
POWER DISTORTION-BASED SERVO CONTROL SYSTEMS FOR FREQUENCY TUNING RF
POWER SOURCES                                  FIELD [0001]The
present disclosure generally relates to a radio frequency (RF)
generator and, more particularly, to frequency control of a RF
generator.                             BACKGROUND [0002]The
background description provided herein is for the purpose of
generally presenting the context of the disclosure. Work of the
presently named inventors, to the extent the work is described in
this background section, as well as aspects of the description that
may not otherwise qualify as prior art at the time of filing, are
neither 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 RE power system. The RE power
signals generated by the RE 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 RE generator generates RE 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 RE generator and the matching
network. This impedance matching aids in maximizing an  



2 amount of power forwarded to the matching network ("forward power")
and minimizing an amount of power reflected back from the matching
network to the RF generator ("reverse power"). Forward power may be
maximized and reverse power may be minimized when the input impedance
of the matching network matches the characteristic impedance of the
transmission line. [0005]Heuristic, feedback or feedforward
approaches are typically used to control a RF generator to maximize
power transferred to the matching network. Heuristic approaches
include a set of rules that are used to direct a gradient based
search method to provide a sensed response satisfying a predetermined
criterion. A heuristic approach can include performing a search to
tune frequency of a power amplifier circuit to minimize reverse
power, increasing a step size of a search space, changing direction
of the search, and initiating or ceasing a search. Heuristic
approaches cannot be represented by a transfer function. [0006]A
feedback approach typically includes a feedback loop, which is used
to minimize error between a power setpoint and an amount of power
transferred from a RF generator and a matching network. The feedback
loop may include sensors and a control module. The control module
adjusts output power of an agile frequency RF power source (or power
amplifier). The sensors may detect voltage, current, forward power
and/or reverse power out of the power amplifier and generate sensor
signals. An amount of power transferred or a difference between the
forward power and the reverse power is 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
3 generates RF power signals based on the power control signal from
the control module. Although this approach minimizes error in power
to maximize power transferred from the RF generator to the matching
network, this approach is limited to adjusting power that cannot
minimize non-zero reflected power. [0007]Another feedback approach
includes detecting a phase difference between sensor signals, which
are generated based on a voltage and current output of the power
amplifier. Frequency of the power amplifier is adjusted via a
voltage-controlled oscillator in response to the detected phase
difference to minimize the phase difference and/or reverse power. The
phase 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 deteimine
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  4 the forward power and the reverse power to
minimize the reverse power. Phase information is not utilized in this
approach to minimize the reverse power. [0009]In one feedforward
approach, a feedforward loop is used to adjust capacitance of a
capacitor in a matching network. Sensors are used to detect forward
power and reverse power. A processor adjusts operation of a motor to
change the capacitance of the capacitor based on outputs of the
sensors. The processor adjusts the capacitance until the reverse
power is at a minimum level. 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 is provided and includes generating a radio frequency signal
via a power amplifier. The radio  



5 frequency signal is outputted to a matching network via a
transmission line between the power amplifier and the matching
network. The radio frequency signal is monitored and sensor signals
are generated based on the radio frequency signal. A first distortion
value is determined according to at least one of (i) a sinusoidal
function of the sensor signals and (ii) a cross-con-elation function
of the sensor signals. A first impedance tuning value is 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 frilly
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;  



6 [0016]FIG. 3 illustrates a feedfoivard and feedback control method
in accordance with the present disclosure; [0017]FIG. 4 illustrates a
feedforward and feedback control method with frequency- 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;  7 [0025]FIG. 7B is a plot
illustrating frequency updating associated with the frequency tuning
trace of FIG. 7A; [0026]FIG. 7C is a plot illustrating a change in
magnitude of the reflection coefficient 



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;  8
[0035]FIG. 11 is a plot illustrating distortion, phase angle, and
impedance values in 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 is merely illustrative in
nature and is in no way intended to limit the disclosure, its
application, or uses. The broad teachings of the disclosure can be
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  9
group) that executes code; other suitable hardware components that
provide the described functionality; or a combination of some or all
of the above, such as in a system-on-chip. The term module may
include memory (shared, dedicated, or group) that stores code
executed by the processor. [0040]The term code, as used above, may
include software, firmware, and/or microcode, and may refer to
programs, routines, functions, classes, and/or objects. The term
shared, as used above, means that some or all code from multiple
modules may be executed using a single (shared) processor. In
addition, some or all code from multiple modules may be stored by a
single (shared) memory. The term group, as used above, means that
some or all code from a single module may be executed using a group
of processors. In addition, some or all code from a single module may
be stored using a 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  10 from another element, component, loop, circuit
or module. Teiins such as "first," "second," and other numerical
terms when used herein do not imply a sequence or order unless
clearly indicated by the context. Thus, a first element, component,
loop, circuit or module discussed below could be termed a second
element, component, loop, circuit or module without departing from
the teachings of the example implementations disclosed herein.
[0043]Various techniques are disclosed below to maximize power
transferred between a power amplifier and/or RF power generator and a
matching network of a RF power system. These techniques include
feedforward control to servo tune an agile RF power source (referred
to as a RF power generator). The feedforward control is used to
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  11 zero.
This limits the ability of a feedback controller to minimize the
distortion. Feedforward control minimizes distortion when the error
is both equal to and not equal to zero. Feedforward control also
differs from feedback control in that feedforward control includes
distortion corrections independent of a predeten lined power
setpoint. [0046] The feedforward techniques disclosed herein include
detecting and correcting distortion of a RF power system. The
feedforward control ameliorates overall control performance of a RF
power system as a supplement to feedback control. [0047]In FIG. 1, a
RF power system 10 is shown. The RE power system 10 includes a RF
generator 12, a matching network 14, and a load 16 of the matching
network 14. The RF generator 12 generates a RF power signal 17, which
is provided to the matching network 14. The matching network 14
matches an input impedance of the matching network 14 to a
characteristic impedance of a transmission line 18 between the RF
generator 12 and the matching network 14. Put another way, the
matching network 14 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 RE 



