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(57) Abstract: A radiating element for applying electromag-
netic energy to a cavity. The radiating element comprises a
feeding section and a grounding section, wherein the feeding
section and the grounding section extend substantially within
a first plane. The radiating element also includes a radiating
section in electrical communication with the feeding section
and the grounding section, wherein the radiating section in-
cludes at least one bend between the feeding section and a
distal end of the radiating section, the at least one bend ex-
tending in a second plane different from the first plane.
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BY OVEN WITH INVERTED F ANTENNA
{011 This applcation claims priosity to UB. Provisional Application Mo, 61/700,478, filed on
September 13, 2012, the disclosure of which is expressly incorporated herein by reference in its entirety.

Technical Field

{021 The present disclosmwe velates o an apparatus for heating objects by application of
electromagnetic energy tn the radie frequency (RF) range and more particularty, but not exclusively, o an
antenna configured to apply electromagnetic energy {e.g., radio freguency energy} 1o a cavity and/or to g

heating apparatus {e.g., 8 microwave oven) comprising such antenna.

Backeround

{0031 Invened F antenmas are iraditionally used in the Beld of communication.  An inveried | antenna
{IFAY typically includes a rectangular planar element located above a ground plane, a short circuiting
plate or pin, and a feeding mechanisam for the reciangular planar element. IFA is @ variant of monopele
antenna where the top section is folded down to be parallel with the ground plane. The foiding is to
reduce the height of the antenna, while maintaindng a resonand trace length. The parallel section
essentially introduces a capacifive load 1o the nput impedance of the antenpa, which is compenssted by
implementing a short-circuit b, One end of the stob is normally connected to the ground plane.

[0d]  Electromagnetic ensrgy {e.g., mivrowave energy} has been used in various applications to supply
energy o ohjects, For sxamople, 3 microwave oven beats food using nucrowave energy. Microwave
energy is usually transferred into a microwave cavity via waveguides, When clectromagnetic encrgy is to
he transferred by an energy radiating device {e.g., an antenna) into a cavity to process an object placed in
the cavity, it may be desirable to mamtain good coupling between the energy radiating device and the

cavity containing the object in order to achieve high efficiency.

0051  Somse embodimenis of the invention may include an apparatus for processing an object by
application of RY energy of a certain frequency range to a cavity holding the object. The cavity may
support standing and/or travelling electromagnetic waves in the frequency range at which the RF energy
is applied.  The apparatus may include the cavity; and a vadiating element for aspplving the
electromagnetic energy from a powser feed to the cavity, The radiating element may reside inside the
cavity, The radiating element may include a feeding section; a grounding section; and a radiating section.
The feeding section and the grounding section may extend substantially within a first plane. The
radhating section may be in clectrical communication with the feeding section and the grounding section.
In some embodiments, the radiating section may include at least one bend betwesn the feeding section
and 2 distal end of the radiating section. The at least one band may extend in a second plane different
from the first plane. In some embodiments, the first and second plangs are substantially perpendicular to
gach other.

{6} Some embodiments of the invention may inclide 2 radiating element for applying radio

frequency {(REY energy for processing an object placed in a cavity., The radiatiog clement rpay cornpriss a
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feeding section, a grounding section, and a radiating section. The feeding section and the grouanding
section may exiend substantially within a first plane.  The radisting section may be in electrical
conmnunication with the feeding section and the grounding section, wherein the radiating section may
include &t least one bend between the feeding section and a distal end of the radiating section. The at
least one bend may exiend iv a second plave different from the frst plane. The radiating element may be
described a3 having a modified inverted T antenma structure. As used hereln, a modified inverted F
anterma refers 1o an antenng having &t least one moedification to the shaps, size, orientation, roaterial,
slectrical properties, mechanical properties, and/or conirol/driving method of the basic inverted ¥
antenna,

071 Some other aspects of the invention may include a radiating cloment having the feeding and
grounding sections disclosed above. Additionally, the radiating elerent may bave a radialing sechion n
electrical commumication with the feeding section snd the grounding section, the radiating section
comprising at least one bend configured to change a direction of an electrical current {flowing in the
radiating section such that the elecirieal corrent flows within a second plane different from the first plane.
The radiating element may also be described as having 2 modified inverted T antenna structure,
[808] In some cmbodiments, at least one radiating element having a modified inverted F antenns
giructure may be located in a cavity for processing an object using electromagnetic energy (e.g., RF
energy). The at lesst one radiating element may be configured to receive slectromagnetic ensrgy from
one or more sources and may radiste electromagneiic waves {(e.g., at a plurality of frequencics, at a
plurality of phases andfor al one or more ampliiudes) inte the cavity, In some cimbodiments, the cavity
wy comprise a plurality of radiating elements, cach configured to receive electromagnetic energy fom
one or more sources and radiate electromagnetic waves having a plurality of frequencies. The plurality of
radiating eloments may be of the same structure andfor dimensions or may have different stroctures
aud/or dimnensions. The plurality of radiating clemenis may radiate eleciromagnstic waves having the
same bandwidth or different bandwidihs. In some embodimenis, a phase difference may be applied to at
teast two radiating cloments from the plurality of radiating elements. In some embodiments, BY energy
application mway be controlled by 8 processor.  The processor way be configured to control the
slectromagnetic energy supplied from the one or mors sources to the radiating elements and controd the
radiating elements (o radiate electromagnetic waves (o.g., having a plurality of frequencies}, In some
embodiments, the processor may determine a phase difference between two radiating clements radiating
electromagnetic waves having the same frequency. In some smbodiments, the processor may determine

the phase difference and/or the emitting frequency aceording to an EM feedback received from the cavity.

