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(57) Abstract: A method (100) of simulating a pulsed radar
gauge (PRG) on a tank. Provided (101) are a parametrized
model of an echo reflection responsive to a transmitted radar
pulse defined by an initial spatial model function, a first sig-
nal model modeling the pulse traveling through the media,
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PROVIDING AN ECHO SIMULATION ALGORITHM INCLUDING A i) PARAMETRIZED MODEL OF AN ECHG REFLECTION
RESPONSIVE T A TRANSMITTED RADAR PLASE LAUNCHED INTO THE TAHK DEFINED BY A48 INITIAL SPATIAL MODEL
FUNCTION WITH FURCTON PARAMETERS INCLUDING AT LEAST A SIGNAL AMPLITUDE AS A FUNCTION OF DISTANCE,
A WIOTH ARD A SPATIAL ATTERUATION, AS WELL A5 A FIRST SIGNAL MODEL AND A SECOMD SIGHAL MODEL. THE
FIRST SEGHAL MODEL COMPRISES & DAMPING FACYOR MODELING THE RADAR PULSE TRAVELING THROUGH EACH
MEDEA I ITS SIGAL PATH, THE SECOND SIGHAL MODEL MODELS A MAGHITUDE OF A TRANSMISSICH AND A
HAGNTTUDE 0F A REFLECTION OF THE RADAR PULSE STRIKING BOURDARIES INVDLYING THE VARIOUS MEDIA
{MEDEA BOUNDARTES] 44D ) AN ECHG CURVE CALCULATION (ECC) PROGRARL

102,

USING & PROCESSOR RUNKING THE ECC PROGRAM DIVIDING THE SIGHAL PATH INTD 4 FLURMTTY OF
SIGHAL PATH COMPONENTS FOR THE TRANSMITTED RADAR PULSE USING THE FIRST SIGHAL MODEL
TOGETHER WITH THE SECOHD SIGHAL MODEL A6 A RECURSIVE EXECUTING PROGRAM WITH
STOP COMDITIONS. WHENEVER ORE OF THE STGP CONDITIONS IS REACHED AN END RESULT IS PROVIDED FOR
ONES OF THE PLURALTTY OF SIGNAL PATH COMPONENTS, THAT FOR REFLECTED SIGHALS THAT REACH THE
TRARSCEIVER WHER TAKEN TOGETHER [HCLUDE LOCATIONS OF REFLECTIGHS AND THEIR RESPECIIVE AMPLITUDES.

103,

THE ECC PROGRAM PLACING A SHAPE OF THE INETIAL SPATIAL MODEL FUNCTION AT EACH OF THE LOCATIONS OF
REFLECTICHS USING THE RESPECTIVE AMPLITUDES E%E’E%EEM&SIZE THEIR AMPLITUDE T GENERATE & SIMULATED

F6. 1

and a second signal model modeling reflection and transmis-
sion of the pulse striking boundaries involving the media, and
an echo curve calculation (ECC) program. The ECC program
divides (102) the signal path into path components for the
pulse using the first and second signal model together as a re-
cursive program with stop conditions to indicate an end result
for the path components when taken together for reflected
signals reaching the transceiver include locations of reflec-
tions and respective amplitudes. A shape of the initial model
is placed (103) at reflection locations using their respective
amplitudes applied to size their amplitude to generate a simu-
lated echo curve.
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RECURSIVE MULTLI-MODEL ECHO CURVE SIMULATION

FIELD
{0001} Disclosed embodiments relate 1o the simulation of echo curves generated by
pulsed radar level gauges.
BACKGROUND
186062} Industrial plants having containers or tanks {(“tanks™ generally need to

regularly measure the level of liquid(s) or other materials therein such as powders. There are
several types of systems and technigues used for level measurement, which generally utilize
time domain reflectometry (TDR) which relies on analyzing echoes.

[0003] For TDR-based measurements, there are contact level measurements, where a
part of the system, such as a probe, contacts the material being measured, and non-contact
fevel measurements where the level is measured with a probe 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 which uses electromagnetic energy at radio
frequencies which propagate through free-space.

