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(57) Abstract: A method (100) of pulsed radar interface determination for
a first and second material in a tank (205), An interface level determination
model is provided (101) including a transfer function that utilizes refract-
ive indices for the materials and thickness of the second material. At least
one actual radar pulse is transmitted (102) into the tank and a resulting
echo curve portion including a measured interface pulse(s) around the in-
terface location is measured. The interface model is simulated (103) with a
reference pulse and an initial thickness value to generate an initial model
generated interface pulse (initial MGIP). The measured interface pulse is
compared (104) to the initial MGIP pulse point-by-point to determine re-
siduals. If the residuals sum > a predetermined threshold, the comparing
105) is repeated with an updated interface model generated with an up-
dated thickness value that provides an updated MGIP pulse. When the sum
of residuals is < predetermined threshold, the thickness is determined
(106).
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PULSE SHAPE CHANGE FOR INTERFACE DETERMINATION

CROSS REFERENCE TO RELATED APPLICATIONS
{6081 This application claims the benefit of Provisional Apphcation Serial No.
62/067,502 entitied "PULSE SHAPE CHANGE FOR PULSED RADAR INTERFACE

DETERMINATION", filed October 23, 2014, which is herein incorporated by reference in its

entirety.
FIELD
{6002] Disclosed embodiments relate to level finding for pulsed radar.
BACKGROUND
{G083] Industrial plants having containers or tanks (“tanks”} generally need to

regularly measure the level of liquid{s) or other materials therein such as powders therein.
There are several types of systoms and techniques used for level measurement, which
generally wuse ecither frequency rwoodulated continuous wave (FMCW) or time domain
reflectometry (TDR) that relics on analyzing echoes for pulsed signals to make material level
measurements using time-of-flight.

{6804] For TDR-based measurements, there are contact level measurements, where a
part of the system, such as a probe, countacts the material being measured, and nov-contact
level measurements where the level is measured without contacting the material to be
measured.  Non-contact methods include ultrasound, which uses high-frequency sonic
{sound) waves to detect the level, and radar,

[G005] Guided wave radar {GWR) 18 a particular contact pulsed radar rocthod used to
measure the level of Hguids or solids in a tank. GWR works by generating a stream of pulses
of clectromagnetic energy and propagating the pulses down a transmission line formed into a

ievel sensing probe {or waveguide). The probe is generally placed vertically 1n a tank or other
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container and the clectromagnetic pulse is launched downward from the top of the probe. The
probe is open to both the air and the material(s) to be sensed in such a way that the
clectromaguetic ficlds of the propagating pulse penetrate the awr until they reach the level of
the material. At that point, the electromagnetic ficlds see the higher dielectric constant of the
material.  This higher diclectric constant causes a reduction in the impedance of the
propagating medium, resulting i a pulse echo being reflected back toward the top of the
probe. The pulse travels through the air dielectric portion of the probe at a known velocity.
This allows the material level{s) on the probe to be determined by measuring the round trip
travel time of the pulse from the top of the probe to the level and the echo back to the top of
the probe.
{80066 When using a pulsed radar sensor (whether countact or nown-coutacty for
measuring a first product material level in a tank, if a second material having a lower density
such as an oil is also in the tank, a layer of the second material will be formed on top of the
first material {e.g., water) surface creating a hquid ioterface.  Customers are geverally
interested in knowing the thickness or level of the second layer, such as to allow the selective
removal of the second layer, for cxample when there is oil on water, and one may want o
selectively remove the oil,

SUMMARY
166671 This Summary is provided to introduce a briet selection of disclosed concepts
in a simplified form that are further described below in the Detailed Description inchuding the
drawings provided. This Summary 18 not intended to limit the claimed subject matter's scope.
{008} Disclosed embodiments recognize conventioval pulsed radar level finding
based on peak finding algorithms can only identity interfaces when the top layer is at least
about 10 cm thick, and below about 10 c¢m only one peak {combined peaks) will be shown.

