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WIRELESS LIQUID QUANTITY MEASUREMENT SYSTEM

BACKGROUND

In typical aircraft, the amount of fuel stored in the fuel tank of the aircraft is measured
using multiple wired capacitive probes that arc immersed within the fuel tank. Each capacitive
probe 1s coupled to a wire that extends from the top of the probe and travels some distance within
the fuel tank before exiting the fuel tank through a bulkhead. The portion of wire within the fuel
tank is of key concern as it may provide an enirance pathway for lightning currents.

To reduce the risk of lightning currents entering the fuel tank through the wire
coupled to a capacitive probe, various safety-related clectrical circuits and components are used.
However, these safety-related circuits and components add weight to the aireraft, which conflicts
with the perpetual goal in the aerospace industry to reduce atrcraft weight, In addition, there are
additional costs associated with the installation, maintenance and inspection of these
components.

1t is with respect to these and other considerations that the disclosure made herein is

presented.

Technologies are described herein for wirelessly measuring liquid quantity in an
enclosure. Through the utilization of the technologics and concepts presented herein, the
guantity of liquid contained in an enclosure may be measured wirelessly using clectromagnetic
waves. The technologics roay be utilized to wirelessly measure the quantity of fuel stored ina
fuel tank of an aircraft using clectromagnetic waves. In this manner, no wires extend within the
fuel tank, thereby ehiminating the risk of a lightning current entering the fuel tank. As a vesult,
gverall aircraft safety can be improved.

According to various aspects, a method for measuring hiquid quantity s disclosed
herein. An incident electromagnetic wave is transmitted within a conductive enclosure. Une or
more rehbound electromagnetic waves that correspond to the incident electromagnetic wave are
received. A transfer function corresponding to the rebound electromagnetic waves is measured
and a quantity of liquid stored i the enclosure is calculated based on the measured transfer
function. In some embodiments, the transter function may be correlated to the time delay
between the transmitting an incident clectromagnetic wave and receiving a reflected
clectromagnetic wave corresponding to the incident electromagnetic wave. Farther, the transfer
function may be geometry specific. What this means is that the transfer function corresponding

1
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to the rebound clectromagnetic waves way vary based on the depth of the liquid and the
distances between the air/liquid boundary and the transmitter and receiver, respectively.

According to further aspects, a wireless liquid quantity measuring system includes a
conductive enclosure configured to store a liguid. A transmifter transmits incident
clectromagnetic waves within the conductive enclosure and a receiver receives rebound
electromagnetic waves corresponding to the incident electromagnetic waves. A transfer function
module measures a transfer function corresponding to the rebound clectromagnetic waves and a
hguid quantity calculating module utifizes the measured transfer function to calculate Hgquid
quantity. According to embodiments, the liquid guantity is calculated by matching the measured
transfer function to a set of known travsfer functions having corresponding Higuid quantities. The
sct of known transfer functions may be determined during a calibration process.

According to further aspects, a system for measuring liquid quantity iocludes a
conductive enclosure configured to store a lignid. The conductive enclosure has an outer surface
and an inner surface separated by a conductive barrier.  An outer inductive coil 1s positioned on
the outer surface and receives power from a liquid quantity measurement controller. An inner
mductive coil is positioned in such a manner that the outer inductive coil and the nner inductive
coil are inductively coupled and separated by the conductive barrier. Power and data signals are
transmitted from the outer inductive coil, through the conductive barrier, to the inner inductive
coil. The inner mductive coil 18 coupled to a wireless hub, which wirelessly provides power and
data signals to a liquid quantity measurement assembly that is configured to determine the Hquid
guantity of the hiquid stored in the conductive enclosure.

it should be appreciated that the above-described subject matter may also be
wmpleroented in various other erobodiuents without departing from the spirit of the disclosure.
These and various other features will be apparcnt from a reading of the following Detailed
Description and a review of the associated drawings.

This Summary is provided to introduce a selection of concepts in a simplified form
that arc further described below 1n the Detailed Description.  This Summary 1s oot intended to
wdentify key features or essential features of the claimed subject matter, nor 1§ it intended that this
Summary be used to limit the scope of the claimed subject matter. Furthermore, the claimed
subject matter is not brotted to implementations that solve any or all disadvantages noted in any

part of this disclosure.
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BRIEF BESCRIPTION OF THE BRAWINGS

FIG. 1 is a diagram illustrating one tmplementation of wirelessly measuring liquid
guantity in an enclosure, in accordance with some embodiments described herein;

FIG. 2 is a diagram illustrating another implementation of wirclessly measuring Hguid
quantity in an enclosure, in accordance with sorac ernbodiments described herein;

FIG. 3 is a diagram illustrating one implementation for wirelessly transmitting power
into an enclosure, in accordance with some embodiments described herein;

FIG. 4 is a perspective diagram illustrating one view of the implementation shown in
FIG. 2, in accordance with some embodiments described herein; and

FIG. S 18 a flow diagram Ulustrating a process of wirelessly measuring liguid quantity

inn an enclosure, in accordance with some embodiments described herein.

BETAILED DESCRIPTION

Technologics are described herein for wirclessly rocasuring liguid quantity in an
enclosure. As briefly described above, fuel stored in a fuel tank of an aircraft can be measured
wirclessly using clectromagnetic waves. In this manner, no wires may extend within the fuel
tank, thereby elimunating the risk of a lightning current eutering the fuel tank and imaproving
gverall aireraft safety.

