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DIRECT HEATING THROUGH PATCH ANTENNAS

TECHNICAL FIELD

[0001] The present disclosure relates to the field of radio frequency heating, and

in particular, to a radio frequency heating apparatus for heating a load such as food.
BACKGROUND

[0002] A conventional microwave oven cooks food by a process of dielectric
heating in which a high-frequency alternating electromagnetic field is distributed
throughout an enclosed cavity. A sub-band of the radio frequency spectrum,
microwave frequencies at or around 2.45 GHz cause dielectric heating primarily by
absorption of energy in water.

[0003] To generate microwave frequency radiation in a conventional microwave
oven, a voltage applied to a high-voltage transformer results in a high-voltage power
that is applied to a magnetron that generates microwave frequency radiation. The
microwaves are then transmitted to an enclosed cavity containing the food through a
waveguide. Cooking food in an enclosed cavity with a single, non-coherent source
like a magnetron may result in non-uniform heating of the food. To more evenly heat
food, microwave ovens include, among other things, mechanical solutions such as a
microwave stirrer and a turntable for rotating the food.

[0004] Another approach for providing uniform heating is based on the
introduction of solid-state power generation technology for microwave cooking
systems. Solid-state power generation typically includes one or more coherent radio
frequency power sources or applicators that force specific electric field patterns via
controlled combinations of constructive and destructive interference (i.e. field-
shaping) within a cooking cavity. One example is disclosed in US Patent Application
Number 2013/0186887 entitled “Microwave Heating Apparatus” to Hallgren et al.
which teaches the formation of a heating pattern with zones of different intensities
that is accomplished by combining mode fields from a plurality of feed ports. Field-
shaping requires complex control strategies that strongly depend upon knowledge of
properties related to the food being cooked such as its precise position within the
cavity as well as other physical and electromagnetic characteristics.

[0005] Thus, there is a need for new apparatus and methods that would overcome

or at least alleviate some of the above mentioned drawbacks.
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BRIEF DESCRIPTION

[0006] In one aspect, a microwave heating apparatus is provided. The microwave
heating apparatus comprises a cavity arranged to receive a load, at least two patch
antennas coupled to the at least one microwave generator, and a control unit. Each of
the at least two patch antennas is configured to radiate microwaves into a predefined
direct heating zone within the cavity proximate the respective patch antenna. The
control unit is configured to select energy levels for each of the at least two patch
antennas as if the load were static and as if there not interference between the at least

two patch antennas.
BRIEF DESCRIPTION OF THE DRAWINGS

[0007] In the drawings:

[0008] FIG. 1 schematically illustrates a microwave heating apparatus according
to an embodiment of the present disclosure.

[0009] FIG. 2 illustrates a perspective view of a patch antenna in the microwave
heating apparatus of FIG. 1.

[0010] FIG. 3 illustrates a side view of a patch antenna in the microwave heating

apparatus of FIG. 1.
DETAILED DESCRIPTION

[0011] FIG. 1 shows a microwave heating apparatus 100 that includes a cavity
101 arranged to receive one or more loads 102A, 102B. The microwave heating
apparatus 100 includes at least two patch antennas 103A, 103B for feeding
microwaves from one or more microwave generators 104 to the cavity 101.
Communicatively coupled to the microwave generators (shown collectively as 104), a
control unit 105 is configured to select energy levels for each of the patch antennas
103A, 103B and control the microwave generators 104 to transmit electric power to
the patch antennas 103A, 103B. The patch antennas 103A, 103B convert the electric
power to microwaves that are radiated into the cavity 101. The configuration and
operation of the patch antennas 103A, 103B are selected such that each patch antenna
103A, 103B defines a direct heating zone 108A, 108B respectively.

[0012] For feeding microwaves the microwave generators 104 to the cavity 101,
the microwave heating apparatus 100 may include transmission lines 106. The

transmission lines 106 are arranged between the microwave generators 104 and the
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cavity 101 for transmission of microwave frequency electric power to the patch
antennas 103A, 103B. The microwave generators 104, preferably of a solid-state
design, are arranged with at the respective first ends of the transmission line 106
while the patch antennas 103A, 103B are arranged at the second ends opposite the
first ends of the transmission lines 106. The microwave generators 104 are adapted to
generate microwave frequency electric power and the transmission lines 106 are
configured to transmit the generated microwave frequency electric power from the
microwave generator 104 to the patch antennas 103A, 103B. The transmission lines
106 may preferably be coaxial cables. However, any transmission line capable of
transmitting microwave frequency power may be implemented including, but not
limited to, wire transmission lines, rectax, microstrip or stripline transmission lines.
[0013] In general, each of the microwave generators 104 may be associated with a
single patch antenna 103A, 103B (with a corresponding transmission line 106 of
which some or all may be completely dedicated to a respective patch antenna and
microwave generator). In this way, the intensity of the microwave frequency power
transmitted from and reflected to each of the microwave generators 104 may be
separately monitored.