The mability of conventional pulsed radar level sensing svstems to measure < 10 om thick
feed
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upper layers {e.g., otl on water} in tanks has been identified herein to be associated with the
pulsed radar level semsing circuit’s pulse width (narrower pulse width providing better
resolution) and the level detervunation algorithw using peak finding which reguires the
respective peaks to be resolvable from one another to identify the presence of an interface
and the thickness of the upper layer.

{6069] Disclosed algorithms instead use the pulse shape change by comparing a
measured 1oterface pulse to model generated wnterface pulse (MGIP) to betier extract the level
and second material thickness information, which has been found to reduce the minimum
thickness needed to measure an interface using a pulsed radar level sensor, such as to an
upper layer thickness of 2 cm or less.

{3016} Disclosed embodiments include a method of pulsed radar interface
determination for a first and second material in a tank. An interface level determination
model is provided including a transfer function that utilizes refractive indices for the
roaterials and thickness of the sccond material. At least one actual pulse is transmitted ndo
the tank and a resulting echo curve portion including a measured interface pulse(s) around the
interface location is measured. The interface model is simulated with a reference pulse and
an initial thickness value to generate an imitial MGIP. The measured interface pulse is
compared to the witial MGIP pulse point-by-pownt to determine residuals.  If the residuals
sum is > a predetermined threshold, the comparing is repeated with an updated interface
model generated using an updated thickness value that provides an updated MGIP pulse.
When the sum of residuals 1s < predetermined threshold, the thickness of the second material
and its level ts deterroned.

BRIEF DESCRIPTION OF THE DRAWINGS

10611} FiG. 1 is a flow chart that shows steps in an example method of pulsed radar

interface level determination, according to an example embodiment.
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{6012} Fi(. 2 depicts an example pulsed radar system shown as a guided wave radar
(GWR) system having a pulsed radar level gauge including s pulsed radar mnterface
determination algorithro iroplemented in the firmoware of a roemory associated with a
processor, according to an example embodiment.

[0013] FiGs. 3A-3D shows measured echo curves for a 20 cm o1l on water interface,
a 10cm otl on water interface, a 4 cm oil on water interface, and a 2 cm o1l on water interface.
{6814} F1G. 4 shows measured ccho curve field data for ol on water 1 a tank for

different oil thicknesses.

DETAILED DESCRIPTION

[8015] Disclosed embodiments are described with reference to the attached figures,
wherein like reference numerals are used throughout the figures to designate similar or
equivalent elements. The figures are not drawn to scale and they are provided merely to
illustrate certain disclosed aspects. Scveral disclosed aspects are described below with
reference to cxample apphications for illustration. It should be understood that numerous
specific details, relationships, and methods are set forth to provide a full understanding of the
disclosed embodiments.

{6016} One having ordinary skill in the relevant art, however, will readily recognize
that the subject matter disclosed herein can be practiced without one or more of the specific
details or with other methods. In other instances, well-known structures or operations are not
shown in detail to avoid obscuring certain aspects. This Disclosure is not limited by the
illustrated ordering of acts or events, as some acts may occur in different orders and/or
concurrently with other acts or events. Furthermore, not all illustrated acts or cvents are
required to implement a methodology in accordance with the embodiments disclosed herein.
{8017} Also, the terms "coupled to" or "couples with" (and the like) as used herein

without further gualification are intended to describe either an indirect or direct electrical
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connection. Thus, if a first device "couples” to a second device, that connection can be
through a direct clectrical connection where there are only parasitics in the pathway, or
through an mdivect electrical connection via intervening terns inchuding other devices and
connections. For indirect coupling, the intervening item generally does not modify the
information of a signal but may adjust its current level, voltage level, and/or power level.
{6018} FIG. 1 15 a flow chart that shows steps in an example mcthod 100 of pulsed
radar interface level determination, according to an example embodiment. Step 101
comprises providing refractive indices for a first and a second material in a tank, the second
material being less dense as compared to the first material and forming an interface with the
first material, and an interface leovel determination model (interface model) including a
transfer function that utilizes the refractive mdices and a thickness of the second material as
parameters. The tank operator generally knows what materials are within the tank.