Generally speaking, the present disclosure provides technigues for calculatimg hguid
quantity by measuring a transfer function corresponding to clectromagnetic waves being
received within a conductive enclosure.  According to embodiments, one or more incident
electromagnetic waves are tfransmitted towards the air/liquid boundary. When incident
electromagnetic waves interact with the atr/liquid boundary, the incident electromagnetic waves
may transmit through and/or reflect off of the aivliquid boundary due to an impedance mismatch
at the air/liquid boundary. In this scnse, the incident clectromagnetic wave splits into its
reflected and transmutted components. These reflected and transmitted componeuts are also
clectromagnetic waves, which may then reflect off of the walls of the conductive enclosure.
Fach time an wmeident and/or component clectromagnetic wave interacts with a boundary,
whether i is aw/liguid, ai/wall, or Lguid/wall, the clectromagnetic wave undergoes a
corresponding phase shift. Some, but not sl of the mitially launched incident electromagnetic
waves arrive at the receiver, where the component waves corresponding to the incident
electromagnetic waves coherently add. Due to the corresponding phase shifts of the coraponent

waves, which as described above, are dependent on the frequency of the electromagnetic wave
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and the geowmetry of the couductive enclosure and the liquid stored within the conductive
enclosure, a unique response is obtained at the receiver.

The unique respouse obtained at the recerver antenna may be represented as a transfer
function, which s derived from the coberent summation of the component waves. Transfer
functions are highly dependent on geometry. The aiv/ligmd boundary in the conductive
enclosure acts as a continnously varying boundary, which affects the transfer function. Changes
in the transfer function indicate a change in the position of the air/hquid boundary, which is
essentially a change in the liguid quantity. Accordingly, by measuring changes in the transfer
function, liquid quantity stored in the conductive enclosure can be calculated.

According to some embodiments, incident electromagnetic waves may be transmitted
towards the air/liquid boundary at a number of discrete frequencies over a specific bandwidth.
The incident electromaguetic waves may be scattered upon ioteracting with the aw/hgquid
boundary, thereby producing corresponding reflected and transmitted component waves. The
scattered component waves may eventually be recetved by the recetver and coherently added,
resulting tn the measurement of a transfer function. It should be understood that based on the
geometry of the ai/liquid boundary, the characteristics of the components waves may vary.
Accordingly, as the geometry of the aiwr/hiquid boundary changes, the characteristics of the
component waves vary such that when the coroponent waves are coherently added, a transfer
function may be obtained that s unique to the particular geometry of the at/liquid boundary. In
this way, by measuring the transfer function, the liquid quantity can be calculated.

In aliernate embodiments, an incident electromagnetic wave may be transrortted
towards the atr/lignid boundary and a dominant reflected electromagnetic wave corresponding to
the incident electromagnetic wave may be received after a time delay. This time delay
corresponds to the time taken for the incident electromagnetic wave to interact with the air/liquid
boundary and produce a dominant reflected component wave that is recetved at the receiver. The
distance between a transceiver transmitting the incident electromagnetic wave and receiving the
corresponding retlected cornponent wave, and the surface of the higuid affects the time delay.
Using frequency or time domain reflectometry, a transfer function correspoudivg to the time
delay between the incident clectromagnetic wave being transmitted by the transceiver and the
reflected cormponent wave being received 18 measured. By measuring the time delay, the
quantity of liquid stored in the enclosure can be calculated.

In the following detailed description, references are voade to the accompanying

drawings that form a part hereof, and that show by way of illustration, specific embodiments or
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examples.  Referring now to the drawings, in which hike vumerals represent like elements
through the several figures, technologies for wirclessly measuring liquid quantity in an enclosure
according to the various embodiments will be described.

FIG. 1 is a diagram illustrating one implementation for wirelessly measuring hquid
quantity in an enclosure, 1 accordance with some embodiments described herein. In particular,
FIG. 1 shows a cavity environment 100 that includes a conductive enclosure 110 for storing a
hiquid 112, The conductive enclosure 110 18 made from materials that conduct clectromagnetic
waves. In this way, electromagunetic waves that are trausmitted within the conductive enclosure
are rebounded off of the surfaces of the conductive enclosure. Examples of such materials
wclude, but are vot limnited to, metals and carbon fiber reinforced plastic (CFRP). According to
one implementation, the conductive enclosure 110 18 an aircraft fuel tank that is configured to
store fuel. It should be appreciated that the revoaining volame of the conductive enclosure 110
may be occupied by air 114, Further, an air/liquid boundary 116 may cxist at a surface of the
tiquid 112 that is exposed to the air 114,

According to embodiments, the cavity environment 100 may include an interrogation
assembly 120 that may be configured to continuously or periodically determine the quantity of
hiquid stored in the conductive enclosure 110, According to embodiments, the interrogation
asseraobly 120 may include a wireless transmitter 130, a wireless receiver 1440, an interrogation
module 122, a transfer function module 124, a liquid quantity calculating modale 126, and a
wircless antenna 128, According to cmbodiments, the interrogation assembly 120 may be
located within the conductive enclosure 110 or outside of the conductive enclosure 110, In some
cmbodiments, only the transmitter 130, the wircless receiver 140, and the wireless antenna 128
may be positioned within the conductive enclosure 110, while one or more of the interrogation
modie 122, the transfer function module 124 and the liquid quantity calculating module 126
may be located outside of the conductive enclosure 110, In this way, all of the processing that
may occur to determine the calculated hiquid quantity may be performed by a computer that may
be remotely located but in communication with the wircless transmitter 130 and the wireless
receiver 140 via the wireless antenna 128, However, as shown i FIG, 1, all of the coraponents
of the interrogation assembly 120 may be positioned within the conductive enclosure 110.