[0014] The cavity 101 of the microwave heating apparatus 100 defines an
enclosing surface wherein one of the side walls of the cavity 101 may be equipped
with a door (not shown in FIG. 1, but the door may be suitably arranged at the open
side of the depicted cavity 101) for enabling the introduction of one or more loads
102A, 102B, that is food items, in the cavity 101. The cavity 101 is shown with the
shape of a rectangular parallelpiped. Typical dimensions for the cavity include a
width on the order of about 45 to 60 cm and a height of approximately 40 cm. Other
shapes and sizes are contemplated for the cavity 101 and include, but are not limited
to, polyhedron, cylinder, sphere, etc. or combinations thereof.

[0015] As shown, the microwave generators 104 may be mounted on the rear wall
of the cavity 101. However, the microwave generators 104 may be mounted on the
right wall, the left wall, the ceiling or underneath the cavity 101. Alternatively, the
microwave generators 104 may not be mounted to the cavity 101 at all, but elsewhere
in the microwave heating apparatus 100 between the cavity 101 and a surrounding
enclosure (not shown). Each microwave generator 104 may be mounted such that,
depending upon the implementation, the location of each microwave generator 104

may be selected to be advantageously positioned in light of a manufacturing
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procedure or cost-savings operation. The arrangement of patch antennas 103A, 103B
and microwave generators 104 described herein with reference to FIG. 1 is only
provided as an example and is not limiting. It will be appreciated that more than two
patch antennas 103A, 103B may be provided and also that the microwave heating
apparatus 100 may include any number of microwave generators 104 to provide
flexibility in providing multiple direct heating zones 108A, 108B.

[0016] The control unit 105 may be included in the microwave heating apparatus
100, which may be operably coupled with various components of the microwave
heating apparatus 100 to implement a cooking cycle for a load 102A, 102B positioned
in one or more direct heating zones 108A, 108B. The control unit 105 may also be
operably coupled with a control panel or human-machine interface 109 for receiving
user-selected inputs and communicating information to a user. The human-machine
interface 109 may include operational controls such as dials, lights, switches, touch
screen elements, and displays enabling a user to input commands, such as a cooking
cycle applicable to one or more direct heating zones 108A, 108B, to the control unit
105 and receive information. The human-machine interface 109 may include one or
more elements, which may be centralized or dispersed relative to each other.

[0017] The control unit 105 may be provided with a memory and a central
processing unit (CPU), and may be preferably embodied in a microcontroller. The
memory may be used for storing control software that may be executed by the CPU in
completing a cooking cycle for one or more direct heating zones 108A, 108B as well
as a cooking cycle applicable to the entire cavity 101. For example, the memory may
store one or more pre-programmed cooking cycles that may be selected by a user and
completed by the microwave heating apparatus 100. The control unit 105 may also
receive input from one or more sensors. Non-limiting examples of sensors that may
be communicably coupled with the control unit 105 include peak level detectors for
measuring microwave power levels and temperature sensors for measuring the
temperature of the enclosed cavity 101 or one or more high-power amplifiers included
in the microwave generators 104.

[0018] Based on the user input provided by the human-machine interface 109 and
data that may include the incident and reflected power magnitudes for each of the
microwave generators 104 or the temperature inside one or more portions of the
cavity 101, the control unit 105 may determine the settings for microwave generators

104. In this way, one of the main functions of control unit 105 is to actuate the
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microwave heating apparatus 100 to instantiate a cooking cycle as initiated by the
user.

