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(57) Abstract: The present invention relates to a microwave powered sensor assembly for micro- wave ovens. The microwave
powered sensor assembly comprises a microwave antenna for generating an RF antenna signal in response to microwave radiation at
a predetermined excitation frequency. A dc power supply circuit of the microwave powered sensor assembly is operatively coupled
to the RF antenna signal for extracting energy from the RF antenna signal and produce a power supply voltage. A sensor is connec -
ted to the power supply voltage and configured to measure a physical or chemical property of a food item under heating in a mi-
crowave oven chamber.
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A MICROWAVE POWERED SENSOR ASSEMBLY FOR MICROWAVE OV-
ENS

The present invention relates to a microwave powered sensor assembly for micro-
wave ovens. The microwave powered sensor assembly comprises a microwave
antenna for generating an RF antenna signal in response to microwave radiation at
a predetermined excitation frequency. A dc power supply circuit of the microwave
powered sensor assembly is operatively coupled to the RF antenna signal for ex-
tracting energy from the RF antenna signal and produce a power supply voltage. A
sensor is connected to the power supply voltage and configured to measure a phys-
ical or chemical property of a food item under heating in a microwave oven cham-
ber.

BACKGROUND OF THE INVENTION

Microwave ovens are well-known and highly popular kitchen appliances that heat

and cook food items by electromagnetic irradiation in the microwave spectrum caus-
ing polarized molecules in the food to rotate and build up thermal energy. Microwave
ovens are able to heat food quickly and efficiently because excitation is fairly uni-
form in the outer of dense food items. Microwave ovens are popular for reheating
previously cooked foods and cooking a variety of foods. However, the temperature
and other physical or chemical properties of the food item under preparation are
unknown which may be troublesome to reach an intended state of preparation of the
food item in question such as temperature, in particular in view of the rapid food

preparation or heating typically attained by microwave ovens.

Hence, it would be advantageous to position an active sensor device or assembly
inside the compartment or chamber of the microwave oven that would allow a user
or consumer to monitor certain physical or chemical properties of the food item un-
der preparation. Due to the extremely EMI hostile environment inside the oven com-
partment it may be unsafe to place batteries or similar chemical energy storage de-
vice for powering the active sensor assembly inside the oven chamber. Further-
more, the need to replace batteries of the active sensor assembly from time to time
makes it difficult to make a housing of a battery powered active sensor device or

assembly hermetically sealed against the external environment.
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US 4,297,557 discloses a microwave oven with a telemetric temperature probe em-
bedded in a comestible held in a cooking utensil to measure food temperature. The
temperature probe comprises electronic circuitry including a power supply and a
temperature responsive circuit. The power supply circuit includes a loop antenna,
rectification diodes and supply capacitor operating by harvesting energy from mi-
crowave energy inside the oven. A temperature signal is transmitted wirelessly by
near-field magnetic coupling from an inductor antenna of the temperature probe to a

receiving inductive antenna outside the oven cavity.

US 2004/0056027 discloses a kettle adapted for heating liquids in a microwave ov-
en. The kettle is equipped with a simple temperature indicator for indicating
the temperature of the contents of the boiler for example by changing colors. There

is not any specific disclosure of electronic circuitry coupled to the thermometer.

US 2006/0207442 shows a container for placement in a microwave oven
and wherein there is arranged a cooling device for cooling the contents of the con-
tainer. The cooling device is driven by the energy harvested from the microwaves in

the oven.

However, the strength of the microwave electromagnetic radiation or microwave
field inside the microwave oven is often excessive and may irreversibly damage
various active or passive components of a dc power supply circuit, or other electron-
ic circuitry, of a microwave powered active sensor assembly. The component dam-
age may be caused by RF signal voltages, delivered by an RF antenna of the mi-
crowave powered sensor assembly in response to the RF electromagnetic radiation,
which exceeds a maximum voltage rating and/or maximum power rating of the ac-
tive or passive components of the dc power supply circuit. Such damaging RF signal
voltages may lead to the destruction of the active or passive components of the dc
power supply circuit. This is particularly the case where the dc power supply circuit,
and possibly additional electronic circuitry, is integrated on a sub-micron CMOS
semiconductor substrate which imposes severe restrictions on the voltage level
and/or power level that can be tolerated without overheating or break-down of the

active or passive components formed in the semiconductor substrate.
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Hence, it would be advantageous to be able to limit the amount of power harvested
by the RF antenna and supplied to the dc power supply circuit of the microwave
powered active sensor assembly when exposed to excessive levels of microwave
energy inside the microwave oven. However, since it may be impossible or at least
highly impractical to absorb or dissipate large amounts of power in components of a
small CMOS semiconductor substrate, it would further be advantageous to prevent
too much energy entering the semiconductor substrate.

Furthermore, it is desirable to transmit certain measured parameter values of the
desired physical or chemical property or properties of the food item to the outside of
the microwave oven chamber during heating of the food item. In this manner, the
user or consumer is able to monitor physical or chemical properties of the food item
during preparation or cooking and may for example stop the oven when the parame-
ter value in question reaches a target value or a desired value. The transmitted pa-
rameter value may be digitally encoded as a data signal and can for example com-
prise a current or instantaneous temperature of the food item. However, it is gener-
ally difficult to reliably transmit wireless data signals out of the microwave oven dur-
ing food preparation because of the previously discussed excessive strength of the
microwave electromagnetic field inside the microwave oven chamber. The micro-
wave electromagnetic field tends to interfere with all types of ordinary RF signals
carrying the wireless data signals. To worsen the situation the oven chamber of mi-
crowave ovens acts essentially as a Faraday cage designed to block any emission
of RF signals to avoid leakage of the potentially harmful microwave radiation to the
outside and reach the users. Hence, a reliable, flexible and low cost data signal
transmission mechanism is desirable for transmitting the data signal with current
parameter values of the measured physical or chemical property of the food item to
the outside of the oven chamber.

SUMMARY OF THE INVENTION

A first aspect of the invention relates to a microwave powered, or powerable, sensor

assembly for microwave ovens. The microwave powered sensor assembly compris-
es a microwave antenna having a predetermined tuning frequency for generating a
radio frequency (RF) antenna signal in response to microwave radiation at a prede-

termined excitation frequency. The microwave powered sensor assembly further
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comprises an RF power limiter coupled to the RF antenna signal for limiting an am-
plitude or power of the RF antenna signal in accordance with predetermined signal
limiting characteristics to produce a limited RF antenna signal. A dc power supply
circuit of the microwave powered sensor assembly is coupled to the limited RF an-
tenna signal and configured to rectify the limited RF antenna signal and produce a
power supply voltage. A sensor is connected to the power supply voltage and con-
figured to measure a physical or chemical property of a food item under heating in a

microwave oven chamber.