Brief Description of the Drawinges

166%]  Figs. 1A-1D are disgrammatic representations of radiating elements, in accordance with soms
embodiments of the invention,
[810] Fig 2A is a dingramumatic representation of a cavity, in accordance with some embodiments of the

Evention;



15

20

25

30

WO 2014/041430 PCT/1IB2013/002748
{311} Fig 2B is a diagravwoatic representation of a radiating element located in a cavily, in accordance
with some embodiments of the invention; and
(12} Figs. 3A and 3B are dlagrammaetic represeniations of apparatuses for processing olbjects by RE

energy according 1o some embodiments of the invention.

reserintion of Exemplary Bmbodimanty

1131  Reference will now be made in detail 1o exemplary embodiments of the invention, sxaroples of
which are illustrated in the accompanying drawings. When approprate, the same reference sumnbers are
used throughout the drawings io refer 1o the same or like parts,

{14}  Some aspects of the invention may involve applying (e.g., emitting, vadiating} BY energy within a
certain frequency range info 3 cavity. A cavity may be any void or vohume configured to support the
excitation of electromagnetic (EM) modes {e.g., patterns of EM Selds) at frequencies within the applied
frequency range, The cavity may include walls that define the cavity boundaries. The walls may include
bottorn, ceiling, and side walls. In some embodiments, the cavity walis way comprise a maierial opague
o RF energy and/or capsble of reflecting BF energy. For exarple, the cavity walls may be constructed
from any conductive material {e.g., metallic allovs such as stainless steel, ALSI alloys, ete.) or may be at
least partiaily coated with a conductive material. The cavity may have a rectangular shape (e.g., cavily
200 illosirated in Flg. 2A), a eylindrical shape, or may have any othar suitable shape. For example, the
cavity may iake a shaps of a cocking oven for cooking food, a cylindrical tank for processing Hauids, an
indusirial frnace for curing polvmers or sintering parns, a pipe comprising flowing thuds or gasses, efe,
In some embodiments, the cavity may hold an object to be processaed in the cavity. An object may
include a Hguid, semi-liguid, solid, semi-solid, or gas, depending vpon the particular process utilized.
The object may aise include composites or mixtures of roaiter in differing phases. Thus, by way of non-
liniting example, the term object may encompass 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; fuel or other
combnstibie material to be combusted; hydrated material io be dehydrated, gases to be expanded; liguids
13 be heated, boiled or vaporized, or any other ralerial for which there is a desire fo apply, even
nowminally, electromaguetic coergy.

0381 In some aspeets, the disclosure involves apparatuses for applying radio freguency (RF) energy.
The term BF energy, as used berein, includes energy dehiverable by electromagnetic radiation in a
wavelength (in free apace} of 100 ko to 1w, which corresponds to a frequency of 3 KHz to 300 GHz,
respectively.  In some examples, the term RE energy is used herein fo inciude energy deliverable by
slectromagnetic radistion in a wavelength {in froe space) of 1 m 1o 30 mm, which corresponds to 300
MHz to 10 GHe, respectively. In soroe other examples, the applied RF energy may fall within frequency
bands between 500 MHz to 1500 MHz or between 700 Mz to 1200 MHz or between %00 MHz 1o
P GHz. Microwave energy and ultra high frequency (UHF) energy, for exampie, are both witlun the BF
energy range. In some other exarples, the applied eleciromagnetic energy may fall only within one or

more Industrial, Scientific and Medical {IS8M) frequency bands, for example, between 433.05 MHz and
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434,79 MHz, between 802 MHz and 928 MHz, between 2400 MHz and 25300 MHz, and/or between 5725
MHz and 5875 MHz, The invention is not hmited to any particular portion of the RY energy apectrum.
[816] Some embodimenis may inclode a radialing elament for applying electromagnetic ensrgy {2.g
RY energy’ to a cavity, The radiating clement may be located in the cavity such that RF energy may be
applied from the radiating element o the derior part of the cavity, The radiating olement may inchude an
antenna,  The radiating slement may be configured to carry or emit RF power having power levels
suitable for RF heating, for example, power levels of 30 W, 100 W, 500 W, 1600 W, or intermediate
power levels, Accordingly, in some embodimenis, the radisting clemend may include portions haviog
thickness {e.p., when a porticn i5 of g slab shape) or diameter {o.¢., when a portion is of a wira shape) of |
um or more, for exampie, 2 mim, 3 mm, or 4 mm, €ic
[317] The radiating clement may include a feeding section confipured 1o feed RY energy fo the
radiating element. The feeding section may be in electrical coronwnication with a power feed {e.g., an
RF source ~ also referred to as 3 “source”™). The power feed may supply RF energy fo the radiating
clement.  The feeding seciion may nclude two subsections. A first subsection may comprise a
connecting elemend {e.g., 3 serew, a lock, a clip, ete)) for connecting the radiating element to a feeding
ling or conmecting the power feed fo the radiating element. A second subsection may be configured to
deliver the RY evergy from the first subsection fo other paris of the radiating element. The first andfor
second subsections may have a wire shape, a slab shape, or any other suliable shape. The frat and/or
second subsections may be roade of & conductive material fe.g., 8 melallic material}. The feeding section,
its first subsection and/or 118 second subsection may cach be sized to carry or emit RF power having
power ievels suitable for R¥ heating, for exarople, power levels of 50 W, 160 W, 300 W, 1000 W, or
intermediate power levels. Accordingly, in some cmwbodiments, the feeding section, its fivet subsection
and/or its second subsection may have a thickneas (in case of a slab shape) or dimmeter (in case of a wire
shape) of 1w or e, for example, 2 wmim, 3 wun, or 4, slc.