power signal 17 based on a power signal received from a power source
24 external to the  12 power amplifier 20. Although the power source
24 is shown as part of the RF generator 12, the power source 24 may
be external to the RF generator 12. The power source 24 may be, for
example, a direct current (DC) power source. [0049]The feedback loop
22 includes one or more sensors (first sensors) 26, a scaling module
28, a first summer 30, and a power control module 32. The sensors 26
may include voltage, current and/or directional coupler sensors. The
sensors 26 may detect (i) voltage V and current I output of the power
amplifier 20, and/or (ii) forward (or source) power PHYD out of the
power amplifier 20 and/or RP generator 12 and reverse (or reflected)
power P, received from the matching network 14. The voltage V,
current I, forward power PEW!), and reverse power P REv may be scaled
and/or filtered versions of the actual voltage, current, forward
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 (AID)
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 Pd and can be represented by
equation 1, where V is voltage output of the power amplifier 20
and/or RF generator 12,1 is current out of the power amplifier 20
and/or RP generator 12, and  13 CI is a phase difference between the
voltage and the current outputs V, / of the power amplifier 20.
-11111/1cos(e) = 4WD - PRE,/(I) 



[0051] The first summer 30 sums the power feedback signal 34 with a
predetermined power setpoint signal 36, which may be generated by a
power setpoint module 38. The power feedback signal 34 may be
subtracted from the predetermined power setpo nt signal 36 to
generate an error signal eft,. [0052]The power control module 32
receives the error signal egenerates a power control signal urfb to
regulate power out of the power amplifier 20. The power control
signal u'f' is provided to the power amplifier 20. The power
amplifier 20 adjusts the RF power signal 17 based on the power
control signal its. 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 D71,(z). The power control signal Le; may be a drive
signal and have a DC offset or rail voltage, a frequency and a phase.
However, the power control signal uzi,, does not adjust frequency of
the RF power signal 17.  14 [0053]The RF generator 12 may further
include a first feedforward loop 40 and a second feedforward loop 42.
The first feedforward loop 40 includes a first distortion module 44
and a first correction circuit 46. The first distortion module 44
determines a 



distortion value d, representative of the distortion as seen at the
output of the power 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's- based on the
first distortion value d,. The tuning value uff is provided to the
matching network 14 for frequency response tuning and impedance
adjusting purposes. The first distortion module 44 may deteiine 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  15 respectively an associated
tune input 54 and load input 56. The tune and load parameters refer
to impedance adjustments performed in the matching network 14 via the
variable tuning elements 52. As an example, the tune parameter and
the load parameter may be associated with respective capacitances of
capacitors in the matching network 14. [0055]A second technique,
which is described with respect to FIGs. 2 and 4, introduces a
variable frequency adjustment to the power amplifier 20 and may be
used alternatively or in combination with the first technique. The
tune 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 Pd from the 



power amplifier 20 to the matching network 14 is maximized This may
occur when the forward power PFWD to the matching network 14 is
maximized and/or the reverse power PRE,, from the matching network is
minimized. The RF power transferred Pd may be represented by equation
2. A maximum RF power transferred PAddx may be represented by
equation 3. =cos (0)(2) MAX = max(IIIII cos (0)) = max (PF,f,D )- min
(PRE,, )(3) [0057]The RF power transferred Pd is maximized when the
phase 0 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
phaseby  16 adjusting the tune and load parameters of the matching
network 14. Since the phase 8 is dependent on the reactive impedance,
reduction in the phase () is a function of frequency f of the power
amplifier 20. As a result, phase reduction can be performed as a
function 



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 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.
10058]Although the first and second techniques can be used to
minimize the phase , the techniques do not directly detect or adjust
the phase 0. The techniques may include determining cos (0) (referred
to herein as "the cosine function"), 1-sin20 (referred to herein as
"the sine function"), and/or another primary and/or sinusoidal
function. The phase 0 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 (r).
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(0) for two independent variables X, Y 



may be represented by, for example, equation 4, where X may be
voltage or reverse power, Y may be current or forward power, and (xi)
is a dot product ofX and Y.  cos(e) -  (xi)  11x112 IIY-112 (4)  The
sine function 1-sin20 may be determined based on one of the equations
5 and 6.  17   1X0Y1 sm (0) -' 



