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DEVICE AND METHOD FOR HEATING USING RF ENERGY

This application claims the benefit of 1) International Application No. PCT/IL
2009/001058 entitled “Device and Method for Heating using RF Energy,” filed on
November 10, 2009; 2) U.S. Provisional Patent Application entitled “Modal Analysis,”
filed on May 3, 2010; 3) U.S. Provisional Patent Application entitled “Loss Profile
Analysis,” filed on May 3, 2010; and 4) U.S. Provisional Patent Application entitled
“Spatially Controlled Energy Delivery,” filed on May 3, 2010. All of these listed
applications are fully incorporated herein by reference in their entirety.

The present application is related to four other U.S. Provisional applications filed on
May 3, 2010, entitled: 1) Modal Energy Application; 2) Degenerate Modal Cavity; 3)
Partitioned Cavity; and 4) Antenna Placement in an Electromagnetic Energy Transfer
System. All of these listed applications are fully incorporated herein by reference in thcif
entirety.

FIELD OF THE INVENTION

The present application, in some embodiments thereof, is concerned generally with
dissipation of electromagnetic (EM) energy in a load, and specifically with using EM
energy for thawing, heating and/or and cooking.

BACKGROUND OF THE INVENTION

The microwave oven is a ubiquitous feature in modern society. However, its
limitations are well known. These include, for example, uneven heating and slow
absorption of heat, especially for thawing (or defrosting). In fact, ordinary microwave
ovens, when used for thawing and even heating, result in foods in which the one part may
be generally warm or even partly cooked or overcooked before another part is even
defrosted. Thawing and warming of objects using conventional microwave ovens typically
suffers from uneven and typically uncontrolled dissipation of energy in the load.

SUMMARY OF THE INVENTION

The present invention, in some embodiments thereof, stems from the inventors'

realization that equal dissipation of energy into a load during thawing may result at times in

a non-even temperature profile of the load, and possibly in thermai runaway phenomena (in
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which the temperature in one part of the load increases much faster than in other parts). In
particular, thermal runaway can result in a situation where a change in temperature of a
warmer portion beyond a certain point causes an increased rate of change in temperature in
that portion thereby continuously increasing the temperature gap.

In an exemplary embodiment of the invention, energy dissipation is controlled in
one or more of three manners: (a) reducing maximum dissipated energy (e.g., at all or a
portion of the transmitted frequencies or MSEs (Modulation Space Elements will be
described later in greater detail)); (b) causing more efficient energy dissipation into the load
at frequencies or MSEs where the dissipation rate is low as compared to frequencies where
dissipation is high; and/or (c) monitoring the load closely enough to avoid overheating
between monitoring acts. Optionally, less power is differentially dissipated in particular in
portions of the load where thermal runaway is a greater danger, for example, in liquid water
portions.

In an exemplary embodiment of the invention, rather than use/measure the
dissipation rate, what is measured is a dissipation ratio (e.g., ratio between input and
dissipation) or even a normalized dissipation ratio, normalized, for example, to a range of 0
to 1 or normalized to an average dissipation ratio.

In an exemplary embodiment of the invention, the dissipated power v. dissipation
ratio graph is quasi-Gaussian, rather than an essentially reverse correlation. At low
dissipation ratios it may be desirable to dissipate more power but such dissipation is limited
by the poor dissipation ratio, even if the maximal available power setting is used. At the
highest dissipation ratio it may be desirable to transmit nothing (or very little). The
intermediate levels are affected by both tendencies, hence the quasi Gaussian shape.

In an exemplary embodiment of the invention, it is assumed that each frequency or
MSE represents a load portion or portions. A same portion of the load may absorb at
multiple frequencies or MSEs. In an exemplary embodiment of the invention, it is assumed
that the dissipation at a frequency or MSE is commensurate with the dissipation in those
portions.

In an exemplary embodiment of the invention, the maximum applied energy (hpl) is

calculated based on spectral information of the load. Optionally or alternatively, the
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selection of power level per frequency or MSE is selected according to such properties.
Optionally or alternatively, selection of power per frequency or MSE is based on a
selection of a subset of frequencies or MSEs in which to have more power diséipate into the
load. Optionally or alternatively, selection of power per frequency or MSE, for each
frequency or MSE, is based on analysis of the spectral information acquired at all
frequencies or MSEs of that band, or based on spectral information acquired at all
frequencies or MSEs that are considered to be coupled to the load (e.g., without bands that
are with a high Q values, e.g. above 0.25%, or 0.5% or 1%).

In an exemplary embodiment of the invention, the spectral information is analyzed
to distinguish thawed and unthawed portions. Optionally, such distinction is based on
general properties of the spectral information, rather than on a frequency by frequency or
MSE by MSE analysis, for example, assuming a bimodal distribution of a spectral
dissipation image between ice and water can allow to separate ice and water on a gross
basis according to matching to the expected bimodal distribution. At times, the there is an
overlap between the two modes, wherein a frequency or MSE dissipates to some extent in
both water and ice portions of the load.

In an exemplary embodiment of the invention, the thawing protocol parameters
depend on load size and/or volume, for example, correcting for a method of estimating
thawed water/ice content which may be skewed by larger absolute ice content of a large
target and /or if it’s initial temperature is near thawing.

In an exemplary embodiment of the invention, the identification of water
content/high dissipation frequencies or MSEs is based on an assumption that ice has a
lower dissipation than water. Optionally, a threshold value, relative or absolute, is used to
detect such frequencies or MSEs. Optionally, a threshold is provided for relatively pure ice,
above which it is assumed the material is a mixture of ice and water. Optionally, the system
in general is designed so that non-load portions have a very low dissipation or no energy or
very little energy is transmitted in frequencies or MSEs that are expected to dissipate
therein. Optionally, a high threshold is prov'ided, above which it is assumed the absorbing
material is water and therefore low or no power should be transmitted causing low or no

power dissipation into the load. Optionally, intermediate dissipation ratio frequencies or
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MSEs are tracked based on an assumption that they reflect mixed water ice portions which
may all thaw out and/or in which there is an intermediate danger of the water content
having a runaway thermal event. Optionally, such intermediate frequencies or MSEs
receive intermediate power levels.

In an exemplary embodiment of the invention, large ice sections (with low
dissipation in all frequencies or MSEs) are not over compensated for (e.g., not assumed to
be water and therefore receive low power), by detecting, based on the spectral information,
that there is large ice and providing more energy in those frequencies or MSEs, until
indications of small ice sections start appearing in the spectral information. For example,
energy transmission in frequencies or MSEs with intermediate dissipation ratios is not
reduced to the same extent as that of frequencies or MSEs with high dissipation ratios, in
case such frequencies or MSEs represent large ice. ;

In an exemplary embodiment of the invention, these and/or other parameters, such
as thresholds, power/frequency ratios and times depend on load properties and/or desired
heating effect. Optionally, a table with various options is stored in memory and a user can
select. Optionally or alternatively, a series of functions are provided and applied according
to user or automatic selection.

Optionally or alternatively, the maximum power level is calculated using trial and
error methods and/or as a function of average dissipation in a load.

In an exemplary embodiment of the invention, the maximum applied power level
and/or frequency or MSE dependent power level are updated during thawing or other
heating or energy applying process. Optionally, this updating occurs a plurality of times
(for example, practically continuously, such as 1000/sec or 2/sec or even once every 5
seconds or more) during the thawing process.

In an exemplary embodiment of the invention, the time between scans and/or
dissipation between scans is selected to reduce the danger of overheating and/or thermal
runaway. Optionally, the power levels used, thresholds, scanning rate and/or other
parameters depend on scenarios to be avoided. In one example, if a small amount of water

is mistaken for a large amount of ice (and thus irradiated with high power), the scan
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settings and/or Apl are selected so that the next scan would detect such an effect (caused by
the amount of water growing in a manner that it would not be mistaken for ice.

Optionally, the load and/or cavity are manipulated to improve the spectral
information, for example, to assist in distinguishing water from ice. This may allow the
calculation of a higher power level for transmission (e.g. average) and/or a higher
dissipation ratio (e.g. average or minimal) énd thus allow a faster thawing with sufficient
quality. For example, the position of the load in the cavity may be changed (e.g. by
rotating or agitating a plate on which the load is placed) and the spectral information would
be compared between a plurality of positions. Optionally, energy transmission will take
place with the load positioned such that the spectral information acquired is rriost useful for
the ice/water distinction (e.g., having the highest calculated Apl).

In an exemplary embodiment of the invention, a minimum low power level is
dissipated at frequencies or MSEs where power was previously applied, to prevent cooling
and/or refreezing of such thawed portions. Optionally or alternatively, the maximum power
allowed to dissipate into the load at a given frequency or MSE between a first and second
acquisition of spectral information is such that a thawed portion would not heat up much
above thawing before power is stopped based on change in spectral information.

In an exemplary embodiment of the invention, rather than apply exact amounts of
power, use is made of frequent feedback. Optionally or alternatively, the method of
applying power takes into account properties of the power amplifiers used.

The inventors hypothesize that uneven temperature profiles may be caused or
exacerbated by one or more of the possibilities detailed below. However, it should be noted
that the methods described herein may also be applied independent of such hypothesis.
Furthermore, it is noted that in accordance with some embodiments of the invention, what
is avoided is not uneven temperatures per se, but rather overheating or danger of
overheating in significant parts of the load (e.g., 0.1%, 0.5%, 1%, 2%, 5%, 10% or
intermediate percentages, e.g., depending on application, user desires).

(a) Non-uniform composition. A real-life load normally comprises different
materials (e.g. fat, bone, skin and muscle in a chicken portion or air pockets within ground

meat or icicles forming between shrimp in a shrimp package) which have different specific
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heat (C,) and/or different latent heat (L). In such case, equal dissipated energy may result in
unequal temperatures (as RF heating is normally faster than heat transfer by conduction
within the object). In accordance with some embodiments of the invention this is taken into
account (e.g., using a preset table) when determining power levels for load portions
associated with such different materials.

(b)  Non-uniform thermal state and heat transfer behavior. The load may have '
different temperatures at different locations (either initially or during thawing). This may be
due for example to non-equilibrated cooling before thawing commenced (e.g. the interior
being warmer than the exterior, if freezing was incomplete or vice versa, if a frozen object
was briefly exposed to a higher tempefaturé than its low'n) or to expdsﬁre of the load's
surface to different environments, before or during heating (warm air, internal and external
convection currents, cold plate, possibly during heating) or to heterogeneous composition
as mentioned above or to an irregular shape of the load (with some portions being thinner
than others), or to an irregular shape of the load, e.g., whereby different portions might
have a different surface/volume ratios, or a combination of two or more of the aforesaid.
This may result in a relatively warm portion(s) passing through phase change long before
the cooler portion(s) will have begun the phase change (even if the load is 100%
homogeneous and the energy dissipation to all portions thereof is identical). In an
exemplary embodiment of the invention, the heating protocol takes such uneven
temperatures and/or heat dissipation into account during heating. Optionally, such taking
account is automatic by directing most power to ice portions.

| (c) Temperature-dependent heating. For many types of material the amount of
energy required to engender phase change will cause a significant increase in temperature
(e.g. by 20, 40 or even 80 °C) if applied to the matter after phase change. As a result, equal
dissipation of energy in frozen material may result in the warmer portion(s) overheating
before phase change will have been completed in the cooler portion(s). In an exemplary
embodiment of the invention, such overheating is avoided by reducing power to areas that

are sensitive to overheating and/or where power/heat ratio indicates faster heating material.
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If is noted that the above may apply at times also to heating of a load where there is
no thawing, whether there is phase change (e.g. boiling) or not (e.g. raising the temperature
of a load and/or maintaining it at a desired level).

It should be noted that references to an “object” (also known as a “load” or “object
to be heated”) to which electromagnetic energy is applied is not limited to a particular form.
An “object” or a “load” may include a liquid, solid, or gas, depending upon the particular
process with which the invention is utilized. The object may also include composites or
mixtures of matter in differing phases. Thus, by way of a non-limiting example, the term
object encompasses such matter as food to be defrosted or cooked; clothes or other wet
material to be dried; frozen organs to be thawed; chemicals to be reacted; fﬁél 'ovr bther
combustible material to be to be combusted; hydrated material to be dehydrated, gases to be
expanded; liquids to be heated, boiled or vaporized, or any other material for which there is
a desire to apply, even nominally, electromagnetic energy.

In accordance with an exemplary embodiment of the invention, uneven heating, or
at least thermal runaway, are avoided, at least to some extent, if significantly more RF
energy is dissipated in sections that did not undergo phase change than in sections that
have already phase changed. One particular example is dissipating more power in thawed
portions than in non-thawed portions, fat and/or other non-frozen materials.

It should be noted that the terms RF or electromagnetic energy, as used herein,
includes any or all portions of the electromagnetic spectrum, including but not limited to,
radio frequency (RF), ihfrared (IR), near infrared, visible light, ultraviolet, etc. In one |
particular example, appliEd éleétromagnétic energy may include RF energy with a
wavelength in free space of 100 km to 1 mm, which is a frequency of 3 KHz to 300 GHz,
respectively. In some other examples, the frequency bands may be between 500 MHz to
1500 MHz or between 700 MHz to 1200 MHz or between 800 MHz-1 GHz. Microwave
and ultra high frequency (UHF) energy, for example, are both within the RF range. Even
though examples of the ihvention are described herein in connection with the application of
RF energy, these descriptions are provided to illustrate a few exemplary principles of the
invention, and are not intended to limit the invention to any particular portion of the

electromagnetic spectrum.
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In an exemplary embodiment of the invention, such uneven distribution of energy
dissipation is achieved by transmitting a high power at frequencies or MSEs having a
relatively low dissipation ratio or frequencies or MSEs that dissipate primarily in ice, whilst
transmitting a low (or even no) power at frequencies or MSEs that have a relatively high
dissipation ratio or frequencies or MSEs that dissipate primarily in water.

In accordance with exemplary embodiments of the invention, it is noted that the
dissipation of a given frequency or MSE in different load portions (e.g. water and in ice or
load portions having different dissipation ratios for any other reasons, including, for
example, polarity, lipid content and water content) depends on many factors, including the
load composition, size, shape, location and orientation within the cavity and the exact )
temperature and phase in different portions of the load. Under different conditions a given
frequency or MSE may dissipate mainly in water, mainly in ice or in both. However, the
inventors discovered that when obtaining spectral information from the cavity, an analysis
of the obtained information may be used to deduce a useful thawing protocol and/or may
reflect the pattern of dissipation in water and/or ice that may occur.

In the context of the present application, the term “spectral information” means the
interaction data for RF in the chamber at different frequencies or MSEs and/or with the
load in the chamber, for example, sweeping the frequency or MSE at a constant or
changing power using one or more cavity feeds at a time and measuring the reflected power
received by said one or more cavity feeds, optionally taking into account the power actually
transmitted into the cavity at each frequency or MSE. At times one feed is transmitting
while one or more other feeds (or all other feeds) measure fhe reflected power. At times,
the process is repeated for one or more of the plurality of feeds. A non-limiting example-is
the obtaining of a spectral image as described in PCT publication WO07/096878.

In an exemplary embodiment of the invention, a restrainingl function is used for
calculating the RF power, to transmit into a cavity such that a smaller amount of energy (or
no energy at all) dissipates into the portions that have a relatively high dissipation ratio,
while a larger amount of energy will dissipate into the portions that have a relatively low
dissipation ratio. In an exemplary embodiment of the invention, the function is selected so

that energy dissipated per volume unit (or the dissipation per mass unit) is smaller for
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portions with a high dissipation ratio, as compared to portions with a low or intermediate
dissipation ratio. In an exemplary embodiment of the invention, a restraining function is
used for calculating the RF power to transmit into a cavity such that a smaller amount of
energy (or no energy at all) will dissipate into the load by frequencies or MSEs that have a
relatively high dissipation ratio, while a larger amount of energy will dissipate into the load
by frequencies or MSEs that have a relatively low dissipation ratio: In an exemplary
embodiment of the invention, the heating automatically and/or inherently adjusts for
portions of the load becoming thawed (or partially thawed) (or frequencies or MSEs that
increase in dissipation ratio into the load) and thereupon reclassified as “high dissipation
portions (or frequencies or MSEs)” (or ‘iintermediéte dissipation portions (6r frequencies or
MSEs)”). For example, by performing a frequency or MSE scan or sweep after a heating
session, changes may become apparent in the dissipation ratios of at least some of the used
frequencies or MSEs, which chahges correlate at least in part with phase changes in
respective portions of the load. By recalculating the transmission protocol based on the
newly acquired spectral information, the device can self adjust for the progress of thawing
(and/or changes in the location of the load if it shifts during operation).

In an exemplary embodiment of the invention, the transmitted energy at each
frequency or MSE is selected such that the amount of energy that will dissipate into the
load at a frequency or MSE having a high dissipation ratio (e.g. 70% or more or 80% or
more) may be 50% or less than the energy that is dissipated into the load at frequencies or
MSEs that have é relatively low dissipation ratio (e.g. 40% or less or 30% or less). At times
this wéuld be 20% or less, 5% or less, 0.1%, even 0% of the energy diséipated in
frequencies or MSEs having a low dissipation ratio.

While the above has focused on thawing, it may be applied to other phase changes
or situations where the relationship between power dissipation and heating rate changes
abruptly and/or in situations where it is desired to avoid thermal runaway (e.g., when trying
to uniformly heat an object containing both low dissipation ratio and high dissipation ratio

sections, commensurate with a high and low specific heat, and/or a high and low latent

 heat, respectively).' In addition, multiple (e.g., 3, 4, 5, or more) differently heated portions

may be provided. At times, the plurality of portions of the working band used for heating
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do not include frequencies or MSEs (or portions) where no energy is transmitted.
Optionally, different frequencies or MSEs are assigned to such multiple portions based on
their dissipation ratio. However, it is noted that thawing is a point of particular interest due
to the large amount of energy required for the phase change as compared to the energy
required for temperature change and considering that food is often stored frozen and served
or prepared thawed. Similarly, portions which might be damaged by overheating and/or
portions which are unacceptable if not heated enough, may be additionally or alternatively
of interest. At times, there might be a desire to heat different portions differently for any
other reason (e.g. to heat (e.g. cook) one portion but not another or to reach different final
temperatures).