164181 The radiating clement may further include a grounding section. The grounding section may have
& wire shape, a slab shape, or any ather suitable shape. The grounding section may be grounded to the
cavity {o.g., DC grounding). In some embodiments, the grounding section may be connecied to the cavity
through a grounding terminal.  The grounding section may be made of a condoctive material {a.g., a
metallic matenial}. The grounding seotion may be sized to carry or emit RE power having power levels
suitable for RY heating, for example, power lovels of 50 W, 100 W, 3060 W, 1000 W, or intermediate
power levels. Accordingly, in some erobodiments, the grounding seotion may have a thickoess (in case of
a slab shape) or diameter (in case of a wire shape) of | mm or more, for exampls, 2 num, 3 mm, or 4 mog,
ste. o some embodiments, the feeding section and the grounding section may extend substantially within
a same plane, which can he roferred to as the first plane. The feeding section may extend along a
direction, which can be referred 1o as the first divrection, substantially paraliel 1o the grounding section. In
some embodiments, directions may be considered substantially parallel if an angle between them ia
smaller than 15°, 18°, or §%. The feeding section and the grounding section may be conaidered to extend

substantially within a same plane if they are subsiantially paraliel 1o gach other.
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{119} In some embodiments, the grounding section may enhance the overall safsty of the apparatus.
For exanmle, the grounding section may reduce or ehiminate the risk of expeniencing electrical shock due
to accidenial touching of the radiating elements. In a cooking aven application, for instance, a user may
accidently touch one or more radiating elements. A grounding section in the radiating sloment may
maintain an electric neutral condition of the radisting element, thereby reducing or eliminating the visk of
experiencing an electrical shock,
1928] The radiating clement may include 3 radiating section in eleciveal communication with the
feeding section and the grounding section. The radiating section may have a wire shape, a slab shape, or
any cther suitable shape. The radiating section may be made of a conductive materizl {e.z., a metallic
materialy. The radiating section may be sized o carry or emit RF power having power levels suitable for
BF heating, for example, power fevels of 30 W, 100 W, 500 W, 1000 W, or intermoediate power levels,
Accordingly, In some embodiments, the radiating section may have a thickness {in case of a slab shape)
or digmeter (in case of 2 wire shape) of 1 mm or more, for example, 2 mm, 3 mm, or 4 mm, eie. The
radiating section may inchide at least one bend between the feeding secilon and a distal end of the
radiating section. The at least one hend may be extended in a plane, which can be referred to as the
second plane, different from the firgt plane containing the feeding section and the grounding section, In
soms embodiments, the second plane in which the at least one bend s extended is substaniially
perpendicolar to the fust plane containing the feeding section and the grounding section.  In some
embodimenis, planes or directions may be considered substantially perpendicular to each other if an angle
between thern is of $0°415°, for example, between 80° and 100°. The radiating section may coraprise a
segment extending along a direction, which can be referred fo as the second direction, suhstantially
perpendicular {o the first divection in which the feeding section extends.
211 As described in more detail in reference to Figs, 14, 1B, and 1C, in some embodiments, the at
lzast one bend io the radiating section may include a first bend that extends through an angle of at least 20
degrees. The at least one bend may further inchide a second bend that extends theough an angle of at least
90 degrees. The angles through which each of the first and/or second bends oxtends may have other
values either higher than 80 degrees (e.g., 118, 120, 156 degrees, ete.} or lower than 90 degress {e.2., 30,
43, 641, 75 degrees, etc). In some embodiments, the at least one bend may include a plurality of bends
that together extend through an angle of at least 180 degrees or at least 270 degrees. In some
embodiments, the first bend and the second bend may together form a cwrved shape, fov exaople, the
shape of a gquestion mark.
3221 In some embodiments, the at leazt one bend may be configured o change a direction of an
elecirical cwrrent flowing in the radiating section such that the electrical current flows within a second
plane ditferent frovp the first plane contaiving the feeding section and the grounding section. The
electrical current flowing in the radiating section may cause the excitation of a variety of BEM modes (2.8,
patterns of EM fields resulting from standing waves and/or propagating waves) having different orders at

different directions. This tay result in a multimode EM exoitation in the cavity.
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16331 The at least one bend may include a first bend and a secored bend each configured o change the
direction of the elecineal current fowing in the radiating scction by an angle of at least 90 degrees. In
some embodiments, the at least one bend may include a plurslity of bends configured to change the
direction of the electrical current flowing in the radiating section by a total angle of at leaxt 180 degress or
270 degrees. A radialing elernent as described above may be referred to herein as a modified inverted ¥
antenisg,

{1241 Some embodimenis may inciude a cavity for processing an object located in the cavity using RF
energy. The cavily may comprise a plurality of radiating clements according o any of the embodiments
disclosed above. The radiating cleroents may be configured o recetve electromagnetio energy from one
or more RY sources and radiate R¥ energy {e.g., at one or more frequencies) into the cavity, The radiated
RF energy may generate one or more electromagnetic field patterns in the cavity {(e.g., corresponding to
the one or more frequencies). RE energy, in the form of RE waves, radisted from cach of the raduating
elements located in the cavity may be emitted at a particular ime, at a particular frequency, and having a
particular amplitude.  The parameters including the time, the frequency, and/or the arophitude that
characterize the K¥ waves may be collectively referred herein as an “ernission.”

(6351 The plurality of radisting elements may be of the same structure and/or dimensions or may have
different struchures andfor dimensions. The plurslity of radisting clements may radiate electromagnetic
waves having the same bandwidth or different bandwidths, When two or mwre radiating slements are
located in a cavity, RF energy may be emitied from the two or more elererts st the same frequency {e.g.,
coherent RY energy). In some such embodiments, a phase difference may be aet between each pair of
emissions. In some embodiroents, the phase difference may be fixed, e.g., by placing different radiating
elements at different electrical distances betwesn the radiating elements and a conunon power fged. In
some embodiments, the phase difference may be dynandcally conirolled, e.g., by a2 phase shifter,
Additionslly or shematively, RF enorgy may be applied through two or more of the radiating elements at
the same frequency but with different power {or amplitude). The Seld patiern excited in the cavity may
be relgted 10 at least one of the number of radiating eloments selected to apply RF energy, the frequency
araphitude of cach erpission.