In various implementations, the interrogation assembly 120 may be configured to
continuously determine the quantity of liguid stored in the conductive enclosure 110 or
alternately, be configured to deterrone the quantity of liquid stored in the conductive enclosure

110 upon receiving a request.  In some embodiments, the inferrogation assembly 120 may

h



(9]

10

5

25

WO 2012/082296 PCT/US2011/061078

receive a request via the wireless antenna 128, In any event, when the mterrogation assembly
120 is to determine the quantity of liquid stored in the conductive enclosure 110, the
mterrogation module 122 may be configured to send a control signal to the transmitier 130 to
transmit incident electromagnetic waves within the conductive enclosure.

The transmitter 130 may be configured to transmoit incident electromagnetic waves
that interact with the air/liquid boundary 116 and the conductive enclosure 110, According to
some erabodiments, the interrogation module 122 may cause the transroitter 130 to transmit
incident clectromagnetic waves towards the air/liquid boundary 116 at a number of discrete
frequencics over a specific bandwidth. Alternately, the interrogation module 122 may cause the
transmitter 130 to trapsmit multiple identical wmcident electromagnetic waves fowards the
air/liquid boundary 116 having the same wave characteristics for redundancy purposes.

The ncident electromagnetic waves 132 way be spht into reflected, transmitied, and
refracted component waves upon interacting with the air/liquid boundary. According to one
example embodiment shown 1o FIG. 1, the incident electromagoetic wave 132 may be splitinto a
reflected component wave 142A, a transmitted wave 1428, a refracted wave 142, and a
reflected wave 142N, amongst others, which are generally referred to as compounent waves 142,
As a result, the interaction of the incident electromagnetic wave 132 with the air/liquid boundary
116 may create roultiple combinations of coraponent waves 142, which may eventually make
their way to the receiver 140. The receiver 140 way be counfigured to receive the multiple
component waves 142 and coherently add them at the receiver 140. It should be appreciated that
reflected, transmitted and refracted component clectroroagoetic waves 142 may geoerally be
referred to herein as rebound electromagnetic waves 142,

According to evobodiments, the jucident electromagnetic wave 132 way have
particular wave characteristics, such as a particular amplitude, frequency and phase. The
rebound clectromagnetic waves 142 corresponding to the incident clectrornaguctic waves 132
also have corresponding wave characteristics that may change based on the guantity of Hquid
stored within the conductive enclosure 110.  This 1s because the level of the hiquid changes as
the hquid quantity changes. As the hquid guantity changes, so does the relative phase and
amaplitude of all the rebound clectromagnetic waves 142 being received by the receiver 140,
Thus as the liguid quantity changes, the travsfer functhion measured at the receiver 140 also
changes, providing a unique transfor function corresponding to a particular liquid quantity.

According to the froplementation shown in FIG. 1, the receiver 140 way be

configured to receive the rebound electromagnetic waves 142 corresponding to the incident
B B
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clectromagnetic waves 132 that are directed towards the receiver 140, The rebound
electromagnetic waves 142 are then provided to the transfer function module 124, The transfer
function module 124 may receive the wuliiple rebound electromagnetic waves 142 from the
receiver 140, The transfer function module 124 may further be configured to measure a transfer
function , which may be unique for a particular hquid quantity,

it should be appreciated that the rebound electromagnetic waves 142 may vary based
on the geometry of the conductive enclosure 110, In particular, at different liquid depths, the
air/liquid boundary 116 may cause the incident electromagnetic waves 132 to reflect and/or
refract differently.  As such, the characteristics of the rebound electromagnetic waves 142 will
vary with changes i liguid depths. 1o this way, the rebound electromagnetic waves 142 that are
received by the receiver 142 will have characteristics that were affected by the depth of the
Heuid.

As mentioned above, the transfer function module 124 may measure a transfer
function by coberently adding the componeut electromagnetic waves 142A and 142B. In some
embodiments, the transfer function module 124 may be configured to construct a received power
profile representing the coherent summation of rebound clectromagnetic waves. The received
power profile may be constructed over a range of frequencies at which the incident
clectromagnetic waves 132 are transmitted within the conductive enclosure 110, The transfer
function module 124 may then correlate the received power profile 1o a corresponding transfer
function, which is then measured by the transfer function module 124,  According to
erabodiments, the trausfer function roay be measured 1o the frequency or time domain. Upon
measuring the transfer function, the transfer function module 124 provides the measured transfer
function to the liquid goantity calculating module 126, which then calcunlates the liguid quantity
based on the measured transfer function.