{0019} The interface model can comprise an ABCD matrix, an approximated Fresnel
equations ot an electrical wmpedance wodel. It 18 noted that to be efficient (in terws of
processing time)} the interface model {e.g, ABCD matrix model, approximated Fresnel
equations, or an clectrical impedance model) is applied in the time domain. The first material
and sccond material can both comprise hquids (e.g., oil on water) or powders. The second
material 1s less dense as compared to the first material so that the second material sits above
the first material in the tank.

{6028] Step 102 compriscs transmitting at lcast one actual radar pulse into the tank
and measuring a resulting echo curve or echo curve portion including at least onc measurcd
interface pulse around a location of the wnterface.  In practice, due to power limitations for
the transmitter, there will be a plurality of radar puises and the echo curve will be an echo
curve portion. The peaks for the first material and the second material may overlap,

particularly if the thickness of the second matenial 18 < 10 cm.
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{6021} in step 103 the interface model simulated using a processor {¢.g., digital signal
processor {DSP) or microcontroller unit (MCU) with a reference pulse as an mput along with
an inttial value for the thickness to geuerate an witial MGIP. The reference pulse can
comprise a through pulse (such as using a splitter in the transceiver) or a flange pulse. The
reference pulse can also comprise a level pulse obtained from calibration (e.g., when tank is
cmpty). The reference pulse 1s generally updated over time, such as after a predetermined
period of time or after determining a drift in at least one transmutter circuit parameter (e.g., to
account for pulse amplitude or pulse width drift).

{6622} Step 104 comprises comparing the measured interface pulse to the initial
MGIP point-by-point over 4 plurality of points {¢.g., 5 or 6 per pulse) to determine a plurality
of residuals. The comparing can be performed automatically by software, or by an individual.
A nou-linear least squares fitting algorithm may be used for the comparing,.

16623] in step 105 if a sum of the residuals 1s > a predetermined threshold, iteration is
performed by repeating the comparing with an updated interface model together with an
updated value for the thickness to provide an updated MGIP. in one embodiment, if the sum
of residuals is > the predetermined threshold, simulating is repeated with the updated value
for thickness to generate the updated interface model and updated MGIP therefrom. In
another embodiment, if the suro of residuals s > the predeterroined threshold, an updated
MGIP can be obtained from a stored library of updated MGIPs that reflect pulses for different
thicknesses.

{6024} The updated thickness value can be antomatically generated by a perturb-and-
rocasure algorithm, where the thickness value used by the model can be adjusted by a small
amount and the resulting residuals then measared.  If the residuals decrease, further
adjustments for the thickness in that direction are tried, and if the residuals increase, further

adjustrocnts to the thickness value are made i the other direction.
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[0625] in step 106 when the sum of residuals is < the predetermined threshold, the
thickness is determined. The level of the second material layer may also be determined.

{3826] The ABCD wmatrix shown below includes a transfer function having
parameters myy, M, Bz, Wiz that relate an output {echo curve) waveform having x and v
components say E°x, E% (E being the clectric field) to a reference pulse as the input. The
M’s are parameters based on the refractive index and thickness of respective materials or
mediums and their interfaces 1o the tank that the electric field is propagating through to an

input {transmitted) pulse waveform having components E'x, E'y:

My Mgz E

: }é . wher
?ﬁfg 1 ?ﬁgg E? " here

My Oiyo

M= ﬁgi M%-& §§“§z-§-2 rem — Myy Moo

{68271 The ABCD matrix may also be referred to as a transmission matrix, or
transmission parameters of a two port network., For example, a 2 interface system in a tank
may comprise air over oil over water so that i that case M= My, having refractive index ng,
My =M having n.; and M= Muyaer having ngwe,. An cxample ABCD matrix approach
applied to predict an output for an optical systern given an optical juput and an optical
network is also described in a textbook Optics, Eugene Hecht, second edition, Addison-
Wesley Publishing Company. Inc. 1987, p. 373-378.