(8261 In some embodiments, a phase difference may be st {applied) between two RF waves at the

same frequency and excited sinnihaneously {e.g., coherent RF waves) from al least one pair of radiating
clements from the plurslity of radiating elements included in the cavity., Setting different phase
differences between differsnt pairs of radiating elemenis may cause the excitation of differem field
patterns at a single frequency. In some erchodiments, the phase differences may be selected (determined)
hased on electromagnetic (EM) feedback received from the cavily. In some embodiments, the HM
feedback may be obiained by applving a plurslity of RF waves io the cavily at a plurality of phass
differences. The EM feedback may include signals returning from the cavity 1o the radiating elements.
For example, some RF power applied to the cavity through a certain radiating element may returm {o the

radiating clement through which it was applied. Such returning power may constitute the EM feedback or
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may be included inthe EM feedback. Similarly, some of the power applied by the radiating element may
be received by other radiating elements. Such received power may also be included in the EM feedback.
(3271 In some embodiments, an apparatus for applying RF energy to process an object may nclude a
cavity comprising at least one radiating element s disclosed above. Tn some embodiments, the cavity
way include additiona] radiating elements of different types or structures. The apparatus may inchude at
ieast one RF source configured to supply BF energy to the at least one radiating elemernd. An RY source
ray inclode any component(s) that may be swilable for generating and supplying electromagnetic energy.
For example, the RF source may include one or more of power supplicrs configured 1o generaie RY waves
that carry clectromagnetic energy. For example, the power supplier reay inchude a magnetron configured
io generate high power microwaves al a predetermined wavelength or frequency.  Alternatively or
additionally, the power supphier may include a semdconductor oseillator, e.g, a voltage controlled
oscillator, configured to generate AC waveforms {e.g., AC voltage or current) with a controllable
frequency. St allernatively or additionally, the power supplier may include a direct digital synthesizer
(DS, Allernatively or additionally, a source of clectromagoetic energy may inciude any other power
supplies, e.g., an eleciromagnetic field generator, an electromagnetic flux generator, a solid state power
arplifier or any mechanism for generating vibrating electrons. The frequency of the waveforms may be
controfted 1o be constant or to vary. AC waveforme may include sinusoidal waves, square waves, pulsed
waves, triangular waves, or any other types of waveforms with alternating polaritics.

[028] In some embodiments, the apparatus may further include a controller or a processor configured to
control the RF energy application to the cavity, The controller may fnclude any electrical civeuit that
performs g logic operation on joput or inputs. For example, the controller may inchide one or more
integrated circuits, microchips, micrecontirollers, microprocessors, all or part of & central processing unit
{CPU, graphics processing anit (GPUY, digiial signal processor (D8P}, field-progranunsble gate array
{(FPGAY or other circuits suitable for execuling instructions or perfomung logic operations.  The
mstructions executed by the controfler may, for example, be pre-loaded into 2 memory unit intsgrated
with or embedded into the contrelier or may be stored in a separaie wemory vuil, such as a3 RAM, a
ROM, 2 hard disk, an optical disk, a magnetic medium, a flash memory, sther permanent, fixed, or
volatite memories, or any other mechanism capable of storing mstructions for the controller. The separate
memory unit may or may not be a part of the conirolier. The controller may be costomized for a
particular use, or can be configured for general-purpose use and can perform different functions by
executing different seflware,

{8391  In sorpe emibodiments, the controller may control the EM energy {c.g., RF energy) application.
In some embodiment, the controller may control the EM energy based on an EM feedback detected from
the cavily. For example, the contraller may conirel {e.g., select) the frequency radiated from cach of the
radiating elements located in the cavity, In some embodiments, the controller may control a single
radiating clement to radiate BM waves at a single frequency. In some embadiments, the controller may
control a plurality of radiating eloments to radiste EM waves at the same frequency or at different

frequencies. For exarople, at least two of the phurality of radiating clements may be controlled 1o radiate
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EM waves at difforent frequencies.  Additionally or alternatively, the controller may control at least one
radiating element to radhate BM waves at multiple freguencies. In some smbodiments, the controller may
controd an RF source to sweep through a phirality of frequencies, with each frequenay supplied (o at least
one of the radiating elemenms. The sweeping operation may be conducted in a synchronized meanmner {(e.g.,
at Jeast two radisting clements receive and/or radiate EM waves with the same sweeping frequency
stimudtaneousty) or m an wnsynchronized manner.  In some smbodiments, the controller may determine
{e.g., select) one or more frequencies 1o be radiated (o the cavity based on one or more EM feadbacks,
183087  In some embodiments, the at least one controlier may determiine a phase difference batween two
RF waves sharing the same froquency and radiated simultaneously from af least a pair of radisting
clements from the pluraiily of radiating elements.  The condroller may deiermine a constant phase
difference between the two R waves or may change the phase difference in order 1o change the field
pattern excited in the cavity. The controller may control an RF source or a pair of BF sources to supply
RF energy to the pair of radiating elerments, at multiple phase differences. The controller may conduct a
sweep over mulliple phase differences, £.g., to obtain an EM feedback. In some embodiments, the
controller may determine a phase differance o be applied hased on the EM feedback.
311 As used herein, a sweep may include, for exanmple, a sequerntial application of R¥ energy at more
than one frequencies and/or phase differences.  For example, a sweep may include the seguential
application of energy al multiple frequencies in one or more contiguous frequency bands andfor the
sequential application of energy at muldtiple frequencies in mwore than one non-contignous frequency hand.
In some smbodiments, a sweep may include the sequential application of coergy ad nultiple frequencics,
and at each frequency, all radiating elersents siroultancously emit EM radiation at the same froquency and
the phase differences between each paw of mdisting elements are the same.  In other embodiments, a
sweep may include the sequential apphcation of energy at multiple frequancies, and at each fequency, all
radiating slements sivmiltaneousty omit EM radiation at the same frequency bt the phase differences
hetwesn sach pair of radisting cloments are changing {(e.g., changing sequentially). The sweep involving
sequential change of two parameters {e.g., frequency and phase difference) can be referred to as two-
parameter sweep.
{8321 In some embodiments, during a awesping process, the at laast one controller may regulate the
enorgy supplied from the BEF source(s) to each of the radiating elements to sequentially apply RF energy
at various frequencics and/or phases to the cavity., For example, the controlier may adjust the power level
and/or the time duration m which the power is applied from each radiating slement al g particular
fraguency and/or phase differance,
{8331 In some embodimends, cnergy may be adjusied according to EM feadback received from the
cavity during BF energy application. The EM feedback may include one or more detoctable parameters
of BF enussion {radiation}. The RF emission may include enussion into the cavity. Buch enmussion may
be controlied by the controlier. In some embodiments, feedback may be used to ascertain how well the
controller controls the emission or if the controlier controls the emission satisfactorily, Additionally or