According to crobodirnents, the liquid quantity calcnlating module 126 may calculate
the liguid quantity from the measured transter function by utilizing a sct of data points, such as a
set of known time delays that were previously deterrained through a calibration process. In the
calibration process, incident electromagnetic waves, such as the ncident electromaguetic wave
132 having particular wave characteristics, are transmitted and a corresponding transfer function
measured at the receiver 140 is recorded for a first liquid guantity. The calibration process is
repeated for different liquid quantities until a large set of data points are determined for a range

of liquid quantities.
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Further, due to the various factors that may affect the transfer functions, multiple
incident clectromagnetic waves 132 may be transmitted at cach lquid quantity. In this way, data
points that are incousistent with the majority roay be ignored. Once the cavity envivonment 100
is calibrated over a wide range of liquid quantity levels, the calibration data is stored and made
available to the hquid quantity calculating module 1260 Accordingly, during operation, the
actual liquid quantity of the conductive enclosure 110 can be calculated by comparing the
measured transfer function with the calibrated set of liquid quantity levels. Upon determining
that the transfer function measured at the receiver 140 matches or is similar to a transfer function
corresponding to an entry in the calibrated set of liquid levels, the liquid guantity corresponding
to the matched transfer function 1s determined.

The cavity environment 100 may also include an inductive power and data assembly
160, which may be configured to wirelessly receive power from outside the conductive enclosure
110, According to embodiments, the inductive power and data assembly 160 may be configured
to provide power and data signals to the interrogation asserobly 120 wirelessly. To some
implementations, the wireless antenna 128 of the interrogation assembly may be configured to
wirclessly coromunicate with the inductive power and data assembly 160, According to
embodiments, the data signals may include requests to wirelessly measure the liquid quantity of
the conductive cnclosure 110, Additional details regarding the mductive power and data
asserubly will be provided herewn with vrespect to FIGS. 3 and 4.

Referring now to FIG. 2, a diagram illustrating another implementation for wirclessly
measuring hquid quantity in an euclosure 18 shown. In particular, FIG. 2 shows a slotted
waveguide environment 200, which has a similar configuration to the cavity environment 100.
The slotted waveguide environment 200 may nclude the conductive enclosure 110 that may
inchade the fiquid 112, Space not occupied by the liquid may be sccupied by air 114, Moreover,
the air/liquid boundary 116 may cxist at the surface of the Hquid 112 that 18 exposed to the air
114,

Unlike the cavity cnvironment 100, the slotted waveguide cnvironment 200 may
wclude a slotted waveguide 250, A waveguide may be any structure configured o gwde
clectromagnetic waves. An example of a waveguide may be a holiow metal tube. A slotted
waveguide is a waveguide that has one or more slots positioned such that when the slotted
waveguide is positioned in an enclosure, such as the conductive enclosure 110, the liquid stored
n the enclosure may enter the slotted waveguide. In the implementation shown fn FIG. 2, the

slotted waveguide 250 is configured to allow the liquid 112 to enter the slotted waveguide 250
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and assume a hquid depth level that is equal to the liquid depth level of the bquid surrounding
the slotted waveguide 250.

Siumilar to the cavity environmeunt 100, the slotted waveguide envirournent 200 ay
also include an interrogation assembly 220 that is similar to the interrogation assembly 120, The
mterrogation assembly 220 may also nchude the interrogation module 222, which operates
similar fo the interrogation module 122, The interrogation assembly 220 may cause the
transceiver 240 to transmut incident clectromagnetic waves 242 towards the aiv/liquid boundary
116. The transceiver 240 may receive the rebound electromagnetic waves 244 corresponding to
the incident electromagnetic waves 242,

ln addition, the interrogation assembly 220 may also juclade a transfer function
module 224 that is configured to determine a transfer function corresponding to the received
electromagnetic waves. As the liquid depth level changes, the distance between the transceiver
240 and the air/liquid boundary 116 also changes. Accordingly, the liquid quantity may be
calculated by determining a transfer function that corresponds to the travel time taken for the
incident electromagnetic wave 242 to reflect off the air/liquid boundary and be received by the
transceiver 240, According to embodiments, the travel time may be represented as a transfer
function and may correspond to a particular distance between the transceiver 240 and the
air/liquid boundary 116, Upon determining the distance between the transcetver 240 and the
air/liquid boundary 116, the liquid guantity can be calculated.

In order to determine the liquid quantity from the travel time, the slotted waveguide
environment 200 may be calibrated. In the calibration process, the fravel time for an meident
clectromagnetic wave, such as the incident clectromagnetic wave 242 to be transmitted and
received as a rebound electromagnetic wave 244 may be determined for a large set of hquid
fevels ranging from a liquid level corresponding to an empty tank to a lignid level corresponding
to a full tank.

Ouce the slotted waveguide environment 200 is calibrated over a wide range of hquid
quantitics, the actual hquid guantity of the conductive enclosure 110 is determined by comparing
the rocasured transter function with the calibrated set of Hguid quantities. Upon determining that
a transfer function measured at the receiver 140 matches or is similar to a transfer function
corresponding to the calibrated set of liquid quantities, the hqud quantity corresponding to the
matched known transfer function is calculated.

According to some erobodiments, a reflective float 230, such as a metallic float may

be positioned within the slotted waveguide such that the reflective float 230 floats on the
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air/liquid boundary 116, The reflective float 230 may be configured to increase the sensitivity of
the slotted waveguide environment by providing a reflective surface from which the incident
electromagnetic wave 242 may reflect back to the transceiver 240 while increasing the inteusity
of the electromagnetic wave reflected back to the transceiver 240,

In addition, the slotted waveguide environment 200 may also include the inductive
power and data assembly 160. As described above, the inductive power and data assembly 160
may be configured to provide power and data signals to the interrogation assembly 220
wirelessly.