[3028] The residuals {differences in amplitude) can then be looked at between the
rocasured oterface pulse and the MGIP. As described above, if the sum of residuals 18 too
high based on a predetermined threshold {magnitude), the interface model can be reapplied

with a different thickness value to generate an updated MGIP, and the thickness value
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iteration process can be stopped when the sum of residuals 18 at or below some predetermined

threshold.
100291 Different strategies can be used to minimize processing time to find the

interface thickness and level. As noted above, a library based on a table can be provided with
different pulse shapes or transfer functions so that residual calculations can be run in paraliel.

{16030} Disclosed methods may be utilized by a variety of pulsed radar level sensor
systeros. FIG. 2 depicts an example pulsed radar or ultrasound level finding systew shown as
a GWR system 200 that includes a pulsed radar gauge shown as a pulsed radar level gange
{PRG} 260 including a disclosed pulsed radar interface determination algorithm 210a shown
implemented in the firmware of merosory 210 associated with a processor 215, according to
an example emboditnent. Memory 210 way be on chip or off chip relative to the processor
215, Also shown is a transceiver 220 and coaxial connector 225 that is on the top of the tank

205, The transmitter and the receiver provided by transceiver 220 may be implemented as

separate blocks. Accordingly, a transceiver as used herein includes both of these
arrangements.
{8031 in the transmit direction the processor 215 provides digital signal levels to a

digital to analog converter {(DAC)Y 222 which is connected to an input of a pulse generator
{PGen) block 221 that is coupled to the transmutier of the transceiver 220, In the receive
direction, the receiver of the transceiver 220 receives reflected echo signals that are
transduced by the sensor 226, where the output signal from the sensor 226 is coupled to an
analog-to-digital converter (ADC) 227 which converts analog signals from the sensor 226
into digital signals for the processor 215 to process which functions as a signal analyzer.
Many pulses are generated and the ADC 227 generates the waveform comprising many

discrete voltage values that are synchronized by a clock circuit.
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{6032} A flange {(not shown) may also be present on the tank. The waveguide (or
probe) is shown as 240, As noted above, although generally described for GWR applications,
disclosed level finding can also be applied to ultrasound and non-contacting radar.
{6833} FiGs. 3A-3D shows measured echo curves for a 20 om oil on water interface,
a 10 c¢m oil on water interface, a 4 cm oil on water interface, and a 2 cm oil on water
mterface, using a known level finding algorithm. The leftmost pulse in cach of these FIGs. 18
the flange pulse. In FIG. 3A (20 cw oil) and FIG. 3B (10 cw oil) both an oil pulse and a
water pulse are shown., However, in FIG. 3C {4 cm oil) and FIG. 3D {2 em of otl) there is
only one pulse shown {(no evidence of separate oil and water pulses/peaks). Disclosed
embodiments recogunize despite only a single peak located near the assumed interface n
FiGs. 3C and 3D, the pulse shape s a function of the thickness of the o1, so that the thickness
of the oil can be determined from the pulse shape, such as using method 100.

EXAMPLES
{0034} Disclosed embodiments are further illustrated by the following specific
Examples, which should not be construed as limiting the scope or content of this Disclosure
in any way.
{8835] Fi(G. 4 shows example ficld data taken from a GWR system analogous to
GWR system 200 shown in FIG. 2 having a PRG 260 instalied on a flange on the top of the
tank 205, baving air over D93 (an oil) on water. There are thas 2 woterfaces, 1 interface
between the oil and air, and 1 interface between the water and oil.  Echo pulses can be seen
associated and identified with the flange, the D935, and the water. In the embedded data table,
the first entry is the water thickness in centimeters and the second entry 18 the D935 thickness in
centimeters.
{3036] While various disclosed embodiments have been described above, it should be

understood that they have been presented by way of example only, and not limitation.
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Numerous changes to the subject matter disclosed herein can be made in accordance with this
Disclosure without departing from the spirit or scope of this Dhsclosure. In addition, while a
particalar feature may have been disclosed with respect to only one of several
implementations, such feature may be combined with one or more other features of the other

implementations as may be desired and advantageous for any given or particular application.