One embodiment of the microwave powered sensor assembly is configured for in-
dustrial types of microwave ovens using the standardized 915 MHz frequency of
emitted microwave radiation. An alternative embodiment of the microwave powered
sensor assembly is configured for consumer types of microwave ovens using the
standardized 2.45 GHz frequency of emitted microwave radiation. The tuning fre-
guency and possibly physical dimensions of the microwave antenna may for exam-
ple differ between these types of the microwave powered sensor assembly. In either
case, the microwave antenna is responsive to the excitation created by the micro-
wave radiation in the oven chamber of the industrial or consumer variant of micro-
wave oven during heating of a food item placed in the oven chamber. The micro-
wave antenna generates the RF antenna signal and the dc power supply circuit rec-
tifies and extracts energy from either the limited RF antenna signal, or in case the
microwave powered sensor assembly lacks the RF power limiter, directly from the
received RF antenna signal. The power supply voltage generated by the dc (DC)
power supply circuit may be connected to active electronic circuits and components
of the microwave powered sensor assembly and supply electrical power thereto.
The active electronic circuits and components may comprise the sensor, a digital
processor, a display, an optical data transmitter etc. Hence, the microwave powered
sensor assembly is able to operate without any battery source by instead relying on

energy harvested from the microwave radiation in the oven chamber.

The food item may comprise a liquid such as milk, water, baby formula, coffee, tea,
juice or other drinkable substances or the food item may comprise solid or frozen
food such as bread, meat or a dinner meal. The food item may be arranged in a

suitable container or utensil during the heating of the food item inside the oven
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chamber. The food container or utensil may comprise a cup, bottle or plate etc. The
sensor may be in physical contact with the food item to measure or detect a physical
property of the food item during heating or preparation in the oven chamber such as
a temperature, viscosity, pressure, colour, humidity, reflectivity, electric conductivity
etc. The sensor may be arranged to measure the physical or chemical property, for
example temperature, at a core of the food item in question. Alternatively, the sen-
sor may be arranged to measure the physical or chemical property at a surface of
the food item for example by contact to an outer surface of the food item. The latter
embodiment may be useful to detect whether the surface of a particular food item
has reached a target or treatment temperature for hygienic or disinfection purposes.
The microwave powered sensor assembly may be housed in a food probe that is
inserted into the food item in connection with its preparation in the microwave oven.
Some embodiments of the sensor may operate without physical contact to the food
item and instead remotely sense/measure the physical property of the food item e.g.
using an infrared (IR) temperature detector etc. The sensory portion of the sensor
may alternatively or additionally measure or detect a chemical property of a food
item under heating for example water content or the presence and/or concentration
of certain chemical agents salt, sugar etc. in the food item. The microwave powered
sensor assembly may comprise multiple individual sensors of different types or
comprise multiple individual sensors of the same type. Multiple individual sensors of
different types may be configured to measure different physical properties and/or
chemical properties of the food item while multiple sensors of the same type may be
configured to measure the physical or chemical property in question, for example
temperature, at different locations of the food item for example simultaneously at the

core and at the surface of the food item as mentioned above.

The RF power limiter may comprises a variable impedance circuit connected across
the RF antenna signal wherein the variable impedance circuit is configured to exhibit
a decreasing input impedance with increasing amplitude or power of the RF antenna
signal at the predetermined excitation frequency to decrease a matching between
the input impedance of the power limiter and an impedance of the microwave an-

tenna.
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The variable impedance circuit may be configured to exhibit a substantially constant
input impedance at power or amplitude levels of the RF antenna signal below a
threshold level; and exhibit a gradually, or abruptly, decreasing input impedance at
power or amplitude levels of the RF antenna signal above the threshold level. The
input impedance of the variable impedance circuit may for example gradually de-
crease with increasing input power of the RF antenna signal above the threshold

level. The threshold level may be a power threshold or an amplitude threshold.

The variable impedance circuit may comprise a PIN limiter diode or a controlled FET
transistor as discussed in further detail below with reference to the appended draw-
ings. The power supply circuit may comprise one or more RF Schottky diode(s) for
rectification of the limited RF antenna signal for the reasons discussed in further

detail below with reference to the appended drawings.

In some embodiments of the invention the microwave antenna may be detuned with
a predetermined frequency amount from the expected excitation frequency, either
2.45 GHz or 915 MHz, of the microwave radiation used to operate the particular
embodiment of the microwave powered sensor assembly. The predetermined tuning
frequency of the microwave antenna may for example deviate from the predeter-
mined excitation frequency (915 MHz or 2.45 GHz) of the microwave radiation by
more than +50 % or more than -33 % such as at least +100 % or at least -50 %. The
detuning decreases the amount of microwave energy picked-up by the microwave
antenna and therefore decreases the level of the RF antenna signal applied to either
the RF power limiter (if present) and to the dc power supply circuit and may assist in
protecting the latter circuits against excessively high voltage or power levels of the
RF antennal signal if the microwave antenna is situated in a hot spot in the oven

chamber.

A higher tuning frequency of the microwave antenna than the standardized 2.45
GHz (or 915 MHz) microwave radiation frequency leads to the additional benefit of
smaller physical dimensions of the microwave antenna. The smaller physical dimen-
sions leads to various benefits as discussed in further detail below with reference to

the appended drawings.
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The microwave antenna may comprise at least one of: {a monopole antenna, a di-
pole antenna, a patch antenna}. The microwave antenna may be integrally formed in
a wire or conductor pattern of a carrier or substrate, such as a printed circuit board,
supporting the microwave powered sensor assembly. A monopole microwave an-

tenna is generally compact and omnidirectional.

In one embodiment of the invention a generator impedance of the microwave anten-
na is at least two times larger than an input impedance at the RF power limiter at the

predetermined excitation frequency of the microwave radiation.

The microwave powered sensor assembly is preferably enclosed by a housing. The
microwave antenna is preferably arranged outside the housing if the latter compris-
es an electrically conducting material to allow the microwave radiation to reach the
microwave antenna substantially without significant attenuation and thereby harvest
microwave energy. The electrically conductive housing may comprise a metal sheet
or metal net, enclosing and shielding at least the RF power limiter and the power

supply circuit against the microwave electromagnetic radiation.

