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Description

FIELD OF THE INVENTION

[0001] The present invention is concerned generally with heating of materials with electromagnetic energy.

BACKGROUND OF THE INVENTION

[0002] 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. In fact, ordinary microwave ovens, when used for
heating (e.g. defrosting), cause temperature differences as high as 100°C between different locations in the heated
object, resulting in creation of hotspots, regions of thermal runaway. Fore example, frozen foods that are thawed in a
microwave oven may have one or more part (e.g. the outside) that is warm or even partly cooked before or other parts
(e.g. in the interior) are even defrosted. Also known are hotspots that occur within a heated cup of liquid that may result
in personal injury to a user. One common method that attempts to reduce hot-spots is to rotate the article being heated.
This method does not provide uniform heating as would be desired.
[0003] One method of providing uniform heating is to allow the heat deposited in a hot spot to diffuse to surrounding
regions and heat them by conduction. Such methods may include a intermittent heating procedure in which the heating
is periodically stopped to allow diffusion of heat. While this method may be used in conjunction with the methods of the
present invention, by itself the stop and go method of heating is either extremely slow (due to the low heat conductivity
of most foods, which require long stop periods to make the method effective) or are relatively ineffective. Another method
is to heat at a very low power. This can be used, for example, with large frozen bodies. If the heating is slow enough,
then the excess heat at hot spots diffuses before the temperature rise at the hot spot becomes objectionable. However,
this method requires up to 10 or 20 times as much time for heating to be fully effective. Due to convection from the
object, it is not a serious option for cooking or heating much above room temperature.
[0004] A number of papers have been published in which a theoretical analysis of the problem of microwave warming
of a cryogenic sample has been carried out. Because of the difficulties of such analysis, such analysis has only been
carried out on regular shapes, such as spherical and ellipsoidal shapes. Experimental attempts have apparently been
made on kidney sized specimens, but results of these experiments do not indicate that a viable solution for defrosting
kidneys if available.
[0005] Moreover, there does not appear to be a solution for defrosting other organs, or for defrosting warming or
cooking foods, of more arbitrary shapes.
[0006] Prior art publications include:

S. Evans, Electromagnetic Rewarming: The effect of CPA concentration and radio source frequency on uniformity
and efficiency of heating, Cryobiology 40 (2000) 126-138.
S. Evans et al., Design of a UHF applicator for rewarming of cryopreserved biomaterials, IEEE Trans. Biomed.
Eng.39 (1992) 217-225.
M.P, Robinson, et al., Rapid electromagnetic warming of cells and tissues, IEEE Trans.Biomed. Eng. 46 (1999)
1413-1425.
M.P. Robinson, et al., Electromagnetic re-warming of cryopreserved tissues: effect of choice of cryoprotectant and
sample shape on uniformity of heating, Phys. Med. Biol. 47 (2002) 2311-2325.
M.C. Wusteman, Martin et al., Vitrification of large tissues with dielectric warming: biological problems and some
approaches to their solution, Cryobiology 48 (2004) 179-189.

[0007] A paper entitled "Control of Thermal Runaway and the Uniformity of Heating in the Electromagnetic Warming
of a Cryopreserved Kidney Phantom" by J.D.J. Penfold, et al., in Cryobiology 30, 493-508 (1993) describes a theoretical
analysis and experimental results. While some experiments were apparently made with a kidney sized phantom, the
main reported results are with a uniform spherical object.
[0008] As reported a cavity was fed with electromagnetic energy at 434 MHz from three orthogonal directions (x, y,
z). The x and y feeds were provided from a same generator and a phase change was introduced so that the field was
circularly polarized. The frequency was varied in steps of 32 kHz (apparently up to about 350 kHz maximum) to match
the input impedance as it changed with increasing temperature.
All of the above articles are incorporated herein by reference.
[0009] US 4447693 discloses a method and apparatus for controlling the cooking time in a microwave oven in response
to the remotely sensed condition of the food being heated.
[0010] US 4196332 discloses microwave ovens and, in particular, efficient and more uniform heating of a variety of
loads in microwave ovens.
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SUMMARY OF THE INVENTION

[0011] The present inventors have realized that the measures taken by the prior art investigators to provide uniform
heating were inadequate and could not, by themselves, lead to a viable methodology for uniform heating (or defrosting)
of irregular shaped objects such as organs, foods or the like. In particular it was discovered that the prior art suffered
from many problems. As used herein, the term irregular means objects that depart from spherical or ellipsoid shape by
more than 5% RMS volume.
[0012] Conventional microwave ovens are configured to feed into the oven chamber microwave energy that is essen-
tially of a single frequency. Due to device constraints the energy is fed at different frequencies in a small range, normally
between 2.4 and 2.5 MHz. The inventors realized that the constraints of using a substantially constant frequency, or
even tracking a single dissipation peak in a small frequency range, significantly limited the ability to achieve uniform
heating. In fact, heating at a single frequency is found to be one of the main reasons of hotspots. However, using different
frequencies (using one or more feeds), may improve the uniformity of heating.
[0013] While some proposed prior art heaters did utilize more than one microwave input, the frequency differences
between the two inputs are small, less than 6 MHz.
[0014] The inventors also found that the structure of the cavity of a conventional microwave oven, and especially the
mode structure of the cavity, inherently did not allow achievement of uniform heating. In general, the fields for a given
mode in a cavity vary with position and the heating varies with the strength of the fields.
[0015] In the art, attempts were made to set the parameters of the microwave oven to match features of a heated
object before heating begins. However, during heating features of a heated object (e.g. the tendency to absorb energy
of a given frequency) change. Hence the inventors realized that even if a heater was tuned to a heated object before
operation, after even a short period of operation the features of the object will have changed and the tuning will no longer
be significant.
[0016] Another problem is that at times, the absorption at a given location of an object is higher as the temperature
increases. This can give rise to a "thermal runaway" problem (even in conventional microwave oven), wherein a relatively
hot place absorbs more than a colder one thus continuously increasing the temperature difference. When an effort is
made to tune the energy input of the device to the object’s impedance, the efficiency of energy delivery into the object
may be maximized, but hotspots are also generally increased.
[0017] The inventors also noted that known publications dealing with dissipation of energy deal with absorption of
energy by the resonator (e.g. surface currents) and not necessarily the object. Furthermore, no attention was drawn to
the distribution of dissipation of energy in the object (with the exception of some discussion of penetration depth).
[0018] Furthermore, when feeding from multiple directions into a cavity, coupling between the feeds can be a major
problem. While for spherical samples these effects are minimal, for even moderate variations from this shape, the
coupling between inputs can be quite large. Such coupling caused a number of problems including uneven heating and
low power efficiency.
[0019] Some embodiments deal with one or more of these problems
[0020] As used herein the term "heating" means delivering electromagnetic (EM) energy into an object. At times, an
object may be heated according to the present disclosure without temperature increase (e.g. when it is concomitantly
cooled at a rate that is at least equal to the heating rate or at a phase change where the transmitted energy is taken up
for the phase change). Heating includes thawing, defrosting, heating, cooking, drying etc, utilizing electromagnetic energy.
[0021] As used herein the term "object" means any object, including a composition of one or more objects.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] Exemplary non-limiting embodiments 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.