XM211112 sin (0) _ ())2  MX112 MY12 [0060]One technique disclosed
herein includes maximizing power transfer to the matching network 14
by maximizing the cosine function cos (0) . As an example, the
variables X and Y may be substituted for voltage V and current I, and
cos (0) may be calculated directly using a closed fomni 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. 100611An example analog technique
includes using directional coupler sensors to detect the reverse
power P v and the forward power P ElvD. The variable X of expression
4 may be replaced with the reverse power P v and the variable Y of
expression 4 may be replaced with the forward power P Ewa A
reflection coefficient F of the transmission line 18 is a function of
the reverse power P and the forward power P FryD. The reflection
coefficient F may be represented by the reverse power P REv divided
by the forward power P Ewp and or by equation 7, where z1 is the
impedance of the load on the RF generator 12 (i.e. the matching
network 14 and the load 16) and zo is the impedance of the
transmission line 18. F =  - 70 (7) Zo  



18 [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 (r). 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 d1. The energy of a signal s (s) may be represented
by equation 8 using vector calculus, where t is time. s(t)=I (t)dt(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 RE 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(t) and y(t), which correspond to the above variables
X and Y. The corresponding digital version of these oscillating
continuous time signals is x(n) and
19 y(n). A discrete-time cross correlation value 7-"(r) of the
signals x(n) and y(n) may be 



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 time between the signals x(n) and y(n).
rw(v)= Ecx[n]-prxy[n -2] -PO(9) Vn [0065]Power p associated with the
two signals x(n) and y(n) can be determined when r is equal to 0. The
two signals x(n) and y(n) completely overlap in time when r is equal
to 0. Energy ko, for an impedance changing event can be represented
by equation 10 and as a function of the power p, where b identifies a
block number, gib is a duration time of each block, K 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. ETb E(p[k] - p[k
-1])(10) k=1 [0066]The dot product (xi') may be determined based on
the cross-correlation value when v is equal to 0. The dot product
(Xi) is directly related to the cross-correlation value when r is
equal to 0. Also, the power p (or Pd) is related to the dot product
(XY) 



by substituting equation 2 into equation 4. Based on the
discrete-time 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 function) may be determined
based on vector calculus.                                    20
[0067]The first distortion module 44 may determine the first
distortion value d, based on the discrete-time cross correlation
value t;),(r) when r is not equal to 0. The first distortion module
44 may not determine the first distortion value d, based on the
discrete-time cross con-elation value r(r) when r is equal to 0. As
shown above, this cross-correlation technique may be used to derive a
sinusoidal function between two wideband signals x(t) (e.g., V or
PREv) and y(t) (e.g., I or Prwn), which is representative of
characteristics of the transmission line 18. [0068]The sinusoidal
function may be used as described below for autonomous control of a
variable frequency 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 transfer. 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 (its)) with a predetermined update rate (e.g., less than
1 Ms). 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 Dffs (z)). The first input
module 60 may generate a first predetermined value (e.g., 0  21 when
determining the distortion value d, according to the sine function or
1 when determining the distortion value d, according to the cosine
function). The second summer 62 may subtract the first distortion
value d, from the first predetermined value to generate a tuning or
first correction value c, . The tune control module 64 may include a
second PID controller and generate a power tuning value (or first
impedance tuning value) u'i1 based on the first correction value C(.
The tune control module 64 may adjust the power tuning value u`n_ 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) di based on the
sensor signals 33 and a second distortion function. The second
distortion function may be represented by equation 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 Dffe (z). The load setpoint
module 76 may generate a predetermined load setpoint value (e.g., 50



22 Ohms(o)). The third summer 78 may subtract the second distortion
value di from the load setpoint value to generate a load correction
value (second correction value) c,. [0072]The load control module 80
may include a third PID controller and may generate a power load
value (or second impedance tuning value) 6 based on the second
correction value c,. The load control module 80 may adjust the power
load value uji.` to match the second distortion value di to the load
setpoint value. The load control module 80 may generate and/or
receive the load setpoint value. [0073]The tune control module 64 and
the load control module 80 are coupled, as represented by arrow 82.
The arrow 82 represents a mutual coupling between the tune and the
load inputs 54, 56 of the matching network 14. The power load value
affected (or indirectly adjusted) when the power tune value 6' is
directly adjusted by the tune control module 64. Similarly, the power
tune value 6` is affected (or indirectly adjusted) when the power
load value 6. is directly adjusted by the load control module 



80. The tune and load inputs 54, 56 are adjusted respectively by the
power tune value 'lift 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  23
generator 12 matching the impedance of the transmission line 18. The
tune and load inputs 54, 56 may be adjusted until phase of the RF
power signal 17 is 0 and impedance of the matching network 14 is at a
predetermined impedance (e.g., 50Q). This aids in minimizing the
reverse power PREv, 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 PREv) 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 feedfoiward 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 PRET. The impedance matching circuit 50 may
apply a feedforward match correction u; 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. (12) [0076]The tune and load control
modules 64, 80 provide the distortion corrections 



24 correction value u; may be expressed as a sum of these correction
values, as represented by equation 13. = ti`(13) ff [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 Pp. 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 PREv. The distortion correction as performed by
the matching network 14 may be limited and may not reduce the reverse
power PREv 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 P v 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  