The housing may be hermetically sealed to protect these circuits and sensor en-
closed therein against harmful liquids, gasses or other contaminants of the food item
or present within the oven chamber. A sensory portion of the sensor may protrude
from the housing to allow the sensory portion to obtain physical contact with the food

item.

The microwave powered sensor assembly may comprise a digital processor coupled
to the power supply voltage for receipt of operating power; wherein the sensor is
coupled to the digital processor to via an input port of the processor for receipt of
measured parameter values of the physical or chemical property or properties of the
food item. The sensor may be configured to deliver the measured parameter values
to the input port of the digital processor in digital format or analog format. Various
technical details and benefits of the digital processor are discussed in further detail

below with reference to the appended drawings.
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An advantageous embodiment of the microwave powered sensor assembly com-
prises an optical data transmitter coupled to the digital processor, or possibly directly
to the sensor, for receipt and optical transmission of the measured parameter values
of the physical or chemical property or properties of the food item to the exterior of
the oven chamber. The optical data transmitter may be configured to emit an optical
data signal comprising the measured parameter values encoded in digital format.
The optical data signal is transmitted to a suitable optical receiver arranged at the
outside of the oven chamber. The skilled person will understand that the optical data
signal is entirely immune to the previously discussed excessive levels of microwave
radiation inside the oven chamber. Furthermore, optical data transmitters are com-
mercially available in compact form factors and at low costs. The optical data trans-
mitter may comprise a modulated LED diode emitting the optical data signal by light
waves in the visible spectrum or light waves in the infrared spectrum. The optical
data transmitter may be configured to transmit the optical data signal continuously,
at regular time intervals, or at irregular time intervals during heating of the food item

depending on the particular application.

The optical receiver may comprise a photodetector such as a LED. The optical re-
ceiver may be attached to an outer surface of the glass lid of the microwave oven for
receipt of the portion of the optical data signal penetrating the glass lid. If the inner
surface of the glass lid is covered by a metallic net or grid, which forms part of the
previously discussed Faraday cage of the microwave oven, the photodetector may
be placed in an opening/aperture of the metallic net or grid allowing the optical
waves carrying the optical data signal unobstructed propagation to the photodetec-
tor. The photodetector may be electrically or wirelessly coupled to a microprocessor
of the microwave oven and transmit the received optical data signal, comprising the
measured parameter values, to a microprocessor or controller of the microwave
oven. The microprocessor of the microwave oven may be configured to use the re-
ceived parameter values to control the operation of the microwave oven.

Another embodiment of the microwave powered sensor assembly comprises a pa-
rameter indicator for displaying parameter values of the monitored physical or chem-
ical property of the food item to the exterior of the oven chamber. The parameter
indicator may be arranged on an outer housing surface of the microwave powered

sensor assembly. The parameter indicator may comprise at least one indicator se-
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lected from a group of {a LED, multiple LEDs of different color, a loudspeaker, an
alphanumeric display, E-ink paper}. The functionality and technical details of the
parameter indicator is discussed in further detail below with reference to the ap-
pended drawings. However, the use of E-ink paper as parameter indicator is particu-
larly attractive in some applications because E-ink paper allows the measured pa-
rameter value or values to be inspected by the user for a long time period after the
microwave oven is turned off. The ultra-low power consumption of the E-ink paper
allows the latter to remain functional using only the relatively limited amount of ener-
gy held on a storage element, e.g. a capacitor, of the dc power supply circuit of the

microwave powered sensor assembly.

As mentioned above, the microwave powered sensor assembly may comprise a

temperature sensor for example a thermistor.

A second aspect of the invention relates to a food container comprising a microwave
powered sensor assembly according to any of the above-described microwave
powered sensor assembly embodiments. A sensor, such as a temperature sensor,
of the microwave powered sensor assembly is arranged to obtain physical contact
or sensory contact with a food item of the food container. Hence, the food container
may be empty immediately after manufacturing awaiting a later food filling process
at a food manufacturing site or factory. Alternatively, the food container may be filled
manually by an end user. Following this subsequent food filling process, the food

item held in the food container is brought into sensory contact with the sensor.

The microwave powered sensor assembly may be attached to, or integrated with,
the food container in numerous ways. In certain embodiments, the microwave pow-
ered sensor assembly is partially or fully embedded in a wall section, lid section, or
bottom section of the food container. The microwave powered sensor assembly may
be integrated with a material of the food container during a container manufacturing
process for example using injection molding or by overmolding material onto an al-
ready molded container. The food container may comprise various types of materi-

als such as one or more of: plastic, cardboard, glass and porcelain.
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A third aspect of the invention relates to a method of monitoring physical or chemical
properties of a food item in connection with heating of the food item in a microwave
oven, said method comprising steps of:

a) placing a sensor of a microwave powered sensor assembly according to any of
the above-described embodiment thereof arranged in physical or sensory contact
with the food item,

b) positioning the food item inside an oven chamber of the microwave oven,

¢) activating the microwave oven to produce microwave electromagnetic radiation at
a predetermined excitation frequency inside the oven chamber thereby irradiating
and heating the food item; the method further comprising at least one step of:

- displaying a parameter value of a measured physical or chemical property of the
food item on the microwave powered sensor assembly;

- transmitting a parameter value of the physical or chemical property of the food item
via a wireless data communication link to a wireless receiver arranged outside the

oven chamber.

The wireless data communication link preferably comprises an optical data transmit-
ter for example as discussed above establishing an optical data transmission chan-
nel to the previously discussed optical receiver arranged at the outside of the oven
chamber. The optical data transmitter may be emitting the optical data signal as light

waves in the visible spectrum or in the infrared spectrum.

The method of monitoring the physical or chemical properties of a food item may

comprise limiting an amplitude or power of the RF antenna signal in accordance with
predetermined signal limiting characteristics of an RF power limiter. The signal limit-
ing characteristics may be carried out by peak-clipping of the signal waveform of the
RF antenna signal or by an Automatic Gain Control (AGC) function without distorting

the signal waveform of the RF antenna signal.