[0019] The microwave power generated by the microwave generators 104 are fed
to the patch antennas 103A, 103B. The patch antennas 103A, 103B convert the
microwave power to microwave radiation that is transmitted into the cavity 101 at
substantially the direct heating zones 108A, 108B respectively. That is, the direct
heating zone 108A, 108B is a region in the cavity 101 proximate a patch antenna
103A, 103B where the patch antenna 103A, 103B directs the strongest emission of
radiated microwave energy. Additionally, by placing a load 102A, 102B on the direct
heating zone 108A, 108B, the microwave radiation is directly incident on the load
102A, 102B. In other words, due to the directivity of the patch antenna 103A, 103B
and the proximity of the load 102A, 102B to the patch antenna 103A, 103B, a
substantial fraction of the transmitted microwave radiation directly interacts with the
load 102A, 102B such that modal effects resulting from the resonant cavity 101 and
patch antenna cross-talk may be ignored in the direct heating zone 108A, 108B. By
positioning the load 102A, 102B in the direct heating zone 108 A, 108B within the
cavity 101, the load 102A, 102B is exposed to a high magnitude electric field that
forces microwave heating of the the load 102A, 102B by direct radiation of the
electromagnetic waves.

[0020] Surprisingly, in both simulation and under test, it has been found that by
positioning a load in a direct heating zone, a patch antenna may transfer a substantial
portion of the energy delievered to a load positioned in correspondence with said
patch antenna. It is believed the result is achieved, in part, by taking advantage of the
directivity of the patch antennas used to feed the cavity. Testing has demonstrated
that by positioning two loads (i.e. 0.5 L water for each load) at a fixed distance from
the two patch antennas spatially displaced in a manner consistent with FIG. 1, each
patch antenna may transfer approximately 85% more energy to the first load 102A in
the first direct heating zone 108A directly exposed to the first patch antenna 103A
with respect to the second load 102B in the second heating zone 108B directly
exposed to the second patch antenna 103B.

[0021] Referring now to FIGS. 2 and 3, a patch antenna 103 for the microwave
heating apparatus of FIG. 1 is shown. The patch antenna 103 is a microstrip patch
antenna that comprises a radiating element, i.e. the patch 110, separated a distance £

from a parallel ground plane 112 by metallic posts 116. The patch 110 is directly
5
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coupled to a microwave generating source through a probe 114. Both the patch 110
and the ground plane 112 are conductive plates and are preferably formed of steel or
copper.

[0022] The probe 114 may include any type of standard or bespoke probe capable
of transferring microwave frequency power and preferably includes an N-type
connector. In this way, the patch antenna 103 may be fed with any of the contacting
or noncontacting feed techniques known in the art and include microstrip line, coaxial
probe, aperture coupling, proximity coupling, etc.

[0023] The dimensions of the patch 110 include a width, # and a length, L.
Selection of these dimensions along with the distance, /, the position of the probe 114
and the position of the metallic posts 116 determines the electromagnetic
characteristics of the patch antenna 103 related to the center frequency and operable
bandwidth of the patch antenna 103. For example, the patch antenna 103 may include
a patch sized with dimensions L, W at a distance / from the ground plane 112 such
that the patch antenna 103 radiates over the frequencies ranging from 2.4 GHz to 2.5
GHz. The patch 110 may be sized with a length of approximately 6.125 cm range,
though the length may range from 5 to 10 cm depending upon the implementation.
The patch 110 may be sized with a width of approximately 8.3 cm range, though the
length may range from 5 to 10 cm depending upon the implementation. The distance
h separating the ground plane 112 and the patch 110 may be approximately 6 mm,
though the distance may range from approximately 5 to 10 mm.

[0024] Alternatively, the patch antenna 103 may include dimensions for operating
in other frequencies and bandwidths. While described above for frequencies ranging
from 2.4 GHz to 2.5 GHz, the patch antenna 103 may be configured to transmit other
electromagnetic frequency bands. For example, the bandwidth of frequencies
between 2.4 GHz and 2.5 GHz is one of several bands that make up the industrial,
scientific and medical (ISM) radio bands. The transmission of other electromagnetic
frequency bands is contemplated and may include non-limiting examples contained in
the ISM bands defined by the frequencies: 13.553 MHz to 13.567 MHz, 26.957 MHz
to 27.283 MHz, 902 MHz to 928 MHz, 5.725 GHz to 5.875 GHz and 24 GHz to
24.250 GHz.

[0025] Additionally, while typical microstrip patch antenna designs include a
substrate with a thickness equivalent to the distance, %, placed between the patch 110

and the ground plane 112, the patch antenna 103 includes an absence of a dielectric
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substrate (i.c. an air gap) between the patch 110 and the ground plane 112.
Advantageously, it is contemplated the absence of a dielectric substrate between the
ground plane 112 and the patch 110 minimizes power dissipation because there are no
dielectric losses associated with the patch antenna 103 and, consequently, the patch
antenna 103 achieves a high efficiency.