FIG. 3 is a diagram tllustrating onc implementation for wirclessly transmitting power
mto an enclosure, i accordance with some embodiments described herein, In particular, FIG. 3
shows an inductive power and data assembly 160 configured to wirclessly transmit power and
data from outside the conductive enclosure 110 to within the conductive enclosure 110,

The inductive power and data assembly 160 may include an outer inductive coil 312A
that may be attached to an outer wall 302 of a portion of the conductive enclosure 110 and an
inner inductive coil 314A that may be attached to an ioner wall 304 of the portion of the
conductive cnclosure 110, The portion of the conductive enclosure 110 may be & conductive
barrier 310, such as a metal, CFRP, or a material configured to conduct electromagnetic waves.
It should be appreciated that a metal conductive barrier may be treated to nunimize the cffects of
eddy currents that may adversely affect the trausfer of electromagnetic fields across the surface.
The outer inductive coil 312A and the inner inductive cotl 314A may be inductively coupled
such that power and data bewng supplied to the outer inductive cotl 312A through wires 316 may
be induced across the inner inductive coil 314A through the conductive barrier 310, It should
be appreciated that the induced power and data signals may be jnduced at low frequencies. By
selecting lower frequencies of operation, such as frequencies i the lower MHz range, power and
data signals may be transmitied through the conductive barrier 310 to the mner mductive coil
314A.

A wireless hub 320A may be coupled to the mner mductive coil 314A inside the
conductive enclosure 110, The wircless hub 320A way nclude electronics 322A, wncluding a
rectification circuit for rectifying and storing the induced power. Further, the clectronics 322A
may nclude a dowu-up converter that roay be configured to convert the low frequency fnduced
signals at the inner inductive coil 314A to higher frequency radio frequency (RF) microwaves.

One reason for upconverting the low frequency induced signal o a higher frequency RF cartier
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signal may be to propagate the power and data signals o various components, such as the
interrogation assembly 220 within the conductive enclosure 110

Referring now to FIG. 4, a perspective diagram illustrating one view of the
implementation shown in FIG. 2 is described herein.  In particular, a wireless hquid quantity
measuring system 400 may include a conductive enclosure 410, similar to the conductive
enclosure 118, According to embodiments, the wireless liquid quantity measuring systern 430
may nclude multiple slotted interrogation assernblies 2204, 220N communicating wirclessly
with respective inductive power and data assemblies 320A, 320N, generally referred to herein as
a inductive power and data assembly 320. Each inductive power and data assermbly 320 may
wclude a pair of indactively coupled induction coils. The pair of inductively coupled induction
coils may include an outer induction cotl, such as the outer induction coils 312A, 312N that may
be attached to the outer wall of the conductive enclosure 410, Moreover, the pair of inductively
coupled induction coils may also include an inner induction cotl, such as the inner induction coils
314A, 314N that may be attached to the inner wall of the conductive enclosure 410 in such as
way that the outer induction coil 3124, 312N is inductively coupled to the respective inner
mduction coil 314A, 314N, In this way, power and data signals roay be transmitted from within
the conductive enclosure 410 to outside the conductive enclosure 410 and vice versa without the
use of any wires extending within the conductive enclosure 410,

In addition, the wireless ligoid quantity measuring system 400 may also melude the
interrogation assemblics 220A, 220N, generally referred to herein as interrogation assembly 220
Fach interrogation assembly 220 may be counfigured to calculate the Hquid guantity within a
respective slotted waveguide 250 to which the interrogation assembly 220 is communicatively
coupled.  As described above with respect to FIG. 2, the iuterrogation assembly 220A wmay
inchade the transcetver 240, which may be configured to transmit incident electromagnetic waves
towards the air/liquid boundary 116 within the slotted waveguide 250 and reccive rebound
clectromagnetic waves corresponding to the incident electromagnetic waves. The interrogation
asserobly 220 may further nclude the mterrogation module 222 that is configured to cause the
transceiver 240 o transmit interrogation signals, such as wncident clectromagnetic waves within
the slotted waveguide 250. The interrogation module 222 may further be configured to cause the
transceiver 240 to receive the interrogation signals, such as the reflected electromagnetic waves
and measure a transfer function corresponding to the travel time for an incident electromagnetic
wave to reflect off the aiv/liquid boundary 406 and be received by the transceiver 240, Once the

rebound electromagnetic waves are received by the receiver, the transfer function module 224 of
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the interrogation assembly 220 may measure a transfer function corresponding to the received
rebound clectromagnetic waves. Once the transfer function module 224 has measured the
trausfer function, the liguid quantity calculation wodule 226 may calculate the liquid quantity
based on the measured transfer function by comparing the travel time to a set of calibrated data
points. Once the hquid guantity s calculated by the hiquid guantity calculation module 226, the
interrogation assembly 220 may send a RF data signal to a respective inductive power and data
assembly, such as the inductive power and data assembly 160 indicating the calculated hquid
quantity data.