25 [0079]The phase of the signals x(t) and y(t) has a relationship,
which may be represented by equation 14, where W is equal to the dot
product (XY). W =11/211/112cos(0)(14) The cosine function may be used
to represent distortion upon which feedforward 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 (ii) 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 F, which is a ratio of the reverse
power PREv to the forward power PPM, a phase difference between the
reverse power PREv and the forward power Prgy is minimized and/or
reduced to 0. When voltage and current sensors are used, a phase
difference between the voltage and phase signals is also minimized
and/or reduced to 0. This leads to a control law represented by
equation 15, wherein cos( )d is a desired or predetermined value and
cos( (1) )a is an actual and/or calculated value. cos(0)d -cos(e) =1-
cos(0)a(15) Minimizing the phase difference between the sensor
signals minimizes and/or reduces the distortion to 0.  26 [0081]In a
directional coupler sensor implementation, it is feasible for an
offset to 



occur in a primary conductance circle from an admittance grid of a
Smith chart. The primary conductance circle refers to a circle that
passes through an origin in a complex reflection coefficient grid of
the Smith chart. Portions of the primary conductance circle are shown
in FIG. 5A, 6A, 7A and 8A. The load of the matching network 14 is set
such that the tune input 54 when adjusted causes the reflection
coefficient F as mapped to a unit circle of the Smith chart to follow
a conductance circle and pass through the origin. At the origin, the
impedance of the matching network 14 matches the characteristic
impedance of the transmission line 18. [0082]As another example, the
frequency of the power amplifier 20 may be servo controlled to adjust
the impedance and/or reflection coefficient F to an intersection of a
real axis of the Smith chart in a complex plane of the reflection
coefficient F. 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(0)d - cos(0)0 = 1 - cos(0),, I(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  27 may be reduced to a non-zero
value producing a small error in cos(0), - cos(0)0. This is one of
several benefits in contrast to measuring the phase directly.
[0084]For an expedient search to a maximum power transfer state, the
feedforward 



control follows a trajectory along the conductance circle to minimize
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 determining a ratio of
magnitudes of X and Y, a quantitative measure of directivity is
provided. 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 cos2( ). The
square of the cosine function cos2( ) is equal to 1 minus the square
of the sine function (1-sin2( 0 )). The control law provided by
equation 16 may then be modified as shown by equation 17. cos(0)d -
cos(0)" = - sin= (0)"1(17) [0086]When directional coupler sensors are
used, impedance of the matching network  28 magnitudes is reduced to
a minimum value. Reducing the ratio of magnitudes indicates that the
impedance and/or frequency adjustments are tending to a maximum power
transfer along a shortest path. As an alternative to and/or in
addition to determining the ratio of the magnitudes, a magnitude of
the reverse power PREv may be monitored and minimized. When voltage
and current sensors are used, the impedance and/or frequency
adjustments are performed such that the ratio of the magnitudes tends
to the characteristic impedance of the transmission line 18. [0087]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 fiinction, 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 



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 impedance matching
circuit 50 and the second sensors 90, and the load 16. The RF
generator 102 generates a RF power signal 104, which is provided to
the matching network 14. The RF generator 102 includes a RF power
source (or a power amplifier) 106 and the feedback loop 22. The power
amplifier 106 generates the RF power signal 104, which is an output
to the matching network 14. The power amplifier 106 may generate the
RF power signal 104 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 u. 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 e17,.  30
[0091]The power control module 32 receives the error signal efr and
generates the power control signal udii, to regulate power out of the
power amplifier 106. The power amplifier 106 adjusts the RF power
signal 104 based on the power control signal u7i, and the frequency
tuning value uf; . The RF power signal 104 may be a pulsed waveform
and have a frequency set based on the frequency tuning value uiff. 



[0092]The RF generator 12 may further include the first feedforward
loop 40, the second feedforward loop 42, and a third feedforward loop
110. The RF power system 10 may include the third feedforward loop
110 and not the first and second feedforward loops 40, 42 or may
include the first, second and third feedforward loops 40, 42, 110, as
shown. The first feedforward loop 40 includes the first distortion
module 44 and the first correction circuit 46 with the first input
module 60, the second summer 62 and the tune control module 64. The
second feedforward loop 42 may include the second distortion module
70 and the second correction circuit 72 with the load setpoint module
76, the third summer 78 and the load control module 80.
[0093]Although the third feedforward loop 110 is drawn as a feedback
loop, the third feedforward loop 110 performs as a feedforward loop
and performs a feedforward function and is thus referred to herein as
a feedforward loop. The third feedforward loop 110 provides the
frequency tuning value uC , 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 in the matching network 14. These impedance
changes affect impedance matching between the matching  31 network 14
and the transmission line 18, which affects the amount of reverse
power PREY and the amount of power transferred Pd. 