[0026] As described above, the patch antenna 103 includes a directivity that
defines the direct heating zones in the microwave. Recall that the directivity of an
antenna is a measure of the power density that the antenna radiates in the direction of
its strongest emission as compared to the power density radiated by an ideal isotropic
radiator. Directivity is inversely proportional to beamwidth. Therefore, for a patch
antenna 103 to directly heat a load placed in a direct heating zone, the patch antenna
103 includes dimensions and characteristics such that the beamwidth for the operable
frequency band are commensurate with the dimensions of the desired direct heating
zone. Factors that increase the directivity (i.e. narrows the beamwidth) of the patch
antenna 103 include decreasing permittivity of the substrate, increasing the distance,
h, and increasing the width, " of the patch antenna. In this way, by replacing the
substrate typical to patch antennas with an air gap, the permittivity is minimized and
the beamwidth of the patch antenna 103 depends on the distance # between the patch
110 and the ground plane 112 and the width # of the patch 110.

[0027] While described above as a singular element, each patch antenna 103 may
include multiple patch antenna elements to form an array. Arrays of patch antenna
elements may be placed in close proximity and controlled to act as a single element
with increased directivity. Additionally, while described above as having two patch
antennas 103A, 103B, the microwave heating apparatus may include more patch
antennas spatially distributed in the cavity to define additional direct heating zones.
[0028] Benefits of a microwave heating apparatus with the above described patch
antennas as contrasted to a magnetron-based system include include a lightweight,
low cost design that is integrable with solid state microwave integrated circuit
technology. Patch antennas support linear and circular polarization and are
integratable with solid state microwave integrated circuit technologies and are
mechanically robust.

[0029] While the invention has been specifically described in connection with
certain specific embodiments thereof, it is to be understood that this is by way of

illustration and not of limitation. Reasonable variation and modification are possible
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within the scope of the forgoing disclosure and drawings without departing from the

spirit of the invention which is defined in the appended claims.
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CLAIMS

What 1s claimed is:

1. A microwave heating apparatus (100) comprising:

a cavity (101) arranged to receive a load (102A, 102B);

at least one microwave generator (104);

at least two patch antennas (103A, 103B) coupled to the at least one
microwave generator (104), wherein each of the at least two patch antennas (103A,
103B) is configured to radiate microwaves into a predefined direct heating zone
(108A, 108B) within the cavity (101) proximate the respective patch antenna (103A,
103B); and

a control unit (105) configured to select energy levels for each of the at
least two patch antennas (103A, 103B) as if the load (102A, 102B) were static and as

if there no interference between the at least two patch antennas.

2. The microwave heating apparatus (100) of claim 1, wherein the at least

one microwave generator includes a solid-state microwave generator (104).

3. The microwave heating apparatus of claim 1, wherein the at least two
patch antennas (103) include a patch element (110) separated from a ground plane

element (112) with an air gap.

4. The microwave heating apparatus of claim 3, wherein the patch
element (103) is rectangular with a width of approximately 8.3 cm and a length of

approximately 6.125 cm.

5. The microwave heating apparatus of claim 3, wherein the patch
element (103) is rectangular with a width ranging from 5 cm to 10 cm and a length

ranging from approximately 5 cm to 10 cm.

6. The microwave heating apparatus of claim 3 wherein the separation

between the patch element (110) and the ground plane (112) is approximately 6 mm.

7. The microwave heating apparatus of claim 3 wherein the separation
between the patch element (110) and the ground plane (112) ranges from

approximately 5 mm to 10 mm.
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8. The microwave heating apparatus of claim 1, wherein the at least two

patch antennas (103) each include a plurality of patch elements spaced in an array.

9. The microwave heating apparatus of claim 1 wherein the at least two
patch antennas (103A, 103B) have a directivity such that a corresponding beamwidth
substantially directs the radiated microwaves into the predefined heating zone (108A,

108B) proximate the respective patch antenna.

10.  The microwave heating apparatus of claim 1 wherein the at least two

patch antennas (103A, 103B) are located beneath the cavity (101).

11.  The microwave heating apparatus of claim 1 wherein the load (102A,

102B) includes at least two separate portions of food.

12.  The microwave heating apparatus of claim 9 wherein the at least two

portions of food are placed in a direct heating zone (108A, 108B).

13.  The microwave heating apparatus of claim 1 wherein the at least one
microwave generator (104) is configured to output electric power ranging in

frequency from 2.4 GHz to 2.5 GHz.
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