It is also noted that while the underlying strategy in some embodiments is to tailor
the power per volume unit according to the effect of such power on the targeted load
portion, in accordance with some embodiments this is achieved in directly by targeting
specific frequencies or MSEs and tailoring power according to the dissipation in those
frequencies or MSEs, without directly ensuring a certain power level per unit volume.

There is provided in accordance with an exemplary embodiment of the invention, a
method of heating a load in using RF, comprising:

(a) providing a load having an overheating temperature point;

(b)  selecting a maximum power to be dissipated in the load in a manner which
avoids overheating; and

(© | applying RF power to said load at a plurality of different frequencies or
MSEs, said power being different at different frequencies or MSE’s and below said
maximum power at all frequencies or MSEs. ’

In an exemplary embodiment of the invention, said selecting comprises trading off
uniformity of heating with speed of heating. At times, the maximum power selected might
be the maximum power available by the device at any given frequency or MSE multiplied
by the dissipation ratio at that frequency or MSE. Optionally or alternatively, applying RF
power comprises causing a phase change in said load. Optionally, said phase change

comprises thawing. Alternatively said phase change comprises evaporation.
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In an exemplary embodiment of the invention, said phase change comprises a ratio
of at least 1:20 between the effectiveness of power to cause phase change in a load portion
unit and the effectiveness of the power to increase the temperature of a load portion unit
that has phase-changed by 1 degree Celsius.

In an exemplary embodiment of the invention, said power is selected and applied in
a manner which avoids thermal runaway in said load during said applying.

In an exemplary embodiment of the invention, selecting a maximum power
comprises selecting a maximum power as a function of an average dissipation of the load.

In an exemplary embodiment of the invention, selecting a maximum power
comprises selecting a maximum power as a function of spectral information of the load.

In an exemplary embodiment of the invention, the method comprises selecting a
minimum power to apply at frequencies or MSEs where power is applied.

In an exemplary embodiment of the invention, the method comprises selecting a
power for each of said plurality of frequencies or MSEs. Optionally, selecting a power
comprises selecting one or more sub-bands of frequencies to power, within a wider
bandwidth of a system used for applying said RF power.

In an exemplary embodiment of the invention, the method comprises repetitively
retrieving spectral information of said load and using said information to guide at least one
of said selecting and said applying.

In an exemplary embodiment of the invention, applying said RF power comprises
applying power at a frequency with an inverse ratio to a dissipatior; ratio at said frequency.

In an exemplary embodiment of the invention, the method comprises avoiding
applying power at frequencies with a dissipation ratio below a low threshold level.

In an exemplary embodiment of the invention, the method comprises avoiding
applying power at frequencies with a dissipation ratio above a high threshold level.

In an exemplary embodiment of the invention, said applying is responsive to
identifying ice in said load and wherein said identifying comprises identifying according to
frequencies with low dissipation. Optionally, identifying is compensated for the mass of the
load. Optionally or alternatively, identifying is according to a threshold which is dependent

on the load type.
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There is provided in accordance with an exemplary embodiment of the invention,
apparatus configured to carryout the selecting and applying of any of the preceding claims.

There is provided in accordance with an exemplary embodiment of the invention, a
method of heating a load using RF, comprising:

(a) providing a load having a different dissipation ratios at different portions;

(b) setting frequency/energy pairs such that in heating the load less energy (or
power) is transmitted at frequencies that dissipate at a first dissipation ratio than at
frequencies that dissipate at a second dissipation ratio, wherein said second dissipation ratio
is higher than said first dissipation ratio in a given transmission cycle; and

© applying said frequency power pairs to heat said load.

There is provided in accordance with an exemplary embodiment of the invention, a
method of heating a load using RF, comprising:

(a) providing a load having a different rate of heating per transmitted energy
(h/te) applied at different portions;

(b) setting frequency/ energy pairs such that in heating the load less energy per
unit volume of portions is transmitted at frequencies that correspond to portions with a high
h/te rate than at frequencies corresponding to portions with a low h/te; and

(© applying said frequency powervpairs to heat said load.

There is provided in accordance with an exemplary embodiment of the invention, a
method of heating a load using RF, comprising: '

(a) providing a load having different dissipation ratios at different portions;

(b)  setting frequency/power pairs such that in heating the load a different power
application protocol is applied at frequencies that dissipate at a first dissipation ratio and at
frequencies that dissipate at a second dissipation ratio; and

© applying said frequency/power pairs to heat said load.

In an exemplary embodiment of the invention, said applying comprises applying
more power for a portion with a lower dissipation ratio. Optionally or alternatively, a
difference between two or more power application protocols comprises a total amount of

energy per load amount to be dissipated in their respective load portions. Optionally or
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alternatively, a difference between two or more power application protocols comprises a
tradeoff between heating velocity and homogeneity.

In an exemplary embodiment of the invention, said setting comprises associating
frequencies into sets associated with dissipation ratios; and wherein said setting comprises
selecting frequency/power pairs according to said sets. Optionally, said setting comprises
selecting a power level per set. Optionally or alternatively, said associating comprises
associating based on information in addition to said dissipation ratio. Optionally or
alternatively, at least one set includes a plurality of non-continuous frequency ranges with
at least one frequency belonging to another set between said ranges. Optionally or
alternatively, at least one set corresponds to frozen material. Optionally or alternatively,
associating comprises associating into at least three sets. Optionally or alternatively, said
associating frequencies or MSEs into sets is performed by associating into a preset number
of sets. Optionally, said preset number of sets is between 2 and 10 sets.

In an exemplary embodiment of the invention, associating comprises associating
into at least two sets each having a significant amount of dissipated energy or power
assigned to a plurality of frequencies or MSEs therein, said significant amount being at
least 7% of a total dissipated power in a heating cycle being assigned to a set. Optionally or
alternatively, at least two of said sets have a non-zero transmitted power and wherein an
average dissipated power of one set is at least twice that of another set. Optionally or
alternatively, at least two of said sets have a non-zero transmitted power and wherein an
average dissipated power of one set is at least five times that of another set. Optionally or
alternatively, at least two of said sets have a non-zero transmitted power and wherein an
average dissipated power of one set is at least ten times that of another set. Optionally or
alternatively, a set or sets for which power is transmitted cover at least 5% of working
frequencies or MSEs. Optionally or alternatively, a set or sets for which power is
transmitted cover at least 20% of working frequencies or MSEs. Optionally or alternatively,
at least two of said sets each correspond to a dissipation ratio range of values of at least
10%.

In an exemplary embodiment of the invention, said load comprises food. Optionaily

or alternatively, said load comprises a combination of at least two food portions. Optionally
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or alternatively, said applying causes a phase change in said load. Optionally or
alternatively, said applying causes a thawing of at least a part of said load.

In an exemplary embodiment of the invention, the method comprises repeating (b)
and (c) at least twice as part of a heating process.

There is also provided in accordance with an exemplary embodiment of the
invention, a method of heating a load using RF, comprising:

(a) providing a load having a different rate of heating per power applied (h/p) at
different portions;

(b) setting frequency/power pairs such that in heating the load less power per unit
volume of portions is transmitted at frequencies that correspond to portions with a high h/p
rate than at frequencies corresponding to portions with a low h/p; and

(c) applying said frequency power pairs to heat said load.

There is also provided in accordance with an exemplary embodiment of the
invention, apparatus configured to carryout the selecting and applying of any of the
preceding claims. Optionally, the apparatus comprises a memory having a plurality of
power application protocols stored therein and configured to apply different protocols to
different sets of frequencies.

There is also provided in accordance with an exemplary embodiment of the
invention, a method of heating a load in using RF, comprising:

(a) providing a load having an overheating temperature point;

(b) selecting a maximum power to be dissipated in the load in a manner which
avoids overheating; and

(c) applying RF power to said load at a plurality of different frequencies, said power
being different at different frequencies and below said maximum power at all frequencies.
Optionally, applying RF power comprises causing a phase change in said load. Optionally,
said phase change comprises thawing. Optionally or alternatively, said phase change
comprises evaporation.

In an exemplary embodiment of the invention, said phase change comprises a ratio

of at least 1:20 between the effectiveness of power to cause phase change in a load portion
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unit and the effectiveness of the power to increase the temperature of a load portion unit
that has phase-changed by 1 degree Celsius.

In an exemplary embodiment of the invention, said power is selected and applied in
a manner which avoids thermal runaway in said load during said applying. Optionally or
alternatively, selecting a maximum power comprises selecting a maximum power as a
function of an average dissipation of the load. Optionally or alternatively, selecting a
maximum power comprises selecting a maximum power as a function of spectral
information of the load. Optionally or alternatively, selecting a maximum power comprises
selecting a maximum power as a function of the maximal power that may be transmitted by
the device into the cavity at any given frequency.

In an exemplary embodiment of the invention, the method comprises selecting a
minimum power to apply at frequencies or MSEs where power is applied. Optionally or
alternatively, the method comprises selecting a power for each of said plurality of
frequencies or MSEs. Optionally, selecting a power comprises selecting one or more sub-
bands of frequencies or MSEs to power, within a wider bandwidth of a system used for
applying said RF power.

In an exemplary embodiment of the invention, the method comprises retrieving
spectral information of said load and using said information to guide at least one of said
selecting and said applying. Optionally, said retrieving of spectral information is performed
repetitively.

In an exemplary embodiment of the invention, applying said RF power comprises
applying power at a frequency or MSE with an inverse relation toa dissipation at said
frequency or MSE.

In an exemplary embodiment of the invention, the method comprises avoiding
applying power at frequencies or MSEs with a dissipation ratio below a low threshold level.

In an exemplary embodiment of the invention, the method comprises avoiding
applying power at frequencies or MSEs with a dissipation ratio above a high threshold
level.

In an exemplary embodiment of the invention, said applying is responsive to

identifying ice in said load and wherein said identifying comprises identifying according to
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frequencies or MSEs with low dissipation. Optionally, identifying is compensated for the
mass of the load. Optionally or alternatively, identifying is according to a threshold which
is dependent on the load type.

In an exemplary embodiment of the invention, said applying comprises
normalization of dissipation ratio values.

In an exemplary embodiment of the invention, applying power comprises applying
different aggregate amounts of power, for a given time period, such that an actual power for
a certain frequency or MSE is fixed, but a duration of application of the power within a
time period is varied between frequencies or MSEs, yielding a different effective aggregate
power for different frequencies or MSEs.

In an exemplary embodiment of the invention, applying power comprises grouping
a plurality of said frequencies or MSEs into a plurality of sets and varying the amount of
power applied on the basis of applied power per set.

In the present disclosure, many of the concepts have been described in conjunction
with frequencies and/or modulation space elements. In some embodiments, frequency may
be included among one or more parameters used to define or manipulate a modulation
space element. In general, therefore, concepts relating to the presently disclosed
embodiments that are described in terms of frequency may also extend more generally to
embodiments that include the use of modulation space elements.

Some exemplary embodiments may include an apparatus for applying EM energy to
aload. The apparatus may include at least one processor configured to receive information:
indicative of dissipated energy for each of a plurality of imodulation Space élements.and "
group a number of the plurality of modulations space elements into at least two subsets
based on the information received indicative of dissipated energy. The processor may also
be configured to associate a power delivery protocol with each of the at least two subsets
wherein the power delivery protocol differs between subsets and regulate energy applied to
the load in accordance with each power delivery protocol.

Other exemplary embodiments may include a method for applying EM energy to a
load. The method may include receiving information indicative of dissipated energy for

each of a plurality of modulation space elements; grouping a number of the plurality of
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modulations space elements into at least two subsets based on the information received
indicative of dissipated energy; associating a power delivery protocol with each of the at
least two subsets wherein the power delivery protocol differs between subsets; and
regulating energy applied to the load in accordance with each power delivery protocol.

Another exemplary embodiment may include an apparatus for applying energy to a
load having a plurality of subcomponents. The apparatus may include at least one
processor configured to determine a value of an energy dissipation characteristic associated
with each subcomponent and regulate energy transfer to the material based on the values of
the energy dissipation characteristic, such that a subcomponent of a first type is caused to
absorb more energy than a subcomponent of a second type. The subco'mpbneﬁts may, for
example, be different one from the other in the phase of matter (e.g. frozen and thawed).

Another exemplary embodiment may include an apparatus for applying energy to a
material having a first phase of matter and a second phase of matter. The apparatus may
include at least one processor configured to regulate application of EM energy to
selectively apply energy to a first portion of the material having the first phase of matter
and to selectively limit energy applied to a second portion of the material having the second
phase of matter.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary non-limiting embodiments of the invention are described below with
reference to the attached figures. The drawings are illustrative and generally not to an exact
scale. The same or similar elements on different figures are referenced using the same
reference numbers. | o :

FIG. 1 schematically depicts a device in accordance with an exemplary embodiment
of the present invention; | -

FIG. 2 is a simplified flow chart of a method of operation of a thawing device in
accordance with an embodiment of the invention;

FIG.3isa graph of relative compensation vs. normalized dissipation ratio for an
exemplary decision function;

FIG. 4 is a is a simplified flow chart of a method of operation of a device in

accordance with another embodiment of the invention;
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FIG. 5 is a chart illustrating a method of selecting an Apl parameter value as a
function of average dissipation;

FIG. 6 is a chart showing measured dissipation ratios, in average and at various
frequencies for bovine flesh and tuna fish flesh having the same mass;

FIG. 7 is a chart showing measured dissipation ratios, in average and at various
frequencies for a large chicken and for a small chicken;

FIG. 8 is a flowchart of a method of differentially heating materials with different
dissipation ratios, in accordance with an exemplary embodiment of the invention;

FIG. 9 shows an exemplary alternative to the example of FIG. 3;

FIG. 10 shows different disSipation ratios for a mixture of rice and chicken;

FIG. 11 is a diagram of an apparatus for applying electromagnetic energy to an
object, in accordance with an exemplary embodiment of the present invention;

FIG. 12 illustrates a dissipation ratio spectrum (dashed line) and an input energy
spectrum (solid line), in accordance with an embodiment of the invention;

FIG. 13 illustrate a dissipation ratio spectrum, in accordance with an embodiment of
the invention;

FIG. 14 represents a device in accordance with an exemplary embodiment of the
present invention; and

FIG. 15 illustrates an exemplary modulation space.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

Overview - ' o

The present application describes, inter alia, a number of advances in the field of RF
heating (e.g. microwave or UHF) heating. While, for convenience these advances are
described together in the context of various apparatus and methods, each of the advances is
generally independent and can be practiced with prior art apparatus or method (as
applicable) or with a non-optimal version of the other advances described herein.
Furthermore, advances described in the context of one embodiment of the invention can be
utilized in other embodiments and should be considered as being incorporated as optional

features in the descriptions of other embodiments, to the extent possible. The embodiments
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are presented in somewhat simplified form to emphasize certain inventive elements.
Furthermore, it is noted that some features that are common to some or all embodiments of
the invention may be described in the section entitled “Summary of the Invention” and
should also be considered as being part of the detailed description of the various
embodiments.

A method and device for providing essentially equal dissipation of energy in a
general irregular load fbllows PCT publication WO07/096878 to Ben-Shmuel and
Bilchinsky ('878) incorporated herein by reference. In an exemplary embodiment, a device
according to ‘878 uses information that is obtained by transmitting a plurality of RF
frequencieé (all within a band of frequencies) into a cavity to obtain the full S-parameters
of the cavity within that band, thereby being able to determine the spectral information of
the cavity (e.g., dissipation of energy into the cavity) as a function of frequency. This
information is used to deduce at which power (if any) each of the swept frequencies should
be transmitted into the device in order to obtain a desired dissipation pattern within the
cavity.

In one option, the power is transmitted only in bands that primarily dissipate in the
load (and not surface currents or between antennas). This can be performed for example
such that the product of the efficiency 1 and the power fed is substantially constant for all
transmitted frequencies or MSEs, and it allows an essentially equal dissipation (as a
function of frequency or MSE) of energy in the load or the cavity, regardless of the load’s
composition.

During thawing of an object, ice in the object melts to water. Ice and water have
different absorption for RF energy, resulting in a different return loss and coupling as a
function of frequency. This may change matching, and after re-matching by adjustment of
the matching elements, the frequency of the absorption efficiency peak may change.
Optionally, by monitoring the frequency that is chosen for input (based on the acquired
information) and especially its rate of change, the point at which all of the ice has melted to
water can be determined and heating terminated (if only thawing is desired).

More generally, differing materials (or materials having varying characteristics)

typically have variable absorptive properties (e.g. due to being composes of a plurality of
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materials or of a material having different phases). Moreover, absorptive properties are
often a function of temperature and/or phase of the materials in the object. Thus, as the
temperature and/or phase of an object changes, the object’s absorptive properties may
change, and the rate and magnitude of this change may depend on properties of material(s)
in the object. In addition, the shape of an object may contribute to its absorptive properties
at a particular frequency. Irregularly shaped objects, for example, may exhibit irregular
electromagnetic energy absorption. All these factors can make it difficult to control the
absorption of electromagnetic energy in an object.

Exemplary system

Fig. 1 schematically depicts a device 10 according to an embodiment of the present
invention. In an exemplary embodiment of the invention, the device is constructed and
operated as described in WO07/096878, with one or more of the changes detailed below. In
particular, in an exemplary embodiment of the invention, the controller is configured such
that power transmission is avoided to high absorption portions (for example corresponding
to thawed portions or more polar portions or portions having a lower fat or higher water or
salt content) so that danger of overheating is reduced. Additionally or alternatively, a, for
example, significantly lower power is provided to defrosted portions, as power needed for
temperature change and thawing in unthawed areas is much higher than needed for heating
of fluid parts, so providing a similar power level would cause runaway heating of thawed
portions and only mild heading/thawing of unthawed portions.