[0094]The third feedforward loop 110 includes the first distortion
module 44 and a third correction circuit 112. The third correction
circuit 112 includes a second input module 114, a fourth summer 116
and a frequency control module 118, which may be represented as a
function D./11(z). The second input module 114 generates a third
predetermined value (e.g., 1). The fourth summer 116 may subtract the
distortion tuning value d, from the third predetermined value to
generate a third correction value cf. . The frequency control module
118 may include a fourth PID controller and generate the frequency
tuning value u."-, based on the third correction value cf. . The
frequency control module 118 may adjust the frequency tuning value u
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 ufl,, . At 204, the sensors 26 detect voltage V,
current I, reverse  32 power PRET', and/or forward power PF-wp and
generate the corresponding sensor signals 33. [0097]At 206, the
scaling module 28 scales and/or filters the sensor signals 33 to
generate the power feedback signal 34. The scaling and/or filtering
may include a moving average. The scaling module 28 may include a two
term finite impulse response (FIR) filter. The scaling module 28 may
apply heterodyne filtering, as described herein. At 208, the first
summer sums the power setpoint signal 36 with the power feedback
signal 34 to generate the error signal e7,. 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 Y may be
determined using trigonometric functions or equations 18 and 19,
where 0 is the phase difference between signals Xand Y.
sin(0+0=sinecose+cosesine(18) cos (0+e) = cos Ocose + sinOsine(19)
The systematic erroris determined based on a least square
approximation of multiple 



impedances with known phase angles. The sin(0) and cos(0) 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  33 the sinusoidal function extraction,
which is different than using a vector calculus technique. The
frequency of interest is the frequency of the RF source or generator
(e.g., one of the RF generators 12 or 102). [00100] First, the
distinction of the vector calculus based method and the sinusoidal
function method. In a digital scheme, the vector calculus method of
determining sin(D) and cos(0) includes acquiring a block of samples
to perform corresponding calculations, followed by performing a
calibration (e.g., the calibration described above). The vector
calculus method may 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(8)
and cos(0)), 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 x[n] =1 X1 e-""T*9.) 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] =1Y 1 el((0"T+91) . Mathematically, these complex
expressions have an alternate form, x[n] = xs[n]+ jx,[n] , where the
real quantity is defined as x,.[n] =1 X I cos(conT + Os), and the
imaginary quantity is defined as x, [n] =1 X 1 s n(conT + 03. 



34 The distortion determination (distortion method) described above
is quantified by the sinusoidal functions, where the phase 0 is the
phase difference between O" and By. From this complex representation
of the frequency of interest and from the corresponding sensor
signal, the distortion can be determined directly from a single
sample of the quadrature sensor signals x[n] and y[n] . Below is an
example of how to computationally extract this information from the
real and imaginary components. [0101]A numerator term is foiii ed
from: a product of x[n] and Ali]; a conjugate of Y[n] ; and Y[n] =1Y1
(conT+0) to yield equation 20, where 0= ex-es,. x[n]  y[n] =1 X 1I Y
I e 'CronT+0,0 =1)(11111ei(9r)YI (cos (1)+ j sin 0)(20) The numerator
term is normalized by a denominator term IX Y. A ratio of the
numerator term and the denominator term yields a sinusoidal function,
cos 0+ j sine. 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 (r)) and imaginary ( sin 0) 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.  35 



[0103]At 210, the power control module 32 generates the power control
signal zi,based on the error signal efl, . At 212, the first
distortion module 44 determines the first distortion value d,
according to the sinusoidal function or cross-correlation function.
The first distortion value d, is a measurable quantity of a reactive
disturbance or distortion. At 214, the second summer 62 generates the
first (or tune) correction value c, based on the first distortion
value d, and the first predetermined value. At 216, the tune control
module 64 generates the power tuning value (or first impedance tuning
value) us.' based on the first correction value c,. [0104]At 218, the
second distortion module 70 determines the ratio of magnitudes to
generate the second distortion value d,. At 220, the third summer 78
generates the second (or load) correction value c, based on the
second distortion value d, and the load setpoint value. At 222, the
load control module 80 generates the power load value (or second
impedance tuning value) us.' based on the second correction value
[0105] At 224, the matching network 14 performs impedance matching
based on the first and second impedance tuning values uS , u. At 226,
RE power is provided from the matching network 14 to the load 16.
Task 202 may be performed subsequent to task 226. [0106] The RE 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  36 matching feedforward control. Although the following
tasks are primarily described with respect to the implementation of
FIG. 2, the tasks may be easily modified to apply to other
implementations of the present disclosure. The tasks may be
iteratively performed. The method may begin at 250. [0107]At 252, the
power amplifier 106 generates the RF power signal 104 based on the
power control signal uPfb. At 254, the sensors 26 detect voltage V,
current /, reverse power PREv, and/or forward power PFWD and generate
the corresponding sensor signals 33. [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 eib. At
260, the power control module 32 generates the power control signal
/if; based on the error signal eft. [0109]At 262, the first
distortion module 44 determines the first distortion value a', 



according to the sinusoidal function or cross-correlation function.
At 264, the second summer 62 generates the first correction value c,
based on the first distortion value d, and the first predetermined
value. At 266, the tune control module 64 generates the power tuning
value (or first impedance tuning value) us.' 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 cll. At 270, the third summer 78 generates the  37 second
correction value c, based on the second distortion value d, and the
second predetermined value. At 272, the load control module 80
generates the power load value (or second impedance tuning value) uff
based on the second correction value c,. [0111]At 274, the fourth
summer 116 generates the third (or frequency) correction value cf
based on the first distortion value d, and the second predetermined
value. 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 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 cf is equal to 0). [0112]At
276, the frequency control module 118 generates the power frequency
value (or third impedance tuning value) ufff (or the degree of the
correction) based on the third correction value cf. . 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
Gf to a one step correction of the distortion, where the frequency
tuning value u.iff is equal to the frequency correction value cf
multiplied by the gain Gf, as shown by equation 15. ff = cf Gf(15)
[0113]The frequency control module 118 may provide a high order
response with  38 