Figs. 1A, 1B and 1C are respective schematic top and side section views of a cavity 10, in accordance with an
exemplary embodiment;
Figs. 2A and 2B show two exemplary matching elements, in accordance with an embodiment;
Fig. 3 is a schematic isometric drawing of the interior of the cavity of Fig. 1;
Fig. 4A is a schematic drawing of an antenna useful for coupling energy into the cavity, in accordance with an
embodiment;
Fig. 4B is a schematic drawing of a helical antenna useful for coupling energy into the cavity, in accordance with
an embodiment.
Fig. 4C shows a graph of correlation of free space matched frequencies and cavity matched frequencies of a helical
antenna feed;
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Fig. 4D-4H are schematic drawings of various fractal antenna useful for coupling energy into the cavity, in accordance
with an embodiment;
Figs. 5A-5C are schematic block diagrams of electromagnetic heating systems, in accordance with an embodiment;
Fig. 6 is a simplified flow chart of the operation of the system, in accordance with an embodiment;
Fig. 7 is a flow chart of a process of adjusting elements and frequency in the heating system illustrated in Fig. 5, in
accordance with an embodiment;
Fig. 8 illustrates alternative RF circuitry, in accordance with an embodiment;
Fig. 9 is a graph of frequency vs. time for a typical thawing process, illustrating an automatic turn-off capability in
accordance with an embodiment;
Fig. 10 shows the layout of a low frequency bias structure, in accordance with an embodiment;
Fig. 11A is a simplified flow chart of a method of determining swept power characteristics, in accordance with an
embodiment;
Figs. 11B and 11C illustrate how a swept power spectrum is determined, in accordance with an embodiment;
Fig. 11D shows a pulse shape, for a pulse operative to provide the spectrum shown in Fig. 11B, in accordance with
an embodiment;
Fig. 12A shows an RF heater with an auxiliary heating coil;, in accordance with an embodiment;
Figs. 12B and 12C schematically illustrate a scheme for transferring waste heat from an amplifier to the heater of
Fig. 12A; and
Fig. 12D shows an external view of a low weight, high efficiency RF heater, in accordance with an embodiment.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0023] The present application describes a number of advances in the field of RF microwave or UHF heating.
[0024] Figs. 1A, 1B and 1C show respective top and side section views of a cavity 10, in accordance with an exemplary
embodiment.
[0025] Cavity 10, as shown is a cylindrical cavity made of a conductor, for example a metal such as aluminum, and
is resonant in the UHF or microwave range of frequencies, optionally between 300 MHz and 3 GHz, more preferably
between 400 MHz and 1 GHZ. In some embodiments, the cavity is a spherical, rectangular or elliptical cavity. However,
it should be understood that the general methodology is not limited to any particular resonator cavity shape.
[0026] On one end 12 of the cylinder and on two sides of the cylindrical portion 14 feed antennas 16, 18 and 20 are
positioned to feed energy at a frequency which is optionally chosen using the methods described below. Various types
exemplary but not limiting antennae useful in carrying out the invention are shown in Figs. 4A-4C.
[0027] In an exemplary embodiment, one or more matching elements 22, 24 are placed inside the cavity, optionally
near the feed antennas. Two types of field adjusting elements are shown, however, other shapes and materials can be
used. First field adjusting element 22, shown more clearly in Fig. 2A is situated on end 12 of cavity 10. In this embodiment
the element is rotatable about an axis 28 attached to the end, in a direction 30. Optionally, it is insulated from the end
by an insulating sheet 32 which couples element 22 capacitively to end 12. Alternatively it is conductively attached.
[0028] It is believed that element 22 (as well as the other field adjusting element) has a dual effect, when properly
adjusted. On the one hand it changes the modes of the cavity in a way that selectively directs the energy from the feeds
into the object to be heated. A second and related effect is to simultaneously match at least one of the feeds and reduce
coupling to the other feeds.
[0029] Field Adjusting element 24, shown more clearly in Fig. 2B is situated between feed 18 and end 12. One end
of the element optionally is electrically attached to cylindrical portion 14 of the cavity. The other end of element 24 is
spaced and insulted from end 12 by insulating material 36. It is free to slide along end 12 and cylindrical portion as
shown by arrows 33 and 34. This sliding changes the spectral variation of the energy absorption efficiency.
[0030] Fig. 3 is a perspective drawing of the interior of the cavity to more clearly show the position and orientation of
the feed and elements.
[0031] Figs. 4A-4H show three different types of antennas that are useful in carrying out embodiments. These antennas
are either novel per se, or if known have never been used for feeds in a microwave oven or heater, especially in a cavity
type heater. In general, in most microwave cavity type heaters, the feeds used are not directional to any great extent
and not wideband, as defined in free air. The object of the feeds to excite the modes of the cavity. Since the cavities of
the prior art are excited at a single frequency or a narrow band of frequencies, the antennas were designed specifically
to excite these modes. In addition, prior art microwave cavities, use waveguides or loop antennas which are not designed
to lower the coupling of energy from one feed to another (they generally have only a single feed). The present inventors
have discovered that the use of directional antennae and/or wideband antennae allows for better coupling to the heated
object and lower coupling to other feeds.
[0032] In some embodiments the antennas are supplied as arrays. There are some advantages in using an antennas