As described above with respect to FIG. 3, the inductive power and data assembly
160 may include a wireless hub, such as the wireless hub 3204, which may be configured 1o
receive the calculated higuid gunantity data from the interrogation assembly 220A. In addition, a
second wireless hub 320N may be couofigured to communicate with another interrogation
assembly, including the interrogation assembly 220N, In alternate embodiments, the wireless
bub 320A may be configured to communicate with multiple interrogation assemblies 220. Upon
receiving the calculated hquid quantity data, the wireless hub 320A may cause the up-down
converter of the inductive data and power asscrably 160 to convert the RF data signal to a low
frequency signal. Once the RF data signal is converted to a low frequency signal, the wireless
hub 320A may cause the mner inductive coil 314A to transmit the low frequency signal to the
outer tnductive coil 312A, frova where the low frequency signal containing the hqud quantity
data may be transmitted to a liquid quantity measurement controlier 450,

It should be appreciated that the functionahty of the mterrogation assembly 220N
may be identical to the functionality of the interrogation assembly 220A. By trying to determine
the hquid quantity at multiple places within the conductive enclosure 410, a wore accurate
reading of the liquid quantity may be determined. This may be particularly useful in applications
where the hquid may not be stationary. For instance, the conductive enclosure 410 may be a fuel
tank of an aircraft. During flight, the fuel may move around causing ripples at the fuel/air
boundary. In such situations, measuring the fuel guantity at multiple locations within the fuel
tank may reduce the possibility of calculating the fuel quantity incorrectly.

In addition, the liquid quantity measurcment controller 450 may be configured to
comrounicate with the inferrogation assemblies 220 within the conductive enclosure 410, o
particular, the Hguid quantity measurement controlier 450 may be configured to transmit power
from outside the conductive enclosure 410 to the coroponents within the conductive enclosure

410 via the inductively coupled induction coils, such as the induction coils 3124, 312N, 314A,
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314N, Moreover, the hiqud quantity measarement controller 450 may also be able to provide
data signals that may include control signals indicating requests to calcunlate liquid quantities.
The wireless hquad measurement controller 450 way be able to send individual power signals
and/or control signals to particular interrogation assemblies 220. Further, the liquid quantity
measurement controller 450 may alse reccive data signals including hquid quantity data
indicating the quantity of liguid within cach of the slotted waveguides 250. It should be
appreciated that the liguid quantity measureraent controller 450 may also be imaplemented in a
wireless liquid quantity measuring system that may utilize the cavity environment 100, which is
described above with respect to FIG. 1, for measuring liquid guantity within conductive
enclosure, such as the conductive enclosure 110, In soroe embodiments, the liquid quantity
measurement controlier 450 may communicate liquid quantity measurement data with a liquid
guantity indication system 460 that may be responsible for displaying the arsount of iguid stored
in the enclosure 410, In atrcraft implementations, the liguid quantity indication system 460 may
be a tuel guantity indication systern utithzed to calculate and display the amount of fuel stored in
the fuel tanks of the aircraft. According to some embodiments, the fuel quantity indication
system may be in the aircraft clectrical equipment (EE) bay.

FIG. 5 is a flow diagram illustrating a process of wirclessly measuring liguid quantity
in an enclosure, in accordance with some embodirents. [t should be appreciated that the logical
operations described herein may be performed by specifically programmed computing devices
and/or analog or digital circuitry depending on the implementation. It should also be appreciated
that more or fewer operations may be performoed than shown 1o the figures and described herein.
These operations may alse be performed in a different order than those described herein.

Routine 500 begios at operation 502, where the hquid quantity measureroent
controlier 410 may send power and data signals to an outer inductive coil 312A. The power and
data signals may be sent to the outer inductive coil 312A via wires 315, According to
embodiments, the power and data signals may be low frequency signals so that the power and
data signals may be transmitted through the conductive enclosure 110, From operation 502, the
routine 500 proceeds to operation 504, where the power and data signals are travsmitied through
the conductive barrier to an inner inductive coil. The conductive barrier may be a bulkhead of
the conductive enclosure 110 and way be made from any material capable of conducting
clectromagnetic waves. For instance, the conductive barrier 510 may be made from a metal or

CFRP material
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From operation 304, the voutine 500 proceeds to operation 506, where the wireless
hub 320A may convert the induced power and data signals to a higher frequency RF signal.
According to embodiments, the tnduced power and data signals are converted o microwave
frequencies. From operation 506, the routine 500 proceeds to operation 508, where the wireless
hub 320A transmits the converted higher frequency RF signal to the interrogation assembly
220A. From operation 308, the routine 500 proceeds to operation 510, where the interrogation
assembly 220A recetves the converted higher frequency RF signal from the wireless hub 320A.

From operation 510, the routine 500 proceeds to operation 512, where in response to
receiving the converted higher frequency RF signal, the interrogation assembly 220 causes the
transceiver 240 to transmit an incident electromagnetic wave towards the aiv/liquid boundary 116
of the liquid 112 contained in the slotted waveguide 250, According to embodiments, the slotted
waveguide 250 may juclade a reflective float 230 configured to jucrease the sensitivity for
reflecting incident electromagnetic waves. From operation 512, the routine 500 proceeds to
operation 514, where the transceiver 240 receives rebound clectromagnetic waves corresponding
to the ncident electromagnetic waves. According to embodiments, the rebound electromagnetic
waves may include multiple component reflected electromagnetic waves that will coherently add
at the transceiver. In some embodiments, the transceiver 240 may be configured to only receive
single-component reflected electromagnetic waves.

