek i
value b on_the first di.stortion yvalue and a firs redet.er m ned

val ue, Lii ) hsr Biaad; W@g?l%%hoért%ﬁr%s‘%ﬁ%r%?ano?eiIHWifH'EW%?Eg it & RigRgty of
performed within the matching network including outputting the first

i npedantentsunTherefabuwhilo thisedistlosure ipcwdes aariicuiar exxanpdest tlee trae skopg of
network. 2. The radio frequency systemof claim1l, wherein the first

cor r ect {anisd1p Gtk Sh&@ARIdk $8S0 limited since other modifications will become apparent to

the skilled practitioner upon a study of the drawings, the specification, and the following

claims.



a first input nodule generating the first predeterm ned val ue;

a first sumrer summing the first distortion value and the first
predeterm ned value to generate a first correction value; and 55

a tune control nodul e generating the first inpedance tuning val ue
based on the first correction value. 354 The radi o frequency system of
claim1l1, wherein: the first correction circuit feeds forward
the first inpedance tuning value to a tune input of the nmatching
network; and the radi o frequency system further conprises

a secondiiipgorti on nodul e determ ning a second distortion val ue
based on the first sensor signals, and a second correction
ci rcui t What igelnanet isng a second i npedance tuni ng val ue based on the
second distortion value and a | oad setpoint value, and (ii) feeding

rmat cni n net dorge e dURRER Rl DRI “syst om of clatm 3. wherei n:
the first distortion value is generated based on a dot product of the
sensor si gna# §OweH am@ifict thes oubtuts peadiedsesiueseyy pignal toghematching network via
a transmission line between the power amplifier and the matching network;
a sensor monitoring the radio frequency signal and generating first sensor signals
based on the radio frequency signal;
a distortion module determining a first distortion value according to at least one of
(1) a sinusoidal function of the first sensor signals and (ii) a cross-correlation function of
the first sensor signals; and
a first correction circuit (i) generating a first impedance tuning value based on the
first distortion value and a first predetermined value, and (ii) providing feedforward
control of impedance matching performed within the matching network including

outputting the first impedance tuning value to one of the power amplifier and the

matching network.

2. The radio frequency system of claim 1, wherein the first correction circuit
comprises:

a first input module generating the first predetermined value;

a first summer summing the first distortion value and the first predetermined value

to generate a first correction value; and



the second distortion value is generated based on a ratio of
magni t udes of the sensor signals. 5. The radio frequency system of
claim3, wherein: the first correction circuit conprises a first

i nput nodul e generating the first predeterm ned value, 56

a first sumer suming the first distofbion value and the first
predeterm ned value to generate a first correction value, and

a tune control nodule generating the first inpedance tuning val ue
based on t hedflipe coRiEel MOHpeneersraiing Bivdilish ampeddrg Bkt g based on the
circuit conprises a |oad setpoint nodul e generating the | oad set point
val ue, first correction ®alaecond sunmer sunming the second di stortion val ue
and the | oad setpoint value to generate a second correction val ue,
and a load control nodul e generating the second i npedance

tuni ng val ue _based on the second correction val ue.
3. The radio frequency system of claim 1, wherein:

the first correction circuit feeds forward the first impedance funing value to a tune
input of the matching network; and
the radio frequency system further comprises
a second distortion module determining a second distortion value based on
the first sensor signals, and
a second correction circuit (i) generating a second impedance tuning value
based on the second distortion value and a load setpoint value, and (ii) feeding forward

the second impedance tuning value to a load input of the matching network.

4, The radio frequency system of claim 3, wherein:

the first distortion value is generated based on a dot product of the sensor signals
and magnitudes of the sensor signals; and

the second distortion value is generated based on a ratio of magnitudes of the

sensor signals.