10
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CLAIMS

i A macthod (100) of pulsed radar interface determination, comprising:

providing (101) refractive indices for a first material and a second material in
a tank (205), sawd second material being less dense as corapared to said fivst matenial and
forming an interface with said first material, and an interface level determination model
{interface model} including a transfer function that utilizes said refractive indices and a

thickness of said sccond material as parameters;

transmitting (102) at least one actual radar pulse into said tank and measuring
a resulting echo curve or echo curve portion including at fcast one measured interface pulse

around a location of said interface;

strnulating using (103) said mterface model run by a processor (215) with a
reference pulse as an mput along with an initial value for said thickness to geoerate an initial
maodel generated interface pulse (initial MGIP);

comparing (104) said measured interface pulse to said initial MGIP point-by-

point over a plurality of points to determine a plurality of residuals;

wherein if a sum of said residuals (sum of residuals) is > a predetermined
threshold, iterating by repeating said comparing (105) with an updated interface model
generated from said interface model updated with an updated value for said thickness that

provides an updated MGIP; and

wherein when said sum of residuals is < said predetermined threshold,

determining (106} said thickness.

11
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2. The method of claim 1, wherein if said sum of residuals is > said
predetermined threshold, repeating said simulating with said updated value for said thickness

to generate said updated juterface model and said updated MGIP therefrom.

-

3. The method of claim 1, wherein if said sum of residuals 18 > said

predeterroined threshold, obtaining said updated MGIP from a hibrary of said updated MGIPs.

4. The method of claim 1, further comprising updating said reference pulse after

a predetermined period of time or afier determining a drift 1o at least one transmitier circuit

parameter.

3. The method of claim 1, wherein said interface model comprises an ABCD
roatrix.

6. The method of claim 1, wherein measured mterface pulse s a single mterface

pulse where peaks for sard first voaterial and said second material overlap.

7. The method of clairn 1, wherein said updated value 1s automatically generated

by a perturb-and-measure algorithm.

8. A pulsed radar level gauge (260), comprising:

12
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a processor (215) having an associated memory (210) storing a pulsed
radar interface determination algorithm (210a) that includes an nterface level determination
roodel (interface model) having a transfer function which utilizes refractive 1ndices for a first
and second material in a tank {205) and a thickness of said second material as parameters,
satd sccond material being less dense as compared to said first material and forming an

interface with said first material;

a pulse width generator (PGen) block (221) that coupled to receive

control signals originating from said processor;

a transceiver (220) for coupling to a probe in said tank including an
ioput coupled to an cutput of said PGen block for transmitting radar pulses and an output
coupled through a sensor (226} to an input of said processor for processing echo signals

recetved responsive to said radar pulses;

said pulsed radar interface determination algorithm when implemented by said

processor {215) causing:

sinnulating using said interface model run said processor with a
reference pulse as an input along with an mitial value for said thickness to generate an initial

model generated 1nterface pulse (initial MGIPY;

comparing a mecasured interface pulse obtained responsive to said
transcetver (220} transrottting at least one actual radar pulse into said tank (205) and
measuring a resulting echo curve or echo curve portion including at said interface pulse
around a location of said interface to said initial MGIP point-by-point over a pharality of

points to determine a plurality of residuals;

13
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wherein if a sum of said residuals {(sum of residuals) s > a
predetermined threshold, iterating by repeating said comparing with an updated interface
roodel generated frovo said witerface model updated with an updated value for said thickness

that provides an updated MGIP, and

wherein when satd sum of residunals is < said predetermined threshold,

determining said thickness.