array. The band may be larger and there is a lower dependence of the heated object location on the results. The directivity
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may be controlled, even adjusted during heating. It is possible to control the phase of every single antenna of the array,
controlling the RF mode. It is possible to alter the antenna structure, for example, using the helix antenna, the radius
and the height of the antenna may be changed in order to tune the impedance and change the RF mode.
[0033] Fig. 4A shows an antenna useful for coupling energy from feeds 16, 18 and 20 into cavity 10, in accordance
with an embodiment. As shown feed 16 includes a coaxial feed 37 with its center conductor 36 bent and extending into
the cavity. The center conductor is bent but does not touch the walls of the cavity. Optionally, the end of the wire is
formed with a conductive element 40 to increase the antenna bandwidth. The present inventors have found that antennas
of the type shown are able to couple energy better to an irregular object in the cavity. It is believed that such antennas
transmit directionally and if the bend is aimed toward the object being heated, then coupling to the object (as opposed
to coupling to the cavity) will be improved.
[0034] Fig. 4B shows a helix antenna useful for coupling energy from feeds 16, 18 and 29 into cavity 10, in accordance
with an embodiment. As shown feed 16 include a coaxial feed 37 with its center conductor 36’ having an extension that
is formed into a helix. This antenna can be designed for matching into free space over a relatively wide band of frequencies
(such as that useful for the present invention) and can be made more or less directional by changing the number of
turns. The free space design is then adjusted for the presence of the cavity as described below with respect to Fig. 4C.
The graph of Fig. 4C shows experimental results for a helix of 7 turns, with a diameter equal to the free space wavelength
and a turn pitch of less than 0.2 wavelengths. However, the present inventors have found that curves of the type shown
in Fig. 4C can be found, by experimentation, for other turn characteristics as well.
[0035] Fractal antennas are known in the art. Reference is made to Xu Liang and Michael Yan Wan Chia, "Multiband
Characteristics of Two Fractal Antennas," John Wiley, MW and Optical Tech. Letters, Vol. 23, No. 4, pp 242-245,
November 20, 1999. Reference is also made to G.J. Walker and J.R. James, "Fractal Volume Antennas" Electronics
Letters, Vol. 34, No. 16, pp 1536-1537, August 6, 1998. These references are incorporated herein by reference.
[0036] Fig. 4D shows a simple bow-tie antenna 50 as known in the art, for radiation into free space. The Bandwidth
of the bow-tie (in free space) is: 604MHz @ 740MHz center frequency (-3dB points) and 1917MHz @ 2.84GHz center
frequency. This antenna has a monopole directivity pattern but a broadband one (being an advantage over the narrow
BW of a dipole antenna). However, monopole directivity does not irradiate in a direction parallel to the feed.
[0037] The band width (BW) of this antenna varies between 10MHz and maximum of 70MHz depends of the load
(object) position inside the cavity.
[0038] This and the following fractal antennas can be useful in embodiments to feed energy into a cavity.
[0039] Fig. 4E shows a simple Sierpinski antenna 52, useful in the practice of the embodiments. Generally, the cross-
hatched areas 54 are metal plate and the white central area 56 is a non-conducting region. The metal plates are mounted
on a preferably low dielectric constant dielectric and are connected at the corners and to center conductor 37 of coaxial
feed 36, as shown. It’s characteristics in the cavity are similar to those of the bow-tie antenna.
[0040] Fig. 4F shows a modified Sierpinski antenna 58, useful in the practice of embodiments. Generally, the cross-
hatched areas 60 are metal plate and the white areas 62 are non-conducting regions. The metal plates are mounted on
a preferably low dielectric constant dielectric and are connected at the corners and to center conductor 37 of coaxial
feed 36 as shown.
[0041] For an overall extent of 103.8 mm utilizing equal size equilateral triangles, the center frequency of this antenna
is about 600 MHz inside the cavity.
[0042] Fig. 4G shows yet another modified Sierpinski antenna 64, useful in the practice of embodiments. Generally,
the cross-hatched areas 66 are metal plate and the white areas 68 are non-conducting regions. The metal plates are
mounted on a preferably low dielectric constant dielectric and are connected at the corners and to center conductor 37
of coaxial feed 36.
[0043] Dimensions are shown on Fig. 4G for an antenna having a center frequency of 900 MHz in the cavity.
[0044] Fig. 4H shows a multi-layer fractal antenna 70 made up of three fractal antennas spaced a small distance (e.g.
2 mm) from each other.
[0045] The size of each of these antennas is staggered in order to broaden the bandwidth of the antenna. In the
example shown a first antenna 72 is scaled to 0.8 of the dimensions given in Fig. 4G. A second antenna 744 has the
same dimensions as the antenna of Fig. 4G and a third antenna 76 is increased in size over antenna 74 by a factor of
1.2. The volume fractal antenna (fig. 4G) has an overall bandwidth of 100MHz - this is an improvement over the 70 MHz
maximum BW achieved in prior single fractal antenna (figs. 4D-4H).
[0046] Fractal antennas also show a center frequency change when placed in a cavity. This difference is used (as
with the helical antenna to design antennas for use in cavities by scaling the frequencies.
[0047] In general, it is desired to utilize wideband, directional antennas to feed power into the object being heated
such antennas include patch antennas, fractal antennas, helix antennas, log-periodic antennas and spiral antennas.
[0048] Figs. 5A to 5D are schematic block diagrams of an electromagnetic heating system, in accordance with an
embodiment.
[0049] Fig. 5A shows a general block diagram of each of the power feeds 90 of the system, in an exemplary embodiment.