5. The radio frequency system of claim 3, wherein:
the first correction circuit comprises

a first input module generating the first predetermined value,



6. The radio frequency systemof claim3, further conprising a third
correction circuit determning a third i npedance tuning val ue based

on the first distortion value and a second predeterm ned val ue,

wherein the third correction circuit outputs the third inpedance
tuning value to the power anplifier. 36 The radio frequency system

of claim®6, wherein: the first correction circuit conprises a first

i nput nodul e generating the first predeterm ned val ue,

first summer sunmi ngIhSURTRest sWERBE itha EstcdisaEiamhevalpe send the  first
predetem ned value to generate a first correction value, and 57

a tune pmleteomimiivdlee gegareadte adirsherfdetish valqeedadice tuni ng val ue
based on the first correction value; the second correction circuit

conprises a |oad $&tpol kTRt £t§’r} iy 1r1l1 @o%nﬁ@ht}ﬁﬁ LaM@hd§ed on
a second sumer sunmm ngorﬁt he secong&%? (gr{h%onjg{ja e and eé]l oagb Sed o
set poi nt fal ue to generate a second correction value, and
the first conec’non value; and
the second correction circuit comprises
a load setpoint module generating the load setpoint value,
a second summer summing the second distortion value and the load
setpoint value to generate a second correction value, and

a load control module generating the second impedance tuning value based

on the second correction value.

6. The radio frequency system of claim 3, further comprising a third correction
circuit determining a third impedance tuning value based on the first distortion value and
a second predetermined value,

wherein the third correction circuit outputs the third impedance tuning value to the

power amplifier.

7. The radio frequency system of claim 6, wherein:
the first correction circuit comprises
a first input module generating the first predetermined value,
a first summer summing the first distortion value and the first

predetermined value to generate a first correction value, and



a load control nodul e generating the second inpedance tuni ng val ue
based on the second correction value; and the third correction
circuit conprises a second input nodul e generating the second

pr edet er mi ned val ue, a third summer sumring the first
distortion value and the second predet &/ mined value to generate a
third correction value, and a frequency control nodul e

generating the third inpedance, tuni ng val ye based onp the third
correction val ue. ag._mpr{.gjpnrnggingp %&E%%E@n%ﬂketfg‘iﬁ BRPeqaarsfuning Haigihased on
the first correction circuit outputs the first inpedance tuning val ue

to the bwtidist ogremionorahye; the radio frequency system further
conprises a second correction circuit determ ning a second i npedance

tuni ng val ueRagesh®lork&®idnl difhitdtiontRideton value and a second
58

predet erm ned val ue; and ~ the second correction circuit
ouLpUL e (e SeCond PR LT kS O SRR e ©
a second summer summing the second distortion value and the load
setpoint value to generate a second correction value, and
a load control module generating the second impedance tuning value based
on the second correction value; and
the third correction circuit comprises
a second 1nput module generating the second predetermined value,
a third summer summing the first distortion value and the second
predetermined value to generate a third correction value, and
a frequency control module generating the third impedance tuning value

based on the third correction value.

8. The radio frequency system of claim 1, wherein:

the first correction circuit outputs the first impedance tuning value to the matching
network;

the radio frequency system further comprises a second correction circuit
determining a second impedance tuning value based on the first distortion value and a

second predetermined value; and



the first correction circuit outputs the first inpedance tuning val ue
to the power anplifier; and the power anplifier generates the
radi o frequency signal based on the first inpedance tuning val ue.

10. The radio frequency systemof claim9, wherein the power
anplifier adjusts frequency of the radf® frequency signal based on
the first inpedance tuning value. 11. The radio frequency syst em of

claim 10, further ri si,ng a power control e that regul ate

pover of "t hetsoeprapriertiar crobf S rar Sep et HoReianar i PECIES o the
adj usts the freguency while power of the power anplifier is regulated
by the poweramphfienl nodul e to coal esce power regul ati on and

frequency tuning. 12. The radio frequency systemof claim 11,

wherein the power of the power anplifier is regulated during even

update nt er ts.of. the radio frequencgy stem and the frequency is
adj ust e dur{ng rasie TEpReY SYAteE: nglfﬁgn % ee“tladl o frequency system

59 13. The radio frequency systemof claim11l, wherein the first
correction cﬂmd&mtconmﬁﬁhseeantouanaﬂﬁrﬁqmémmﬂdmnmﬂmnt@nwﬂueeoﬁhapower
whi l e updating the frequency accel erates through an operating

bandwi dihnafief;h@dRF frequency systemto converge the frequency to a
frequency set poi nt associ at ed vmth a_maxi mum power transfer between

t he RF power system an

The o frequen
cl'ai m 10 F ur RePOUGHARTTi ECoraihey el FOmCHOU T oA G the s
a first control nodule response when the first distortion value is
gr eat er impedange hepkiguatueal ue; and

10.  The radio frequency system of claim 9, wherein the power amplifier adjusts

frequency of the radio frequency signal based on the first impedance tuning value.