9. The pulsed radar level gauge of claim &, wherein said pulsed radar level gauge

implements guided wave radar (GWR} (200).

10, The pulsed radar fevel gauge of claiva 8, wherein if said sam of residuals is >
satd predetermined threshold, repeating said simmlating with said updated value for said

thickness to generate said updated interface model and said updated MGIP therefrom.

it The pulsed radar level gauge of claim 8, wherein if said sum of residuals is >
said predetermined threshold, obtaining said updated MGIP from a library of said updated

MG1IPs.

12. The pulsed radar level gange of claim 8, wherein said interface model

comprises an ABCD matrix.

14
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METHOD 100
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PROVIDING REFRACTIVE INDICES FOR A FIRST AND SECOND MATERIAL IN A
TANK, AND AN INTERFACE LEVEL DETERMINATION MODEL (INTERFACE MODEL)
INCLUDING A TRANSFER FUNCTION THAT UTILIZES THE REFRACTIVE INDICES
AND A THICKNESS OF THE SECOND MATERTAL AS PARAMETERS.

]

TRANSMITTING AT LEAST ONE ACTUAL RADAR PULSE INTO THE TANK AND
MEASURING A RESULTING ECHO CURVE OR ECHO CURVE PORTION
INCLUDING AT LEAST ONE MEASURED INTERFACE PULSE AROUND

A LOCATION OF THE INTERFACE.

SIMULATING THE INTERFACE MODEL USING A PROCESSOR WITH A REFERENCE
PULSE AS AN INPUT ALONG WITH AN INITIAL VALUE FOR THE THICKNESS TO
GENERATE AN INITIAL MODEL GENERATED INTERFACE PULSE (INITIAL MGIP).

COMPARING THE MEASURED INTERFACE PULSE TO THE INITIAL MGIP POINT-
BY-POINT OVER A PLURALITY OF POINTS TO DETERMINE RESIDUALS.

]

IF THE SUM OF THE RESIDUALS IS > A PREDETERMINED THRESHOLD,
ITERATING BY REPEATING THE COMPARING WITH AN UPDATED
INTERFACE MODEL WITH AN UPDATED VALUE FOR THE THICKNESS
THAT PROVIDES AN UPDATED MGIP.

WHEN THE SUM OF RESIDUALS < THE PREDETERMINED
THRESHOLD, THE THICKNESS IS DETERMINED.

FIG. 1

1/5
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According to International Patent Classification (IPC) or to both national classification and [PC
B. FIELDS SEARCHED
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GO1F 23/284; GO1S 13/36; GO1F 23/28; GO1S 13/08; GOIN 23/24; GO1S 13/88
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Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
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C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 2014-0104098 A1 (MAGNETROL INTERNATIONAL, INCORPORATED) 17 April 2014 1-12
See paragraphs [0027]-[0037] and figures 1-4.

A US 2012-0169528 A1 (EDVARDSSON et al.) 05 July 2012 1-12
See paragraphs [0032]-[0041], [0054]-[0061] and figures 1, 5.

A WO 2013-044953 A1 (ROSEMOUNT TANK RADAR AB) 04 April 2013 1-12
See page 6, line 31 — page 7, line 21, page 9, line 30 - page 12, line 15
and figures 2, 4-5.

A US 3832900 A (ROSS, GERALD F.) 03 September 1974 1-12
See column 2, line 40 - column 4, line 28 and figure 1.

A US 2009-0273506 A1 (DELIN, HAKAN) 05 November 2009 1-12
See paragraphs [0068]-[0069], [0114]-[0126] and figures la-1b, 7-8.

|:| Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents:
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to be of particular relevance

"E"  earlier application or patent but published on or after the international
filing date

"L"  document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P"  document published prior to the international filing date but later
than the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents,such combination
being obvious to a person skilled in the art
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