A fourth aspect of the invention relates to a microwave powered sensor assembly
for microwave ovens, comprising a microwave antenna having a predetermined tun-
ing frequency to generate an RF antenna signal in response to electromagnetic ra-
diation at a predetermined excitation frequency. The assembly further comprises a

dc power supply circuit coupled to the RF antenna signal and configured to rectify
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the RF antenna signal and produce a power supply voltage based on the RF anten-
na signal. A sensor, such as a temperature sensor, is powered by the power supply
voltage and configured to measure parameter values of a physical or chemical
property of a food item under heating in a microwave oven chamber. The microwave
powered sensor assembly additionally comprises a wireless, preferably optical, data
transmitter operatively coupled to the sensor for receipt of the measured parameter
values of the physical or chemical property and optical transmission of the meas-

ured parameter values to the exterior of the oven chamber.

The microwave powered sensor assembly according to the fourth aspect of the in-
vention may additionally comprise an RF power limiter coupled in-between the RF
antenna signal and the dc power supply circuit. The RF power limiter is configured
to limit an amplitude or power of the RF antenna signal in accordance with signal
limiting characteristics of the RF power limiter. The RF power limiter produces a
limited RF antenna signal to an input of the dc power supply circuit. The RF power
limiter may be identical to the RF power limiter embodiments discussed above in
connection with the first aspect of the invention or to any of the embodiments of the
RF power limiter discussed in further detail below with reference to the appended

drawings.

The microwave powered sensor assembly may comprise a parameter indicator for
displaying parameter values of the monitored physical or chemical property of the
food item to the exterior of the oven chamber;

wherein the parameter indicator comprises at least one indicator selected from {a
LED, multiple LEDs of different color, a loudspeaker, an alphanumeric display, E-ink

paper} as discussed above in connection with the first aspect of the invention.

A fifth aspect of the invention relates to a food probe comprising a microwave pow-
ered sensor assembly according to any of the above-described embodiment thereof.
The a food probe may comprise an elongate housing enclosing and protecting the
microwave powered sensor assembly as discussed in further detail below with ref-

erence to the appended drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the invention will be described in more detail in connec-
tion with the appended drawings, in which:

FIG. 1 is a simplified schematic block diagram of a microwave powered sensor as-
sembly for use in microwave ovens in accordance with a first embodiment of the
invention,

FIG. 2 is a simplified schematic block diagram of a microwave powered sensor as-
sembly for use in microwave ovens in accordance with a second embodiment of the
invention,

FIG. 3 is a simplified schematic block diagram of a microwave powered sensor as-
sembly for use in microwave ovens in accordance with a third embodiment of the
invention,

FIG. 4A) shows a simplified electrical circuit diagram of a first exemplary RF power
limiter and dc power supply circuit of the microwave powered sensor assemblies in
accordance with the first, second or third embodiments of the invention,

FIG. 4B) shows a simplified electrical circuit diagram of a second exemplary RF
power limiter and dc power supply circuit of the microwave powered sensor assem-
blies in accordance with the first, second or third embodiments of the invention,
FIG. 5 shows a bottle with baby formula comprising an integrated microwave pow-
ered sensor assembly in accordance with any of the above embodiments of the as-
sembly,

FIG. 6 shows an exemplary food container with a microwave powered sensor as-
sembly integrated in wall section of the food container; and

FIG. 7 shows a temperature probe which comprises a microwave powered sensor

assembly in accordance with any of the above embodiments thereof.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

FIG. 1 shows a simplified schematic block diagram of a microwave powered sensor

assembly 100 suitable for use in industrial or consumer types of microwave ovens
(not shown) in accordance with a first embodiment of the invention. The microwave
powered sensor assembly 100 comprises a microwave antenna 102 with a prede-
termined tuning frequency in the microwave region for example at tuning frequency

between 800 MHz and 3.0 GHz. The microwave antenna 102 is responsive to exci-
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tation created by the microwave radiation or electromagnetic field generated in an
oven chamber of the industrial or consumer type of microwave oven in question dur-
ing heating of a food item placed in the oven chamber. The skilled person will un-
derstand that the tuning frequency of the microwave antenna 102 may be designed
to about 2.45 GHz for microwave powered sensor assemblies designed for a con-
sumer type of microwave oven and to 915 MHz for microwave powered sensor as-
semblies designed for an industrial type of microwave oven. The tuning frequency of
the microwave antenna 102 may furthermore be detuned with a predetermined
amount from the expected excitation frequency, either 2.45 GHz or 915 MHz, of the

microwave radiation as discussed above.

The food item may comprise a liquid such as milk, water, baby formula, coffee, tea,
juice or other drinkable substances or the food item may be solid or frozen and
comprise bread, meat or a dinner meal. The food item may be arranged in a suitable
container or utensil during heating in the oven chamber such as a cup or plate etc. A
sensory portion of a sensor 108 of the microwave powered sensor assembly 100
may be in physical contact with the food item to measure or detect a physical prop-
erty of the food item during heating/preparation such as a temperature, viscosity,
pressure, colour, humidity, electric conductivity etc. In the alternative, the sensor
108 may operate without physical contact to the food item and instead measure the
physical property of the food item by remote or non-contact sensing e.g. using an
infrared (IR) temperature detector etc. The sensory portion of the sensor 108 may
alternatively measure or detect a chemical property of a food item under heating for
example water content or the presence and/or concentration of certain chemical

agents salt, sugar etc. in the food item.

The skilled person will understand that the sensor may be configured to measure or
detect several different physical properties of the food item and/or one or more
chemical properties. The microwave powered sensor assembly 100 may comprise
multiple individual sensors of different types to measure the different physical prop-

erties and/or chemical properties of the food item.

The microwave antenna 102 generates an RF antenna signal in response to the

excitation by the RF electromagnetic radiation in the oven chamber. The RF anten-
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na signal is electrically connected or coupled to the input of an optional RF power
limiter 104. The RF power limiter 104 is configured to limiting a level such as ampli-
tude, power or energy of the RF antenna signal in accordance with predetermined
signal limiting characteristics of the RF power limiter 104. The RF power limiter 104
thereby produces a limited RF antenna signal Vv at an output of the RF power lim-
iter 104. The predetermined signal limiting characteristics may for example comprise
a linear behaviour at relatively small levels of the RF antenna signal, for example
below a certain threshold level, and a non-linear behaviour above the threshold lev-
el. In this manner, the level of the RF antenna signal and the level of the limited RF
antenna signal may be largely identical for RF antenna signals below the threshold
level while the level of the limited RF antenna signal may be smaller than the level of
the RF antenna signal above the threshold level. Various circuit details and mecha-
nisms to produce different types of signal limiting characteristics of the optional RF

power limiter 104 are discussed below in additional detail.