Device 10, as shown, comprises a cavity 11. Cavity 11 as shown is a cylindrical

" cavity made of a conductor, for example a metal such as aluminum. However, it should be

understood that the general methodology of the invention is not limited to any particular
resonator cavity shape. Cavity 11, or any other cavity made of a conductor, operates as a
resonator for electromagnetic waves having frequencies that are above a cutoff frequency
(e.g. 500MHz) which may depend, among other things, on the geometry of the cavity. For
example — a broad band of RF frequencies may be used, for example 800-1000MHz.
Methods of determining a cutoff frequency based on geometry are well known in the art,
and may be used.A load 12 is placed within the cavity, optionally on a supporting member

13 (e.g. a conventional microwave oven plate). In an exemplary embodiment of the
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invention, cavity 11 comprises one or more feeds 14 (e.g. antennas or radiating elements)
which may be used for transmitting RF energy into the cavity. The energy is transmitted
using any method and means known in that art, including, for example, use of a solid state
amplifier. One or more, and at times all, of the feeds 14 can also be used one or more times
during the heating process for obtaining the spectral information of the cavity within a
given band of RF frequencies to determine the spectral information of the cavity (e.g.,
dissipation of energy into the cavity) as a function of frequency in the working band. This
information is collected and processed by controller 17, as will be detailed below.

Controller 17 may include at least one processor configured to execute instructions
associated with the presently disclosed embodiments. As used herein, the term “processor”
may include an electric circuit that performs a logic operation on input or inputs. For
example, such a processor may include one or more integrated circuits, microchips,
microcontrollers, microprocessors, all or part of a central processing unit (CPU), graphics
processing unit (GPU), digital signal processors (DSP), field-programmable gate array
(FPGA) or other circuit suitable for executing instructions or performing logic operations.

Cavity 11 may include, or, in some cases define, an energy application zone. Such
an energy application zone may be any void, location, region, or area where
electromagnetic energy may be applied. It may include a hollow, or may be filled or
partially filled with liquids, solids, gases, or combinations thereof. By way of example
only, an energy application zone may include an interior of an enclosure, interior of a
partial enclosure, open space, solid, or partial solid, that allows existence, propagation,
and/or resonance of electromagnetic waves. For purposes of this disclosure, all such
energy application zones may be referred to as cavities. An object (a/k/a a load) is
considered “in” the energy application zone if at least a portion of the object is located in
the zone or if some portion of the object receives delivered electromagnetic radiation.

As used herein, the terms radiating element and antenna may broadly refer to any
structure from which electromagnetic energy may radiate and/or be received, regardless of
whether the structure was originally designed for the purposes of radiating or receiving
energy, and regardless of whether the structure serves any additional function. For

example, a radiating element or an antenna may include an aperture/slot antenna, or an
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antenna which includes a plurality of terminals transmitting in unison, either at the same
time or at a controlled dynamic phase difference (e.g. a phased array antenna). Consistent
with some exemplary embodiments, feeds 14 may include an electromagnetic energy
transmitter (referred to herein as “a transmitting antenna”) that feeds energy into
electromagnetic energy application zone, an electromagnetic energy receiver (referred
herein as “a receiving antenna”) that receives energy from the zone, or a combination of
both a transmitter and a receiver.

Energy supplied to a transmitting antenna may result in enérgy emitted by the
transmitting antenna (referred to herein as “incident energy”). The incident energy may be
delivered to the energy application zone, and may be in an amount equal to the energy
supplied to the antennas by a source. Of the incident energy, a portion may be dissipated
by the object (referred to herein as “dissipated energy”). Another portion may be reflected
at the transmitting antenna (referred to herein as “reflected energy”). Reflected energy may
include, for example, energy reflected back to the transmitting antenna due to mismatch A
caused by the object and/or the energy application zone. Reflected energy may also include
energy retained by the port of the transmitting antenna (i.e., energy that is emitted by the
antenna but does not flow into the zone). The rest of the incident energy, other than the
reflected energy and dissipated energy, may be transmitted to one or more receiving
antennas other than the transmitting antenna (referred to herein as “transmitted energy.”).
Therefore, the incident energy (“I””) supplied to the transmitting antenna may include all of
the dissipated energy (“D”), reflected energy (“R”), and transmitted energy (“T”), the

relationship of which may be represented mathematically as [=D+R+ ZZ’ .

In accordance with certain aspects of the invention, the one or more transmitting
antennas may deliver electromagnetic energy into the energy application zone. Energy
delivered by a transmitting antenna into the zone (referred to herein as “delivered energy”
or “d”) may be the incident energy emitted by the antenna minus the reflected energy at the
same antenna. That is, the delivered energy may be the net energy that flows from the
transmitting antenna to the zone, i.e., d=I-D. Alternatively, the delivered energy may also

be represented as the sum of dissipated energy and transmitted energy, i.e., d=R+T.
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In an exemplary embodiment of the invention, cavity 11 may also include one or
more sensors 15. These sensors may provide additional information to controller 17,
including, for example, temperature (e.g., by one or more IR sensors, optic fibers or
electrical sensors), humidity, weight, etc. Another option is use of one or more internal
sensors embedded in or attached to the load (e.g. an optic fiber or a TTT as disclosed in
WO07/096878).

Alternatively or additionally, cavity 11 may comprise one or more field adjusting
elements (FAE) 16. An FAE is any element Within the cavity that may affect its spectral
information or the spectral information derivable there from. Accordingly, an FAE 16 may
be for example, any object within cavity 11, including one or more of metal components
within the cavity, feed 14, supporting member 13 and even load 12. The position,
orientation, shape and/or temperature of FAE 16 are optionally controlled by controller 17.
In some embodiments of the invention, controller 17 is configured to perform several
consecutive sweeps. Each sweep is performed with a different FAE property (e.g., changing
the position or orientation of one or more FAE) such that a different spectral information
may be deduced. Controller 17 may then select the FAE property based on the obtained
spectral information. Such sweeps may be performed before transmitting RF energy into
the cavity, and the sweep may be performed several times during the operation of device 10
in order to adjust the transmitted powers and frequencies (and at times also the FAE
property) to changes that occur in the cavity during operation.

In an exemplary embodiment of the invention, the FAEs are controlled and/or load
rotated or moved, so that a most useful spectral information is acquired for selective
irradiation and/or for setting of radiation parameters such as #pl, for example as described
below. Optionally or alternatively, the load and/or FAEs are periodically manipulated
and/or based on a quality or other property of acquired spectral information. Optionally, the
setting are selected which allow a highest Apl to be selected.

An exemplary transfer of information to the controller is depicted by dotted lines.
Plain lines depict the control exerted by controller 17 (e.g., the power and frequencies to be

transmitted by an feed 14 and/or dictating the property of FAE 16). The information/control
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may be transmitted by any means known in the art, including wired and wireless

communication.

Exemplary thawing

Attention is drawn to Fig. 2, which depicts a flowchart 20 showing how the device
10 may be operated to thaw a frozen load (e.g. food) according to an exémplary
embodiment of the invention.

After load 12 is placed in cavity 11, a sweep 21 is performed. Sweep 21 may
comprise one or more sweeps, allowing the obtaining of an average of several sweeps,
thereby obtaining a more exact result. Additionally or alternatively, sweep 21 may be
repeated with different FAE properties or different load/plate positions (optionally the
sweep is performed several times at each configuration) and/or using different antennas for
transmitting/sensing.

In order to improve the accuracy of the analysis of the sweep results, in an
exemplary embodiment, the amount of power that is actually transmitted (e.g. if the power
transmitted at different frequencies is not identical) at each frequency is included in the
calculation, in order to deduce the percent of transmitted energy that is dissipated in the
cavity. Such differences in power transmission between frequencies may, for example, be
an inherent feature of the device and/or a device component, such as the amplifier.

Once one or more sweep results are obtained, an analysis 22 is performed. In
analysis 22 a thawing algorithm is used to define the transmission frequencies and the
amount of energy to be transmitted at each frequency based on the spectral information that
was obtained at sweep 21 (optionally in conjunction with other input methods, such as a ‘
machine readable tag, sensor readings and/or the user interface). Consequently, energy 23
is transmitted into the cavity, optionally as dictated by analysis 22. Optionally, the desired
dissipated power is below the expected power which is below the maximum power
multiplied by the dissipation ratio.

In an exemplary embodiment of the invention, the load is scanned 120 times in a
minute. Higher (e.g. 200/min, 300/min) or lower (e.g., 100/min, 20/min, 2/min, 10/thawing
time, 3/thawing time) rates may be used, as well as uneven sampling rates. At times, a scan

sequence (e.g., one or more scans) may be performed once every 0.5 seconds or once every
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5 seconds or at any other rate, such as higher, lower or intermediate. Moreover, the period
between scans may be defined by the amount of energy to be transmitted into the cavity
and/or the amount of energy to be dissipated into the load. For example, after a given
amount of energy (e.g. 10 kJ or less or 1 kJ or less or several hundreds of joules or even
100 J or less were transmitted or dissipated into the load or into a given portion of a load
(e.g. by weight such as 100g or by percentage, such as 50% of load)), a new scan is
performed. In some cases, the information is provided using other means, such as an
RF/bar-code readable tag (e.g., with previous scanning information or thawing presets) or
using temperature Sensors. o

" In an exemplary embodiment of the invention, the rate of sweeping depends on the
rate of change in spectral information between sweeps, for example, a threshold of change
in dissipation and/or frequencies (e.g., a 10% change in sum integral) may be provided or
different change rates associated with different sweep rates, for example using a table. In
another example, what is determined is the rate of change between sweeps (e.g., if the
average change between sweeps was less than the change between the last two sweeps).
Such changes may be used to adjust the period between scans once or more than once
during heating. Optionally or alternatively, changes in the system (e.g. movement of the
plate) may affect the sweep rate (typically major changes increase the rate and minor or no
changes decrease it).

This process is optionally repeated for a predetermined period of time or until -
termination by a user. Alternatively, the thawing process may be terminated automatically
24. At 24, which may be performed after each sweep, before each energy transmission
and/or at any other stage of the process, sweep results and/or a sensor reading are used to
decide whether or not thawing may be or should be stopped. For example — if a phase
change completion is detected or if the object’s temperature is measured to be above a
given temperature (e.g. outer temperature 5°C or more), thawing may be terminated. In
another example, if the total energy dissipated into the load reaches a predetermined
amount of energy that is needed for thawing to a desired final temperature (e.g. taking into
account the load’s initial temperature and composition). Thawing may be stopped. A

modification of the flowchart may be used for any other heating process, including for
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example heating (with or without temperature elevation) and drying. In such cases, the
termination point may be defined also by other parameters, including a measured
temperature, a desired total amount of dissipated energy in the load, the level of humidity,
rate of temperature change, etc.

The (frequency/energy) or (frequency/power) pairs for thawing are optionally
selected to increase (or even maximize) energy dissipation in frequencies that have low
dissipation ratios in the load (e.g. predominantly solid or ice portions) and reduce (or even
minimize) energy dissipation at frequencies that have a relatively high dissipation ratio (e.g.
predominantly thawed portion, such as liquid or water). For example, in low dissipation
ratios, the device will be éet to produce efficient power dissipation (e. g., as a factor of the
possible maximal dissipation possible) while at the high dissipation ratios, the device will
be set to dissipate much less energy than may be dissipated. At times, such as when the
time for transmitting each frequency is fixed, the (frequency/energy) pairs may be
(frequency/actual power) pairs. As used herein, power is not necessarily a direct function of
time, but may be an indirect function of time. For example, if, within a given time period,
such as a minute a fixed power is used, but the duration of application of power is changed

(e.g., from 1 to 2 seconds), then-the net result is a difference in energy applied per the

certain time unit, which is power. Thus, frequency/power pairs can include

frequency/energy pairs with an application protocol. It should also be noted that once a
protocol is decided for a set of dr values, this may be implemented by providing
frequency/power settings, which can vary over time for a same fre(iuency. Further, as
described below, a frequency/power pair méy be associated directly with a set of
frequencies, with the actual assignment of power to a frequency decided as part of the
application protocol.

An exemplary thawing algorithm transmits zero power (or energy) at frequencies
with dissipation ratio above a predetermined threshold (e.g. 70% dissipation or 70%
normalized dissipation, as explained below)) of the maximum dissipation ratio in the
selected working frequency range [fi, f>] and non-zero powers at other frequencies of that
range. In some cases, the powers are selected in a binary fashion - either maximal or

minimal. In some cases, the different amounts of power (relative to other frequencies, or
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absolute) are transmitted by allowing a different transmission time for different frequencies
in a cycle. Alternatively, intermediate power levels (or energy améunts) are provided, for
example for portions with intermediate dissipation levels.

In an exemplary embodiment of the invention, when power is provided to a
frequency or frequency set this power level is selected to be significant. For example, such
significance can be measured as a function of the total power provided in a
scanning/transmission cycle (e.g., 5%, 10%, 20% or smaller or larger or intermediate
values). Optionally or alternatively, this significance can be measured as an effect on
temperature of a portion of at least 5% of the load in a cycle, for example, being at least
0.1°C, O.Z"C, 0.5°C or smaller nor intermediate or higher temperature changes. Optionally or
alternatively, significance can be measured based on the amount of phase change caused by
the power dissipated, for example, being enough to change a spectral image (RMSE) by at
least 1%, 3%, 5%, 10% or smaller or intermediate or larger amounts in a cycle or over a
period of time such as 30 seconds.

In an exemplary embodiment of the invention, the device includes a memory having
stored thereon a plurality of threshold values, Apl values, dissipation/power ratios,
dissipation/energy ratios and/or parameters for various load properties. Optionally, the
device and/or the user select between such stored options as an initial setting or as a final
setting for thawing. For example, a fixed hpl of 80% (of the maximal power of the
amplifier at each frequency) may be used for frozen bovine meat of a certain weight.

Exemplary thawing algorithm

An exemplary thawing algorithm is the following. In a selected working range [f;,
f2], high and low boundary powers (hpl, Ipl) are selected and any applied power is
maintained between these boundaries.

The boundary low power level (Ipl) is the minimum power level where dissipation
in the load is high enough to be useful. For example, if 15% is selected to be the minimal
useful dissipation, Ipl will be set for each frequency to be 15% of the maximal power that
may be transmitted. Alternatively it may be set at a pre-selected low power for all

frequencies (e.g., 60 Watts or less) or any combination of the aforementioned; if the
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dissipation in the load at a given frequency is below Ipl, the transmitted power at that
frequency will be set at zero.

The boundary high power level (hpl), determines the highest allowed dissipated
power. This means that the highest power outputted is constrained to avoid undesired
thermal effects. In addition, the actual power outputted at a given frequency may be
selected according to spectral information, in particular, to selectively target unthawed
areas. Optionally, the power levels are generally inversely related to dissipation. As may be
noted, reducing maximum oven power will generally lengthen thawing times. In some
cases, the power levels applied meet a binary criterion: Ap! for low dissipating portions and
some other value (such as zero) for high dissipating areas. |

Using an excessively high Ap/ may cause an unacceptable uneven temperature
distribution in the load and may result in thermal runaways. The more sensitive a load is to
transmitted power (e.g., at a certain working band), the lower would be the power of an
acceptable Apl. Optionally, the working band is selected according to which working band
better distinguishes water from ice.

Generally, for sensitive loads, a low Apl is set, but such Apl may be used also for
less sensitive loads, albeit at the cost of increasing the thawing time. Nonetheless, at times
it may be preferred to set for each load the highest Ap! that would provide an acceptable
post thaw temperature distribution in the load (e.g. +15°C, *10°C,+5°C, #2°C or even
more uniform). The acceptable post thaw temperature distribution can depend, for example,
on one or more of the composmon of the load, its sensitivity to overheating (e.g. whether
damage is caused; its extent and rever51b1hty, and to what extent the damage is material)
and the purpose for which the load is intended. It is noted that at times, speed of thawing is
preferred over quality, in which case a higher Apl may be used, and the post thaw quality
would be suboptimal. Optionally, the device is provided with a user selectable tradeoff
(e.g., knob or data input) between uniformity, maximum temperature and/or rate of
thawing.

It is noted that in accordance with some embodiments of the invention, prevention
of hot spots is actively preferred over uniformity of thawing, heating and/or energy

dissipation.
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Optionally, Apl is set low enough so that a thawed section will not be over heated
before heating at its respective frequencies is stopped or reduced.

Exemplary methods of determining hpl (high power level)

hpl may be determined in various manners, for example, by trial and error. In an
exemplary embodiment of the invention, several Apl settings are tried to determine the
maximal Apl which would provide an acceptable temperature distribution in the load, post
thawing. Such trials may continue during thawing, for example, being performed every
scan, every second or every minute or at intermediate time scales. In an exemplary
embodiment of the invention, Apl is started at low values and increased gradually.
Optionally, the Apl is set per item type. '

In an exemplary embodiment of the invention, preset Apl values are provided for
various combinations of load properties, such as ore or two or more of shape, weight,
temperature, desired effect and/or material type. Optionally, a user can select such
properties and the device will suggest and/or use an kpl accordingly.

Optionally, Apl is updated periodically during thawing.

In an exemplary embodiment of the invention, /pl is estimated (initially or in an
ongoing manner) with the assistance of changing the load and/or cavity so that more useful
spectral information is acquired. In general, if the acquired spectral information is better, a
better cut-off between ice and water may be identified, allowing a higher Apl to be used for
the ice sections and allowing a faster heating at a same quality (e.g., evenness) and/or a
higher quality heating at same speed.

Alternatively, and while not wishing to be bound by theory, it is proposed that the
sensitivity of the load may be determined based on the relative dissipation of energy in
thawed and frozen portions of the load. When the dissipation in frozen portion and thawed
portion is relatively similar (e.g. 10-15% dissipation difference, such as between 40% and
50% dissipation ratio) (e.g. due to low water content), the sample is deemed to be of high
sensitivity (e.g., the distinction between ice and water requires a more sensitive
determination). The greater the disparity is between dissipations in thawed and frozen parts,
the lower the sensitivity of the load. Therefore, Apl may be determined by obtaining the

spectral information of the load and comparing the maximal dissipation (dmax) With the
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minimal dissipation (dmn) in 2 working frequency band. The greater the difference is
between dpi, and dp, the lesser the sensitivity of the load, and higher the Apl that should
optionally be used.

It is noted that the Apl may be allowed to be higher if a better selection of power to
intermediate dissipation frequencies is provided.