11.  The radio frequency system of claim 10, further comprising a power control
module that regulates power of the power amplifier,

wherein the power amplifier adjusts the frequency while power of the power
amplifier is regulated by the power control module to coalesce power regulation and

frequency tuning.

12.  The radio frequency system of claim 11, wherein the power of the power amplifier
is regulated during even update interrupts of the radio frequency system, and the

frequency is adjusted during odd update interrupts of the radio frequency system.



a second control nodul e response when the first distortion value is

| ess than or equal to the maxi mum value. 15. The radi o frequency
system of claim 14, wherein: the first control nodul e response
provides a first frequency convergence rate; t he second control
nmodul e response provi des a second fregd®ncy convergence rate; and

t he second frequency convergence rate is quicker than the first

frequen convergence rate. 60 16 he radi o, frequen systemof . .
ol ai'm 1531 ur LHerrad PRy ﬁﬁ%‘?‘%f’@kﬁTﬁﬁl ds vBherethy Bl difst Ehecton circuit

mat chi ng network matches an inpedance of a |load on the power
anpl i fi eomprisgs: an i npedance of the transm ssion line. 17. The radio
frequency system of claim 16, wherein the matchi ng network conpri ses:

a second sen i i i : i i
8 PeqgiBidy eéﬂtﬁg th&Gulk fﬂ?dt%ﬁﬂ@%%&%dgﬁﬁg Bk lueﬁ‘é}ﬂa&ﬁﬂ?ét%& RGugh

second sensor signal's; a an i npe e matchi’ng Circul

pedant GRCTRE DAL o ohe) Rhat6aeSa) osPRb 16 RN aefeoffeltentyto o

signals. 18. The radio fr.equenpﬁ systemof claim 17, wherein the
second §ensencyi st pepatr assecibtednwither fiaxsnuepswer tranger Petvaeadhe RF power
frequency systemof claim1, wherein:

system and a load.

14.  The radio frequency system of claim 1, further comprising a frequency control
module that provides:

a first control module response when the first distortion value is greater than a
maximum value; and

a second control module response when the first distortion value is less than or

equal to the maximum value.

15.  The radio frequency system of claim 14, wherein:

the first control module response provides a first frequency convergence rate;

the second control module response provides a second frequency convergence
rate; and

the second frequency convergence rate is quicker than the first frequency

convergence rate.



the first sensor signals include a voltage signal and a current
signal; the voltage signal indicates a voltage of the radio frequency
signal; and the current signal indicates a current of the radio
frequency signal. 20. The radio frequency system of claim 19,
wherein the sinusoidal function includé$ a dot product of the voltage
signal and the current signal, a nmagnitude of the voltage signal, and

a magni t ude th urrent signal. 61 21. The radio fyequenc
system 6f: c|§flfﬁf o fegpency: system of i |, élfﬂ@%ﬁ%fﬂl?‘ﬂ?&ltﬁ%g?@igg network,

di rectional coupler sensor detecting a reverse power reflected back
f r om t hehawtic e qranating mktwarkt hetchesven iapptarfdeest, a dowd on the power magiifier
frequency system further conprises a second directional coupler

sensor %tihﬂﬁdgngé)éméqmg%sic?wl%'ded to the transm ssion |line by
the power amplifier. 22. The radio frequency system of claim 21,

wherein the sinusoidal function includes a dot product of the reverse
power and the forward power, a nmagnitude of the reverse power, and a
magni t utfé of Théeadiofreguehgyommstem o2&8aind 1Getvhextimfheapetchingnetaorkachmprises:
frequency system conprising: generating a radio frequency signal via

a power anpljfgeefng sensor AYARNIAS M6 LRG0 ﬁ’@'Qexfc?}reﬁgﬁﬁcﬂn@irg%&]a‘fihg_s%cond
mat ching network via a transm ssion |1 ne between the power anplifier

and t he mat chi ngl net wor k;
sensor signals; and

an impedance matching circuit matching impedance matching the load on the
power amplifier with the impedance of the transmission line based on the second sensor

signals.