The RF power limiter 104 of the microwave powered sensor assembly 100 is advan-
tageous because the limiter 104 protects the down-stream dc¢ power supply circuit
106, electrically connected or coupled to the limited RF antenna signal, against
overvoltage conditions created by excessively large power or amplitude of the RF
antenna signal in response to the RF electromagnetic radiation in the oven cham-
ber. These excessive signal input conditions are quite contrary to the operation of
normal wireless RF data communication equipment where the challenge often is to
obtain sufficient RF power to safely transmit or decode data signals modulated onto
the carrier wave. In contrast, the microwave powered sensor assembly 100 will often
be placed very close to the source of the RF electromagnetic radiation in the oven
chamber leading to excessively large voltages and input power of the RF antenna
signal. Furthermore, the strength of the microwave radiation in the oven chamber is
often highly variable through the chamber due to standing waves. These standing
waves lead to the formation of so-called “hot spots” and “cold spots” inside the oven
chamber during operation with highly different field strengths of the microwave ra-
diation. The microwave powered sensor assembly 100 should be configured to at
one hand extract sufficient power from the microwave antenna to ensure proper
operation when positioned in a cold spot and on the other hand be able to withstand

very large amplitude RF antenna signals when the microwave antenna is positioned
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in hot spot. In the latter situation, the RF power limiter 104 ensures that these large
amplitude RF antenna signals are attenuated by reflecting a large portion of the in-
coming RF signal power back to the microwave antenna for emission as discussed

in further detail below.

The dc power supply circuit 106 is configured to rectify the limited RF antenna signal
Vium and extract a dc power supply voltage Vpp therefrom. The dc power supply cir-
cuit 106 may comprise one or more filter or smoothing capacitor(s) coupled to the
output of a rectifying element. Several types of rectifying elements may be used
such as semiconductor diodes or actively controlled semiconductor switch-
es/transistors. In one embodiment, the rectifying element comprises a Schottky di-
ode as schematically indicated on circuit block 106. The one or more filter or
smoothing capacitor(s) serves to suppress voltage ripple and noise on the dc power
supply voltage Vpp and may further serve as an energy reservoir. The energy reser-
voir stores extracted energy for a certain time period and ensures that the dc power
supply voltage remains charged or powered during short drop outs of the RF anten-
na signal as discussed below in additional detail. A power supply terminal or input of
the sensor 108 is connected to the dc power supply voltage Vpp for receipt of operat-
ing power. The sensor 108 may comprise various types of active digital and/or ana-

log electronic circuitry and/or display components that need power to function

properly.

The microwave powered sensor assembly 100 preferably comprises a housing or
casing 110 surrounding and enclosing at least the RF power limiter 104, dc power
supply circuit 106 and sensor 108. The housing 110 may be hermetically sealed to
protect these circuits and the sensor(s) enclosed therein against harmful liquids,
gasses or other contaminants inside the oven chamber. The previously discussed
sensory portion of the sensor 108 may protrude from the housing 110 to allow the
sensory portion to obtain physical contact with the food item. The housing 110 may
comprise an electrically conductive layer or shield, such as a metal sheet or metal
net, enclosing at least the RF power limiter 104 and the power supply circuit 106,
and optionally the sensor 108, against the strong RF microwave electromagnetic

field generated by the microwave oven during operation. The microwave or RF an-
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tenna 102 is placed outside the electrically shielded housing 110 to allow harvesting

of the microwave energy from the microwave radiation or field.

The measured or detected physical property and/or chemical property of the food
item may be indicated to a user of the microwave oven in numerous ways. In certain
embodiments of the microwave powered sensor assembly 100, the latter comprises
a display configured to displaying parameter values or respective parameter values
of the measured physical and/or chemical properties of the food item to the outside
of the microwave oven as discussed in further detail below with reference to FIG. 3.
In alternative embodiments of the microwave powered sensor assembly 100, the
latter comprises a wireless data communication transmitter configured for transmit-
ting the parameter values or respective parameter values of the measured physical
and/or chemical properties of the food item to the outside of the microwave oven as

discussed in further detail below with reference to FIG. 2.

FIG. 2 is a simplified schematic block diagram of a microwave powered sensor as-
sembly 200 for use in industrial or consumer types of microwave ovens (not shown)
in accordance with a second embodiment of the invention. Corresponding elements
and features of the first and second embodiments of the microwave powered sensor
assembly have been assigned corresponding reference numerals to ease compari-
son. The microwave powered sensor assembly 200 comprises a microwave anten-
na 202 which may have identical characteristics to those of the microwave antenna
102 discussed above. An RF antenna signal is electrically coupled to the input of a
RF power limiter 204 which may have identical characteristics to those of the op-
tional RF power limiter 104 discussed above. The output of the RF power limiter 204
is coupled to a dc power supply circuit 206 is configured to rectify a limited RF an-
tenna signal Vy and extract a dc power supply voltage Vpp therefrom as discussed
above in connection with the first embodiment of the microwave powered sensor

assembly 100.

The dc power supply voltage Vpp is coupled to respective power supply terminals or
inputs of a sensor 208, a controller 214 such as a digital processor and an optical
data transmitter 218. Hence, these circuits are connected to the dc power supply