EP 2 528 413 B1

6

5

10

15

20

25

30

35

40

45

50

55

The system is controlled by a computer 92 which via a control interface (Controller) 130 controls an RF system 96 which
provides power to the heated object 98.
[0050] Fig. 5B is a block diagram of the electronics of one of the RF feed systems 96, in accordance with an exemplary
embodiment. A VCO 102 receives a signal from a control circuit 130 (Fig. 5C) which sets the frequency of the energy
into the port. This energy is passed through an RF switch 104 and a voltage controlled attenuator (VCA) 106, both of
which are controlled by control circuit 130. After passing through the VCA, the power and frequency of the signal have
been set. A load 108 is provided for dumping the signal generated by VCO 102 when the signal from VCO 102 is not
switched to the VCA.
[0051] The signal is then sent through the main line of an optional first dual directional coupler 110.
[0052] The output of the VCA is then amplified by a power amplifier 112 and after passing though an isolator 114. A
signal proportional to the power reflected from amplifier 112 is also fed to the control circuit.
[0053] Coupler 110 feeds back a portion of the signal entering it (after detection or measurement of power) to control
circuit 130. A signal proportional to the power reflected by amplifier 112 is also sent to controller 130. These signals
enable supervision of VCO/VCA and the amplifier. In a production system, the directional coupler may not be necessary.
[0054] An RF switch 116 switches the power either to a load 118 or to the feed of resonator 98, via a second dual
directional coupler 120. Dual directional coupler 120 samples the power both into and out of the resonator and sends
power measurement signals to controller 130.
[0055] In an embodiment, RF amplifier 112 is a solid state amplifier based on the LDMOS technology. Psat = 300W,
Efficiency = about 22%, Effective band - 800-1000MHz Such amplifiers either have a relatively narrow bandwidth or a
low efficiency (<25%) or both. This limits the optimal utility of the advances of the present invention. Recently, amplifiers
have become available based on SiC (silicon carbide) or GaN (gallium nitride) semiconductor technology. Transistors
utilizing such technologies are commercially available from companies, such as Eudyna, Nitronex and others. Amplifiers
having a maximum power output of 300-600 W (can be built from low power (50-100 Watt) modules) and a bandwidth
of 600 MHz (at 700 MHz center frequency) or a bandwidth of 400 MHz (at 2.5 GHz center frequency are available, for
example. Such amplifiers have a much higher efficiency than prior art amplifiers (efficiency of 60% is available) and
much higher tolerance to reflected signals, such that isolator 114 can often be omitted for these amplifiers. A particular
configuration utilizing this type of amplifier is described below in conjunction with Figs. 12A-D.
[0056] Turning now to Fig. 5C controller 130 comprises computer 92 which performs computations and provides a
logging function of the system as well as acting as a user interface. It also controls the rest of the elements in performing
the calibration and control method of the flow charts of Fig. 7.
[0057] Computer 132 is coupled to the rest of the system through an interface 134 which is designed to provide
communication to, for example, an ALTERA FPGA 140, which interfaces with and provides control signals to the various
elements of the RF system. The Altera receives inputs (as described above with respect to Figs. 5A-5C), via one or
more multiplexers 136 and an A/D converter 138. In addition, it sets the frequency and power of each of the feeds (also
described with respect to Figs. 5A and 5B) via D/A converters 140 and the positions of the field adjusting element
optionally utilizing the method described with aid of the following flow charts. In a production system, the computer may
not be necessary and the Altera or a similar controller may control and process all the necessary data. In some embod-
iments of the invention, the frequency is swept as described below.
[0058] Fig. 6 is a simplified flow chart 150 of the operation of a heating system having the structure described above.
Fig. 7 is a simplified flow chart of calibration 160 of the system. As will be evident, the method operation and calibration
of the system is also usable with only minor changes for operating systems with lesser or greater numbers of power
feeds and/or a greater or less number of matching elements.
[0059] At 152 an object, for example a frozen organ or frozen or non-frozen food object, is placed in cavity 10. A
calibration or adjustment routine is then optionally performed to set the variable elements in the system. These can
include power output of the amplifiers 112 in each of the power feeds to the cavity at each frequency, chosen to be
transmitted, the finite set of sub-bands of frequencies of each VCO 102, the method of providing energy at the various
frequencies (for example sweep or other frequency variation, or the provision of a pulsed signal embodying the desired
frequency and power characteristics), positioning of the matching elements (e.g., 22, 24), position of the heated object
and any other variables that affect the various characteristics of the heating process, for example - the uniformity and/or
efficiency of power transfer to the object. A memory contains the criteria 156 for calibrating the system. Exemplary criteria
are described below. Calibration is carried 160 out to determine the new heating variables. An exemplary calibration
routine is outlined in the flow chart of Fig. 7, discussed below.
[0060] After the new variables are determined, the new variables are set 158 and heating commences 170.
[0061] Periodically (for example a few times a second), the heating is interrupted for a short time (perhaps only a few
milliseconds or tens of milliseconds) and it is determined 154, optionally based on a method described below, whether
heating should be terminated. If it should, then heating ends 153. If the criterion or criteria for ending heating is not met,
then the calibration (or re-adjustment) routine 160 is entered. If not, the heating 170 is resumed. It is noted that during
the measurement phase, the sweep is generally much broader than during the heating phase.
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[0062] Calibration routine 160 for each individual channel will be described, with reference to the flow chart of Fig. 7.
[0063] In order to perform calibration, the power is optionally set at a level low enough 162 so that no substantial
heating takes place, but high enough so that the signals generated can be reliably detected. Alternatively, calibration
can take place at full or medium power. Calibration at near operational power levels can reduce the dynamic range of
some components, such as the VCA, and reduce their cost.
[0064] Each of the inputs is then swept 164 between a minimum and a maximum frequency for the channel. Optionally,
the upper and lower frequencies are 430 and 450 MHz. Other ranges, such as 860-900 MHz and 420-440 can also be
used. It is believed that substantially any range between 300-1000 MHz or even up to 3 GHz is useful depending on the
heating task being performed. When the broadband, high efficiency amplifiers described above are used, much larger
bandwidth of several hundred MHz or more can be swept, within the range of the amplifiers. The sweep may be over
several non-contiguous bands, if more than one continuous band satisfies the criteria for use in heating.
[0065] The input reflection coefficients S11, S22, and S33 and the transfer coefficients S12=S21, S13=S31 S23=S32 are
measured during the sweep and a net power efficiency is determined as (for port I for example), as: 