[0004] Guided wave radar (GWR) is a particular contact pulsed radar method used fo
measure the level of liquids or solids in a tank. GWR works by generating a stream of puises
of electromagnetic energy and propagating the pulses down a transmission line formed into a
fevel sensing probe, such as a coaxial probe. The probe is generally placed vertically in a tank
or other container and the electromagnetic pulse is lannched downward from the {op of the
probe. The probe 1s open to both the air and the material{s) to be sensed in such a way that
the electromagnetic fields of the propagating pulse penetrate the air {or other gas, hiquid or
perhaps a solid) wntil they reach the level of the product material. At that point, the
electromagnetic fields see the higher dielectric constant of the product material. This hugher
dicleciric constant causes a reduction in the impedance of the transmussion line, resulting n a
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pulse echo being reflected back to the top of the probe. The pulse travels through the
cenerally air dieleciric portion of the probe above the product material at a known velocity.
Knowing both the return trip time of the radar pulse and the dielectric constant of the
materiais through which the radar pulse propagates allows the material fevel{s} on the probe
to be determuned.

{0065] An echo curve includes a plurality of different peaks, where each peak of the
echo curve corresponds to a reflection of the radar signal at discontimuties caused by a
iransition between two media (e.g. from the surface of the level or interface, an obstacle, or
something else). A reference pulse is one peak caused by the transifion between transmitter
head and the probe or an impedance transition inside the transmitter head. A reflection at the
product surface(s) as described above causes further a further peak(s).

{0006] Besides their usual operating mode which is based on echo curves obtained
from actual measurements, GWR svstems generally also provide a simulation mode that can
be used to simulate radar measurements and alarms.  One application for echo curve
simulation is when installing a pulsed radar level gauge on a tank for the first time or when
iroubleshooting an existing pulsed radar level gauge installation.  In such applications,
software-based field setup tools are typically used as a setup aid.

{0007} These set-up tools are used to program the pulsed radar level gauge with such
mput parameters as waveguide length, process connector characteristic(s), tank nozzle
dimensions (for tanks having nozzles), product material(s) m the tank (their diglectric
constants and expected tank disturbances {e.g., foam, turbulence). In addition to setting up
the pulsed radar level gauge and application parameters, the sei-up ool is generally also used
to collect and display actual echo curves received responsive to transmutted radar pulses.
Such displayed actual echo curves are then used by the operator {g.g., technician or engineer)

o judge whether the pulsed radar level gauge has been set-up and is operating as expected.
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SUMMARY

{00603} This Summary is provided to iniroduce a brief selection of disclosed concepis
i a simplified form that are further described below in the Detailed Description including the
drawings provided. This Summary is not infended to limit the claimed subject matter's scope.
[0009] Disclosed embodiments include recursive multi-model echo  simulation
algorithms for simulating echo curves generated by a pulse radar gauge (PRG) that includes a
transceiver coupled by a process connection to a probe installed on a tank having at least one
product maierial therein.  Provided is an echo simulation algorithm incloding (i) a
parametrized model of an echo reflection responsive to a transmitted radar pulse launched
imto the tank defined by an inttial spatial model function with function parameters including a
signal aroplitude as a function of distance, a width and a spatial attenuation, a first signal
model comprising a damping factor modeling the radar pulse traveling through each media in
its signal path, and a second signal model modeling a magmitude of a transmission and a
reflection of the radar pulse striking boundaries involving the media {media boundaries), and
11} an echo curve calculation (ECC) program.
{0010} Using a processor running the ECC program, the ECC program divides the
signal path into a plurality of signal path components for the transnutted radar pulse using the
first signal model together with the second signal model as a recursive executing program
with stop conditions, which whenever one of the stop conditions is reached provides an end
result for ones of the signal path components that taken together for reflected signals reaching
the transceiver include locations of reflections and their respective amplitudes. A shape of
the initial spatial model function is placed at each of the locations of reflections using the
respective amplitudes applied to size their amplitude to generaie a simulated echo curve.

BRIEF DESCRIPTION OF THE DRAWINGS

{0011} FIG. 1 is a flow chart that shows steps in an example method of recursive
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mutti-model echo curve simulation for simulating pulse echo curves generated by a PRG that
includes a transceiver coupled by a process connection to a probe instalied on a tank having
at least one product material therein, according to an example embodiment.

{00612} FIG. 2 depicts an example GWR echo curve signal path diagram showing the
GWR signal path as various tree branches which represent the signal path components for a
tank condition having an upper product on a lower product, according to an example
embodiment.

18013} FIG. 3 15 a {low chart including blocks that shows steps i an example method
of recursive multi-model echo curve simulation for simulating pulse echo curves generated
by a PRG, along with stop conditions, according to an example embodiment.

{0014} FIG. 4 depicts an example GWR syvstem that mcludes a PRG, and a separate
computing device including a disclosed recursive multi-model echo simulation algorithm
shown 1mplemented in software associated with its processor that runs the algornithim for
providing a method of simulating pulse echo curves generated by the PRG, according to an
exarnple embodiment.