voltage Vpp for receipt of operating power. The sensor 208 may comprise various
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types of active digital and/or analog electronic circuitry and/or display components
that need power to function properly. The digital processor 214 may comprise a
hard-wired digital processor configured to perform various predetermined control
functions of the microwave powered sensor assembly 200. In the alternative, the
digital processor 214 may comprise a software programmable microprocessor
adapted to perform the control functions of the microwave powered sensor assem-
bly 200 in accordance with a set of executable program instructions stored in pro-
gram memory of the software programmable microprocessor. The digital processor
214 may comprise an input port connected to the sensor 208 for receipt of meas-
ured parameter values of the previously discussed physical or chemical properties in
guestion of the food item. A sensory portion of the sensor 208 may be in physical or
sensory contact with the food item to measure or detect the physical property of the
food item during heating/preparation such as a temperature, viscosity, pressure,
colour, humidity, electric conductivity etc. The skilled person will understand that the
measured parameter values may be outputted by the sensor 208 in analog format or
in digital format depending on the characteristics of the sensor 208 and any signal
conditioning circuitry integrated with the sensor. If the parameter values are output-
ted in digital format, the input port of the digital processor 214 may comprise an or-
dinary I/O port or an industry standard data communication port such as 12C or SPI.
If the parameter values are outputted by the sensor 208 in analog format, the input
port of the digital processor 214 may comprise an analog input connected to an in-
ternal A/D converter to convert the received parameter values to a digital format and
create a corresponding data stream or data signal comprising the measured param-
eter values. The optical data transmitter 218 is coupled to a data port of the digital
processor 214 supplying the measured parameter values encoded in a predeter-
mined data format to the optical data transmitter 218 for optical modulation and
transmission to a suitable optical receiver (not shown) arranged at the outside of the
oven chamber. The optical data transmitter 218 may comprise a modulated LED
diode emitting the optical data signal by waves in the visible spectrum or in the infra-
red spectrum. The optical receiver may comprise a photodetector such as a LED.
The digital processor 214 and optical data transmitter 218 may be configured to
transmit the optical data signal continuously, at regular time intervals or at irregular
time intervals during heating of the food item depending on the particular applica-

tion. The microwave powered sensor assembly 200 preferably comprises a housing
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or casing 210 surrounding and enclosing at least the RF power limiter 204, dc power
supply circuit 206, digital processor 214, sensor 208 and optical data transmitter
218. The housing 210 may possess the same properties as the housing 110 dis-

cussed above.

The microwave oven may comprise a glass lid with an inner surface covered by a
metallic net or grid which functions as an EMI shield of the oven to prevent leakage
of the microwave radiation emitted by the oven during operation to the external envi-
ronment outside the oven chamber. The photodetector may be attached directly on
an outer surface of the glass lid of the microwave oven such that the optical data
signal is transmitted through the glass lid to the photodetector. The photodetector
may be placed in an opening of the EMI shield allowing the optical waves carrying
the optical data signal unhindered propagation to the photodetector. The photode-
tector may be electrically or wirelessly coupled to a microprocessor of the micro-
wave oven and transmit the received optical data signal, comprising the measured
parameter values, to the controller of the microwave oven. The microprocessor of
the microwave oven may be configured to use the received parameter values to
control the operation of the microwave oven. In one embodiment, the measured
parameter values of the food item may comprise current temperatures of the food
item and the microprocessor of the microwave oven may be configured to terminate
the heating when the current temperature of the food item reaches a certain target

temperature.

FIG. 3 shows a simplified schematic block diagram of a microwave powered sensor
assembly 300 for use in industrial or consumer types of microwave ovens (not
shown) in accordance with a third embodiment of the invention. Corresponding ele-
ments and features of the second and third embodiments of the microwave powered
sensor assembly have been assigned corresponding reference numerals to ease
comparison. The main difference between the present microwave powered sensor
assembly 300 and the previously discussed microwave powered sensor assembly
200 is that the optical data transmitter 218 has been replaced by a display 312. The
display 312 functions as a parameter indicator for displaying the measured parame-
ter values of the physical or chemical property of the food item to the exterior of the

oven chamber. The display 312 is also powered by a dc power supply voltage Vpp
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generated by a dc power supply circuit 306 of the microwave powered sensor as-
sembly 300. As discussed above, the dc power supply circuit 306 extracts energy or
power from a limited RF antenna signal V. However, the RF power limiter 304 is
an optional circuit and other embodiments of the microwave powered sensor as-
sembly may couple an RF antennal signal directly to the dc power supply circuit 306
without any intermediate RF signal limiting. The display 312 functions as a parame-
ter indicator for displaying parameter values of the monitored physical or chemical
property or properties of the food item to the exterior of the oven chamber. The dis-
play 312 is preferably configured to indicate the measured parameter values with
sufficient size and/or brightness to allow a user to read a current parameter value
through a glass door or lid of the oven during operation of the oven. The display 312
may comprise various types of parameter value indicators such as a LED, multiple
LEDs of different color, a loudspeaker, an alphanumeric display and E-ink paper.
The microwave powered sensor assembly 300 preferably comprises a housing or
casing 210 surrounding and enclosing at least the RF power limiter 304, dc power
supply circuit 306, digital processor 314, sensor 308 and display 312. The housing

210 may possess the same properties as the housing 110 discussed above.

FIG. 4A) shows a simplified electrical circuit diagram of a first exemplary RF power
limiter 204,304 and dc power supply circuit 206,306 suitable for use in any of the
above discussed first, second and third embodiments of the present microwave
powered sensor assembly. The RF power limiter comprises a PIN limiter diode and
a parallel inductor L1. The PIN limiter diode D1 is coupled from the RF antenna sig-
nal to ground of the RF power limiter and presents a variable shunt impedance to
the microwave antenna 202,302 where the shunt impedance varies with a level of
the incoming RF antenna signal. The RF power limiter therefore generates a limited
or attenuated RF antenna signal V| compared to the RF antenna signal produced
at the output of the microwave antenna 202, 302. The limited RF antenna signal V
is applied to the input of the dc power supply circuit 206,306, in particular to a cath-
ode of a rectifying element in form of Schottky diode D,. The parallel inductor en-
sures proper DC biasing of the PIN limiter diode D1. The impedance of the PIN lim-
iter diode is relatively large, for example larger than 1000 ohm, for small levels of the
RF antenna signal and gradually decreases with increasing level of the RF antenna

signal such that the input impedance of the RF power limiter behaves in a corre-
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sponding manner. In one exemplary embodiment, the generator impedance of the
microwave antenna may be about 1000 ohm, the input impedance of the dc power
supply about 200 ohm and the impedance of the PIN limiter diode above 1000 ohm
for small levels of the RF antenna signal. With increasing level of the RF antenna
signal the impedance of the PIN limiter diode may gradually decrease to reach a
value of about 50 ohm or even smaller for large levels of the RF antenna signal.
Hence, the impedance matching between the microwave antenna and the RF power
limiter is gradually deteriorating with increasing level of the RF antenna signal. Con-
sequently, as the level of the RF antenna signal increases an increasing portion of
the RF antenna signal is reflected back to the microwave antenna and emitted
therefrom. Hence, shielding the components of the dc power supply circuit against
excessive RF voltage levels and power levels which could lead to the previously
discussed overvoltage and/or overheating problems for large levels of the RF an-

tenna signal.