aitarnatively, the RY erpission may include emission from the cavity to one or more radiating elements,
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While some of the emission applied into the cavity may be absorbed in the cavity {e.g., by the object),
some of the emission may be emitted out of the cavity, for example, through one or more radiating
clements. The emussion applied into the eavity and emission emitted out of the cavity may be measured,
and difference between emission applied into the cavity and emission emitted ouf of the cavity roay be
used to determine control of farther RF emission. For example, it it is poted that almost all the enussion
applied into the cavity al a certain frequency is emitted out of the cavity through the radiating elements,
this frequency may he omitted in future BF energy application, e.g., for a predeiermined time period.
Some parameters that may be inchuded in the feedback may include: power, frequency, energy, current,
voltags, phase differences, ete. I some embodiments, a detector may be associated with at least one of
the radialing clemenis located in the cavity. The detector may comprise a directional coupler, The
detector mmay be configured to measure or detect one or more parameters associaled with the radiating
element, for example, the energy cmitted from the radisting clement (Memitied energy’).  In some
embodiments, the delector may be configured 1o measure or detect an amount of energy {(or power)
reflected back to the radiating element as a result of BF energy emission from the radiating elemend
{“reflected energy™). Additionally or altermatively, the detecior may be configured to measure or detect
an amount of energy {or power) coupled o the radiating element from other radisting clerent(s)
{“coupled energy”}. The EM feedback may include or may be used to calevlate a value indicative of
energy absorbable by an abject in the cavity, A value indicative of energy absorbable by the object may
mchude any measured or calonlated value that s indicative of the ability of an object placed in the cavity
to absorb RF energy. For example, the vahie may include or may be derived from a power retlected back
from the cavity as a resull of an emdssion fromo af least one radiating clement. The power reflected may
be equal to the power supplied from a source to the radiating clement minus the power absorbed by the
ohject or a load {a load may inchude the object and other clements in the cavity that absorb RE energy).
The value may be derived throogh any roatherpatical manipulation on the power supplied and the power
reflecied. The value may include at least one of the Scaltering parareters (the refiection/transiission
cosfficients) or any mathematical manipulation of the Scaltering parameters,

{034} A radiating elemeni sccording to some embodiments of the hvention may be configured to
radiate RY energy to process an object placed in the cavity, such that an input imnpedance of the radiating
clement matches an Jopedance of the cavity holding the object. A good matching belween input
mpedance of the radiating element and the impedance of the cavity loaded with the object may increase
the percentage of energy dissipated in the obiect compared to the total energy applied to the cavity. For
example, a good matching may result in dissipation of most {e.g., more than 50%) of the energy applied
o the cavity in the obiect. The energy applied to the cavity and the energy absorbed by the object may be
caleulated using one or more of the measured parameters discussed above {e.g., the emitied energy,
reflected energy and coupled energy).

[038) Figs. 1A&-1C ilustrate three exenplary radisting elements, in accordance wilh some
embodiments.  Radiating eloments 1004, 100B, and 100C all have a modified inverted F oantenna