order response may be an alternative to a one step correction
approach. A PID controller may be used to provide the higher order
response (dynamic response). [0114]The frequency control module 118
may implement two approaches the one step correction approach and the
approach in which the dynamic response of the 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.
9A-9D are provided. [0115]Frequency updates performed by the
frequency control module 118 may be performed using a ND 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  39 MHz as a maximum hop. This provides a
handsoff servo-automatic frequency tuning configuration. [0116]At
278, the matching network 14 performs impedance matching based on the
first, second and third impedance tuning values tiff' , uffl , u. At
280, RF power is provided from the matching network 14 to the load
16. Task 252 may be performed subsequent to task 280. 



101171The 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
F 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 F as mapped to the Smith chart follows a
conductance circle 302. The  40 trajectory of tuning the frequency
using a quantified distortion determined based on signals from the
voltage and current sensors is shown. Frequency initialization is
shown as a circle 304. Tuning is performed such that the reflection
coefficient F converges at an origin (0,0) of the Smith chart.
[0120]In FIG. 5B, a plot illustrating frequency updating associated
with the frequency 



tuning trace 300 illustrated in FIG. 5A is shown. The frequency
adjustment 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 . [0121]In FIG. 5C, a plot
illustrating a change in magnitude of the reflection coefficient F
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 F. By inspection of these
results for the magnitude of the reflection coefficient F in FIG. 5C,
the frequency control module 118 may tune to the configured load
condition in, for example, 60 its. [0122]In FIG. 6A, a Smith chart is
shown illustrating a frequency tuning trace 320 of a reflection
coefficient r 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 its. 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 41 and the frequency update is
shown on the right y-axis. Signal 326 is the frequency of the RF
power signal. Signal 328 illustrates change in the frequency and/or
the frequency tuning value uiff . [0124]In FIG. 6C, a plot
illustrating a change in magnitude of the reflection coefficient
corresponding to the frequency updating of FIG. 6B is shown. The
frequency signal 330 is shown along with a signal 332 illustrating
the magnitude of the reflection coefficient F. By inspection of these
results for the magnitude of the reflection coefficient F in FIG. 6C,
the frequency control module 118 may tune to the configured load
condition in, for example, 50 his. [0125]In the following FIGs.
7A-8C, sample results are illustrated for a directional 



coupler sensor implementation, where the sinusoidal function
associated with the reflection coefficient is used to tune the
frequency of the power amplifier. FIGs. 7A-7C 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  42
initialization are shown in FIGs. 8A-C. Automatic frequency tuning
occurs in less than 15 us for both frequency initialization
conditions. [0127]Though the simulation results indicate the
directional coupler corrects the power impairment faster than the VI
sensor, this is a function of the controller parameters. The
controller's parameters were selected with intent of demonstrating
the scheme and not optimized for particular performance. The
feedforward controller for the VI sensor can be significantly
improved with a better set of parameters. [0128]In FIG. 7A, a Smith
chart illustrating a frequency tuning trace 350 of a reflection
coefficient F 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 F 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 F 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 is 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 tiffil . 



[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 shown. 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 module 118 may tune
to the configured load condition in, for example, 16 pts. [0131]In
FIG. 8A, a Smith chart is shown illustrating a frequency tuning trace
368 of a reflection coefficient in a matching network when
directional coupling sensors are used while initializing at a low end
of a frequency range. The frequency is adjusted such that the
reflection coefficient r as mapped to the Smith chart follows a
conductance circle 370. 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 372. Tuning is performed such that the reflection
coefficient F 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 tuning value uff . [0133]In FIG. 8C, a plot
illustrating a change in magnitude of the reflection coefficient
corresponding to the frequency updating of FIG. 8B is shown. The
frequency signal 374 is shown along with a signal 378 illustrating
the magnitude of the reflection 



coefficient F. By inspection of these results for the magnitude of
the reflection  44 coefficient F in FIG. 8C, the frequency control
module 118 may tune to the configured load condition in, for example,
8 its. [0134]Although the above provided simulation results indicate
that the implementation using directional coupler sensors provides a
quicker update rate then the voltage and current sensor
implementation, these update rates are a function of control
parameters. The control parameters may be modified such that the
voltage and current sensor implementation provides a quicker update
rate. Also, although the conductive circles 300, 322, 352, 370 shown
in FIGs. 5A, 6A, 7A, and 8A are not perfect circles, they each have a
circular path and thus are referred to as circles. Setpoint
Adjustment for Reversal and Untenable Load  [0135]Referring now to
FIGs. 2 and 10, a Smith chart illustrating frequency tuning to a
convergence point is shown. The second input module 114 is configured
to reverse the frequency update direction and adjust a distortion set
point. The second input module 114 indicates the set point of the
distortion. The summer 116 computes a difference between the measured
distortion and this setpoint to produce the correction term Cl. If
the measured distortion is cos(r), then the distortion set point is
set equal to 1. If the measured distortion is sine, 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  45 indicated with arrows 400. When s nO>0,
the frequency control module 118 updates a frequency of the power
supply (e.g., the RF power systems 10 or 100 of FIG. 1 and 2) by
incrementing the frequency. When sinO<O, the frequency control module
118 decrements the frequency of the power supply. In, for example, a
frequency range of 13.3-14.2 MHz (shown in FIG. 11) the frequency
tuning operation will occur as described. For a distortion value of
sine>0, the frequency is increased until sin0=0. If the distortion of
sine<0, the frequency is decreased until sin0=0. For the example
show, the frequency where sin0=0 is 13.9 MHz. At 13.9 MHz, the
distortion is completely corrected and power transfer is maximized.
[0137]A range exists where the directivity is reversed. In this
range, the second input 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 sine 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 sin0=0 at 13.3 MHz. At this
frequency, the impedance Z (of the matching network) and reflection
coefficient F maps to an outer point on the conductance circle 402.
While this satisfies a distortion criterion for the sin(r), the power
transfer is not maximized because the normalized impedance IZI 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 cose, sine), phase angle of the
reflection  46 coefficientnormalized impedance IZI, and real and
imaginary impedance term plots are 