Also alternatively, and while not wishing to be bound by theory, it is proposed that
hpl may be determined based on the maximum power that can be dissipated in the load at
each frequency (ep(f)) and ldl. hpl may be set to be such that the portion of the frequencies
being used, for example all frequencies within a working band (e.g. the band spanning 800-
1000MHz)) (or other set of frequencies) that are considered to dissipate into the load and
for which Ipl<ep(f) <hpl would be less than a preset threshold. For example, this threshold
may be selected to be 10% or 20% or 30% or any value in-between. Optionally, this
method is based on a realization (and/or for cases that) that the device is typically limited in
maximum power and that practically, the closer the Apl is to the maximum power, the less
easy it may be to provide different power levels at different, near, frequencies. Optionally,
the percentage depends on a desired tradeoff between quality and and/or speed.

Accordingly, a thawing protocol may use a single spl value (e.g. if dedicated to
loads having similar sensitivity; or a low Apl that would be suitable for most contemplated
loads). Alternatively, the protocol may use a selection between several possible #pl values
(e.g. a selection between a number of preset values or optionally setting the value manually
or automatically to correspond to a given load and/or acceptable post thaw temperature
distribution). Finally, the protocol may use any value (e.g. calculated automatically or
selected manually) within the power capabilities of the device. An example of a relatively
high hpl may be 300 Watt or 80% of the maximal power from the amplifier at that
frequency. An example of a relatively low Apl may be 120 Watts or 30% of the maximal
power from the amplifier at that frequency. Interim values are possible as well.

Exemplary determination of dissipation function dr

dr(f) denotes the dissipation ratio as a function of frequency, namely the percentage
of transmitted power through each feed (e.g. feed j) that is dissipated in the load. This

function has potential values between 0 and 1, and is optionally computed as shown in
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Equation 1, based on the measured power and using measured spectral information.
However, as noted herein, a binary function or non-linear and/or non-monotonic function

may be used (e.g. and determined in a factory or during calibration).

mcuienr watt(f ) z returned , wau(f ) Z returned , watl(f )

dr(f)= =1
= Bl D) Bacsnnen(F) (g, 1)

Normalization of dr(f)

The dissipation ratio in frozen portions (e.g. ice) is relatively lower than that of the
thawed portions (e.g. liquid/water), but a large amount of ice can show considerable
dissipation. In order to distinguish dissipation in at frequencies having a low dissipation
ratio (e.g. ice) from dissipation at frequencies having a high dissipation ratio (e.g. liquid
water), while reducing the effect of relative mass, the dr(f) function is optionally
normalized to the whole range between 0 and 1; This normalization may be useful also in
other cases where the difference between dissipation in frozen portions and thawed portions
is relatively small, regardless of the cause (e.g., low water content). The normalized

function — dr’(f) — may be used to calculate the compensation factors, as shown below.
drh = min{dr(f)}

drl = max {dr(f )}fe[fl £l
dr'(£) = (dr( )~ drl)/(drh~art) €42

Jelno )

In case of some loads the use of dr’() is optionally avoided, and in original dr(j)
used instead. Optionally, a device is configured to have both protocols for alternative use.
The choice between the protocols may be based on user input (e.g. user interface or
machine readable tags) or on a sensor reading within the device (e.g. a weight sensor).
Alternatively, dr’(f) may be used for all loads.

The maximum power that can be dissipated in the load at each frequency (depicted
as ep(f)) is optionally calculated as follows, given that Praximumj, war i @ maximum power

available from the amplifier at each frequency.

ep](f) dr, (f) maximum, j, W""(f) (eq. 3)
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Using the above, the compensation function (coeff(f)) is optionally calculated. This
function is optionally used to determine the relative amount of energy that should dissipate

in the load at each frequency, as a function of dr’(f), for example as shown in eq. 4A:

coeff (f)=F (dr'(f))

(eq. 4)
dr’<3 0
F@dr() )= dr’>0.8 1
Else 2dr’+1.6 (eq. 4A)

In an exemplary embodiment of the invention, frequencies may be classified as
“ice”, “water” and/or “mixed ice/water” according to their dissipation ratio. Optionally,
higher power is provided into ice and mixed ice/water and plain water is provided with low
OF N0 POWET.

Optionally, there is provided a dissipation threshold below which the dissipation
into the load is so low that no power is transmitted, as the load portion is assumed to not be
ice. In an exemplary embodiment of the invention, the device is designed to Have a very
low intrinsic dissipation at any frequencies or a known dissipation at only some frequencies
(where the threshold may then be raised). | |

It is noted that large pieces of ice may have a relatively high dissipation. Optionaliy,
if there are no (or few, e.g., below a threshold) low-dissipation frequencies and it is known
that the load is frozen, then it is assumedihat the lowest dissipation frequencies are ice and
power (at reghlar or somewhat reduced levels) is provided at such frequencies, until lower
dissipation frequencies appear, indicating the formation of smaller frozen regions.

Example dr(f)

An example for a function according to Equation (4) is depicted in Fig. 3. As can be
seen, two limits are set. At frequencies that dissipate into the load less than a pre-set
threshold (e.g. dr’(f)<0.3 in the example of Fig. 3) the maximal allowed power which is a
minimum between the ep(f)/dr(f) and hpl(f)/dr(f) will be transmitted. At frequencies that

will dissipate into the load more than a pre-set value (e.g. dr’(#)>0.8 in the example of Fig.
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3) no energy will be transmitted. At all other frequencies (0.3<dr’(#)>0.8 in the example of
Fig. 3) the power transmission will be calculated using the selected function. In the case of
Fig. 3 this was a generally linear function, but other functions, optionally non-linear, may
be used that provide an inverse correlation between dr’(f) and coeff(f) (e.g. exponential,

5 step function, piecewise linear, polynomial and/or general look-up table, optionally with
interpolation). Optionally, the function prefers applying power to low-dissipation areas to
an extent greater than a simple inverse function. Optionally, the function is selected based

on a perceived risk of damage to the load.

Exemplary actual power calculation
10 gl(f) is the power to be dissipated in the object to be heated, taking into

consideration the maximum power that can be dissipated in the load at each frequency
" (ep(f)) and hpl(f) and the compensation function (coeff(f)), as follows:
hpl < ep(f) hpl - coeff (f)
gl(f)=1Ipl <ep(f)<hpl ep(f)-coeff (f) (eq. 5)
else 0
Using gl(f) the power to be transmitted from the amplifier (nopw(f)) in order to
15  cause the desired dissipation in the load, at each frequency, is optionally calculated as

follows:

nopw(f)=gl(f)/dr(f) (eq.6)

nopw(f) will always be lower than Ppaximum jwan(p, Which is the maximum power
extractable from an amplifier at each frequency for the following reason:
hpl<ep(f) hpl-coeﬁ(f)
gl(f)= Ipl <ep(f) <hpl ep(f)-coeff(f)
else 0 (eq. 7)
max {gl(f)} = ep(f)coeﬁ" (f) = dr(f)Pmaximum,j,wattcoeﬁ (f)

20 max {nopw(f)} = max {gl(f)}/dr(f) =Pmaximum,j,waucoeﬁ(f)
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Calculation of hpl using average dissipation
Fig. 5 shows hpl being calculated as a function of the average dissipation ratio

within the working band or within the selected frequencies. Optionally, this is based on the
assumption that a low average dissipation means a high sensitivity and vice versa. Other
functions may be used as well, for example, a table matching /pl to average dissipation.

As seen in the graph, a low average dissipation ratio indicates a high sensitivity of
the load and accordingly dictates a low Apl. The low value of Apl! is optionally selected to
be slightly above Ipl (to provide a minimal working range). For example, the minimal Apl
value may be between 70 and 120 Watts (e.g. 80 Watts). The maximal level of #pl may be
chosen to be as high as the maximal possible amplifier power or slightly below that. As
seen in Fig. 5, when the average dissipation ratio is below a preset lower limit, Apl is
selected to be the lowest Apl allowed, and when the average dissipation ratio is above a
preset upper limit, Apl is selected to be the highest Apl allowed. The lower limit for average
dissipation ratio may be, for example, between 0.1 and 0.3 (e.g. 0.2) while the upper limit
may be for example between 0.5 and 0.9 (e.g. 0.6).

In-between values of average dissipation optionally dictate an intermediate hpl
value. It is to be appreciatéd that while Fig. 5 depicts a generally linear correlation for the
intermediate average dissipation ratio values, other functions, optionally non-linear, may be
used that provide a positive correlation between the average dissipation ratio and Apl (e.g.
exponential, step function, polynomial, step-wise linear).

In some cases, the frequency distribution is in frequency bands, so that one band can
be recognized as matching ice (e.g., low dissipation) and another matches water (e.g., high
dissipation). Optionally, instead or in addition to calculating Apl, gl(f) is set to be zero or at
Ipl (or any other preset low value) for bands associated with water and at any preset high
value (e.g. hpl or a maximum available power or other setting) for ice-associated bands.
Optionally, the classification of bands as water/ice is updated optionally periodically based
on spectral information that is periodically acquired.

While particular ways of calculating Apl and gl(f) are described above, the methods

can be combined, for example, arithmetically or logically, for example, using an average
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value of several methods or using a minimum or maximum or multiple methods. For
example — a Gaussian function of dr(f) (or of dr’(f)) may be used to calculate gi(f).

Exemplary operation

Attention is now drawn to Fig. 4, which depicts a flowchart 40 showing how the
device 10 may be operated according to an exemplary embodiment of the invention.

Sweep 41 is essentially the same as sweep 21 in Fig. 2. Once one or more sweep
results are obtained, decision 42 is performed. At decision 42 a decision is made; namely a
selection is made between two or more energy transmission protocols and (optionally)
termination of the operation sequence. This decision may comprise one or more of the
follbwing decisions:

Thawing Protocol — when thawing mode is operated, decision 42 optionally
comprises a selection of frequency/power or frequency/energy pairs that are expected to
dissipate more energy into ice than into water (e.g. as described above). In an exemplary
embodiment of the invention, thawing is detected by tracking one or more of the rate of
changes in the spectral image (e.g., changes are faster as phases change); the temperature
change rate (e.g., temperatures change faster as phases change) and/or the temperature (e.g.
with a sensor).

Heating Protocol A — when this mode is operated, decision 42 optionally comprises
a selection of frequency/power or frequency/energy pairs that are expected to dissipate a
different energy pattern by one group of frequencies characterized by a given absolute or
relative dr (or dr’) value range than by at least one other group. In an exemplary
embodiment of the invention, high. p‘cA)wer or a larger amount of energy per heating cycle is
dissipated by one group of frequencies (e.g. those having a relatively high dr or dr’ than
those having a lower dr or dr’), while in both groups a non-zero amount of power and
energy is dissipated.

Heating Protocol B — in an exemplary embodiment, decision 42 comprises a
selection of frequency/power pairs that are expected to dissipate more energy into the load
than elsewhere (e.g. surface currents, antenna matching, etc.). Non limiting examples for

such protocols are disclosed in PCT publications WO07/096878 and WO08/007368.
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Keep Warm Protocol - in an exemplary embodiment, decision 42 comprises a
selection of frequency/power or frequency/energy pairs that are expected to dissipate an
essentially equal amount of energy in all portions of the load in a cycle. Optionally, this
heating is controlled such that the temperature of the object will not deviate significantly
from a preset temperature (e.g. 35°C #2°C or 45°C #2°C)). For example, this may be done
using feedback from a temperature sensor or by limiting the energy allowed to dissipate at
any given time. It should be noted that heating water may cause the water to boil away,
thereby utilizing dissipated power for evaporation, while other portions may not have
evaporation, causing heating.

Protocol Selection — in an exémplary embodiment the protocol is capable of
automatically changing operation modes (e.g., terminate thawing once phase change is
complete and/or begin heating at that time or select a thawing decision formula). This may
depend on input from a sensor and/or from information obtained in a frequency sweep,
and/or be based on instructions (e.g. the amount of energy to dissipate in the load at a given
step). The decision might be to terminate operation or to change from one protocol (e.g.
thawing) to another (e.g. warming).

An example for a sensor input includes the sensing of temperature. Once the
temperature sensed by one or more of the sensors (or a calculated temperature, for example,
an average) or the temperature at all sensors has reached a predefined temperature, the
device may decide to change the heating protocol. For example, if the sensed temperature
indicates that thawing is completed, the device may change the protocol to either stop
heating or to begin cooking or to mainterianéé of the sensed temperatﬁre (e. g;, to ensure full
thawing and/or prevent recrystallization if a portion of the load is still frozen or to maintain
a load at a serving-ready temperature).

At times, the predetermined temperature that indicates completion of thawing is
slightly above the freezing point (e.g. 2-15°C). When the sensed temperature is an external
temperature of the load (e.g. by use of an IR sensor), the predetermined temperature may be
at times be selected to be slightly higher than when using internal sensors (e.g. 8-10°C),
since at times, the inner temperature at the end of thawing is lower than the outer

temperature (especially if the device provides a warm interior). In another alterative, if the
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device interior is cool, the inner temperature may be expected to exceed that of the exterior,
in which case the sensor reading to indicate the termination of thawing may de lower (e.g.
4-8°C). At times (e.g., when a plurality of internal sensors is used) a smaller temperature
range might be preferred (e.g. 4°C-6°C).

Decision 42 may also be based on some form of user input that may be provided
before or during operation. The input may be provided through one or more of a user
interface, and using a machine readable tag, such as a barcode or RFID. The user input may
comprise information regarding a sequence of decisions and/or the triggers thereto, such as
one or more of the amount of energy to dissipate, a phase change, a temperature change
and/or a temperature change rate.

Once decision 42 is concluded, an energy transmission step 43 at the selected
frequency/power or frequency/energy pairs may be transmitted. Optionally, the decision
was to terminate operation, in which case the device would transmit no energy to the load,
and may send notice (e.g., by playing a sound, light or any form of communication) to a
user. At such time the device may terminate operation automatically. This may be
accompanied by notification to the user (e.g., by light, sound or message display, or by
transmitting an electronic message to a remote device for example a cell phone or
computer).

Energy transmission 43 may continue for a period of time (predefined or based on a
sensor feedback) and terminate automatically. Optionally or alternatively, transmission 43
is followed by a repeated sweep 41, which allows adjusting the device's operation to
changes that occurred during heating (e.g. phase change or new spectral information).
Optionally or altérnatively, 6peration of the device at each stage may be manually
terminated by a user.

Additional exemplary operation
As noted above, a material may include two or more portions (e.g., 3 or more)

]

which it may be desirable to heat by different amounts of energy per unit mass (or volume)
and/or at different uniformity/efficiency ratios and/or in which different dissipation ratios
are observed. Optionally or alternatively, it is possible that most or all of these portions are

not frozen materials or materials that change phase during heating. For example, a portion
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of relatively high-fat material may be heated together with a portion of a relatively low fat
material and/or a portion of relatively high-water material, or a mixture thereof.

In an exemplary embodiment of the invention, when power is applied to an object,
parts of the object are classified according to their dissipation ratio and this drives the
power (or energy) application protocol used for each such classified portion. It should be
noted that portions may be physically separate or intermingled. In an exemplary
embodiment of the invention, when power is applied to a load, the transmitted freqﬁencies
are classified according to their dissipation ratio in the load and this drives the power (or
energy) application protocol used for each such classified group of frequencies. It should be
noted that at times, at least two different groups of frequencies are transmitted differently,
such that a significant amount of energy is dissipated by all frequencies of said at least two
groups.

Fig. 8 is a flowchart of a method of differentially heating materials with frequencies
having different dissipation ratios in the load, in accordance with an exemplary
embodiment of the invention.

At 802, spectral information is optionally acquired. Optionally or alternatively,
electro-magnetic properties of portions of an object to be heated may be input, for example,
manually, using a camera or using an information-bearing tag associated with the object.
Alternatively, for example for some protocols such as thawing, frequencies of water and ice
may be provided ahead of time.

At 804, various “working” frequencies are optionally identified with respect to them
being useful for the intended heating. Optidnally or alternatively, it is determined which
frequencies to use with the system, for example, based on amplifier abilities and/or other
considerations, such as not operating at a high Q factor, or at excessively low dissipation
ratios (e.g. 10% or less).

At 806, the dissipation ratio values are optionally normalized, for example, so that
the maximal observed dissipation is given a 100% value and the minimal observed
dissipation ratio is given a 0% value. Normalization is optionally linear, for example as

explained in the thawing example above.
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At 808, working frequencies are grouped according to their dissipation ratio (dr), or
normalized dissipation ratio (dr’) and/or heating rate. Optionally, the frequencies are
clustered according to thresholds. Optionally, such thresholds are provided as noted above
regarding information input. Optionally or alternatively, the frequencies are clustered
according to their dissipation ratios. Optionally, the dissipation ratio distribution is used to
identify an object and/or provide an indication of its composition and/or material phase.
Optionally, additional inputs are used, such as a camera or a weight scale and/or
humidity/temperature sensor and/or information provided manually or by a machined
readable tag (e.g. RFID). For example, there may be 2, 3, 4, 5 or more different dissipation
ratio sets identifiéd for associating frequencies therewith. Opﬁonally, the power at one set
is at least a factor of 2, 3, 4, , 7, 10, 20 or smaller or intermediate factors of a second set
with non-zero transmission. In an exemplary embodiment of the invention, at least one set,
or optionally all sets have a bandwidth of at least 5%, 10%, 20% or smaller or intermediate
bandwidth percentages of the total working bandwidth. In an exemplary embodiment of the
invention, at least one set and optionally all sets correspond to dissipation ratios of a span
of at least 5%, 10%, 20% or smaller or intermediate spans of dissipation ratio values, for
example, a set corresponding to a range of between 45% and 55% dissipation ratios.

In some cases there is an overlap between ranges of dissipation ratios associated
with different portion types or locations. At times, a given frequency or group of
frequencies dissipates both in a high dissipation ratio portion(s) of a load and a low
dissipation ratio portion(s) of a load, such that the frequency displays an intermediate
overall dissipation ratio. In some embodiments, frequencies within such overlaps are
simply not used. Optionally or alternatively, such frequencies are a'ssigned a separate
category. It should be noted that in some embodiments of the invention it is of interest to
increase the amount of power (or heating) delivered to a particular portion and/or to reduce
the number of frequencies used, while possibly reducing homogeneity. This need not
interfere with the main goal of differently applying power or heat to different portions. This
can also affect the protocols applied to different sets. For example, a protocol may be
defined with respect to the amount of power provided for a set and this power level may be

distributed among more or fewer frequencies, based, for example, on ease of frequency -
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changing, reliability of the identification of the frequency in question with a particular
portion. Optionally or alternatively, a single set of frequencies of a single portion may be
divided up into multiple sets (and/or combined with another set) for the purpose of
assigning different protocols thereto. This may be useful for-providing.desired homogeneity
levels and/or heating velocities. Optionally or alternatively, two sets may be combined.
Optionally, sets and association of frequencies thereto may change during heating.
Optionally, a heating protocol of an object includes points in time to reconsider the
association of frequencies into sets.