structurs, Bach of radiating elements 1064, 1008, and 100C may comprise & foeding section 103 The
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feeding section may include two subsections: a frat sgbsection 105 comprising a connecting elament,
which is configured to connect to a source, o.g., through a feeding line; and a second subsection 110
configurad to connect to & radiating section 130A. The first subsaction 185 may inclode a connecting
clement for connecting radiating clements 1004, 1008, or 100C to a fecding line (ot shown}. The
feeding line may be used to transmit BY energy fromy a power supply {e.g., an BF source} (o the radiating
slement. For example, the feeding line may include a coaxial cable.  In some embodiments, the feeding
tne may be designed to operate at temperabures higher than 230°C.  The conpecting element may
glectrically connect a radiating clement to a feeding line. In some embodiments, the radiating elament
may be walded (2.2, by laser welding} to the feeding line. In some smbodiments, the radiating element
may be connected to the feeding line through other mechanical means, such as a screw-nut 108, a8
ihastrated in Figs, 14-1C. In other embodiments, the mechanical means may include a lock, a clip, a
washer, or any other suitable convecting elements.  Subsection 105 roay also be comected to a cavity
{e.g., cavity 200 iHustrated wn Fig, 2B). For example, subseetion 105 may be mounted to the cavity using
scerew-nut 108, ilhustrated in Figs., FA-1C, or any other clernents that may mount subsection 105 to the
cavity. In some ambodiments, subsection 108 may be welded (or soldered) to the cavity. Subsection 103
meay be connected to subsection 110, Subsection 110 may have a wire shape {o.g., the axial length of
subseciion 110 may be substantially larger than a diameter of a cross-section of subsection 110 that is
perpendicnlar to the longitudinal axds of subsection 110} and may feed R¥ energy trom the feeding line to
the radiating section 1304 of the radiating element.
{136 Radwating element 1004, 100B, or 100C may further inclide a grounding section 1Z0.
Grounding section 120 may have a wire shape and may be connected and grounded 1o the cavity using,
for example, screw-nut 125, In some emboditoents, grounding section 120 may be welded or soldered to
the cavity, In some embodiments, grounding section 120 may be connected to the cavily through a
grounding terminal.
{3371 Grounding section 120 and subsection 110 of the feeding section 103 (and in some enmbodiments
also subsections 105 of feeding section 103) may extend substantially within a same plane. The plane
nay be defined by the two central axss {dot-dashed Hnes) of grounding section 120 and feeding section
103, as illosirated n Fig. 1A, This plane can be referred to as the first plane {or ease of description,
{#38] Radisting elaments 100A, 1060B, and 1680 may include radiating sections 1304, 1308, and
1300, respectively.  Hach of radiating sections {1304, 1308, and 130C) may mclude a first bend, for
example bends 1334, 1328, and 132C, respectively, between feeding scotion 103 and g distal end (1364,
1368, 13800 of the radiating section. In some embodbments, the radiating section may inclode a second
bend 134A, 1348, and 134C, respectively, between the first bend (1324, 1328, or 1320} and the distal
endl of the radiating section. Radiating sections 1304, 1308, and 130C may cach include s plurality of
bends. For example, radiating scotton 1304 includes four bends, as dlusirated i Figo 1AL radisting
section 1308 slso includes four bends, as iHlustrated in Fig. 1B.; and radiating section 1300 includes three
hends, as Hlostrated 1o Fig, 1€, Hach of the bends may extend through an angle of at least 990 degress. In

some crabodiments, the plurality of beods may {orm a question mark shape {a.g., Fig. 1A} or a similar
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curved shape. In some embodiments, the phirality of bends roay together extend through an angle of at
least 130 degrees or at least 270 degreas. For exaruple, the four bends of radiating section 130A togsther
extend through an angle of about 360 degrees. The four bends of radiating section [30B together extend
through an angle of about 380 degrees. The three bends of radiating section 1300 together exiend
through an angle of about 270 degrees. Al least ong bend of the plurality of bends in each radiating
section woay exiend in a second plane, whersin the seoond plane is difforent from the frst plane. For
sxample, bend 1324 extends into g direction that is off the first plane. In some embodiments, sl the
hends in a radiating section may exiend in the second plane, as ilhistrated in Figs. 1A-1C. The second
plane may be defined by two axes defining a bend, for example the two axis (dot-dashed lines) defining
hend 1348 illustrated jo Fig. 1B, In some embodiments, the bended structore {e.g., in 3 curved form)
may increase the nunber of available modes {patterna of RF waves) supported by an apparatus compared
to g non-hended configuration {e.g., straight line).

{6391  The first and the second planes may he substantially perpendicular to each other, as llusirated in
Figs, 1A-1C. I some embodiments, the first and second planes may form other angles between them, for
example, 30 degrees, 45 degrees, 60 degrees, eto. An electrical current flowing in the modified inverted F
antenna {e.g., with a bended/curved structore} may progreas in three different directions {e.g., three
orthogonal divections), causing the exciiation of EM modes in three different directions. The three
different divections may inchule one direction of the foeding section and two directions of different
portiong of the bend or bends,

{46} Fig. 1D shows a single siab including a radisting section and a grounding section of a radiating
element according to some embodiments, with portions for connecting to a feeding section and to 2
ground terninal. In Fig. 1D, a grounding section 120D, a radiating section 130D, and a distal end 138D
are iHustrated, Compared to the ambodiments shown in Figs, 1A-1C, the embodiment shown m Fig. iD
is made of a single slab and bas a rectangular eross section.  This design may facilitate production and
installation of the radiating element. 1 is noted that other shapes {(e.g., triangular, square, cliiptical, ete}
of cross sections can also be wsed. The sleb may also inchude aperture 140D for receiving therein a
feeding section and an aperture 142D for receiving therein a sorew or other connecting member 1o
connect grounding section 120D 1o & ground terminal, for exanple, to a wall of the cavity Fig. 2A shows
an exemplary cavity 200 for processing an obiect {vot shown} placed in the cavity, using RF energy.
Cavity 200 mcludes cavity body 210, Cavity body 210 may be used to hold al least a portion of the
object. It is noted that Fig 2A illustrates an open cavity, but other embodiments may jnclude a closed
cavity, e.g., by providing a cavity door {not ilhustrated). Cavity body 210 may comprise at least one wall
constructed from or coaled by, & conductive material.  For example, cavity body 210 may comprise
statrdoss steel, cast iron, Al81 alloys, ALCu alloys, ete. Cavity body 210 may have a rectangular shape
{as ihustrated in Fig. 24), cylindrical shape, or may have any other suitable shape. Cavity 200 may
inchude at least one radiating element. For dllustrative purposes, Fig. 24 shows two radiating elements
100A located in the ceiling of cavity 200, B is noted that any number of radiating elements may be

ncluded 1o cavity 200, In addition, any radiating element having any kind of medified inverted F antenna
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siructure may be included in any location of cavity 200, e.p., on the ceiling (as iflustrated in Fig. 2A), at
the bottom, on an tnner wall of the cavily, ete. In soune embodiments, madiating clements having more
than one kind of siraciures {e.g., radiating elements 1004, 1006R, and 100C) may be incloded in the same
cavity, Cavity wall{s} meay be provided with one or more radiating elemenis having the same siruciure
and/or dimensions or different structures and/or dimensions. In soms embodiments, the cavity may also
include one or more radiating elements that are not modified inverted F antennas, for examople, a
monopoels, & dipole, eto.