shown for the frequency range of 13.3-14.2 MHz in FIG. 11. Untenable
Loads  [0138]Irrespective of frequency in the operating bandwidth of
the RF power supply, an untenable load is defined as a load that is
not in the proximity of a center of the Smith chart, where the
reflection coefficient approaches zero. In this case, the load to the
RF power supply may be arbitrarily represented in the Smith chart
with an impedance z that is a function of the frequencyf (or zW) in
the operating bandwidth of the RF power supply. In this scenario, a
0=0 may not exist. However, under this constraint, the frequency may
be served to maximize the power transfer. This is accomplished by
adjusting the predetermined set point via the second input module 114
until the sine or the cos(r) 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  47 updated frequency u and a read
back frequency f are shown in FIG. 9A. Actual and offline (i.e.
theoretical or simulated) distortion values of sin (0) are shown in
FIG. 9B. 101411FIGs. 9C and 9D are directed to a second example when
the frequency of a R_F power supply (e.g., the RF power system 100 of
FIG. 2) is adjusted by 420 KHz from a tune frequency of 13.54 MHz.
The updated frequency u and a read back frequency f are shown in FIG.
9C. Actual and offline distortion values of sin (C)) are shown in
FIG. 9D. 101421The plots in FIGs. 9A-9D illustrate servo-AFT for a
plasma system. Servo-AFT is 



incorporated with power regulation by interleaving a shared
interrupt. The interrupt may occur every 10 us. Power regulation of a
power amplifier (e.g., the power amplifier 106 of FIG. 2) is
performed during even interrupts via a power control module (e.g.,
the power control module 32 of FIG. 2). Servo-AFT is processed during
odd interrupts. In both examples, the frequency settles to a settling
point within 5-6 interrupts. With interleaving the power regulation
and servo-AFT interrupts, the tune time is in the range of 100 us.
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(0) is provided to verify accuracy of the actual
sin(0) 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-  48 mechanical elements
associated therewith. The feedforward control provides a measured (or
calculated) result yielding greater control sensitivity with reduced
quantitative distortion. [0144]The techniques provide closed form
solutions witli predictable responses, which are uncharacteristic of
heuristic based search methods. The techniques also provide coherent
control of RF pulsing waveforms generated by a power amplifier. The
techniques are invariant to RF sensor type, as voltage and current
sensors and/or directional coupler sensors may be used. Although a
digital sampling technique is provided for update rates quicker than
mechanically tunable elements, analog techniques are provided. The
techniques include a direct measurement of a sinusoidal function
using vector calculus in real-time (or as a RF power signal is
generated by a power amplifier). Vector equation computations are
performed including determining magnitudes of sensor signals to
provide tuning directivity, which prevents tuning in an improper
direction. The 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 teuns can be
foi wed to protect the RF power delivery system, components and
sub-systems of the RP  



49 power delivery system, and/or enhance reliability and performance
of the RF power delivery system and/or components and sub-systems of
the RF power delivery system. [0146]As a result, over a large tune
range, the PID teins may be set to limit the scale (amount of change)
of the frequency update. This can inadvertently retard performance,
because reducing the size of the frequency update requires more
frequency updates and extends the frequency tuning time. When tuning
frequency to provide an impedance in a local impedance region (i.e.
impedance within a predetermined range of an impedance setpoint
and/or associated with a distortion setpoint or predetermined
distortion range), a different control module (or controller)
response is provided. The impedance region may be quantified by the
determined distortion (e.g., the sinusoidal function). If the
distortion is reduced due to a local impedance point, control module
performance is momentarily updated to improve the frequency tune
correction time. [0147]In a broader sense, two control module
responses, Response A and Response B, may be used. Control module
response A is used to limit the scale of the frequency update by
appropriately scaling the frequency update. This response is
indicative of a distortion exceeding an absolute maximum value. If
the distortion is less than the absolute maximum value, control
module response B is used for fast convergence. 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).  50 [0148]The above-described
techniques may include the use of a single RF sensor, as opposed to
the use of two RF sensors used in traditional RF power systems. For
example, traditional RF power systems that determine a phase
difference between voltage and current output signals typically
include two RF sensors to determine the phase of each of the voltage
and current output signals. As a phase difference is not determined
using the above-described techniques and a single RE sensor may be
used to determine voltage and current outputs of a power amplifier, a
single RF sensor may be used. Also, as the phase difference is not
determined, the challenges associated with calibrating the phase
difference are avoided. 101491The feedforward control provides
integrated performance coherent with the feedback control provided by
a power control module and with dynamics associated with a load of a
RF generator and/or matching network. This is not provided by
heuristic methods and other traditional approaches. 