In some embodiments, the number of groups to which the sets of frequencies is
fixed in advance, for example 2-10 groups or 2-4 groups of frequencies, wherein each
group is used to transmit energy to the load at a different heating protocol.

At 810, different power application protocols are associated with each set. A power
application protocols can include, for example, one or more of: maximum power, minimum
power, power relative to other sets or to other frequencies within a set, maximum heating
rate, minimum heating rate, relative heating rate (e.g., between sets or between frequencies
within sets), power per set, power per each frequency within a set, power to be dissipated in
the load by a given set or frequencies within a set, time profile of power application, time
duration of power application, method of non-maximal power achievement (e.g.,
amplification factor, duration at each frequency, number of repetitions in-a set and/or
combination thereof), heating homogeneity vs. velocity tradeoffs, time profile of pauses
between power applications and/or cycling of power application between frequencies. A
device may include a memory having stored therein multiple such protocols. It should be
noted that the protocols may be markedly different, for example, one portion of the food
may be thawed, while another portion is cooked or baked.

In one example, there is little or no power (or energy) transmission at higher
dissipation ratios and optionally homogeneous transmission at lower dissipation ratios.
Optionally, for intermediate dissipation ratios, there is a discrete decreasing function
(optionally a step function at 30% or 50 dissipation ratio), for example, as described above

for a thawing application.
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In another example, one food portion (e.g., food which is less sensitive to
overheating) is heated fast, with maximum power, possibly resulting in more in-
homogeneity, while another food portion with other dissipation characteristics is heated
slower and/or to a lower temperature, and optionally more uniformly.

At 812, the power application protocol is applied. The process may then be
repeated. In some embodiments, acquiring spectral information and/or assigning profiles
need not be applied at every transmission sweep and/or at same frequency. The rate of
sweep between heating sessions may be fixed or it may change during heating, for example
as described above in connection with an exemplary thawing process.

It should be noted that while the above description refers to associating frequencies
into sets, this need not be actually done. Rather, setting thresholds for different power
application protocols inherently describes such sets and allows the decision of power
application protocol to be applied on a frequency by frequency basis. It should also be
noted that in some cases, the determination of how much power to apply and in what
protocol is directed at sets rather than individual frequencies, with a decision regarding
frequency/power pairs being decided after allocation of power to sets is carried out.

As noted herein, when a power is associated with a frequency, this need not mean
that the power at which energy is transmitted at the frequency must change. Rather, the
power is an aggregate power and can be affected, for example, by a longer transmission

time. Optionally, the actual transmitted power is selected according to an ability of the

amplifier of the system, for example, according to a high efficiency point of the amplifier

or according to a time it takes to change amplification. It is possible that actual power will
depend on the maximum power at any frequency. Optionally or alternatively, a selection of
frequencies to use is made depending on the available amplification, with frequencies with
low amplifications optionally avoided.

Returning to several of the concepts introduced above, it should be noted that, in
certain embodiments, at least one processor may be configured to receive or determine
information indicative of dissipated energy for each of a plurality of modulation space
elements. This may occur using one or more lookup tables, by pre-programming the

processor or memory associated with the processor, and/or by testing an object in an energy
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application zone to determine its absorbable energy characteristics. One exemplary way to
conduct such a test is through a sweep.

As used herein, the word “sweep” may include, for example, the transmission over
time of more than one frequency. For example, a sweep may include the sequential
transmission of multiple frequencies in a contiguous frequency band; the sequential -
transmission of multiple frequencies in more than one non-contiguous frequency band; the
sequential transmission of individual non-contiguous frequencies; and/or the transmission
of synthesized pulses having a desired frequency/power spectral content (i.e. a synthesized
pulse in time). Thus, during a frequency sweeping process, the at least one processor may
regulate the energy supplied to the at least one antenna to sequentially deliver
electromagnetic energy at various frequencies to an energy application zone 90, and to
receive feedback which serves as an indicator of the energy absorbable by object or load
110, as shown in Fig. 11. While the invention is not limited to any particular measure of
feedback indicative of energy absorption in the object, various exemplary indicative values
are discussed below.

During the sweeping process, electromagnetic energy application subsystem 96 may
be regulated to receive electromagnetic energy reflected and/or coupled at antenna(s) 102
(including feeds or antennas 14, for example), and to communicate the measured energy
information back to subsystem 92 via interface 130, as illustrated in Fig. 11. Subsystem 92,
which may include one or more processors, may then determine a value indicative of
energy absorbable by object 110 at each of a plurality of frequencies based on the received
information. Consistent with the presently disclosed embodiments, and by way of example
only, a value indicative of the absorbable energy may be a dissipation ratio (referred to
herein as “DR”) associated with each of a plurality of frequencies. As referred herein, a
“dissipation ratio,” also known as “absorption efficiency” or “power efficiency”, may be
defined as a ratio between electromagnetic energy absorbed by object 110 and
electromagnetic energy supplied into electromagnetic energy application zone 90. A value
indicative of the absorbable energy could be any measure or indicator corresponding either
directly, indirectly or even inversely or generally inversely to absorbable energy. For

example, the value could be a measure or indicator of energy reflected by the object or
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energy reflected from an energy application zone in which the object is located.
Alternatively, the value may be a measure of energy lost when energy is applied to an
object or to an energy application zone in which the object is located. Further, the value
may be any other indicator from which absorbable energy may be derived. These concepts
are further described insucceeding paragraphs.

Energy that may be dissipated or absorbed by an object is referred to herein as
“absorbable energy.” Absorbable energy may be an indicator of the object’s capacity to
absorb energy or the ability of the apparatus to cause energy to dissipate in a given object.
In the presently disclosed embodiments, absorbable energy may be calculated as a product
of the maximum incident energy supplied to the at least one antenna and the dissipation
ratio. Reflected energy (i.e., the energy not absorbed or transmitted) may, for example, be
a value indicative of energy absorbed by the object or other load. By way of another
example, a processor might calculate or estimate absorbable energy based on the portion of
the incident energy that is reflected and the portion that is transmitted. That estimate or
calculation may serve as a value indicative of absorbed energy.

Dhring a frequency sweep (or sweep of MSEs as will be described later), for
example, the at least one processor may be configured to control a source of
electromagnetic energy such that energy is sequentially supplied to an object at a series of
frequencies or MSEs. The at least one processor may then receive a signal indicative of
energy reflected at each frequency or MSE, and optionally also a signal indicative of the
energy transmitted to other antennas. Using a known amount of incident energy supplied to
the antenna and a known amount of energy reflected and/or transmitted (i.e., thereby
indicating an amount absorbed at each frequency or MSE) an absorbable energy indicator
may be calculated or estimated. Or, the processor may simply rely on an indicator of
reflection as a value indicative of absorbable energy.

Absorbable energy may also include energy that may be dissipated by the structures
of the energy application zone in which the object is located. Because absorption in
metallic or conducting material (e.g. the cavity walls or elements within the cavity) is
characterized by a large quality factor (also known as a “Q factor”), such frequencies or

MSEs may be identified as being coupled to conducting material, and at times, a choice
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may be made not to transmit energy in such sub bands. In that case, the amount of
electromagnetic energy absorbed in the cavity walls may be substantially small, and thus,
the amount of electromagnetic energy absorbed in the object may be substantially equal to
the amount of absorbable energy.

In the presently disclosed embodiments, a dissipation ratio may be calculated using
the formula:

DR=(Pin-P:t-Pcp)/Pin
where P;, represents the electromagnetic energy supplied into zone 90 by antennas 102, Pys
represents the electromagnetic energy reflected/returned at those antennas that function as
transmitters, and P, represents the electromagnetic ehergy coupled at those antennas that
function as receivers. DR may be a value between 0 and 1, and, in the presently disclosed
embodiments, may be represented by a pércentage number.

For example, in a three antenna system including antennas 1, 2, and 3, subsystem 92
may be configured to determine input reflection coefficients S11, S22, and S33 and the
transfer coefficients S12=521, S13=S31, S23=S32 based on the measured power
information during the sweep. Accordingly, the dissipation ratio DR corresponding to
antenna 1 may be determined based on these lcoefficients, according to the formula:

DR = 1-(ISy, IS 1o1%+1S131%).

For a particular object 110, the dissipation ratio may change as a function of the
frequency or MSE of the supplied electromagnetic energy. Accordingly, a dissipation ratio
spectrum Iﬁay be generated by plotting the dissipation ratio associated with each frequency
or MSE against the respective frequencies or MSEs. Exemplary dissipation ratio
(efficiency) spectrums 210 and 250 are illustrated in Fig. 12 and Fig. 13, respectively.

Fig. 12 depicts frequencies and Fig. 13 depicts MSEs corresponding to both high and low
dissipation ratios. Both illustrate dissipation ratio peaks that are broader than others.

Fig. 13 illustrates a dissipation ratio spectrum 250 over a range of modulation space
elements (MSEs). . The spectrum 250 plots dissipation ratios (DR) for a particular range
of MSEs. Spectrum 250 may include certain areas, such as local peak 254, which are

higher than the surrounding areas. Local peak 254 may indicate that a higher percentage of
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power is dissipated at the corresponding MSE or range of MSEs. Curve 225 may represent
a desired level of energy dissipation over a plurality of MSEs. Based on the information
included in dissipation'ratio spectrum 250, the power at which energy is applied and/or the
time duration for which energy is applied at various MSEs may be determined to
substantially achieve the desired energy dissipation level 225.

Returning to Fig. 12, curve 210 represents a spectrum of dissipation ratio values
over a range of frequencies. Using this information, a desired power level can be provided
at each of a plurality of frequencies within this range to achieve a desired energy
application profile. Curve 220 represents the power level applied over the frequency band.
It can be seen that the power level is substantially inversely proportional to the dissipation
ratio curve 210. In the example shown in Fig. 12, 400W represents the maximum power
available to transmit.

According to another exemplary embodiment, the at least one processor may be
configured to regulate subsystem 96 (Fig. 11) for measuring a first amount of incident
energy at a transmitting antenna at a first frequency or MSE; measure a second amount of
energy reflected at the transmitting antenna as a result of the first amount of incident
energy; measure a third amount of energy transmitted to a receiving antenna as a result of
the first amount of incident energy; and determine the dissipation ratio based on the first
amount, the second amount, and the third amount. By way of example, the at least one
processor may be configured to measure a first amount of incident energy at a first antenna
102 which performs as a transmitter at a first frequency or MSE, measure a second amount
of energy reflected at first anténna 102 és a résult of the first amount of incident energy,
measure a third amount of energy transmitted to at least one second antenna 102 which
performs as a receiver as a result of the first amount of incident energy, and determine the
dissipation ratio based on the first amount, the second amount, and the third amount.

The value indicative of the absorbable energy may further involve the maximum
incident energy associated with a power amplifier associated with subsystem 96 at the
given frequency or MSE. As referred herein, a “maximum incident energy” may be
defined as the maximal power that may be provided to the antenna at a given frequency or

MSE throughout a given period of time. Thus, one alternative value indicative of
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absorbable energy may be the product of the maximum incident energy and the dissipation
ratio. These are just two examples of values that may be indicative of absorbable energy
which could be used alone or together as part of control schemes implemented using the
processor. Alternative indicia of absorbable energy may be used, depending on the
structure employed and the application.

In certain embodiments, the processor may also be configured to cause energy to be
supplied to the at least one radiating element in at least a subset of the plurality of
frequencies or MSEs, wherein energy transmitted to the zone at each of the subset of
frequencies or MSEs may be a function of the absorbable energy value at each frequency or
MSE. For example, the energy suppliéd to the at least one antenna 102 at each of the
subset of frequencies or MSEs may be determined as a function of the absorbable energy
value at each frequency or MSE (e.g., as a function of a dissipation ratio, maximum
incident energy, a combination of the dissipation ratio and the maximum incident energy,
or some other indicator). In some of the presently disclosed embodiments, this may occur
as the result of absorbable energy feedback obtained during a frequency sweep or MSE
sweep. That is, using this absorbable energy information, the at least one processor may
adjust energy supplied at each frequency or MSE such that the energy at a particular
frequency or MSE may in some way be a function of an indicator of absorbable energy at
that frequency or MSE. The functional correlation may vary depending upon application.
For some applications where absorbable energy is relatively high, there may be a desire to
have the at least one processor implement a function that causes a relatively low supply of
energy at each of the emitted frequencies or MSEs. This may be desirable, for example
when a more uniform energy distribution profile is desired across object 110.

For other applications, there may be a desire to have the processor implement a
function that causes a relatively high supply of energy. This may be desirable to target
specific areas of an object with higher absorbable energy profiles. For yet other
applications, it may be desirable to customize the amount of energy supplied to a known or
suspected energy absorption profile of the object 110. In still other applications, a dynamic
algorithm or a look up table can be applied to vary the energy applied as a function of at

least absorbable energy and perhaps one or more other variables or characteristics. These



10

15

20

25

30

WO 2011/058538 PCT/IL2010/000381

47

are but a few examples of how energy transmitted into the zone at each of the subset of
frequencies or MSEs may be a function of the absorbable energy value at each frequency or
MSE. The invention is not limited to any particular scheme, but rather may encompass any
technique for controlling the energy supplied by taking into account an indicator of
absorbable energy.

In certain embodiments, the energy supplied to the at least one radiating element at
each of the subset of frequencies or MSEs may be a function of the absorbable energy
values at the plurality of frequencies or MSEs other than the frequency or MSE at which
energy is supplied. For example, in the presently disclosed embodiments, the dissipation
ratios at a range of “neighborhood” frequencies or MSEs around the frequbency or MSE at
issue may be used for determining the amount of energy to be supplied. In the presently
disclosed embodiments, the entire working band excluding certain frequencies or MSEs
that are associated with extremely low dissipation ratios (which may be associated with
metallic materials, for example) may be used for the determination.

In certain embodiments, the processor may be configured to cause energy to be
supplied to the at least one radiating element in at least a subset of the plurality of
frequencies, wherein energy transmitted to the zone at each of the subset of frequencies or
MSEs is inversely related to the absorbable energy value at each frequency or MSE. Such
an-inverse relationship may involve a general trend-- when an indicator of absorbable
energy in a particular frequency or MSE subset (i.e., one or more frequencies or MSEs)
tends to be relatively high, the actual incident energy at that frequency or MSE subset may
be relatively low. And when an indicator of absorbable energy in a particular frequency or
MSE subset tends to be relatively low, the incident energy may be relatively high. The
inverse relationship may be even more closely correlated. For example, in some of the
presently disclosed embodiments, the transmitted energy may be set such that its product
with the absorbable energy value (i.e., the absorbable energy by object 110) is substantially
constant across the frequencies or MSEs applied. In either case, a plot of transmitted
energy may generally appear as a reve.rse image of a value indicative of absorption (e.g.,
dissipation ratio or a product of thé dissipation ratio and the maximal incident power

available at each transmitted frequency or MSE). For example, Fig. 12 provides a plotted
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example of a dissipation ratio spectrum 210 (dashed line) and a corresponding incident
power spéctrum 220 (solid line) taken during operation of a device constructed and
operated in accordance with the presently disclosed embodiments. The plots shown in Fig.
12 were taken with an oven having a maximum incident power of about 400 Watts, wherein
a 100 gr chunk of minced beef was placed. A range of frequencies between 800 MHz and

1 GHz was swept, and energy was supplied based on the sweep, such that essentially
uniform dissipation of energy will be affected in the chunk of beef.

In certain embodiments, the at least one processor may be configured to adjust
energy supplied such that when the energy supplied is plotted against an absorbable energy
value over a rénge of fréquehéiés or MSEé, the two'p'lots tend to mirror each other. In the
presently disclosed embodiments, the two plots may be mirror images of each other. In the
presently disclosed embodiments, the plots may not exactly mirror each other, but rather,
have generally opposite slope directions, i.e., when the value corresponding to a particular
frequency or MSE in one plot is relatively high, the value corresponding to the particular
frequency in the other plot may be relatively low. For example, as shown in Fig. 12, the
relationship between the plot of transmitted energy (e.g., incident power spectrum 220) and
the plot of the absorbable energy values (e.g., dissipation ratio spectrum 210) may be
compared such that when the transmitted energy curve is increasing, over at least a section
of the curve, thé absorbable energy curve will be decreasing over the same section.
Additionally, when the absorbable energy curve is increasing, over at least a section of the
curve, the transmitted energy curve will be decreasing over the same section. For example,
in Fig. 12, incident power spectrum 220 increases over the frequenéy rangé .o.f 900 Hz-920 '.
Hz, while dissipation ratio speétrum 210 decreases over that frequency range. At times, the
curve of transmitted energy might reach a maximum value, above which it may not be
increased, in which case a plateau (or almost plateau) may be observed in the transmission
curve, irrespective of the absorbable energy curve in that section. For example, in Fig. 12,
when the incident power reaches the maximum value of 400 W, the incident power stays
substantially constant regardless of the variations in the dissipation ratio.

Some exemplary schemes can lead to more spatially uniform energy absorption in

the object 110. As used herein, “spatial uniformity” refers to a condition where the energy
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absorption (i.e., dissipated energy) across the object or a portion (e.g., a selected portion) of
the object that is targeted for energy application is substantially constant. The energy
absorption is considered “substantially constant” if the variation of the dissipated energy at
different locations of the object is lower than a threshold value. For instance, a deviation
may be calculated based on the distribution of the dissipated energy, and the absorbable
energy is considered “substantially constant™ if the deviation is less than 50%. Because in
many cases spatially uniform energy absorption may result in spatially uniform temperature
increase, consistent with the presently disclosed embodiments, “spatial uniformity” may
also refer to a condition where the temperature increase across the object or a portion of the
object that ié targeted for énergy application is substantially constant. The temperature
increase may be measured by a sensing device, such as a temperatﬁre sensor in zone 90. .