[0066] The present inventor has found that under many operating regimes it is desirable to maximize certain criteria.
[0067] In a first embodiment, the maximum net power efficiency for each port is maximized, in the sense, that the net
power efficiency at a point of maximum efficiency within the sweep range is made as high as possible. The efficiency
and the frequency at which the efficiency is a maximum is noted. Optionally, the width of the efficiency peak and a Q-
factor are noted as well.
[0068] A second embodiment of the invention is based on a similar criterion. For this embodiment the area under each
resonance peak of the net efficiency of transfer is determined. This area should be a maximum. The efficiency, the
center frequency of the resonance having the maximum area and its width are noted.
[0069] In an embodiment of the invention, the criteria for determining if the variables are properly set is when the peak
net efficiency (first embodiment) or the area or a width (second embodiment) is above some predetermined level or a
Q-factor is below some predetermined level. For example, there may be a restriction that the area above 60% net
efficiency is maximized for each of the feeds.
[0070] It is noted that energy that is neither reflected nor transmitted to the other ports is absorbed either in the walls
of the cavity or in the object being heated. Since absorption in the conducting walls is much lower than that in the object
by a large factor, the net efficiency is approximated by the proportion of the input power that is absorbed in the object.
It is also noted that the frequency of maximum net efficiency is not necessarily the same as the frequency at which the
match is best.
[0071] In an embodiment, the frequency is swept, optionally while adjusting the power. The term swept should be
understood to include serial transmission of individual non-contiguous frequencies, and transmission of synthesized
pulses having the desired frequency/power spectral content.
[0072] The present inventors have discovered that each frequency has maximal absorption at a specific location within
an object within a cavity, which locations may vary between different frequencies. Therefore sweeping a range of fre-
quencies may cause movement of the peak heating region within the object, Computer simulations have shown that, at
least when the Q factor of a peak is low (i.e., a lot of energy is dissipated in the object being heated) the movement of
the peak heating region can be quite substantial. Furthermore, the inventors have found that each mode (represented
by a different peak of efficiency) acts differently when swept.
[0073] Fig. 11A is a simplified flow chart 200 of a method of determining swept power characteristics, in accordance
with an embodiment of the invention. This method corresponds to acts 160 and 158 of the flow chart of Fig. 6.
[0074] After placing the object in the cavity (152) the cavity is swept to determine the input efficiency as a function of
frequency (202) (e.g., obtain a spectral image). Determination of input efficiency is described in detail above. Alternatively,
a pulse of energy, having a broad spectrum in the range of interest is fed into the input. The reflected energy and the
energy transmitted to other inputs are determined and their spectrums are analyzed, for example using Fourier analysis.
Using either method, the net power efficiency as a function of frequency can be determined.
[0075] Under some conditions, where similar objects have been heated previously, a set of tables for different types
and sized of objects can be developed and used as a short-cut instead of closely spaced measurements.
[0076] Fig. 11B shows a simplified net power efficiency curve 250 at an input. It is noted that there are regions in which
the efficiency is high and others in which the efficiency is low. Furthermore, some of the efficiency peaks are broader
and others are narrower..
[0077] Next, the overall swept bandwidth (BW) is determined (204). This may include sweeping across a single peak
or across several peaks.
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[0078] In an embodiment of the invention, during the heating phase, the frequency is swept across a portion of each
of the high efficiency peaks. For example, to provide even heating of objects it is believed that the power inputted to the
cavity at each frequency should be the same. Thus, in an embodiment, the power at each frequency is adjusted such
that P*η is a constant for all the frequencies in the sweep. Since the power available is always limited to some value,
this may set a limit on the available bandwidth for the sweep. An example of a lower limit to efficiency is shown as dashed
line 252 in Fig. 11B. The sweep may be limited to frequencies having efficiency above this value.
[0079] Next, the positions of the field adjusting elements are set. This adjustment is optional and in some situations,
even where such elements are present, they do not need to be adjusted. In general, the criterion for such adjustment
is that the peaks have as high efficiency as possible with as broad a peak as possible Specific applications may introduce
additional goals, such as moving the peak to a certain band.
[0080] An iterative process (206, 208) is used to determine a desired position and/or orientation of the field adjusting
elements. When the search process which may be any iteration process as known in the art, is completed the elements
are set to the best position found. (210).
[0081] In an embodiment, the sweep is adjusted (212) to avoid feeding excess power into certain parts of the object.
For example, if the object contains a metal rod or a metal zipper, a high peak in efficiency 254 may be generated. A
metal rod can cause a concentration of energy near the ends of the rod. Avoiding irradiation at this peak can sometimes
reduce the effects of such objects on even heating.
[0082] Next, the sweep parameters are determined (214).
[0083] Fig. 11C shows the power spectrum 256 of energy to be fed to the input, in accordance with an embodiment.
It should be noted that no energy is transmitted at the frequency characteristic of the rod and that for other frequencies
for which the efficiency is above the minimum shown at 252 in Fig. 11B. The power has a shape that is such that the
product of the efficiency η and the power fed is substantially constant.
[0084] In an alternative embodiment, the energy is fed to the port in the form of a pulse rather than as swept energy.
First a pulse, such as that shown in Fig. 11C is generated by a pulse synthesizer. This pulse is amplified and fed into
the input. The pulse synthesizer would then replace VCO 102 (Fig. 5B). It is understood that the pulse synthesizer can
also be programmed to produce a sweep for use in determining the frequency dependence of η (act 164 of Fig. 7).
[0085] A search is performed for a position of the matching elements at which the net power efficiency at all of the
feeds meets the criteria. This is indicated at boxes 214 and 216, which represent a search carried out by changing the
positions and/or orientations of the matching elements. Standard search techniques can be used (iteration) or a neural
network or other learning system can be used, especially if the same type of object is heated repeatedly, as is common
for industrial uses.
[0086] When the criteria are met, then the power is raised to a level suitable for heating and optionally swept. The
power into the respective amplifiers is optionally normalized to provide a same net power into the cavity (and therefore,
into the object) for each port. Optionally, the least efficient port determines the power to the object. While in prior art
ovens, the user decides on the heating time, in some embodiments of the present invention the desired heating time
can generally be predicted.
[0087] Returning again to Fig. 6, there are a number of methodologies for performing the heating 170.
[0088] In one embodiment, power is fed to all of the feeds at the same time. This has the advantage that heating is
faster. It has the disadvantage that three separate sets of circuitry are needed.
[0089] In a second embodiment, the power is fed to the feeds seriatim, for short periods. Potentially, only a single set
of most of the circuitry is needed, with a switch being used to transfer the power from feed to feed. However, for calibration,
a method of measuring the power transmitted from port to port should be provided. This circuitry could also be used to
match the feeds when power is not being fed to them. A different type of circuitry for providing both the heating and
calibration functionality, in accordance with an embodiment of the invention, is shown in Fig. 8, corresponding to the
circuitry of Fig. 5B.
[0090] The same reference numbers are used in Fig. 8 as for Fig. 5B, except as indicated below. Such a system has
the advantage of being much less expensive. It is, of course, slower. However, it does allow for an additional method
of equalization, in which the time duration (either alone or in conjunction with changing the input power) during which
each feed is fed is adjusted so that the energy into each feed is the same (or different if that is desired).
[0091] Fig. 8 is similar to Fig. 5B up to the output of RF switch 116. Following RF switch 116 a second RF switch 192
transfers the power delivered by amplifier to one of the feeds. Only circuitry 200 related to feed 2 is shown.
[0092] Circuitry 200 operates in one of two modes. In a power transfer mode, a signal from control 130 switches power
from RF switch 192 to dual directional coupler 120, via an RF switch 194. The rest of the operation of the port is as
described above. In a passive mode, the input to RF switch 194 does not receive power from amplifier 112. Switch 194
connects a load 190 to the input of dual directional coupler 120. In the passive mode, load 190 absorbs power that is
fed from the cavity into the feed. For production systems additional simplification of directional coupler 120 may be
possible, replacing the dual directional coupler with a single directional coupler.
[0093] It should be noted that switches 116 and 192 and optionally the local switches can be combined into a more
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complex switch network. Alternatively or additionally, RF switch 194 can be replaced by circulator such that power
returned from the feed is always dumped in load 190.
[0094] In either the embodiment of Fig. 5B or the embodiment of Fig. 8, the frequency of the power fed to a port can
be fed at the center frequency of the resonance mode that couples the highest net power, i.e., the point of maximum
efficiency of energy transfer to the object being heated. Alternatively, the frequency can be swept across the width of
the resonance or, more preferably along a portion of the width, for example between the -3 dB points of the power
efficiency curve, or as described above with respect to Figs 11A-11C. As indicated above, optionally, the power is
adjusted during this sweep so that the net input power remains constant or more nearly constant during the sweep. This
can be accomplished by changing the power amplification of the power amplifier inversely to the power efficiency of the
instantaneous frequency being fed.
[0095] Returning again to Fig. 6, reference is additionally made to Fig. 9, which shows a graph of frequency of a
particular peak with time for a typical thawing process. This graph illustrates one method of using the changes in the
properties of the object during a thawing process to determine when the process is complete.
[0096] The ordinate of Fig. 9 is the frequency chosen as an input for one of the feeds. The abscissa is time. During
thawing of an object, the ice in the object turns to water. Ice and water have different absorption for microwave or UHF
energy, resulting in a different return loss and coupling as a function of frequency. Not only does this change the match,
but at least after rematching by adjustment of the matching elements, the frequency of the absorption efficiency peak
changes. At point A, some of the ice has started to change into water and the frequency of match changes. At point B,
all of the ice has changed to water and the frequency of match stops changing. By monitoring the frequency described
above and especially its rate of change, the point at which all of the ice is turned into water can be determined and the
heating terminated, if only thawing is desired. It is noted that the frequency change during thawing is large, as described
herein, compared to allowed frequency changes in the prior art.
[0097] One of the problems of thawing a solid mass of irregular shape and irregular internal structure is that it is
generally impossible to determine when all of the ice has been turned to water. Thus, in general, in the prior art, one
overheats to assure that no ice is left, which, considering the uneven heating of the prior art, would enhance re-crystal-
lization, if any were left.
[0098] Heating methods and apparatus of the present disclosure, which allow for both even heating and provide
knowledge of the progress of the thawing, can result in much lower or even non-existent re-crystallization.
[0099] Apparatus and method according to the present disclosure have been used to defrost a pig’s liver, Sushi or
Maki and to cook an egg in the shell.
[0100] The following table shows a comparison of thawing of a cow liver by the system of the present disclosure and
using a conventional microwave oven.