[0150]One basis of the servo-auto-frequency techniques described
above is to correct measured power distortion by updating an agile
frequency RF power supply. The above described method(s) may be
developed based on a unity conductance circle in a Smith chart. This
conveniently traverses the sin(0) over the 171- 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  51 the length L
of the transmission line. For an arbitrary termination impedance zL,
the impedance z at the source will have a phase, for a lossless
cable, which will vary as a function of the variation L of the
transmission line length (e.g., z = zLejfiL), where /3 is the ratio
of the frequency (rad/s) and the velocity of the wave propagation
(m/s). The effect of the transmission line effect on impedance is
readily seen in FIG. 12. FIG. 12 shows impedance variation with cable
length and with the corresponding correction of the effect. The
minimum frequency of the operating bandwidth is associated with the
square symbols in the plot. The circle symbols in the plot are
associated with the tune frequency that achieves a maximum and/or
determined power transfer. [0152]In FIG. 12, trace 410 provides the
impedance as a function frequency. As the frequency increases, the
trajectory of the imaginary component of the impedance initially
increases and then decreases with increasing frequency. At the zero
crossing, optimal power transfer occurs where sin(0=0)=0, where
sin(0) is a quantitative power distortion measurement. The frequency
at which sin(0=0)=0 occurs, is a tune frequency for achieving a
maximum power transfer. This impedance trajectory corresponds to the
unity conductance circle of the Smith chart and demonstrates an ideal
scenario. When the sin(0)> 0, frequency is increased. Similarly, when
sin(0)<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(0=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(0) can become
single-sided. For instance, with the appropriate increase in cable 



52 length, the sinusoidal function sin(0) may take on values only
between 0 and Tr. A decrease in cable length by an equal amount
causes the function sin(0) to have values only between 0 and -it In
these instances, the maximum frequency has a similar value as the
minimum frequency. The function sin(0) is 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
power distortion for the ideal and non-ideal case, as a function of
frequency, is shown in FIG. 13. In FIG. 13, a plot of power
distortion (y-axis) with respect to frequency is shown for the ideal
case (z T) with an impedance trajectory along the unity conductance
circle and for the non-ideal case (z nT) with corresponding
correction (z nT ROT). The z T traces in FIGs. 12 and 13 correspond
to the same impedance for the ideal case for unity conductance and
are two-sided. [0155]With increased cable length, the non-ideal case
occurs with an impedance trajectory off of the unity conductance
circle that corresponds to a single-sided function. This is
demonstrated with z nT that primarily has values less than 0 in 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(0=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 deterrnine 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  53 z nT is moved to the 0,0 coordinates of the
complex plane, indicated by the trace z nT TRANS. The function is
then rotated by phase angle (I) to form znT TRANS ROT in the plot and
reverse the translation to create a final result, z nT ROT. This
correction forms the two-sided function seen in FIG. 13 by z nT ROT.
Mathematically, the correction is described as z= 



101571The 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 to the
skilled practitioner upon a study of the drawings, the specification,
and the following claims.  54 CLAIMS What is claimed is:  1. A radio
frequency system comprising:       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
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 (i) 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  55
a tune control module generating the first impedance tuning value
based on the first correction value. 3. The radio frequency system of
claim 1, wherein:       the first correction circuit feeds forward
the first impedance tuning 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,  56
a first summer summing the first distortion value and the first
predetermined value to generate a first correction value, and
a tune control module generating the first impedance tuning value
based on the first correction 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
predetemined value to generate a first correction value, and  57
a tune control module generating the first impedance tuning value
based on the first correction value; 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; and the third correction
circuit comprises a second input 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  58       the second correction circuit
outputs the second impedance tuning value to the power amplifier.  9.
The radio frequency system of claim 1, wherein: 



the first correction circuit outputs the first impedance tuning value
to the power amplifier; and       the power amplifier generates the
radio frequency signal based on the first impedance tuning value.
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.
59  13. The radio frequency system of claim 11, wherein the first
correction circuit comprises:       a frequency control module that
while updating the frequency accelerates through an operating
bandwidth of the RF frequency system to converge the frequency to a
frequency set point associated with a maximum power transfer between
the RF power 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.  60  16. The radio frequency system of
claim 1, further comprising the matching network, wherein the
matching network matches an impedance of a load on the power
amplifier with an impedance of the transmission line. 17. The radio
frequency system of claim 16, wherein the matching network comprises:
a second sensor monitoring the radio frequency signal and generating
second 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.  61  21. The radio frequency
system of claim 1, wherein:       the first sensor includes a
directional coupler sensor detecting a reverse power reflected back
from the matching network to the power amplifier; and       the radio
frequency system further comprises a second directional coupler
sensor detecting a forward power provided to the transmission 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 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  62       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. 