In order to achieve approximate substantially constant energy absorption in an
object or a portion of an object, controller 101 may be configured to hold substantially
constant the amount of time at which energy is supplied to antennas 102 at each frequency
or MSE, while varying the amount of power supplied at each frequency or MSE as a
function of the absorbable energy value.

In certain situations, when the absorbable energy value is below a predetermined
threshold for a particular frequency, frequencies, MSE or MSEs, it may not be possible to
achieve uniformity of absorption at each frequency or MSE. In such instances, consistent
with the presently disclosed embodiments, controller 101 may be configured to cause the
energy to be supplied to the antenna for that particular frequency, frequencies, MSE or
MSEs at a power lev.el:substantially equal to a maximum pbwer level of the device.
Alternatively, consistent with some other embodiments, controller 101 may be configured
to cause the amplifier to supply no energy at all at these particular frequency, frequencies,
MSE or MSEs,. At times, a decision may be made to supply energy at a power level
substantially equal to a maximum power level of the amplifier only if the amplifier may
supply to the object at least a threshold percentage of energy as compared with the uniform
transmitted energy level (e.g. 50% or more or even 80% or more). At times, a decision
may be made to supply energy at a power level substantially equal to a maximum power

level of the amplifier only if the reflected energy is below a predetermined threshold, in
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order, for example, to protect the apparatus from absorbing excessive power. For example,
the decision may be made based on the temperature of a dummy load into which reflected
energy is introduced, or a temperature difference between the dummy load and the
environment. The at least one processor may accordingly be configured to control the
reflected energy or the absorbed energy by a dummy load. Similarly, if the absorbable
energy value exceeds a predetermined threshold, the controller 101 may be configured to
cause the antenna to supply energy at a power level less than a maximum power level of the
antenna.

In an alternative scheme, uniform absorption may be achieved by varying the
duration of energy delivery while maintaining the power applied at a substantially constant
level. In other words, for frequencies or MSEs exhibiting lower absorbable energy values,
the duration of energy application may be longer than for frequencies or MSEs exhibiting
higher absorption values. In this manner, an amount of power supplied at multiple
frequencies or MSEs may be substantially constant, while an amount of time at which
energy is supplied varies, depending on an absorbable energy value at the particular
frequency or MSE.

In certain embodiments, the at least one antenna may include a plurality of
antennas, and the at least one processor may be configured to cause energy to be supplied
to the plurality of antennas using waves having distinct phases. For example, antenna 102
may be a phased array antenna including a plurality of antennas forming an array. Energy
may be supplied to each antenna with electromagnetic waves at a different phase. The
phases may be regulated to match the geometric structure of the phased array. In the
presently disclosed embodiments, the at least one processor may be configured to control
the phase of each antenna dynamically and independently. When a phased array antenna is
used, the energy supplied to the antenna may be a sum of the energy supplied to each of the
antennas in the array.

Because absorbable energy can change based on a host of factors including object
temperature, depending on application, it may be beneficial to regularly update absorbable
energy values and thereafter adjust energy application based on the updated absorption

values. These updates can occur multiple times a second, or can occur every few seconds
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or longer, depending on application. As a general principle, more frequent updates may
increase the uniformity of energy absorption.

In accordance with the presently disclosed embodiments, a controller may be
configured to adjust energy supplied from the antenna as a function of the frequency or
MSE at which the energy is supplied. For example, regardless of whether a sweep or some
other active indicator of energy absorption is employed, certain frequencies or MSEs may
be targeted or avoided for energy application. That is, there may be frequencies or MSEs
that the controller 101 avoids altogether, such as where the absorption level falls below a
predetermined threshold. For example, metals tend to be poor absorbers of electromagnetic
energy, and therefore certain frequencies or MSEs associated with metals will exhibit low
absorption indicator values. In such instances the metals may fit a known profile, and
associated frequencies or MSEs may be avoided. Or, an absorption indicator value may be
dynamically determined, and when it is below a predetermined threshold, controller 101
may prevent an antenna 102 from thereafter supplying electromagnetic energy at such
frequencies. Alternatively, if it is desirable to apply energy to only portions of an object,
energy can be targeted to those portions if associated frequency thresholds are either known
or dynamically determined. In accordance with another aspect of the invention, the at least
one processor may be configured to determine a desired energy absorption level at each of
a plurality of frequencies or MSEs and adjust energy supplied from the antenna at each
frequency or MSE in order to target the desired energy absorption level at each frequency
or MSE. For example as discussed earlier, the controller 101 may be configured to target a
desired energy absorption level at each frequency or MSE in attempt to achieve or
approximate substantially uniform energy absorption across a range of frequencies or
MSEs. Alternatively, the controller 101 may be configured to target an energy absorption
profile across the object 110, which is calculated to avoid uniform energy absorption, or to
achieve substantially uniform absorption in only a portion of the object 110.

Modulation space (MS) and Modulation Space Elements (MSEs)
As described above, the presently disclosed embodiments may be configured to

achieve a desired energy application pattern (e.g., heating pattern) in a load, even a load

that includes multiple objects, or a load that includes multiple dissipation ratios, one or
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more different phases of a material, and/or different material compositions. For example,
by scanning a load over a range of frequencies, a dissipation ratio can be determined for
each frequency. Using the dissipation ratio information, the controller 101 may be
configured to target a desired energy absorption level at each frequency. In one exemplary
embodiment, the level of power supplied at each frequency can be controlled such that
lower power levels are supplied at frequenéies that exhibit high dissipation ratios and
higher power levels can be supplied at frequencies that exhibit low dissipation ratios. As a
result, as described above, such an embodiment may achieve or approximate substantially
uniform energy absorption across a range of frequencies and the load may be heated
uniformly.

The presently disclosed embodiments, however, are not limited to the concept of
frequency sweeping and applying varying levels of power at frequencies within the sweep.
Rather, energy delivery consistent with the presently disclosed embodiments may be
accomplished more broadly by controlling any parameters that have the potential for
affecting energy delivery to the load or a portion of the load. Frequency is merely one
example of a parameter that can be used to affect energy absorption by the load or a portion
of the load.

~ Electromagnetic waves in the energy application zone may exhibit a certain field
pattern. A “field pattern” may refer to an electromagnetic field configuration characterized
by, for example, the amplitude of electric field intensity distribution in the energy
application zone. In general, electromagnetic field intensity may be time varying and
spatially dependent. That is, not only may the field intensity differ at different spatial
locations, but for a given location in space, the field intensity can vary in time or may
oscillate, often in a sinusoidal fashion. Therefore, at different spatial locations, the field
intensities may not reach their maximum values (i.e., their maximum amplitude values) at
the same time. Because the field intensity amplitude at a given location can reveal
information regarding the electromagnetic field, such as electromagnetic power density and
energy transfer capability, the field pattern referred to herein may include a profile
representing the amplitude of field intensity at one or more spatial locations. Such a field

intensity amplitude profile may be the same as or different from a snapshot of the instant
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field intensity distribution at a given time in the zone. As used herein, the term “amplitude”
is interchangeable with “magnitude.”

A field pattern may be excited by applying electromagnetic energy to the energy
application zone. As used herein, the term “excited” is interchangeable with “generated,”
“created,” and “applied.” In general, a field pattern in an energy application zone may be
uneven (i.e., non-uniform). That is, the field pattern may include areas with relatively high
amplitudes of field intensity and other areas with relatively low amplitudes of field
intensity. The rate of energy transfer may depend upon the amplitude of field intensity.
For example, energy transfer may occur faster at areas with higher amplitude of field
intensity than in areas with lower amplitude of field intensity. As used herein, the term
“energy transfer” is interchangeable with “energy delivery.”

The apparatus of Fig. 1 may be configured to control a distribution and intensity of
high amplitude electromagnetic field (maxima and minima) and low amplitude
electromagnetic field in the energy application zone, thus delivering differing target
amounts of energy to any two (or more) given regions in the application zone. The energy
application may be a modal cavity. As used herein, a “modal cavity” refers to a cavity that
satisfies a “modal condition.” Modal condition refers to the relationship between the
largest resonant wavelength supported by the energy application zone and the wavelength
of the delivered electromagnetic energy supplied by the source. If the wavelength of the
delivered electromagnetic energy supplied by the source is greater than about one quarter of
the largest resonant wavelength supported by the energy application zone, the modal
condition is met. The control of distribution and intensity of electromagnetic field in the
energy application zone can occur through the selection of “MSEs” (as described later).
Choices of MSE selection may impact how energy is distributed in regions of the energy
application zone. When the modal condition is not met, it may be more difficult to achieve
a desired energy application distribution through the control of MSEs.

" The term “modulation space” or “MS” is used to collectively refer to all the
parameters that may affect a field pattern in the energy application zone and all
combinations thereof. In some embodiments, the “MS” may include all possible

components that may be used and their potential settings (either absolute or relative to
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others) and adjustable parameters associated with the components. For example, the “MS”
may include a plurality of variable parameters, the number of antennas, their positioning
and/or orientation (if modifiable), the useable bandwidth, a set of all useable frequencies
and any combinations thereof, power settings (e.g. relative power delivered at the same
time to two or more irradiating feeds), time settings, phases, etc.

Examples of energy application zone-related aspects of the modulation space may
include the dimensions and shape of the energy application zone and the materials from
which the energy application zone is constructed. Examples of energy source-related
aspects of the modulation space may include amplitude, frequency, and phase of energy
delivery. Examples of radiating element-related aspects of the modulation space may
include the type, number, size, shape, configuration, orientation and placement of antenna-
like structures.

Each variable parameter associated with the MS is referred to as an MS dimension.
By way of example, Fig. 15 illustrates a three dimensional modulation space 1500, with
three dimensions designated as frequency (F), phase (¢), and amplitude (A) (e.g., amplitude
between two or more feeds exciting an electromagnetic field by a given MSE). That is, in
MS 1500, frequency, phase, and amplitude of the electromagnetic waves are modulated
during energy delivery, while all the other parameters may be predetermined and fixed
during energy delivery. An MS may also be one dimensional where only one parameter is
varied during the energy delivery. An MS may also be higher-dimensional such that more
than one parameter is varied.

The term “modulation space element” or “MSE,” may refer to a specific set of
values of the variable parameters in MS. Therefore, the MS may also be considered to be a
collection of all possible MSEs. For example, two MSEs may differ one from another in-
the relative amplitudes of the energy being supplied to a plurality of radiating elements.
For example, Fig. 15 shows an MSE 1501 in the three-dimensional MS 1500. MSE 1501
may have a specific frequency F(i), a specific phase @ (i), and a specific amplitude A(i). If
even one of these MSE variables changes, then the new set defines another MSE. For
example, (3 GHz, 30°, 12 V) and (3 GHz, 60°, 12 V) are two different MSEs, although only

the phase component changes. In some embodiments, sequentially swept MSEs may not
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necessarily be related to each other. Rathef, their MSE variables may differ significantly
from MSE to MSE (or may be logically related). In some embodiments, the MSE variables
differ significantly from MSE to MSE, possibly with no logical relation between them,
however in the aggregate, a group of working MSEs may achieve a desired energy
application goal. '
Differing combinations of these MS parameters may lead to differing field patterns
across the energy application zone and, in turn, differing energy distribution patterns in the
object. A plurality of MSEs that can be executed sequentially or simultaneously to excite a
particular field pattern in the energy application zone may be collectively referred to as an
“energy delivery écheme.” For example, an energy deliv-ery scheme may consist of three |
MSEs (F(1), 9y, Amy)s (F)p, 92 Aw)s (Fi3), 03)» Ay)- The energy delivery scheme may
comprise additional non MSE parameters, such as the time during which each MSE is
applied or the power delivered at each MSE. Since there are a virtually infinite number of
MSEs, there are a virtually infinite number of different energy delivery schemes, resulting
in virtually infinite number of differing field patterns in any given energy application zone
(although different MSEs may at times cause highly similar or even identical field
patterns). Of course, the number of differing energy deliver schemes may be, in part, a
function of the number of MSEs that are available. The invention, in its broadest sense, is
not limited to any particular number of MSEs or MSE combinations. Rather, the number of
options that may be employed could be as few as two or as many as the designer desires,
depending on factors such as intended use, level of desired control, hardware or software
resolution and cost. ‘ |
The modulation space may include a linear space or a nonlinear space. When the
modulation space is linear, the collective field pattern caused by applying two MSEs |
(MSE; and MSE;) is the same as the field pattern caused by applying an MSE which is a
combination of MSE; and MSE,. By way of an example, for MSE=(F1), ¢ ), Aqy)) and
MSE>=(F(2), ¢ (2), Az)) in a linear modulation space 1500 as illustrated in Fig. 15,
I(MSE))+I(MSE,)=I(MSE;+ MSE,). Consistent with presently disclosed embodiments, the

modulation space may be linear when the MSEs excite modes in the energy application
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zone. In other cases, the modulation space may be nonlinear, e.g.,
I(MSE;)+I(MSEL)#I(MSE+ MSE,).

As noted above, an apparatus or method of the invention may involve the use of a
processor for executing instructions or performing logic operations. The instructions
executed by the processor may, for example, be pre-loaded into the processor or may be
stored in a separate memory unit such as a RAM, a ROM, a hard disk, an optical disk, a
magnetic medium, a flash memory, other permanent, fixed, or volatile memory, or any
other mechanism capable of providing instructions to the processor. The processor(s) may
be customized for a particular use, or can be configured for general-purpose use and
perform différent functions by éxecuting different software.

If more than one processor is employed, all may be of similar construction, or they
may be of differing constructions electrically connected or disconnected from each other.
They may be separate circuits or integrated in a single circuit. When more than one
processor is used, they may be configured to operate independently or collaboratively.
They may be coupled electrically, magnetically, optically, acoustically, mechanically,
wirelessly or in any other way permitting at least one signal to be communicated between
them.

A single or multiple processors may be provided for the sole purpose of regulating
the source. Alternatively, a single or multiple processors may be provided with the
function of regulating the source in addition to providing other functions. For example, the
same processor(s) used to regulate the source may also be integrated into a control circuit
that proVides additional contro-lrfunctions' to components other than the source.

In accordance with some embodiments of the invention, at least one processor may
be configured to regulate the source in order to deliver a first predetermined amount of
energy to a first predetermined region and a second predetermined amount of energy to a
second predetermined region in the energy application zone, wherein the first
predetermined amount of energy is different from the second predetermined amount of
energy. For example, field patterns may be selected having known areas with high
amplitude of electromagnetic field intensity (hot spots). Thus, by aligning a hot spot with a

region in an energy application zone, a predetermined field pattern may be chosen to
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deliver a first predetermined amount of energy to a first predetermfned region. When
another field pattern is chosen having a differing hot spot, that second field pattern may
result in delivery of a second predetermined amount of energy to a second predetermined
region. And as also described later, differing MSEs and/or combinations of MSEs may be
chosen in order to deliver differing predetermined amounts of energy to differing
predetermined regions. In either instance, control of the amount of energy applied may be
achieved through either the processor’s selection of particular field patterns or MSEs,
and/or control of, for example, power level (e.g. a total power provided for a given MSE), a
duration of time that power is applied during a particular condition, or combinations of the
above. The processor may make such selections in ofder to achieve é desired energy
application profile.

The term “region” may include any portion of an energy application zone, such as a
cell, sub-volume, sub-division, discrete sub-space, or any sub-set of the energy application
zone, regardless of how that subset is discretized. In one particular example, the energy
application zone may include two regions. In another example, the energy application zone
may include more than two regions. The regions may or may not overlap with each other,
and the size of each region may or may not be the same.

The at least one processor may also be configured to predetermine the locations of
the first region and the second region. This may occur, for examplé, through reflective
feedback from the energy application zone, providing information about a location of an
object in the zone. In other embodiments, this might be achieved through imaging. In
some embodimenté, the regions may correspond to different portions of the object, and
differing targeted amounts of electromagnetic energy may be delivered to these different
portions of the object. The amount of energy actually dissipated in each region may depend
on the field intensity at that region and the absorption characteristics of the corresponding
portion of the object at that particular region. In yet other embodiments, the predetermined
locations may be a function of known geometry of a field pattern without reference to an
object in the energy application zone. In some embodiments, locations of the first region
and the second region may also be predetermined by a user or a device other than the at

least one processor.
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Two regions may be located adjacent to each other in the energy application zone.
For example, the energy application zone may include a region occupied by an object or a
portion of an object, and another region defining an area distinct from the area of the object.
In this case, these two regions may be adjacent to each other and separated by a boundary.
For example, the first region may be within the cup of soup being heated, and the second
region may be outside of the cup of the soup. In another example, the energy application
zone may include two regions that have different energy absorption characteristics within
the object. For example, the first region may contain mostly water at the top layer of the
soup, and the second region may contain mostly potatoes and/or meats towards the bottom
layer of the soup. In another example, the first region may contain a material of a particular
phase (e.g., liquid water), and the second region may contain the same material, but of a
different phase (e.g., solid ice). Because of their differing energy absorption
characteristics, it may be beneficial to excite field patterns with differing electrical field
intensities at these two regions. Based on the difference in the local field intensities and the
energy absorption characteristics of the two regions, the dissipated energy in each of the
regions may be predetermined. Accordingly, the dissipated energy may be made
substantially equal or different, as desired, across differing regions in the object, by
selecting and controlling MSEs for constructing a suitable energy deliver scheme for
delivering the energy.

MSE selection may impact how energy is distributed in regions of the energy
application zone. In order to deliver differing targeted amounts of electromagnetic energy
to differing:predetermixied regions in the energy application zbné, the processor‘méy -
control one or more MSEs in order to achieve a field pattern that targets energy to a
specific predetermined region in the energy application zone. The selection of MSEs that
result in standing waves may provide an added measure of control since standing waves
tend to exhibit predictable and distinctly defined “high-intensity regions”(hot spots) and
“low-intensity regions” (cold spots), as described earlier, where the a high-intensity region
may exhibit an energy concentration that is readily distinguishable from a low-intensity
region. It is to be understood that the term “cold spot” does not necessarily require a

complete absence of applied energy. Rather, it may also refer to areas of diminished
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intensity relative to the hot spots. That is, in the high-intensity regions, the amplitude of
field intensity is higher than the amplitude of field intensity in the low-intensity regions.
Therefore, the power density in the high-intensity region is higher than the power density in
the low-intensity region. The power density and field intensity of a spatial location are
related to the capability of delivering electromagnetic energy to an object placed in that
location. And therefore, the energy delivery or transfer rate is higher in a high-intensity
region than that in a low-intensity region. In other words, the energy delivery or transfer
may be more effective in a high-intensity region. Thus, by controlling the high-intensity
regions and/or low intensity regions in the energy application zone, the processor may
control the energy delivery to a specific spatial location. Such control of high- and low-
intensity regions may be achieved by control of MSEs.