18.  The radio frequency system of claim 17, wherein the second sensor is separate

from the first sensor.

19.  The radio frequency system of claim 1, wherein:
the first sensor signals include a voltage signal and a current signal;
the voltage signal indicates a voltage of the radio frequency signal; and

the current signal indicates a current of the radio frequency signal.

20.  The radio frequency system of claim 19, wherein the sinusoidal function includes
a dot product of the voltage signal and the current signal, a magnitude of the voltage

signal, and a magnitude of the current signal.



nonitoring the radi o frequency signal and generating sensor signals
based on the radi o frequency signal; determning a first
distortion value according to at |east one of (i) a sinusoidal
function of the sensor signals and (ii) a cross-correlation function
of the sensor signals; generatinéla first inpedance tuning

val ue based on the first distortion value and a first predeterm ned

val ue; d . roviding feedf orward control of inpedance

mat chi ngp'per?ﬁ?W&OﬁeﬁH?Wﬁqﬁ%ﬁﬁPﬁﬁfﬁ%wﬁg ' % i ncl udi ng out putting

the first inmpedance tuning value to one of the power anplifier and

t he mat chi ngtheefiwbsknsczincindes mediiediontl epapler 3gnsontistenting a reversq pewer
first inpedance tuning value is fedforward to a tune input of the

mat chi ngefRetedtkk Pt thdRarRimofetivork ketheqRWairiag@sifier; and

determ ning a second distortion value based on aratio of nagnitudes

Cuni ng val ucaed bravsney sassruler Soinne SRS Hirk RERH Elhtgn pomeor

val ue, and feeding forward the second i npedance tunin
val ue i deteetingie faward paweopPvidasiio the tiepamparoaHinegndewsmer amplifier.

22.  The radio frequency system of claim 21, wherein the sinusoidal function includes
a dot product of the reverse power and the forward power, a magnitude of the reverse

power, and a magnitude of the forward power.

23. A method of operating a radio frequency system comprising:

generating a radio frequency signal via a power amplifier;

outputting the radio frequency signal to a matching network via a transmission line
between the power amplifier and the matching network;

monitoring the radio frequency signal and generating sensor signals based on the
radio frequency signal,

determining a first distortion value according to at least one of (i) a sinusoidal
function of the sensor signals and (ii) a cross-correlation function of the sensor signals;

generating a first impedance tuning value based on the first distortion value and a

first predetermined value; and



wherein the first distortion value is determ ned based on a dot
product of the sensor signals and magni tudes of the sensor signals.
25. The nethod of claim 23, further conprising: outputting the first

i npedance tuning value to the power anplifier; and adj usting
frequency of the radio frequency signa 2via the power anplifier based
on the first inpedance tuning val ue.

providing feedforward control of impedance matching performed within the
matching network including outputting the first impedance tuning value to one of the

power amplifier and the matching network.

24, The method of claim 23, wherein:
the first impedance tuning value is fedforward to a tune input of the matching
network; and
the method further comprises
determining a second distortion value based on a ratio of magnitudes of the
sensor signals,
generating a second impedance tuning value based on the second distortion
value and a load setpoint value, and
feeding forward the second impedance tuning value is outputted to a load
input of the matching network,
wherein the first distortion value is determined based on a dot product of the

sensor signals and magnitudes of the sensor signals.

25.  The method of claim 23, further comprising:
outputting the first impedance tuning value to the power amplifier; and
adjusting frequency of the radio frequency signal via the power amplifier based on

the first impedance tuning value.