FIG. 4B) shows a simplified electrical circuit diagram of a second exemplary RF
power limiter 204,304 and dc power supply circuit 206,306 suitable for use in any of
the above discussed first, second and third embodiments of the present microwave
powered sensor assembly. The RF power limiter comprises a controllable MOSFET
transistor My. The controllable MOSFET My is coupled from the RF antenna signal
to ground of the RF power limiter and presents a variable shunt impedance to the
microwave antenna where the impedance varies in accordance with the level of the
incoming RF antenna signal. However, while the impedance characteristics and
signal limiting characteristics of the PIN limiter diode is fixed by the intrinsic parame-
ters of the PIN diode itself, the signal limiting characteristics of the MOSFET M, can
be accurately controlled by the digital processor 214, 314 by controlling or adjusting
a gate voltage of the gate/control terminal 305 of M. This feature provides consid-
erable flexibility in controlling or adapting the impedance characteristics and there-
with signal limiting characteristics of the present embodiment of the RF power limit-
er. The digital processor 214, 314 may for example monitor the level of dc power
supply voltage Vpp via a suitable input port. The digital processor may be configured
to abruptly or gradually decrease the impedance of M, via adjustment of the gate
voltage of M, in response to the dc power supply voltage Vpp meets a certain criteri-

on for example reaches a threshold voltage. The latter may indicate a nominal DC



WO 2016/162498 PCT/EP2016/057790

10

15

20

25

30

21

voltage of the supply or indicate a fully charged state of the dc power supply circuit
106, 206, 306 such that the amount of incoming power from the RF antenna signal
could advantageously be lowered to avoid the previously discussed potentially
harmful overvoltage conditions in the dc power supply circuit. The digital processor
may control the impedance of My such that it remains substantially constant below
the predefined threshold level and decreases to a smaller impedance above the
threshold level. The smaller impedance of M4 above the predefined threshold level
may either be substantially constant or variable such that the impedance gradually

decreases with increasing dc power supply voltage.

FIG. 5 shows a first exemplary food container 520 which comprises a baby bottle.
The baby bottle contains a portion of infant formula 528. The baby bottle 520 com-
prises an integrated microwave powered sensor assembly 100, 200, 300 in accord-
ance with any of the above embodiments thereof. The baby bottle 520 is designed
for use in consumer type of microwave ovens using 2.45 GHz microwave radiation.
The microwave powered sensor assembly preferably comprises housing or casing
surrounding and enclosing the previously discussed circuits of the integrated micro-
wave powered sensor assembly. The housing may possess the same properties as
the housing 110 discussed above in connection with the first embodiment of the
microwave powered sensor assembly 100. The microwave powered sensor assem-
bly is arranged in a bottom section of a bottle wall 522 of the baby bottle 520. The
bottle wall 522 may comprise polycarbonate and therefore be fairly transparent to
infrared light and/or visible light. A temperature sensor 526 protrudes from the hous-
ing of the microwave powered sensor assembly to achieve physical contact with the
infant formula 528 and measure its current temperature. In the alternative, the tem-
perature sensor 526 may be arranged inside the housing and obtain thermal contact
with the infant formula 528 through a suitable material interface. The microwave
powered sensor assembly comprises a relatively short monopole microwave anten-
na 502. The tuning frequency of the monopole microwave antenna 502 is preferably
somewhat higher than the 2.45 GHz radiation frequency of microwave radiation of
the microwave oven. Hence, the monopole microwave antenna 502 is deliberately
detuned which offers several advantages. The higher tuning frequency of the mono-
pole microwave antenna 502 relative to at tuning at the 2.45 GHz microwave radia-

tion frequency leads to smaller physical dimensions of the monopole microwave
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antenna 502. The smaller physical dimensions leads to smaller dimensions of the
microwave powered sensor assembly and simper integration into the various kinds
of equipment such as the present infant bottle 510. The detuning also decreases the
amount of microwave energy picked-up by the monopole microwave antenna 502
and therefore d ecreases the level of the RF antenna signal level applied to either
the RF power limiter 204, 304 (if present) and to the dc power supply circuit 206,
306. The tuning frequency of the monopole microwave antenna 502 relative to at
tuning at the 2.45 GHz microwave radiation frequency may be at least 50 % higher
leading to a turning frequency of the monopole microwave antenna 502 at or above
3.675 GHz in the present embodiment. The microwave powered sensor assembly
comprises further comprises an optical data transmitter as discussed in connection
with the second embodiment of the microwave powered sensor assembly 200. The
optical data transmitter is configured to emit an optical data signal 530 comprising
measured temperature values of the infant formula 528 as produced by the tem-
perature sensor 526 during heating of the baby bottle in the oven. The optical data
signal 530 may be infrared and has a sufficiently large level or power to penetrate
the bottle wall 522 and penetrate an oven door to reach an optical receiver placed
outside the oven chamber as discussed above. The skilled person will understand
that the optical data transmitter may be replaced by, or supplemented by, a display
such as the display 312 discussed above. The display may indicate the measured
temperature values of the infant formula 528 or simply indicate that a certain pre-
programed target temperature of the the infant formula is reached to the exterior of
the oven chamber. The user may monitor the current temperature of the infant for-
mula by reading temperature indications on the display during heating and interrupt
the oven when a desired temperature is reached. In the alternative, the previously
discussed microprocessor of the microwave oven may be configured to automatical-
ly interrupt the heating of the microwave oven when the desired temperature is
reached. This requires that the optical data signal transmitted by the microwave
powered sensor assembly is coupled to the microprocessor of the microwave oven

via the photodetector mounted on the oven door as discussed above.

FIG. 6 shows a second exemplary food container 620 for example in the form of a
baby bottle. The food container 620 comprises a microwave powered sensor as-

sembly 600 in accordance with any of the above described embodiments 100, 200,
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300 thereof. The microwave powered sensor assembly 600 is partially, or fully, em-
bedded in a wall section 622 of the container material or possibly other container
sections. The microwave powered sensor assembly 600 may have been embedded
in the wall section 615 of the food container 620 using manufacturing techniques
such as injection moulding or by overmoulding. The food container 620 may com-
prise various types of injection moulding compatible materials. A sensor 626, for
example a temperature sensor or a chemical sensor, of the microwave powered
sensor assembly 600 is arranged to obtain physical contact with a food item 628
(e.g. baby formula) held in the food container 620. The zoomed drawing section 650
of the wall section 622 surrounding the microwave powered sensor assembly 600
illustrates how the sensor 626 at least partly protrudes to the outside of inner sur-

face of the wall material to obtain physical contact with the food item 628.