From operation 514, the routine 500 proceeds to operation 516, where the transfer
function module 224 measures a transfor function of the rebound electromagnetic wave.
According to conbodiments, the intervogation module 222 of the interrogation assembly 220 may
be configured to measure the transfer function. According to embodiments, the transfer function
may be the travel time for an incident clectromagnetic wave to be received by the transceiver
248. The measured travel time may correspond to a particular distance between the transceiver
240 and the an/liquid boundary 116. From opceration 516, the routine 500 proceeds to operation
518, where the hquid quantity calculating module 226 calculates the Hiquid quantity based on the
measured transfer function. Upon determiming that the transter function measured at the
transceiver 240 matches or is similar to a transfer function correspounding to the calibrated set of
liquid guantitics, the hguid quantity corresponding fo the matched known transfer function is
calculated. In one ewbodimoent, the transfer function may correspond to a time delay between
transmitting an incident clectromagnetic wave and receiving a rebound clectromagnetic wave
corresponding to the incident electromagnetic wave. Once the transfer function corresponding to

the time delay is measured, the liquid quantity may be calculated by comparing the transfer
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function to a set of known time delays correspouding to an incident electromagnetic wave having
the same characteristics as the transmitted incident electromagnetic wave.

Frora operation 518, the routine 500 proceeds to operation 520, where the calculated
hud quantity s sent to the wireless hub via a RF high frequency signal. From operation 520,
the routine 500 proceeds to operation 522, where upon receiving the hguid gquantity data from the
interrogation assembly 220, the wireless hub 320A sends the liguid quantity data to the Hguid
guantity measurement controlier 450, According to embodiments, the lignid guantity data may
be sent to the liquid quantity measurement controlier 450 by transmitting a low frequency signal
from the inner inductive coil through the conductive barrier 410 to the outer inductive coil.
From operation 522, the routine 500 ends at operation 524,

Present invention relates to a wireless liquid quantity measuring systen, comprising:
an mierrogation asserobly comprising

a transmitter configured to transmit one or more incident clectromagnetic waves
within a conductive enclosure configured to store a hquad,

a receiver configured to recetve rebound electromagnetic waves corresponding to
the incident clectromagnetic waves,

a transfer function wodule configured to measure a transfer function
corresponding to the rebound electromagnetic waves, and

a hiquid guantity calculating voodule configured to calculate Haguid guantity based
on the measured transfer function.

In the above-described system a slotted waveguide may be positioned within the
conductive enclosure; and wherein the transmitter may be configured to transmit the one or more
weident electromagnetic waves within the slotted waveguide.

Furtheremore a reflective float may be configured to float on a surface of the iquid
within the slotted waveguide and to reflect the incident electromagnetic waves.

The liguid quantity calculating module may be further configured to:

determine a timne delay between transmitting a particular incident clectromagnetic
wave of the incident clectromagnetic waves and recetving a corresponding  rebound
electromagnetic wave,

compare the determined time delay to a set of known time delays corresponding
to an incident clectromagnetic wave having the same characteristics as the particular incident
clectromagnetic wave,

determine if the time delay matches one of the set of known timae delays, and
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upon determining that the fime delay matches a time delay of the set of known
time delays, determine a liquid quantity corresponding to the matched time delay.

The system of the present invention may also comprise an inductive power and data
assembly configured to transmit power and data signals to the interrogation assembly, and
wherein the interrogation assembly further comprises a wireless antenna configured to transmit a
first wireless signal comprising liquid quantity data corresponding to the calculated liguid
guantity to the inductive power and data asserably.

The inductive power and data assembly may comprise:

a pair of inductively coupled inductive coils including an inner inductive coil and
an outer inductive coil separated by the conductive enclosure configured to conducting
electromagnetic waves, the inner inductive coil attached to an inner surface of the conductive
enclosure and the outer inductive coil attached to an cuter surface of the conductive enclosure;

a wircless hub comprising

a down-up frequency converter configured to convert low frequency inductive
signals received at the inner inductive cotl to higher frequency RF signals;

an up-down frequency converter configured to convert higher frequency RF
signals received from the interrogation assembly to a low frequency inductive signals |, and

a second wircless antenna configured to commumicate with the first wireless
antenna of the interrogation asserably via the higher frequency RF signals.

The conductive enclosure of the above-described system may comprise carbon fiber
reiuforcernent plastic {CFRP).

The subject matter described above is provided by way of iHustration only and should
not be construed as Hmiting., Various modifications and changes may be made to the subject
matter described herein without following the example embodiments and applications ithustrated
and described, and without departing from the fruc spirit and scope of the present mnvention,

which is set forth in the following claims.
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What 1s claimed 1s:

1. A rocthod for mcasuring liquid quantity, comprising:

transmitting one or more incident clectromagnetic waves within a conductive enclosure;

receiving rebound clectromagnctic waves corresponding to the incident clectromagnetic
waves;

measuring a transfer function corresponding to the rebound electromagnetic waves; and

calculating lignid quantity based on the measured transfer function.

2. The method of claim 1, wherein transmitting the one or more incident electromagnetic
waves within the conductive enclosure comprises transmitting the one or more incident

electromagnetic waves towards a surface of a hiquid stored within the conductive enclosure.

3. The method of claim 1, wherein the maident electrornaguoetic waves are transrottted

towards a reflective float floating on a surface of a liquid stored within the enclosure.