[0101] The following table shows a comparison between thawing of Maki containing raw fish covered by rice and
wrapped in seaweed, by the system of the present disclosure and using a conventional microwave oven.

Table 1: Comparison of Inventive Method and Conventional Microwave- Cow Liver

Measurement Inventive 
Method

Conventional Microwave

Initial 
Temperature

-50°C -50°C

Final 
Temperature 
after thawing

8°C to 10°C -2°C to 80°C

Power 400 Watt 800 Watt

Thawing time 2 Minutes 4 Minutes

Visible damage None The texture of the thawed sample was destroyed. There are frozen regions along 
side burned ones. No chance of survival of living cells.

Table 2: Comparison of Inventive Method and Conventional Microwave-Maki

Measurement Inventive Method Conventional Microwave

Initial Temperature -80°C -80°C
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[0102] An egg was cooked using the present method. Generally, eggs burst if an attempt is made to cook them in a
microwave oven. However, using the system described above an egg in the shell was cooked. The white and yellow
were both well cooked, and the white was not harder than the yellow. Neither part was dried out or rubbery and the taste
was very good, with little if any difference from a conventional hard cooked egg. In addition, deep frozen fish have been
defrosted without leaving any frozen portions and without any portions being heated above cooking temperatures.
[0103] In each of the above experiments, the frequency and power were adjusted automatically and the matching
elements were adjusted manually, in accordance with the method given above for automatic adjustment.
[0104] The inventors believe that the methodology of the present disclosure is capable of thawing objects that are
deep frozen to just above freezing with a temperature variation of less than 40 °C, optionally less than 10 °C, 5 °C and
even as low a difference as 2 °C. Such results have been achieved in experiments carried out by the inventors, for a
cow liver, for example.
[0105] Thawing objects such as meat and fish with such low differences and at high speed has the potential for
prevention of development of salmonella, botulism and other food poisons. Controlled, uniform thawing has important
implications in thawing organs for transplanting, without tissue destruction.
[0106] Fig. 10 shows apparatus for applying a DC or relatively low frequency (up to 100 kHz or 100 MHz) to an object
in the cavity, in accordance with an embodiment. This figure is similar to Fig. 1, except that the cavity includes two plates
250 and 252. A power supply (not shown) electrifies the plates with a high differential voltage at DC or relatively low
frequency. The objective of this low frequency field is to reduce the rotation of the water molecules. Ice is water in a
solid state therefore its rotational modes are restricted. A goal is to restrict the rotational modes of the liquid water in
order to make the heating rate be determined by that of the ice. The present inventors also believe that the low frequency
fields may change the dielectric constant of the materials making up the object being heated, allowing for better match
of the input to the object.
[0107] In an alternative embodiment a DC or low frequency magnetic field is applied by placing one or more coils
inside or preferably outside the cavity to cause alignment of the molecules in the object. It is possible to combine low
frequency or DC electric and low frequency or DC magnetic fields with possible different phases from different directions.
[0108] Fig. 12A shows a cavity 98 with an internal heater coil 600 placed inside the cavity. An inlet 602 and an outlet
604 allow for feeding a hot fluid through the coil to heat the air within the cavity.
[0109] Figs 12B and 12C show two schematic illustrations of a system for transferring heat from a high power amplifier
606 to the coil. Even at an efficiency of 60%, the amplifier can generate several hundred watts. This energy (or at least
a part of it) can be transferred to heat the air and to produce infrared radiation (as a resistive coil does) in the cavity to
increase the efficiency of heating.
[0110] Fig. 12B shows a very schematic diagram to illustrate how waste heat from an amplifier 606 can be captured.
Fig. 12C shows a block diagram of the same system. Element 608 represents a cooling system for returning fluid and
a fluid pumping system. It receives return fluid from outlet 604, cools the liquid (if necessary) and pumps the liquid into
a gap 610 between the between amplifier 606 and an optional heat sink 612. The temperature at the input to the gap
and at its output are preferably measured by sensors 614 and 616 and fed to a control system 618, which controls one
and optionally more than one of the cooling and pumping rate to provide a desired heat transfer to the cavity. A fan 620
may be provided to cool the heat sink as necessary. The fluid passing between the amplifier and the heat sink also
functions to transfer heat from the amplifier and the heat sink. Optionally heat conducting rigs may transfer heat between
the amplifier and the heat sink with the fluid passing between the ribs to collect heat.
[0111] Alternatively, heat pipes or other means can be used to collect and transfer energy to the cavity. Alternatively,
hot air could be passed over the amplifier and/or heat sink and passed into the cavity.
[0112] Use of high efficiency amplifiers with or without heat transfer to the cavity can result in highly efficient systems,
with an overall efficiency of 40-50% or more. Since amplifiers with relatively high (40V-75V) voltages are used, the need
for large transformers is obviated and heat sinks can be small or even no-existent, with the amplifier transferring heat
to the housing of the heater.

(continued)

Measurement Inventive Method Conventional Microwave

Final Temperature after 
thawing

2° C to 6° C -5°C to 60°C

Power 400 Watt 800 Watt

Thawing time 40 Seconds 1 Minute

Visible damage None The thawing process cooked part of the salmon, therefore it was 
not Maki anymore.
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[0113] By optimizing the system, a heater as shown in Fig. 12D, including a housing 650, amplifiers and controller,
as well as a user interface 652 and a door 654, as normally found on a microwave oven can weigh as little as 10 or 15
Kg or less.
[0114] While applicants have utilized UHF frequencies for heating in the examples described above, rather than the
much higher 2.45 GHz used in the prior art, for heating applications other than thawing, a different frequency may be
desirable. UHF frequencies are absorbed preferentially by ice and have a longer wavelength than the higher frequencies,
so that the fields within the object are more uniform and the ice is preferentially heated as compared to the water. This
provides for preferential heating of the ice and more even thawing.
[0115] Additional measures that may be taken to improve the uniformity are:

1) Various types and sizes of conducting materials such as tiny grains of powdered conductive material (gold) may
be inserted into the sample preceding the freezing process (e.g. through the circulation of the blood or cooling fluid)
and serve as reflecting sources. The insertion can be done using some template of non-conducting material (ab-
sorbing or not) holding the conducting objects. These passive energy sources can improve the uniformity of EM
radiation absorption.
2) Penetration of materials that change their dielectric characteristics dependent upon temperature in a fashion that
is different than that of the sample. Injecting these materials will enable changes in the dielectric characteristics of
the sample in the direction desired for achieving uniform and fast warming.
3) Use of probes for measurement of various parameters of the warming process such as temperature, pressure,
and so on: These probes can be inserted inside the sample preceding the freezing process or attached adjacent to
the sample at any stage of the process. Measurement of these parameters provides a means for supervision (control)
of the warming process such that if the warming is not optimal it will be possible to make changes in various
parameters of the process. There are probes available that are suited for measurement during warming in a micro-
wave device. These probes can also serve as an indication of when to stop a thawing or cooking process.
Such probes may be included in a bag in which the object to be heated is placed and may include a resonant element
whose resonant frequency is made to vary with temperature by the inclusion of a temperature dependent element
such as a temperature dependent resistor or capacitor.
Probes may be provided with resonant circuits whose frequency depends on temperature. Such probes may be
scanned during the scanning used for setting sweep parameters to determine temperature. During power transfer,
these frequencies should generally be avoided. In an embodiment, a temperature sensitive tag is paired with a
temperature insensitive tag and the changes in the frequency of the temperature sensitive tag are determined by a
difference frequency between the two. This allows for a more accurate measurement of temperature that utilizing
an absolute measurement of the frequency of the temperature sensitive tag.
4) Wrapping of the sample in material that does not absorb EM radiation at the specified frequencies: This type of
wrapping can serve as packaging for the sample during transportation and as part of the probe system by which it
is possible to measure temperature and additional parameters at the edges of the sample. This wrapping can serve
as local refrigeration for the outer surfaces of the sample (which usually have a tendency to warm faster than the
rest of the sample) in order to achieve uniformity in the warming of the sample.
Further, the wrapping can include identification of the object to help track the object and also to provide an indication
to the system of a preferred protocol for heating the object. For example the wrapping may be provided with a
number of resonant elements which can be detected when the cavity is swept during calibration. The frequencies
of the elements can be used to provide an indication of the identity of the object. This allows for the automatic or
semi-automatic setting of the starting parameters for calibration and/or for a particular heating protocol, optimized
for the particular object and conditions.
Alternatively or additionally, to resonant circuits, a recording/storage element of a different type is provided, for
example, in the form of an RFID element or a bar-code, which includes thereon an indication of the content of a
package or wrapper including the object, suggested treatment thereof and/or heating instructions. In an exemplary
embodiment, the instructions are actually provided at a remote site, indexed to a key stored by the recording element.
Such instructions may be, for example, stored in a table or generated according to a request, based on information
associated with the identification.
A reader is optionally provided in the heater, for example, an RFID reader or a bar-code reader to read information
off a package or a wrapper thereof.
In an exemplary embodiment, after the object is prepared, various types of information are optionally stored on (or
in association with) the recording element, for example, size, weight, type of packing and/or cooking/thawing/heating
instructions.
In an exemplary embodiment, the recording element has stored therewith specific cooking instructions. Alternatively
or additionally, the recording element has stored therein information regarding the platter shape and/or dielectric
properties of its contents. It is noted that for industrial shaped portions, if the shape of the food is relatively regular
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between platters, movement of the food and/or changes in size and/or small changes in shape will not generally
affect the. uniformity by too much, for example, shifting a heating region/boundary by 1-2 cm. Optionally, the platter
includes a depression and/or other geometrical structures which urge the food item to maintain a desired position
relative to the platter borders.
During heating of the food, the parameters of the heating are optionally varied. The effect of the varying may cause
non-uniformity in space and/or in time. In an exemplary embodiment of the invention, a script is provided which
defines how and what to vary. Optionally, the script includes decisions made according to time (e.g., estimation of
an effect) and/or food state (e.g., measurement). Various measuring methods are described above. Estimation is
optionally based on a simulation or on empirical results from previous heating cycles. Optionally, the script is con-
ditional (e.g., modified, generated and/or selected), for example, based on the position of a platter in the oven and/or
personal preferences (which may be stored by the oven).
In an exemplary embodiment, a script is provided on the recording element or at a remote location. Optionally, a
script is selected by a user selecting a desired heating effect.
In one example, a single food item may experience different power levels for different times, in.order to achieve a
desired texture/flavor.
In an exemplary embodiment, a script is used to set different energy levels and/or different times to apply such
energies.
In one example, a script is as follows:

(a) Heat all platter so that the food reaches a relatively uniform temperature of 5 degrees Celsius.
(b) Uniformly heat whole platter at 80% for 5 minutes and then full power for 10 minutes.
(c) Heat to 40 degrees Celsius.
(d) Maintain heat for 10 minutes. It is noted that a desired heat can optionally be maintained by estimating the
energy absorption while applying a known amount of cooling. Alternatively, actual heat absorption may be
estimated based on a known amount of energy absorption and a measurement of air temperature leaving the
cavity. Optionally, the oven includes a source of cooling air and/or has coolable walls and/or tray.
(e) Reduce heat to 30 degrees Celsius.
(f) Wait 10 minutes.
(g) Report "done" but leave at 30 degrees Celsius until removed.

In an exemplary embodiment, the script includes other conditions, for example, detecting changes in color (e.g.,
browning), steaming (e.g., by phase change of water), volume (e.g., dough rising will change the behavior of the
cavity in ways that can be anticipated).
Optionally, the script includes a request to the user to add ingredients (e.g., spices), or to mix or reposition object.
In an exemplary embodiment, the script takes into account the quality of uniformity control achievable by the oven.
For example, if a higher level of uniformity is desired than basically provided by the oven, heating may include
pauses where power is reduced, to allow heat to even out in the object. The length of the delays is optionally pre-
calculated for the food substances and a calibrated lack of uniformity of the oven. Alternatively or additionally to
reducing power, the food and/or the heating areas may be moved one relative to the other so as to better distribute
heating.
In an exemplary embodiment, no script is provided. Instead, the heating times and/or parameters are based directly
on the desired results, measured food properties and/or measured heating properties. Such desired results may be
user provided or indicated by the recordable element.
5) Liquid injection: (similar to cooling liquid) that is suitable for a biological sample, the purpose of which is to cause
uniform warming: This liquid is used in the field of hyperthermia. In this field warming of a biological area is done in
order to remove a cancerous growth. From knowledge derived from this field it is possible to understand that a liquid
such as this can cause a drastic change in the warming uniformity and can enable use of a warming device that is
more simplified than would be required without its use.
6) Penetration of active radiation sources in the sample during the freezing process: These sources are active,
which means connected to an external supply line that will be used as a source of EM radiation that will emanate
from within the sample.

[0116] The present disclosure has been described partly in the context of thawing. The inventors believe that based
on the results shown above, it can be expected that the methods of the present disclosure, can be used for baking and
cooking, areas in which conventional microwave ovens are notoriously weak or for other heating operations, especially
those for which a high level of uniformity or control is needed and/or in which a phase change takes place.
[0117] Utilizing various embodiments, the UHF or microwave energy may be deposited uniformly in an object to within
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less than 610%, 620% or 630% over 80% or 90% or more of the object.
[0118] The present disclosure 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 persons of the art.
[0119] Furthermore, the terms "comprise," include," and "have" or their conjugates shall mean: "including but not nec-
essarily limited to." The scope of the invention is limited only by the following claims:

Claims

1. A method of electromagnetic heating, comprising:

placing an object to be heated in a cavity (10, 98),
subjecting the object to input UHF or microwave energy in an amount capable of heating the object;
measuring a heating efficiency over a plurality of frequencies; and adjusting the electromagnetic heating at each
of the frequencies according to the measured heating efficiency at that frequency;
characterized by the method further comprising:

determining an amount of the input energy that is not output from the cavity; and
adjusting the electromagnetic heating when the determined amount of energy reaches a desired amount
of energy.

2. A method according to any of the preceding claims, wherein adjusting the electromagnetic heating when the deter-
mined amount of energy reaches the desired amount of energy comprises adjusting an input power at each of the
plurality of frequencies.

3. A method according to any of the preceding claims, wherein adjusting the electromagnetic heating when the deter-
mined amount of energy reaches a desired amount of energy includes choosing the plurality of frequencies to be
transmitted.

4. An apparatus for electromagnetic heating an object in a cavity (10, 98) by subjecting the object to input UHF or
microwave energy, the apparatus comprising:

a controller (130);
means for measuring a heating efficiency over a plurality of frequencies; and
wherein the controller is configured to adjust the electromagnetic heating at each of the frequencies based on
the measured efficiency at that frequency;
characterized in that the controller is further configured to:

determine an amount of the input energy that is not output from the cavity; and
adjust the electromagnetic heating when the determined amount of energy reaches a desired amount.

5. The apparatus of claim 6, further comprising:

an RF source arranged for generating UHF or microwave energy; and
at least one feed (16,18,20,37,29,36,50,52,58,64,70) for feeding energy generated by the RF source to the
cavity to heat the object.