Controllable MSE variables may include one or more of amplitude, phase, and
frequency of the transmitted electromaghetic wave; a location, orientation, and
configuration of each radiating element; or the combination of any of these parameters, or
other parameters that may affect a field pattern. For example, as depicted in Fig. 14, an
exemplary processor 1401 may be electrically coupled to various components of a source,
such as power supply 1402, modulator 1404, amplifier 1406, and radiating elements 1408.
Processor 1401 may be configured to execute instructions that regulate one or more of these
components. For example, processor 1401 may regulate the level of power supplied by
power supply 1402. Processor 1401 may also regulate the amplification ratio of amplifier
1406, by switching, for example, the transistors in the amplifier. Alternatively or
additionally, processor 1401 may perform pulse-width-modulation control of amplifier
1406 such that the amplifier outputs a desired waveform. Processor 1401 may regulate
modulations performed by modulator 1404, and may alternatively or additionally regulate
at least one of location, orientation, and configuration of each radiating element 1408, such
as through an electro-mechanical device. Such an electromechanical device may include a
motor or other movable structure for rotating, pivoting, shifting, sliding or otherwise
changing the orientation or location of one or more of radiating elements 1408. Processor
1401 may be further configured to regulate any field adjusting elements located in the

energy application zone, in order to change the field pattern in the zone. For example, field
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adjusting elements may be configured to selectively direct the electromagnetic energy from
thé radiating element, or to simultaneously match a radiating element acting as a transmitter
to reduce coupling to the one or more other radiating elements acting as a receiver.

In another example, when a phase modulator is used, it may be controlled to
perform a predetermined sequence of time delays on the AC waveform, such that the phase
of the AC waveform is increased by a number of degrees (e.g., 10 degrees) for each of a
series of time periods. Alternatively, the processor may dynamically and/or adaptively
regulate modulation based on feedback from the energy application zone. For example,
processor 1401 may be configured to receive an analog or digital feedback signal from
detector 1416, indicating an amount of electromagnetic energy received from cavity 1412
(including object 1410), and processor 1401 may dynamically determine a time delay at the
phase modulator for the next time period based on the received feedback signal.

The energy distribution that results from any given combination of MSEs may be
determined, for example, through testing, simulation, or analytical calculation. Using the
testing approach, sensors (e.g., small antenna) can be placed in an energy application zone,
to measure the energy distribution that results from a given combination of MSEs. The
distribution can then be stored in, for example, a look-up table. In a simulated approach, a
virtual model may be constructed so that combinations of MSEs can be tested in a virtual
manner. For example, a simulation model of an energy application zone may be performed
in a computer based on a set of MSEs inputted to the computer. A simulation engine such
as CST or HFSS may be used to numerically calculate the field distribution inside the
energy application zone. The resulting field pattern may be visualized using imaging
techniques or stored in a computer as digital data. The correlation between MSE and
resulting field pattern may be established in this manner. This simulated approach can
occur well in advance and the known combinations stored in a look-up table, or the
simulation can be conducted on an as-needed basis during an energy application operation.

Similarly, as an alternative to testing and simulation, calculations may be performed
based on an analytical model in order to predict energy distribution based on selected
combination of MSEs. For example, given the shape of an energy application zone with

known dimensions, the basic field pattern corresponding to a given MSE may be calculated
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from analytical equations. This basic field pattern, also known as a “mode,” may then be
used to construct a desired field pattern by linear combinations. As with the simulated
approach, the analytical approach may occur well in advance and the known combinations
stored in a look-up table, or may be conducted on an as-needed basis during an energy
application operation.

In accordance with some embodiments of the invention, the processor may be
configured to deliver predetermined amounts of energy to at least two regions in the energy
application zone. The energy may be predetermined based on known characteristics of the
object (a/k/a, load) in the energy application zone. For example, in the case of a dedicated
oven that repetitively heats products sharing the same physical characteristics (e.g.,
identical hamburger patties), the processor may be pre-programmed to deliver differing
known quantities of energy corresponding at least two known field patterns. The processor
may apply differing amounts of energy depending on the field pattern. That is, the power
or duration of energy application may be varied as a function of thé field pattern being
applied. (i.e., resulting from an MSE). This correlation between the predetermined
amounts of energy to be applied and the field pattern may be determined by testing,
simulation, or analytical analysis, as discussed—préviously.

The correlation between field pattern and amount of energy delivered may also be
determined by the energy absorption profile of object 1410. That is, object 1410 can be
scanned using one or more MSEs, and information indicative of dissipated energy for each
of the one or more MSEs (e.g., corresponding dissipation ratios) can be determined. Based
on the dissipation ratios and desired energy delivery characteristics, a power level can be
selected for each of the scanned MSEs to achieve a desired goal. For example, if the goal is
to uniformly apply energy across an object’s volume, then the processor might select
combinations of MSEs that result in uniform energy application. If on the other hand, non-
uniform energy application is desired, then the processor might apply predetermined
amounts of energy with each differing field pattern in order to achieve the desired non-
uniformity. The MSEs may be grouped into subsets based on the information received
indicative of dissipated energy, and each of these subsets may i)e associated with a power

delivery protocol that can be used to regulate energy applied to the load. Just as subsets of
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frequencies may be selected and swept, as described in the frequency sweeping examples
above, so too may subsets of MSEs be selected and swept in order to achieve a desired
energy application goal. Such a sequential process may be referred to herein as “MSE
sweeping.” This sweeping process may be used in conjunction with any parameter used to
characterize one or more MSEs (e.g., frequency, phase, amplitude, etc.). The sweeping
process may include sequentially changing values associated with a single dimension in a
MS, such as frequency, phase, or amplitude (e.g., the difference in amplitude between a
plurality of feeds that are used within a single MSE), as illustrated in Fig. 15.
Alternatively, the sweeping process may include sequentially changing more than one
parameter in the MS for each step in the sweep.

Returning to Fig. 2, sweep/sense step 21 may include sweeping with any MSEs.
Accordingly, step 23 may include analysis of feedback information resulting from
application of any chosen MSEs. In step 23, energy may be transmitted using the same of
different set of MSEs as those used in step 21.

MSE sweeping can be used to differentially heat portions or regions of an object.
For example, one or more MSEs may be scanned, and the dissipation characteristics of an
object or portion of a load may be determined (e.g., dissipation ratios may be determined
for the scanned MSEs). Based on the dissipation characteristics of the load, a desired
power level may be selected for application at each of the scanned MSEs or at a portion of
the scanned MSEs. In one example, MSEs that exhibit large dissipation ratios may be
assigned relatively low power values, and MSEs that exhibit smaller dissipation ratios may
be assigned higher power values. Of course, any scheme for assigning power levels to
scanned MSEs may be employed depending on the particular energy application goals.
MSE sweeping can then be commenced during which the selected power levels are applied
for a certain time at the corresponding MSEs. MSE sweeping can continue until the object
has achieved the desired level of heating or a desired thermal profile.

Periodically, during MSE sweeping, the load may be re-scanned using the same or
different MSEs to obtain an updated set of dissipation ratios. Based on the updated set of
dissipation rétios, the power levels to be applied at each of the MSEs may be adjusted.

This MSE scanning can occur at any desired rate depending on the requirements of a
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particular embodiment. In some embodiments, the MSE scan may be repeated at a rate of
about 120 times per minute. Higher scan rates (e.g., 200/min or 300/min) or lower scan
rates (e.g., about 100/min, 20/min, 2/min, 10/thawing time, or 3/thawing time) may be
used. Additionally, the scans can be performed non-periodically. At times, an MSE scan
sequence (e.g., one or more scans) may be performed once every 0.5 seconds or once every
5 seconds or at any other rate. Moreover, the period between scans may be defined by the
amount of energy to be transmitted into the cavity and/or the amount of energy to be
dissipated into the load. For example, after a given amount of energy (e.g. 10 kJ or less or
1 kJ or less or several hundreds of joules or even 100 J or less were transmitted or
dissipated into the load or into a given portion of a load (e.g. by weight such as 100g or by
percentage, such as 50% of load)), a new scan may be performed.

To reiterate and further expand on the principles discussed above, the presently

" disclosed embodiments may include an apparatus for applying RF energy to a load. The

apparatus may include at least one processor, as described above. For example, the
processor may include an electric circuit that performs a logic operation on an input or
inputs. For example, such a processor may include one or more integrated circuits,
microchips, microcontrollers, microprocessors, all or part of a central processing unit
(CPU), graphics processing unit (GPU), digital signal processors (DSP), field-
programmable gate array (FPGA) or other circuit suitable for executing instructions or
performing logic operations.

The at least one processor may be configured to receive information indicative of
dissipated energy for each of a plurality of modulation space elements (MSEs). For
example, the information received indicative of energy dissipated by the load may include
information indicative of an amount of energy absorbed by the load, an amount of energy
reflected by the load, or any other suitable energy dissipation indicator, as discussed
previously. In one exemplary embodiment, based on the information indicative of energy
dissipated by the load, the processor may determine a dissipation ratio for each of the
plurality of MSEs (or set of MSEs).

The processor may determine the dissipation ratios for the set of MSEs at any

desired rate. In one embodiment, the set of dissipation ratios corresponding to the set of
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MSEs may be determined at a rate of at least about 120 times per minute. In other
embodiments, the set of dissipation ratios corresponding to the set of MSEs may be
determined at a rate of less than about 120 times per minute. The rate may depend on the
nature of the object, the nature of the MSEs, the physical characteristics of the system, and
the desired result to be achieved. By way of example only, in some instances a rate of more
than five times per second may be desirable. In other instances a rate of less than twice per
second may be desirable.

The processor may be configured to group a number of the plurality of MSEs into at
least two subsets based on the information received indicative of dissipated energy. For
example, MSEs that exhibit higher dissipation ratios may be grouped into one subset and
MSEs that exhibit lower dissipation ratios may be grouped into another subset. The
plurality of MSE’s may be grouped together in any number of subsets. The processor may
also be configured to associate a power delivery protocol with each of the at least two
subsets wherein the power delivery protocol differs between subsets. As used herein, the
term “power delivery protocol” may include any manner and/or amount by which energy is
applied, such as an amount of energy, a power level, and a duration of time of energy
application. The processor may determine different power delivery protocols for different
subsets of MSEs. Examples for power delivery protocols may include (a) the dissipation in
the load of the same amount of power via all MSEs in a group, (b) dissipation in the load of
different amounts of power via different MSEs based on any form of function correlating
the energy and the group members, (b) a maximal or minimal setting for power
transmission for the MSEs in'a given group, and more. The processor may be further
configured to regulate energy applied to the load in accordance with each power delivery
protocol. For example, as described above, MSEs that exhibit higher dissipation ratios may
receive power at a level lower than other MSEs that exhibit lower dissipation ratios. MSEs
that exhibit lower dissipation ratios may receive power at a higher level than other MSEs
that exhibit lower dissipation ratios. Further, MSE’s that exhibit an intermediate level of
dissipation ratios may receive power according to a predetermined function that includes
varying applied power level values. Of course any power level within an available range

and/or any desired function for applying power may be assigned to any MSE or subset of
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MSEs according to the requirements or energy delivery goals of a particular embodiment.
Similarly, any duration of time may be assigned to any MSE during energy application.

As described above, each of the plurality of MSEs may be defined by values for any
of a plurality of parameters that may affect energy delivery to a load. In one embodiment,
the plurality of MSEs may be defined by values for frequency, phase, and amplitude and
optionally for other dimensions. In other embodiments, the MSEs may be one dimensional
such that only one parameter varies and any others remain constant. For example, a set of
one dimensional MSEs may differ from each other in only one of frequency, phase and
amplitude. In certain embodiments, the frequency values may vary among a plurality of
MSESs, while values for other parameters, such as phase and/or amplitudé remain constant.

The power delivery protocol associated with each of a plurality of MSEs can be
chosen according to any desired energy delivery scheme. In one embodiment, a power
level corresponding to a MSE associated with a first dissipation ratio will be lower than a
power level corresponding to a MSE associated with a second dissipation ratio that is lower
that the first dissipation ratio.

The disclosed embodiments may also include a cavity for receiving the load and at
Jeast one radiating element for directing EM energy to the load. Further, the apparatus may
include a generator of EM energy for supplying EM energy to the load via the at least one
radiating element.

The presently disclosed embodiments may also be used to apply energy to materials
that include a plurality of phases of matter (e.g., more than one of a solid, liquid, gas, and
plasma). In such embodiments, the processor may be configured to determine a value of an
energy dissipation characteristic associated with the material and regulate energy transfer to
the material based on the value of the energy dissipation characteristic, such that a phase of
a first type located in one region of the material receives more energy than a phase of a
second type located in another region of the material. As used herein, the term “energy
dissipation characteristic” may include a dissipation ratio, an indicator of energy reflected,
an indicator of energy absorbed, or any other direct or indirect indicator of the load’s ability
to dissipate energy In certain embodiments, a gas may include steam, a solid may include

ice, and a liquid may include water. However, it is contemplated that the disclosed
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embodiments may be used with solids other than ice, liquids other than water, and gases
other than steam.

In other embodiments, the processor may be configured to regulate application of
RF energy to selectively apply energy to a first portion of the material having the first phase
of matter, and to selectively limit energy applied to a second portion of the material having
the second phase of matter. For example, the processor can be configured to selectively
apply energy to a region of the material that includes a solid phase and may selectively
limit energy application in another region of the material that includes a liquid phase. |
Thus, the amount of energy supplied to a first portion of the material (e.g., the region
including the solid) may be different from an amount of energy a'pplied to a second portion
of the material (e.g., the region including the liquid). In this manner of selective energy
application for example, ice can be melted while energy application to regions of the
material not containing ice may be selectively limited.

Regulation of energy transfer may occur, for example, based on feedback from the
load as described earlier, and thereafter adjusting the power delivered (e.g., either
amplitude, time or both) for differing MSEs in order to achieve a desired result. The
regulation may vary depending on intended use. For example, if uniform energy
application is desired, the regulation of energy transfer will be different from a situation
where it is desired to selectively apply energy to only certain portions of a load.

In some presently disclosed embodiments, after receiving information indicative of
energy absorbable by the material (e.g., an amount of reflected energy compared to an
incident energy level) the processor méy select a plurality of field patterns for delivering
energy to the load. These field patterns may be selected, for example, according to energy
absorption characteristics associated with each field pattern. Field patterns that result in
high dissipation ratios, for example, may include higher intensity regions (e.g., hot spots)
that have more of an overlap with more highly energy absorbent materials or material
phases than field patterns associated with lower dissipation ratios. Based on the energy
absorption characteristics of these field patterns, the processor may be configured to

selectively assign power delivery protocol to each of a plurality of field patterns.
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In embodiments where energy is applied to a material including a plurality of
phases of matter, energy transfer to the material may cause a conversion of the phase of the
first type to the phase of the second type. For example, the energy transfer may cause ice to
melt into water. In certain embodiments, the processor may be configured to terminate
energy transfer when the conversion is substantially complete. This may occur, for
example, when feedback from the load indicates that substantial amounts of ice are no
longer present in the load. Known imaging techniques might provide such feedback, or,
since differing phases of matter may exhibit differing absorption (and reflection)
characteristics, the feedback may be related to an amount of energy reflected from the load
or reflected from the energy application zone in general, or may be related to any other
indicator of energy absorption.

The presently disclosed embodiments may include an apparatus for applying RF
energy to a load, where the apparatus includes at least one processor configured to
determine a plurality of dissipation ratios associated with the load and to set
frequency/power pairs (as described in detail above) based on the plurality of dissipation
ratios. The processor may also be configured to regulate application of the
frequency/power pairs to apply energy to the load. For example, the processor may be
configured to set the frequency/power pairs such that a frequency associated with a first
dissipation ratio will be assigned a power level lower than a second frequency associated
with a second dissipation ratio, when the first dissipation ratio is higher than the second
dissipation ratio. In another embodiment, the processor may be configured to set the
frequéncy/power pairs such that a rate of energy transfer into the load at a frequency having
a dissipation ratio of at least 0.7 is 50% or less than a rate of energy transfer into the load at
a frequency having a dissipation ratio of less than 0.4.

Example of multi-food heating experiment

Dissipation properties of some foods and food types are known at various
conditions and frequencies. See for example Bengtsson, N.E. & Risman, P.O. 1971.
“Dielectric properties of food at 3 GHz as determined by a cavity perturbation technique.
II. Measurements on food materials.” J. Microwave Power 6: 107-123. Such known values

(for food or any other load), or using various techniques to estimate or measure the
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dissipation ratio at different frequencies for a plate (or load) combination, are optionally
used to provide differential heating for different objects (e.g., foodstuffs), for example as
shown in the following example, which was aimed at controlling the relative heating of
different loads:

Both heating processes were performed using a 900 Watt device with a working
band at 800-1000MHz, constructed and operated substantially according to an embodiment
of WO07/096878 (‘878);

Cooked rice and raw thigh of chicken were placed together on a conventional
household plate and heated according to one of the following protocols:

Protocol 1:  Heating is limifed to frequencies having a relatively high dissipation
ratio, but an essentially uniform energy transfer is performed in all transmitted frequencies.
In this specific protocol, as ep(f) normally correlates with the dissipation ratio, transmission
of a homogeneous amount of energy (or power) was performed in the 30% of the
frequencies having the highest ep(f). In addition, transmission was performed in all
frequencies having at least 80% of the lowest ep(f) of said 30% of the frequencies. It should
be noted that also in other protocols described herein, the separation of frequencies into sets
corresponding to portions may be according to percentage, rather than a threshold.

Protocol 2:  Maximal transmission is performed at frequencies having about 30%
or less normalized dissipation ratio (dr ") and no transmission at frequencies having 80% or
more normalized dissipation ratio, with an approximately linear relation in-between. A
graph showing the exact function used is attached herewith as Fig. 9.