4. The method of claim [, wherein receiving rebound electromagnetic waves comprises
receiving reflected electroroaguoetic waves that is a reflection of the incident electromagnetic

Waves.,

5. The method of claim 1, wherein calculating liquid quantity based on the measured
transfer function coruprises:

determining a time delay between transmitting a particular incident electromagnetic wave
of the incident electromagnetic waves and receiving a corresponding rebound clectromagnetic
wave,

comparing the time delay to a set of known time delays corresponding to an incident
electromagnetic wave having the same characteristics as the particular incident electrorsaguetic
wave;

deterroining if the time delay matches one of the set of known time delays; and

upon determining that the time delay matches a time delay of the set of know time delays,

determining a lquid quantity corresponding to the matched time delay.

6. The method of claim 1, wherein the incident clectrornaguetic waves are transriited at

a number of discrete frequencies over a specific bandwidth; and
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wheretn measuring a transfer function corresponding to the rebound electrormaguetic
WAVeS comprises constructing a received power profile representing the coherent summation of

rebound electromagnetic waves.

7. The method of claim 1, further comprising:

transmitting a first radic freguency (RF) signal comprising liquid quantity data
corresponding to the calculated liquid quantity to a wircless hub configured to relay the hiquid
quantity data to a liguid quantity measurement controller cutside the conductive enclosure; and

relaying the hiquid guantity data to the liguid quantity measuring controller.

8. The method of claim 1, wherein relaying the Hquid quantity data to the liquid quantity
measuring controlier comprises:

generating a liquid quantity signal containing the liquid quantity data;

passing the hquid quantity signal to an inner inductive coil attached to an inner surface of
the conductive enclosure;

transmitting the hguid quantity signal to an outer inductive coil that is inductively
coupled to the inner inductive coil; and

recetving the liquid quantity signal at the outer inductive coil; and

passing the Hiquid quantity signal to the hquid quantity measurement controlier.

9. A system for measuring liquid quantity, comprising:

an interrogation assembly that is configured to calculate liquid quantity of a Hguid stored
in a conductive enclosure; and

an inductive power and data assembly configured to wirelessly supply power and data
signals to the mterrogation assembly, the inductive power and data assembly coraprising a pair
of inductively coupled inductive coils including an inner inductive coil and an outer inductive
coil separated by the conductive enclosure capable of conducting clectromagnetic waves, the
inner inductive coil attached to an tnner surface of the conductive enclosure and the outer

mductive ¢coil attached to an outer surface of the conductive enclosure.

10. The system of clairn 16, wherein the interrogation asserably comprises:

a transrotter configored to transmit one or more meident electroroagnetic waves within a
conductive enclosure configured to store a hiquud,

a receiver configured to receive rebound electromagnetic waves corresponding to the

incident electromagnetic waves,
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a transfer function wodule configured to racasure a transfer function cotresponding to the
rebound electromagnetic waves, and
a hquid quantity caleulating module configured to calculate liguid quantity based on the

measured transfer function.

11, The system of claim 17, wherein the liquid quantity calculating module is further
configured to:

determine a time delay between transmitting a particular incident electromagnetic wave
of the meident clectromagnetic waves and receiving a corresponding rebound clectromagnetic
wave,

compare the determined time delay to a set of known time delays corresponding to an
weident electromagnetic wave having the same characteristics as the particular incident
electromagnetic wave;

determine if the determined time delay matches one of the set of known time delays; and

upon determining that the determined time delay matches a time delay of the set of

known time delays, determine a hguid quantity corresponding to the matched time delay.

12. The system of claira 16, wherein the inductive power and data assembly further
comprises a wireless hub configured to wirelessly communicate with the interrogation assembly;
and

wherein the interrogation asserably further comprises a wireless anteona for
communicating with a wireless hub, the interrogation assembly configured to send data

corresponding to the calculated liquid quantity to the wireless hub via the wircless antenna.

13. The system of claiva 16, further comprising a slotted waveguide posttioned within the
conductive enclosure; and wherein:
the transmitier 18 configured to transmit the incident electromagnetic waves towards the

Hgpueid within the slotted waveguide.
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( LIQUID QUANTITY MEASUREMENT) /‘ 500

SEND POWER AND DATA SIGNALS TO AN QUTER INDUCTIVE COIL

502 L

TRANSMIT THE POWER AND DATA SIGNALS THROUGH A CONDUCTIVE BARRIER TO AN
INNER INDUCTIVE COIL

504 %

CONVERT THE POWER AND DATA LOW FREQUENCY SIGNALS TO AHIGHER
FREQUENCY RF SIGNAL

506
¥

TRANSMIT THE HIGHER FREQUENCY RF SIGNAL TO A WAVEGUIDE MODULE

508

X

RECEIVE THE HIGHER FREQUENCY RF SIGNAL FROM THE WIRELESS HUB

510 L

TRANSMIT AN INCIDENT ELECTROMAGNETIC WAVE TOWARDS A LIQUID/AIR BOUNDARY
OF A LIQUID CONTAINED IN THE WAVEGUIDE

512 ‘i/

RECEIVE A REBOUND ELECTROMAGNETIC WAVE CORRESPONDING TO THE INCIDENT
ELECTROMAGNETIC WAVE

514

X

MEASURE A TRANSFER FUNCTION OF THE REBOUND ELECTROMAGNETIC WAVE

516

k4

CALCULATE LIQUID QUANTITY BASED ON THE MEASURED TRANSFER FUNCTION

513 i

SEND DATA LIQUID QUANTITY DATATO THE WIRELESS HUB

520

A

SEND DATA LIQUID QUANTITY DATA TO THE LIQUID QUANTITY
MEASUREMENT CONTROLLER

522

X

524( END )
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