6. An apparatus according to claim 5, wherein the controller is further configured to adjust an input power level associated
with each of the plurality of frequencies.

7. An apparatus according to claim 5 or 6, wherein the controller is further configured to choose the frequencies to be
fed into the cavity.

8. An apparatus according to claim 5, 6 or 7, comprising a plurality of feeds and wherein the radiating element of at
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least two feeds are mutually different.

9. An apparatus according to any of claims 4-8, further comprising the cavity.

Patentansprüche

1. Verfahren zum elektromagnetischen Erwärmen, das beinhaltet:

Platzieren eines zu erwärmenden Gegenstands in einem Hohlraum (10, 98),
Aussetzen des Gegenstands einer Eingangs-Ultrahochfrequenz- oder -Mikrowellenenergie in einer Menge, die
fähig ist, den Gegenstand zu erwärmen;
Messen der Heizeffizienz über eine Vielzahl von Frequenzen; und Einstellen des elektromagnetischen Erwär-
mens bei jeder der Frequenzen gemäß der bei dieser Frequenz gemessenen Heizeffizienz;
dadurch gekennzeichnet, dass das Verfahren des Weiteren beinhaltet:

Ermitteln des Betrags der Eingangsenergie, die nicht aus dem Hohlraum ausgegeben wird; und
Einstellen des elektromagnetischen Erwärmens, wenn der ermittelte Betrag von Energie einen gewünschten
Betrag von Energie erreicht.

2. Verfahren nach einem der vorhergehenden Ansprüche, wobei das Einstellen des elektromagnetischen Erwärmens,
wenn der ermittelte Betrag von Energie den erwünschten Betrag von Energie erreicht, das Einstellen der Eingangs-
leistung bei jeder Vielzahl von Frequenzen beinhaltet.

3. Verfahren nach einem der vorhergehenden Ansprüche, wobei das Einstellen des elektromagnetischen Erwärmens,
wenn der ermittelte Betrag von Energie den gewünschten Betrag von Energie erreicht, das Auswählen der Vielzahl
zu übertragender Frequenzen beinhaltet.

4. Vorrichtung zum elektromagnetischen Erwärmen eines Gegenstands in einem Hohlraum (10, 98) durch Aussetzen
des Gegenstands einer Eingangs-Ultrahochfrequenz- oder -Mikrowellenenergie, wobei die Vorrichtung aufweist:

einen Controller (130);
Mittel zum Messen der Heizeffizienz über eine Vielzahl von Frequenzen; und
wobei der Controller dazu konfiguriert ist, das elektromagnetische Erwärmen bei jeder der Frequenzen basierend
auf der bei dieser Frequenz gemessenen Effizienz einzustellen;
dadurch gekennzeichnet, dass der Controller des Weiteren konfiguriert ist zum:

Ermitteln des Betrags der Eingangsenergie, die nicht aus dem Hohlraum ausgegeben wird; und
Einstellen des elektromagnetischen Erwärmens, wenn der ermittelte Betrag einen gewünschten Betrag
von Energie erreicht.

5. Vorrichtung nach Anspruch 6, die des Weiteren aufweist:

eine HF-Quelle, die dazu ausgelegt ist, Ultrahochfrequenz- oder Mikrowellenenergie zu erzeugen; und
wenigstens eine Zuführung (16, 18, 20, 37, 29, 36, 50, 52, 58, 64, 70) zum Zuführen der von der HF-Quelle
erzeugten Energie in den Hohlraum, um den Gegenstand zu erwärmen.

6. Vorrichtung nach Anspruch 5, wobei der Controller des Weiteren dazu konfiguriert ist, den Eingangsleistungspegel,
der zu jeder der Vielzahl von Frequenzen gehört, einzustellen.

7. Vorrichtung nach Anspruch 5 oder 6, wobei der Controller des Weiteren dazu konfiguriert ist, die dem Hohlraum
zuzuführenden Frequenzen auszuwählen.

8. Vorrichtung nach Anspruch 5, 6 oder 7, die eine Vielzahl von Zuführungen aufweist, und wobei die Strahlungsele-
mente von wenigstens zwei Zuführungen voneinander verschieden sind.

9. Vorrichtung nach einem der Ansprüche 4 bis 8, die des Weiteren den Hohlraum aufweist.
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Revendications

1. Procédé de chauffage électromagnétique, comprenant :

le placement d’un objet à chauffer dans une cavité (10, 98),
la soumission de l’objet à une énergie UHF ou micro-onde d’entrée dans une quantité apte à chauffer l’objet ;
la mesure d’une efficacité de chauffage sur une pluralité de fréquences ; et l’ajustement du chauffage électro-
magnétique à chacune des fréquences selon l’efficacité de chauffage mesurée à cette fréquence ;
caractérisé par le fait que le procédé comprend en outre :

la détermination d’une quantité de l’énergie d’entrée qui n’est pas émise par la cavité ; et
l’ajustement du chauffage électromagnétique lorsque la quantité déterminée d’énergie atteint une quantité
souhaitée d’énergie.

2. Procédé selon l’une quelconque des revendications précédentes, dans lequel l’ajustement du chauffage électro-
magnétique lorsque la quantité déterminée d’énergie atteint la quantité souhaitée d’énergie comprend l’ajustement
d’une puissance d’entrée à chacune de la pluralité de fréquences.

3. Procédé selon l’une quelconque des revendications précédentes, dans lequel l’ajustement du chauffage électro-
magnétique lorsque la quantité déterminée d’énergie atteint une quantité souhaitée d’énergie comprend le choix
de la pluralité de fréquences à transmettre.

4. Appareil pour un chauffage électromagnétique d’un objet dans une cavité (10, 98) par soumission de l’objet à une
énergie UHF ou micro-onde d’entrée, l’appareil comprenant :

un contrôleur (130) ;
un moyen pour mesurer une efficacité de chauffage sur une pluralité de fréquences ; et
dans lequel le contrôleur est configuré pour ajuster le chauffage électromagnétique à chacune des fréquences
sur la base de l’efficacité mesurée à cette fréquence ;
caractérisé par le fait que le contrôleur est en outre configuré pour :

déterminer une quantité de l’énergie d’entrée qui n’est pas émise par la cavité ; et
ajuster le chauffage électromagnétique lorsque la quantité déterminée d’énergie atteint une quantité sou-
haitée.

5. Appareil selon la revendication 6, comprenant en outre :

une source RF agencée pour générer une énergie UHF ou micro-onde ; et
au moins une alimentation (16, 18, 20, 37, 29, 36, 50, 52, 58, 64, 70) pour fournir une énergie générée par la
source RF à la cavité afin de chauffer l’objet.

6. Appareil selon la revendication 5, dans lequel le contrôleur est en outre configuré pour ajuster un niveau de puissance
d’entrée associé à chacune de la pluralité de fréquences.

7. Appareil selon la revendication 5 ou 6, dans lequel le contrôleur est en outre configuré pour choisir les fréquences
à fournir dans la cavité.

8. Appareil selon la revendication 5, 6 ou 7, comprenant une pluralité d’alimentations et dans lequel les éléments
rayonnants d’au moins deux alimentations sont mutuellement différents.

9. Appareil selon l’une quelconque des revendications 4 à 8, comprenant en outre la cavité.
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