Temperature was measured before (To) and after heating (T1; AT= T1- To). In the
chicken, several places were probed, and after heating some variation of temperatures was
observed. In the rice, the temperature was the same wherever probed. The results are

summarized in the table below:
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1 100 g chicken 2z | 7077 58-65
160 g rice 11 47 36

, 105 g chicken 14 66-70 5256
160 g rice 11 72 61

As seen above, in Protocol 1 the chicken heated to a much higher extent than the
rice, while in Protocol 2, heating was more uniform between the two foods, with the rice
heating slightly more than the chicken. A similar result was obtained in repéat
experiments. It should be noted that either result may be desired, depending on the
circumstances (e.g., user preference).

Fig. 10 is a chart showing the normalized dissipation ratio measured in the device
cavity for a rice & chicken plate at different frequencies in the heating experiment shown
for Protocol 2 above. As heating progresses, and as the position and/or location of the load
changes during heating, the measured dissipation ratios can change. Nonetheless, a first
approximation is that for the higher dissipation ratio frequencies, most of the energy
dissipates in the high dissipation ratio portion of the load (chicken in the instant example)
and for the lower dissipation ratio frequencies, most of the energy dissipates in the low
dissipation ratio portion of the load (in this example — rice).

Thus, when protocol 1 was used, heating was mainly at high dissipation ratio
frequencies, thereby heating mainly the chicken; when Protocol 2 was used, heating was
mainly at low dissipation ratio frequencies (but with a varying amount also in interim
dissipation ratio frequencies) thereby heating the rice slightly more than the chicken.

Exemplary variations

In an exemplary embodiment of the invention, the above methods can be used not
only to avoid reaching a certain temperature, but additionally or alternatively, to minimize a
time within a temperature window. For example, some temperatures may encourage
bacterial growth or food degradation if maintained. For example, the above methods may

be used to ensure that a lower limit of the temperature window is not reached, but is
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approached, by all the load and then relatively rapid heating applied until an upper limit of
the temperature window is passed.

While the above have been described as methods of determining a complete
irradiation profile, the above methods may also be used otherwise. For example, the above
hpl calculation may be used as a limit that is applied after other irradiation profiles are
selected, for example, as a safety measure to avoid runaway heating. In another example,
frequency bands may be selected to have no power transmitted therein to prevent boiling of
water, and this selected being applied to an otherwise determined method of
frequency/power sets.

Optionally, after a portion reaches a target heat and/or is thawed, energy provision
is not stopped (or, in some cases, set to Ipl), but rather selected to ensure that the portion
does not re-crystallize and/or stays at a desired temperature. As can be apperceived, once it
is known that the portion thawed, a power level that has a desired temperature effect on that
portion may be calculated form physical consideration or using a look up table.

Examples

The following non-limiting examples illustrate the application of some exemplary
embodiments of the invention and should not be taken as being necessarily limiting. In the
following experiments, a single frozen object at a time (as detailed below) was placed for
defrosting in a cavity of an oven having three input antennas within a cylinder shaped
cavity, working at 0.9kW., and spectral information was obtained.

Fig. 6 is a graph showing the spectral information obtained with a frozen (-20°C)
790 gr cut of bovine sirloin (dashed line) and the spectral information obtained with a
frozen (-20°C) 790 gr portion of tuna fish (solid line). Also shown (dot-dash line) are the
average dissipations calculated from the spectral information, with the average dissipation
for the meat appearing at about 0.5 and the fish at about 0.17. The dotted lines depict the
maximal and minimal allowed values for Apl (which is typically a function of the device
and not the load). Some examples of places where the dissipation ratio indicates ice, water
or ice/water are marked.

Fig. 7 shows the spectral information obtained with a frozen (-20°C) 1,250 gr
chicken (dashed line) and the spectral information obtained with a frozen (-20°C) 450 gr



10

15

WO 2011/058538 PCT/IL2010/000381

71

chicken (solid line). Also shown (dot-dash line) are the average dissipations calculated
from the spectral information, with the average dissipation for the lvarger chicken appearing
at about 0.55 and the smaller chicken at about 0.29.

As seen in the graphs, the dissipation at each frequency, as well as average
dissipation, is affected inter alia by the composition of the load (e.g. meat v. fish, with
different fat/protein/water ratios) and its size (with a larger chicken having more liquid
water to absorb RF energy at frequencies where absorption is relatively low).

General

Following is a list of applications and publications describing RF ovens and

methods which may be used with the methods and apparatus described herein:

Title Country Serial number
DRYING APPARATUS AND METHODS AND | PCT IL.2008/000231
ACCESSORIES FOR USE THEREWITH

ELECTROMAGNETIC HEATING PCT IL2007/000235
FOOD PREPARATION PCT IL.2007/000864
RF CONTROLLED FREEZING PCT 1L2007/001073
A METHOD AND A SYSTEM FOR A MODULAR | USA 61/064,201
DEVICE

DYNAMIC IMPEDANCE MATCHING IN RF|USA 12/230,431
RESONATOR CAVITY

ELECTROMAGNETIC HEATING USA 12/153,592

In the above description, different frequencies were described as having different
power transmitted there. Such power differentiation can be of several types, including one
or more of: different peak power, different duty cycle and/or different rate (e.g., power is
supplied at fix amplitudes, but at different rate and/or delays between pulses for different
frequencies) and/or at different efficiencies (e.g., transmitted in a configuration where more
power is reflected back to the feed. In another example, power is provided in sweeps and
for each sweep power is provided at a frequency or not, depending on the total power to be

delivered at that frequency. In another example, power is provided as multi-frequency
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pulses, with each pulse including power in a plurality of frequencies; the frequencies in
each pulse and/or amplitude of the power for a frequency in a pulse may be selected to
apply a desired average power.

In general, the term “power” is used to describe the power provided as an average
over time (e.g., the time between sweeps).

Unless otherwise defined, all technical and/or scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which the
invention pertains. Although methods and materials similar or equivalent to those described
herein can be used in the practice or testing of embodiments of the invention, exemplary
methods and/or materials are described below. In case of conflict, the patent specification,
including definitions, will control. In addition, the materials, methods, and examples are
illustrative only and are not intended to be necessarily limiting.

Implementation of the method and/or system of embodiments of the invention can
involve performing or completing selected tasks manually, automatically, or a combination
thereof. Moreover, according to actual instrumentation and equipment of embodiments of
the method and/or system of the invention, several selected tasks could be implemented by
hardware, by software or by firmware or by a combination thereof using an operating
system.

For example, hardware for performing selected tasks according to embodiments of
the invention could be implemented as a chip or a circuit. As software, selected tasks
according to embodiments of the invention could be implemented as a plurality of software
instructions being executed by a computer using any suitable operating system. In an
exemplary embodiment of the invention, one or more tasks according to exemplary
embodiments of method and/or system as described herein are performed by a data
processor, such as a computing platform for execﬁting a plurality of instructions.
Optionally, the data processor includes a volatile memory for storing instructions and/or
data and/or a noﬁ-volatile storage, for example, a magnetic hard-disk and/or removable
media, for storing instructions and/or data. Optionally, a network connection is provided as
well. A display and/or a user input device such as a keyboard or mouse are optionally -

provided as well.
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The word “exemplary” is used herein to mean “serving as an example, instance or
illustration”. Any embodiment described as “exemplary” is not necessarily to be construed
as preferred or advantageous over other embodiments and/or to exclude the incorporation of
features from other embodiments.

The word “optionally” is used herein to mean “is provided in some embodiments
and not provided in other embodiments”. Any particular embodiment of the invention may
include a plurality of “optional” features unless such features conflict.

As used herein the term “about” refers to + 10.

The terms "comprises", "comprising”, "includes", "including", “having” and their
conjugates mean "including but not limited to".

The term “consisting of" means “including and limited to”.

The term "consisting essentially of" means that the composition, method or
structure may include additional ingredients, steps and/or parts, but only if the additional
ingredients, steps and/or parts do not materially alter the basic and novel characteristics of
the claimed composition, method or structure.

As used herein, the singular form "a", "an" and "the" include plural references
unless the context clearly dictates otherwise. For example, the term: "a compound" or "at
least one compound" may include a plurality of compounds, including mixtures thereof.

Throughout this application, various embodiments of this invention may be
presented in a range format. It should be understood that the description in range format is
merely for convenience and brevity and should not be construed as an inflexible limitation
on the scope of the invention. Accordingly, the description of a range should be considered
to have specifically disclosed all the possible subranges as well as individual numerical
values within that range. For example, description of a range such as from 1 to 6 should be
considered to have specifically disclosed subranges such as from 1 to 3, from 1 to 4, from 1
to 5, from 2 to 4, from 2 to 6, from 3 to 6 etc., as well as individual numbers within that
range, for example, 1, 2, 3, 4, 5, and 6. This applies regardless of the breadth of the range.

Whenever a numerical range is indicated herein, it is meant to include any cited
numeral (fractional or integral) within the indicated range. The phrases “ranging/ranges

between” a first indicate number and a second indicate number and “ranging/ranges from”
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a first indicate number “to” a second indicate number are used herein interchangeably and
are meant to include the first and second indicated numbers and all the fractional and
integral numerals therebetween.

As used herein the term "method" refers to manners, means, techniques and
procedures for accomplishing a given task including, but not limited to, those manners,
means, techniques and procedures either known to, or readily developed from known
manners, means, techniques and procedures by practitioners of the chemical,
pharmacological, biological, biochemical and medical arts.

As used herein, the term “treating” includes abrogating, substantially inhibiting,
slowing or reversing the progression of a condition, substantially ameliorating clinical or
aesthetical symptoms of a condition or substantially preventing the appearance of clinical
or aesthetical symptoms of a condition.

It is appreciated that certain features of the invention, which are, for clarity,
described in the context of separate embodiments, may also be provided in combination in

a single embodiment. Conversely, various features of the invention, which are, for brevity,

_ described in the context of a single embodiment, may also be provided separately or in any

suitable subcombination or as suitable in any other described embodiment of the invention.
Certain features described in the context of various embodiments are not to be considered
essential features of those embodiments, unless the embodiment is inoperative without
those elements.

Although the invention has been described in conjunction with specific
embodiments thereof, it is evident that many alternatives, modifications and variations will
be apparent to those skilled in the art. Accordingly, it is intended to embrace all such
alternatives, modifications and variations that fall within the spirit and broad scope of the
appended claims.

All publications, patents and patent applications mentioned in this specification are
herein incorporated in their entirety by reference into the specification, to the same extent
as if each individual publication, patent or patent application was specifically and
individually indicated to be incorporated herein by reference. In addition, citation or

identification of any reference in this application shall not be construed as an admission
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that such reference is available as prior art to the present invention. To the extent that
section headings are used, they should not be construed as necessarily limiting.

The present invention has been described using detailed descriptions of
embodiments thereof that are provided by way of example and are not intended to limit the
scope of the invention. The described embodiments comprise different features, not all of
which are required in all embodiments of the invention. Some embodiments of the present
invention utilize only some of the features or possible combinations of the features.
Variations of embodiments of the present invention that are described and embodiments of
the present invention comprising different combinations of features noted in the described
embodiments will occur to pérsons of the art.

While the present invention has been described mainly in the context of thawing,
the methods of the present invention, possibly at a higher frequency, can be used for baking
and cooking or any other form of heating (not limited to kitchens), areas in which
conventional microwave ovens are notoriously weak. In one example, when you heat a
cheese pastry, the cheese heats faster than the pastry which may be rich in oils and the
methods described above may be applied to ensure even heating. Another example is
heating a sandwich with a more dissipating filling (e.g., meat, cheese, vegetables), in a
manner which heats the sandwich and not the filling (or merely thaws the filling. Other
examples include a dish of fish and salad (e.g., heat the fish/meat but not the vegetables) or
a dish with meat or fish and rice/pasta (e.g., heat the rice more than the fish or vice versa, as

shown above).
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CLAIMS

What is claimed is:

1. An apparatus for applying EM energy to a load, the apparatus comprising:

at least one processor configured to:

receive information indicative of dissipated energy for each of a plurality of
modulation space elements,

group a number of the plurality of modulations space elements into at least two
subsets based on the information received indicative of dissipated energy;

associate a power delivery protocol with each of the at least twd subsets wherein the
power delivery protocol differs between subsets; and

regulate energy applied to the load in accordance with each power delivery

protocol.

2. The apparatus of claim 1, wherein the processor is configured to group the
modulation space elements into subsets based on dissipation ratios associated with the

modulation space elements.

3. The apparatus of claim 1, wherein each subset is associated with at least one of a
high dissipation group of modulation space elements, a medium dissipation group of
modulation space elements, and a low dissipation group of modulation space elements, and
wherein the processor is configured to regulate energy applied to thé load S'ﬁch that a low.er.
amount of energy is dissipated in the load via the high dissipation group than via the low

dissipation group.

4. The apparatus of claim 3, wherein the processor is configured to regulate energy
applied to the load such that the amount of energy that is dissipated in the load via the
medium dissipation group is higher than the high dissipation group and lower than the low

dissipation group.
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5. The apparatus of claim 1, wherein the processor-is configured to receive
information indicative of energy dissipated by the load by controlling at least one sweep of

the plurality of modulation space elements.

6. The apparatus of claim 1, wherein each of the plurality of modulation space

elements is associated with a field pattern in an energy application zone.

7. The apparatus of claim 1, wherein the information indicative of energy dissipated

includes an indication of reflected energy.

8. The apparatus of claim 1, further including a cavity for receiving the load and at

least one radiating element for directing EM energy to the load.

9. The apparatus of claim 8, further including a generator of EM energy for supplying

EM energy to the load via the at least one radiating element.

10.  The apparatus of claim 2, wherein the at least one processor is configured to
determine dissipation ratios for at least one subset at a rate of at least about 120 times per

minute.

11.  The apparatus of claim 2, wherein the at least one processor is configured to
determine dissipation ratios for at least one subset at a rate of less than about 120 times per

minute.

12.  The apparatus of claim 1, wherein each of the plurality of modulation space

elements is defined by values for at least two of frequency, phase, and amplitude.

13.  The apparatus of claim 1, wherein each of the plurality of modulation space

elements is defined by values for frequency, phase, and amplitude.
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14.  The apparatus of claim 1, wherein each of the plurality of modulation space

elements differ from each other in only one of frequency, phase and amplitude.

15.  The apparatus of claim 1, wherein each of the plurality of modulation space

elements differ from each other in only frequency.

16. A method for applying EM energy to a load, the method comprising:
receiving information indicative of dissipated energy for each of a plurality of

modulation space elements;

grouping a number of the plurality of modulations space elements into at least two
subsets based on the information received indicative of dissipated energy;

associating a power delivery protocol with each of the at least two subsets wherein
the power delivery protocol differs between subsets; and '

regulating energy applied to the load in accordance with each power delivery

protocol.

17.  The method of claim 16, wherein the modulation space elements are grouped into

subsets based on dissipation ratios associated with the modulation space elements.

18. The method of claim 16, wherein each subset is associated with at least one of a
high dissipation group of modulation space elements and a low dissipation group of
modulation space elements, and wherein during regulating, energy applied to the load such
that a lower amount of energy is absorbed in the load via the high dissipation group than

via the low dissipation group.

19.  The method of claim 16, wherein receiving information includes sweeping the
plurality of modulation space elements to determine a dissipation value associated with

each modulation space element.
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20.  An apparatus for applying energy to a load having a plurality of subcomponents, the
apparatus comprising:

at least one processor configured to:

determine a value of an energy dissipation characteristic associated with each
subcomponent; and

regulate energy transfer to the material based on the values of the energy dissipation
éharacteristic, such that a subcomponent of a first type is caused to absorb more energy

than a subcomponent of a second type.

21.  The apparatus of claim 20, wherein the subcomponent of the first type includes a
first phase of matter and wherein the subcomponent of the second type includes a second
phase of matter, and wherein the processor is configured such that the subcomponent
containing the first phase of matter is caused to absorb more energy than the subcomponent

containing the second phase of matter.

22.  The apparatus of claim 21, wherein the processor is configured to distinguish

between subcomponents containing differing phases of matter.

23.  The apparatus of claim 20, wherein the value of an energy dissipation characteristic

is an indicator of at least one of energy absorbed and energy reflected.

24.  The apparatus of claim 21, wherein the phase of the first type is a solid and the '

phase of the second type is a liquid.
25.  The apparatus of claim 24, wherein the solid includes ice.
26.  The apparatus of claim 24, wherein the liquid includes water.

27.  The apparatus of claim 20, wherein at least one of the energy dissipation

characteristic includes a dissipation ratio.
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28. The apparatus of claim 21, wherein the processor is configured to regulate energy
transfer in order to cause a conversion of the first phase of matter to the second phase of
matter, and wherein the processor is further configured to terminate energy transfer when

the conversion is substantially complete.

29.  The apparatus of claim 20, wherein to regulate energy transfer, the processor is
further configured to:

receive information indicative of energy dissipated by the load for each of a
plurality of modulation space elements;

associate a power delivery protocol with each at least two subsets of the plurality of
modulation space elements, wherein the power delivery protocol differs between subsets;
and

regulate energy applied to the load in accordance with each power delivery

protocol.

30.  The apparatus of claim 20, further including a cavity for receiving the load and at

least one radiating element for directing EM energy to the load.

31.  The apparatus of claim 30, further including a generator of EM energy for supplying

EM energy to the load via the at least one radiating element.

32.  An apparatus for applying energy to a material having a first phase of matter and a
second phase of matter, the apparatus comprising:

at least one processor configured to:

regulate application of EM energy to selectively apply energy to a first portion of
the material having the first phase of matter, and to selectively limit energy applied to a

second portion of the material having the second phase of matter.
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33.  The apparatus of claim 32, wherein the processor is configured to receive
information indicative of energy absorbable by the material, to select a plurality of field
patterns for delivering energy to the load, and for selectively assigning power level values

to each of a plurality of field patterns.

34.  The apparatus of claim 32 wherein the first portion includes a solid and the second
portion includes material in a form other than a solid, and wherein the processor is
configured to selectively apply an amount of energy to the first portion different from an

amount of energy applied to the second portion.
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