1041] Fig. 2B iHustrates an amplified view of radiatiog clement 1004 focated n cavity 200, In Fig, 2B,
the serew-nuis of element 100A {e.g., screw-put 108 and 123 in Fig. 1A} are coverad by enclosure 215
Enclosure 215 may be attached to cavity 200 or veay be part of at least one wall of cavity 200, Enclosure
215 may be electrically conductive. In some embodiments, enclosure 215 may be welded, glued,
soldered, screwsd, ete. to cavity 200, In other embodiments, enclosure 215 may be cast, forged, stamped,
gte. as part of a wall of cavity 200,

3421  In some embodiments, a radiating element having a modified inverted F antenna structure may
have a smaller overall size than a basic inverted F anfenna {e.g., withou! the bends). As shown in Fig.
24, the plurality of bends {e.g., in 8 curved shape) may reduce the overall size of radisting elements
100A, compared to an antenna having straight wires without these bends {e.g., with the same wire length).
The reduced size may aliow for holding the radisting clemeni(s) in a smaller space, a feature that may be
desirable in some apphications,

1431 Additionally, the hended structure may hide sharp edges or tips {e.g., the distal end of the
radiating section), by turning these edges or tips into a direction or a location that is not easily accessible,
thereby reducing the risk of autting or sticking a user when he operates an apparatus confaining one o1
more radialing element. This may be desirable in home appliance applications, such as cooking ovens,
where a user may be required to reach inio the interior of the appliance doring normal operations, for
example, for cleaning purposes, Thus, in some embodiments, the distal end of the radiating section may
point away from the cavity center, for example, towards the wall to which the radiating clement is
attached.

iB44] T is noted that the modified inverted F antenns structure disciosed berein may result in reduced
performance in applications where the radiating element is used in open space {e.g., open wn the air}. The
performance gains and various advantages discussed above may be more easily achisved in a closed or
partially closed cavity environment.

[345] Fig. 3A i3 a diagrammatic ilusiration of an apparatus 300A for processing an object 202 by
application of RF energy to a cavity 304 holding the ohject.  Cavity 304 may support standing
electromagnetic waves., For example, apparatus 300A roay include one or more sourees of RE radiation
306 configured 1o supply BF energy at & given frequency range (for example, at one or more frequency
ranges allocated for indusirial, sciemtific, or medical use). Cavity 304 may support travelling
electromagnetic waves in the given frequency range. In some embodiments, both standing and travelling

waves in the given frequency range 1oay be supported by cavity 304, Apparatus 300A may further
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inchide radiating alements 308, configured io apply RF encrey from sources 306 to cavity 304, Hadiating
elements 308 may be as described above, for example, in the context of Fig 1A, 1B, 1C or 113, The
bended portions shown in Fig. 3A he parallel 1o the back wall of cavity 304 for ease of illustration, but in
practice, they may be perpendicular to the back wall of cavity 3034, Sources 306 (also referred to as
power feeds) may be conpectad to radiating clemenis 308 by feeding lines 310, which may neclude
conxial fransmission lines. Sources 306 may be controlled by a controller 312, which may conirol, for
example, iransmission frequencies, power levels, phase differepces between RY emissions from the two
radisting elements, ete. Controller 312 may be connected o g wser interface 314, through which a user
may provide jnstructions o the controller, e.g., to the duration of heating, and/or the characteristics of
object 302, Controller 312 may determine healing instroctions based on the information received from the
user vig interface 314, Cavity 304 may include a bottom, a ceiling, and side walls. The side walls may
nchude a back wall and a front wall, The front wall may include an opening that may be closed by a door
316, Dwoor 316 may include RF leakage preventing device 318 such as s choke, a gasket, or any other
arrangemeni configured to eliminate or decrease RF leakage through the door when the door is closaed.
{046}  Fig. 3B iv a diagranwostical illustration of an apparatus 300B according o some embodiments,
Apparatus 3008 is sinslar o apparatus 300A, but has two radiating elements 308 interconnected by a
conductor 320 residing inside cavily 304, Thus, the two radiating clements 302 are fed from a coromon
source 3036, The two radiating clements 308 may be interconnected, as shown in Fig. 38, through their
respective feeding sections 110, The phase difference between signals emutted by the two radisting
elements 308 m Fig. 3B may be set based on different electrical length measured betwesn each of the
radigting elements 308 and the commnon source 306, In Fig, 3B, this difference is set {o be about zero. In
other embodiments, the difference may be set to other values.

{347} In the forcgoing Description of Exenplary Embodiments, various festures are grouped logether
in a single embodiment for purposes of streamdining the disclosure. This method of disclosare is not to be
interpreted as reflecting an intention that the claimed invention requires more features than are expressly
recited ineach claim. Rather, ag the following claims reflect, inventive aspects lie in iess than all features
of a single foregoing disclosed embodiment. Thus, the following claims are hereby incorporated into ths
Dietailed Description, with each claim standing onits own as 2 separaie embodiment of the invention,