FIG. 7 shows an exemplary temperature probe 740 comprising a microwave pow-
ered sensor assembly according to any of the previously-discussed embodiments
100, 200, 300 thereof. The temperature probe 740 possesses numerous uses and
may for example be inserted into a food item 728 held in a food container 720 such
as a cup, bottle etc. in connection with microwave heating of the food item 728. The
microwave powered sensor assembly comprises a main portion 700 and a sensor
portion 726 arranged physically separate from the main portion 700. The separate
sensor portion 726 may be electrically connected to the main portion 700 via one or
more electrical conductors or wires. Alternatively, the sensor portion 726 and main
portion 700 may be connected via a wireless data communication link. The micro-
wave powered sensor assembly is preferably enclosed or arranged within a housing
or casing 734 of the temperature probe 740 for example an elongate cylindrical
housing to facilitate end user manipulation and handling. The temperature probe
740 may be inserted in the food item 728 during use such that at least the sensor
portion 726 is embedded in the food item 728 to accurately measure the relevant
physical and/or chemical properties of the food item 728 during its heating in the

microwave oven chamber.
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CLAIMS

1. A microwave powered sensor assembly for microwave ovens, comprising:

a microwave antenna having a predetermined tuning frequency for generating an
RF antenna signal in response to microwave radiation at a predetermined excitation
frequency,

an RF power limiter coupled to the RF antenna signal for limiting an amplitude or
power of the RF antenna signal in accordance with predetermined signal limiting
characteristics to produce a limited RF antenna signal,

a dc power supply circuit coupled to the limited RF antenna signal and configured to
rectify the limited RF antenna signal and produce a power supply voltage,

a sensor connected to the power supply voltage and configured to measure a physi-

cal or chemical property of a food item under heating in a microwave oven chamber.

2. A microwave powered sensor assembly according to claim 1, wherein the RF
power limiter comprises a variable impedance circuit connected across the RF an-
tenna signal;

wherein the variable impedance circuit is configured to exhibit a decreasing input
impedance with increasing amplitude or power of the RF antenna signal at the pre-
determined excitation frequency to decrease a matching between the input imped-

ance of the power limiter and an impedance of the microwave antenna.

3. A microwave powered sensor assembly according to claim 1 or 2, wherein the
variable impedance circuit is configured to:

exhibit a first substantially constant input impedance at power levels of the RF an-
tenna signal below a threshold level; and

exhibit a gradually decreasing input impedance at power levels of the RF antenna

signal above the threshold level.

4. A microwave powered sensor assembly according to claim 2 or 3, wherein the
variable impedance circuit comprises a PIN limiter diode or a controlled FET transis-

tor.
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5. A microwave powered sensor assembly according to any of the preceding claims,
wherein the power supply circuit comprises one or more RF Schottky diode(s) for

rectification of the limited RF antenna signal.

6. A microwave powered sensor assembly according to any of the preceding claims,
wherein the predetermined tuning frequency of the microwave antenna deviates
from the predetermined excitation frequency (915 MHz or 2.45 GHz) of the micro-

wave radiation by more than +50 % or more than -33 %;

7. A microwave powered sensor assembly according to claim 6, wherein the prede-
termined tuning frequency of the microwave antenna is at least 50 % higher than the
predetermined excitation frequency (915 MHz or 2.45 GHz) of the microwave radia-

tion.

8. A microwave powered sensor assembly according to any of the preceding claims,
wherein the microwave antenna comprises at least one of: {a monopole antenna, a

dipole antenna, a patch antenna}.

9. A microwave powered sensor assembly according to any of the preceding claims,
wherein a generator impedance of the microwave antenna is at least two times larg-
er than an input impedance at the RF power limiter at the predetermined excitation

frequency of the microwave radiation in the oven chamber.

10. A microwave powered sensor assembly according to any of the preceding
claims, comprising an electrically conductive housing, such as a metal sheet or met-
al net, enclosing and shielding at least the RF power limiter and the power supply

circuit against the microwave electromagnetic radiation.

11. A microwave powered sensor assembly according to any of the preceding
claims, further comprising:

- a digital processor coupled to the power supply voltage for receipt of operating
power;

- wherein the digital processor is coupled to the sensor via an input port for receipt

of parameter values of the measured physical or chemical property of the food item.
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12. A microwave powered sensor assembly according to claim 11, further compris-
ing:

- an optical data transmitter coupled to the digital processor for receipt and optical
transmission, to the exterior of the oven chamber, of the parameter values of the

measured physical or chemical property of the food item.

13. A microwave powered sensor assembly according to any of the preceding
claims, comprising a parameter indicator for displaying parameter values of the
monitored physical or chemical property of the food item to the exterior of the oven
chamber;

wherein the parameter indicator comprises at least one indicator selected from {a

LED, multiple LEDs of different color, a loudspeaker, an alphanumeric display, E-ink

paper}.

14. A food container comprising a microwave powered sensor assembly according
to any of the preceding claims;
wherein a sensor of the microwave powered sensor assembly is arranged to obtain

physical contact or sensory contact with a food item of the food container.

15. A food container according to claim 14, wherein the microwave powered sensor
assembly is partially or fully embedded in a wall section, lid section, or bottom sec-

tion of the food container.

16. A food probe comprising a microwave powered sensor assembly according to

any of claims 1-13.

17. A method of monitoring at physical or chemical properties of a food item in con-
nection with heating in a microwave oven, said method comprising steps of:

a) placing a sensor of a microwave powered sensor assembly according to any of
claims 1-13 in physical contact or sensory contact with the food item,

b) positioning the food item inside an oven chamber of the microwave oven,

c¢) activating the microwave oven to produce electromagnetic radiation at a prede-
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termined excitation frequency inside the oven chamber thereby irradiating and heat-
ing the food item; and at least one additional step of:

- displaying a parameter value of a measured physical or chemical property of the
food item on the microwave powered sensor assembly;

- transmitting a parameter value of the physical or chemical property of the food item
via a wireless data communication link to a wireless receiver arranged outside the

oven chamber.

18. A method of monitoring physical or chemical properties of a food item according
to claim 17, wherein the wireless data communication link comprises an optical data

transmission channel.
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