(48] Moreover, it will be apparent to those skilled in the art from consideration of the specitication and
practice of the present disclosure that various modifications and variations can be made o the disclosed
systerms or apparaiuses withoul departing from the scope of the tnvention, as claimed. For example, one
or more steps of a method andfor one or more components of an apparatus or & device may be omitted,
changed, or substituted withowt departing from the scope of the invention. Thus, it is intended that the
specification and examples be considerad as exemplary only, with & true scope of the present disclosure

being indicated by the following clatros and their equivalents.
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Claimg
An apparatus for processing an object by application of radio frequency (BF) energy in a
frequency range to a cavity holding the object, wherein the cavity supports at least one of
standing or travelling electromagnetic waves in the frequency range at which the RE energy is
applied, the apparatus comprising:
the cavity;
a radigting element for applying the RF energy from a power feed 1o the cavity, the radiating
elerent residing inside the cavity and comprising:
a feeding section;
a grounding seciion, wherein the feeding section and the grounding section extend
substantially within a first plane; and
a radiating section in electrical commumication with the feeding section and the
grounding section, whersin the radiating seciion includes gt least one bend
between the feading section and a distal end of the radiating section, the at least
one bend extending in a second plane different fromthe first plane.
The apparatus of claim 1, wherein the feeding section is connected to the power fead.
The apparatus of claim 1 or claim 2, whersin the feeding section extends along a first direction
substantiaily paraliel to the grounding section.
The apparatas of claim 3, wherein the radiating section coprises a segoent extending along a
second direction substantially perpendicular to the st direction.
The apparatus of any one of clabms 1 o 4, wherein the ascond plane is substaniially perpendicular
{0 the first plane,
The apparatus of any one of claims 1 1o §, wherein the at least one bend includes s bend that
exiends through an angle of at least 90 degrees,
The apparatus of claire 8, wherein the at least one bend inchudes two bends, each exiending
through an angle of at least 80 degrees.
The apparatos of any one of claims 1 to 7, wherein the at least one bend includes a phuality of
hends that togather extend trough an angle of at lesst 180 degrees.
The apparates of any one of clairos 1 o 8, wherein the at least one bend includes a plurality of
bends that together extend through an angle of at least 270 degrees.
The apparatus of any one of clatms 1 to 9, wherein the feeding saction, the grounding section, and
the radiation section are wire-shaped.
The apparatus of any one of clairas § to 10, wherein the grounding section conmects to the cavily
through a ground terminal.
The apparatus of any one of elaims 1 1o 9, wherein the feeding section and the radiating section
are made together of 3 single hended slab,
The apparatus of any one of claims 1 1o 12, wherein the raduating element 15 confligured 1o carry

RF power having a power level of at least SOW.
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The apparatus of any one of claims § 1o 13, comprising two or more radiating elements connecied
to a commmon power feced, and each of the two or more radiating clemenis comprising:
3 feeding section;
g grounding section, wherein the feeding section and the grounding section extend
substaniialiyv within a first plane; and
a radiating section in clectrical comumumication with the feeding section and the
grounding section, wharein the radiating scotion includes st least one bend
between the feeding section and a distal end of the radiating section, the st least
one bend extending in a second plane different from the first plane.
The apparatus of elaim 14, wherein one or more condoctors residing inside the cavily connect the
two or mors radiating elements,
The apparatus of elaim 15, whereie the one or more conductors connect feeding ssctions of the
two or roore radiating elements,
The apparatus of any one of claime 1 to 16, wherein the grounding section and the radiating
section are made together of a single bended slab.
The aoparatos of any one of claims 1 to 17, wherein the radiating elemnent is configured to carry
RF¥ power having a power level of at least 50W.
A radiating element for applying electromaguetic soergy to a cavity, comprising:
a feeding section;
a grounding seciion, wherein the feeding section snd the grounding section extend
sbstantially within a first plane; and
a radiating seciion in elecirical commonication with the feeding section and the
grounding section, the radiating section comprising at lesst one bend configured
to change a divection of an electrical current flowing i the radiating section such
that the slectrical current flows within a second plane different from the first
plane.
The radiating elernent of ¢laim 19, wherein the feeding section connects to a power foed.
The radiating element of claim 19 or 20, wheorein the feeding section extends along a first
direction substantially parallel to the grounding section.
The radiating olement of clasm 21, where the radiating seciion comprizes a segment extending
along a second direction substantially perpendicular to the first direction.
The radiating element of any one of claims 19 10 22, wherein the second plane is substantiaily
perpendicular 1o the first plane.
The radiating element of any one of claims 19 1o 23, wherein the at least one bend inchudes a
bend configured to change the direction of the electrical current flowing in the radiating section

by an angle of at least 90 degreoes,
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25, The radiating element of clamm 24, wherein the at least one bend includes two bends, sach
configured (o change the direction of the electrical cumrent flowing in the radiating section by an
angle of at least 90 degrees.

26, The radiating element of any one of claime 19 1o 25, wherein the at least one bend includes 3
pharality of bends configured to change the direction of the elecinical current flowing m the
radiating section by 4 folal angle of at least 180 degrees,

27, The radiating element of any one of clams 19 o 26, wherein the at least one bend inchudes &
pluralily of bends configured o change the direction of the electrical current flowing in the
radiating section by 2 total angle of at least 270 degrees,

28, The radiating clement of any one of claims 1% to 27, whersin the feeding section, the grounding

section, and the radistion section are wire-shaped.

28 The radiating clement of any one of claims 19 1o 28, wherein the grounding section connects o
the cavity through a ground terminal.

39, The radiating element of any one of claims 18 to 28, wherein the grounding section and the
radiaiing section are made together of a single bended slab.

31, The radiating cloment of any one of elaims 19 1o 34, wherein the radiating clement is configured
o carry RF power having a power lovel of at least 30W.

32, A cavity for processing an object located in the cavity using cleclromagnetic energy, comprising
a phirality of radiating clements in accordance with any of the preceding claims, wherein the
pluraiity of radiating elements are configured to

receive electromagnetic energy from one or more RY sources and radiste R¥ waves
having a plurality of frequencies into the cavity; and

generate g plurality of electromagnetic ficld patterns in the cavily corresponding to the
phurality of frequencies.

33, The cavity of clatm 32, wherein an input impedance of one or more radiating elements matches
an iropedance of the ohject,

34, A cavity for processing an object located in the cavity using cleclromagnetic energy, comprising
one or mors radiating elements having an inverted T antenma structure.

35, The cavity of claim 34, wherein the one or more radiating elements have a modified inverted ¥

antenna structure.
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