[0015] FIG. S shows an example echo curve simulation result showing echo curve
amplitude as a function of observed distance in meters.

[0016] FIG. 6 shows an example echo curve sinmilation result showing the echo curve
amplitude as a function of observed distance in meters around the process connector.

{0017} FIG. 7 shows an example echo curve simulation result showing the echo curve
amplitude as a function of observed distance in meters around the 11™ reflection centered at
an observed distance of 75 m.

{00135} FI1G. 8 shows an example echo curve simulation result showing the echo curve
amplitide as a function of observed distance i meters for echo curves around the flange for

different values of distance to product {(d2p}.
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DETAILED DESCRIPTION
{0019} Dnsclosed embodiments are described with reference to the aitached figures,
wherein like reference numerals are used throughowt the figures to designate simular or
equivaient elemenis. The figures are not drawn to scale and they are provided merely to
tlustrate certain disclosed aspecis. Several disclosed aspects are described below with
reference to example applications for iHustration. It should be understood that numerous
specific details, relationships, and methods are set forth to provide a full understanding of the
disclosed embodiments,
{06201 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 Himated by the
tustrated ordenng 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 events are
required to implement a methodology in accordance with the embodiments disclosed herein.
{6021} Also, the terms "coupled to" or "couples with" (and the like)} as used herein
withowt further qualification are iniended 1o describe either an indirect or direct electrical
connection. Thus, if a first device "couples” o a second device, that conmection can be
through a direct electrical connection where there are only parasitics in the pathway, or
through an indirect electrical connection via intervening tfems including 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.
186622} FI1G. 1 is a flow chart that shows steps in an example method 100 of modeling
simulated pulse echo curves generated by a PRG that includes a transceiver coupled by a

process connection to a probe mstalled on a tank having at least one product material therein,



WO 2017/146871 PCT/US2017/015374

according to an example embodiment. Step 101 comprises providing an echo simulation
algorithm including (1} a parametrized model of an echo reflection responsive to a transmitted
radar puise launched into the tank defined by an mitial spatial model function (imtial
function) with function parameters including at least a signal amplitude as a function of
distance, a width and a spatial attenuation, as well as a first signal model and a second signal
model. The {irst signal model comprises a damping facior modeling the radar pulse traveling
through each media in its signal path {{rom the transceiver board through the process
conmector, the flange (f present), tank contents to the end of the probe). The second signal
model models a4 magnitude of a transmission and a magnitude of a reflection of the radar
pulse siriking boundaries involving the various media (media boundaries). The echo
simulation algorithm also includes 1) an echo curve calculation (ECC) program.

[0023] Model input parameters are also provided for disclosed recursive multi-model
echo stimulation algorithms. Such model inputs are conventional simulation input parameters
described above in the background as the waveguide length, process connector
characteristic(s), tank nozzle dimensions (for tanks having nozzles), product material(s) in the
tank (their dielectric constants, and thicknesses), and expected tank disturbances (e.g.. foam,
turbulence}. Such model inputs parameters are provided by the user, except the distance to
product(s} can be alternatively generated by the simulation software, and the user can for
example provide inputs including a maximum [evel, mininmum level, and rate of change, and
the sinmlation software can simulate the level moving up and down and generate the
corresponding echo curves.

[0024] Within the tank is at least a vapor, at least one product that can be a vapor,
tvpically two different products, and possibly > 2 products in the tank. One typically
arrangement is oil on water. The transimiited signal path is from the transceiver PCB through

the process connector, flange (if present), tank contents (product(s) to the end of the probe
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which is modeled as a perfect reflector. As used herein a “media” ts defined as anything in
the signal path of the pulsed radar that scatters the radar pulse, mcluding the process
connector, flange (if present}, tank contents {(product material{s}), and the probe.

{0025} The initial function can comprise a damped sine function, a damped cosine

function, or a Gaussian function, for example, each shown below.

A Damped Cosine

—a(TEY 7w(x—¢)
px)=g(x)e " cos( )
W

A Daroped Sine

(=) (X —c
p(x)=g(we " sinZE=,

w

A Gaussian

~0.5(°
p(x) = g(x)e

{0026] Where gi{xl is the radar pulse as a function of distance (x), {8} is a

gam/amplitude parameter as a function of distance (X}, « is a spatial attenuation parameter
which determines the rate the reflection signal dies out, w is a width parameter, and ¢ 15 a
center coordinate. Thus w deternunes the width of the reflection and is generally very close
to the width of one of the main lobes at zero magnitude.  Although a constant for the width
{(w} and spatial attenuation {a} can be used, the nitial function can also account for one or
both of the width (w} and spatial attenuation {(a) being a function of the distance (x}. For
example, the first model can account for a shape change as the radar pulse is iravelling
through a media, such as widening of the width {w) of the radar pulse as the signals travels

through a media. For example, w can be a linear function of the distance: wix) = k*x + wo.
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{0027} Regarding the first signal model for the radar pulse traveling through a media,

as the radar pulse travels through the media it loses energy 1o the media. This aitenuation can

be modelled as a simple exponential decay in the gain/amplitude parameter gix}:

— X AX

1 ™€ 8y

where £8 is a linear attenuation parameter, ﬁy{‘“ is the distance travelled

through the media, ‘E}* & and gf Jeaeg are the gain/amplitude before and after traveling through

the media. The second signal model is for modeling the transmission and reflection at the
various media boundaries. The media boundaries can be modelied using the following
Fresnel equations which are functions of the dieleciric constant (DC) on the respective sides

of the media boundary:

G = ==, &) = ol
B T B G

ig\'z- . . 22 - PR N E :": . .
where T is the reflection factor,  ® is the transmission factor, g"i is the gain of

Ye.

the incident signal, gfﬁ‘ is the gam of the reflected signal, and is the gain of the

iransmitted signal l is the diclectric constant of the first media and & S is the
dielectric constant of the second media in the direction of travel of the radar pulse.  The
reflection factor ar and transmussion factor arbeing amplitude ratios related by 1 + ar=ac

{0028] Step 102 comprises using a processor running the ECC program, dividing the

signal path into a plurality of signal path components for the transmitted radar pulse (see FIG.
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2 described below) using the first signal model together with the second signal model as a
recursive executing program with stop conditions. Whenever one of the stop conditions is
reached an end result is provided for ones of the plurality of signal path components, that
when taken {ogether for reflecied signals reaching the transceiver include locations of
reflections and their respective amplitudes. The processor can be miicroprocessor, digital
signal processor {(DSP), or muicrocontroller umit (MCU).  Step 103 comprises the ECC
program placing a shape of the imitial function at each of the locations of reflections using the
respective amplitudes applied to size their amplitude to generate a simulated echo curve.
[0029] Disclosed recursive mudti-model echo simulation algorithms more efficiently
sinmnifate the echo curve unlike known simudation methods such as based on ABCD mairix
theory from optics, which is relativelv computationally expensive. The ABCD method uses a
Fourier transform, followed by simulation operations in the frequency domain, and then
applying the mnverse Fourier transform to return to the time domain.

[60306] FIG. 2 depicts an example GWR echo curve signal path diagram 200 showing
the GWR signal path as various tree branches which represent the signal path components for
a tank condition having an upper product 2 on a lower product 3, according to an example
embodiment. A vapour 1 is shown above the upper product 2. A transmitter 220a shown as
part of a transceiver 220 that also includes a receiver 220b as the same unit generally
transmits the radar pulse and receives the radar pulse (see transceiver 220 as part of PRG 250
n FIG. 4 described below) is shown coupled to the tank 205 by a process connector 225 such
as a coaxial comnector which is coupled to a probe {(or waveguide) 244. The process
connector 225 provides the functions of separating the process environment from the external
environment, providing a threaded insert to the tank which removes the need for brackets to
mount the transmitier, and providing an electrical feed-through to the probe 244,

{00631} The signal path is shown to begin at the process connector 225, such as a

9
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coaxial connector, although the signal starts earlier at the transmutter 220a. A flange 226 is
shown on the top of the tank. There are primary reflection paths originating from each of the
boundaries shown, and secondary reflection paths shown as well. The media boundaries
shown are a reference plane boundary (between the flange 226 and the vapour 1), an upper
media boundary, product interface boundary, and end of probe (EQP).

{6632} Ouly primary and secondary boundary reflections are shown with FIG. 2, and
all impedance transitions in the transmitter 220a are omitted for clarity. Disclosed methods
do not have this 2 boundary maximum Hmtation, but instead have a related himitation using a
threshold signal amplitude after applying the first signal model o decide whether to terminate
consideration of the signal, as shown in FIG. 3 described below. FIG. 2 also includes a
legend defirung the signal format shown.

{6033} The transmitted pulse radar signal ix from the transmitter 2202 1s shown first
mcident at the upper media boundary, where a portion of the signal is transnutted as t 12(1)
and a portion reflected as v 12(1) which 1s received by the receiver 220b as a primoary surface
reflection (¢ 10{1}). t 12(1}) 1s incident on the product interface boundary resulting in a
iransmitied portion t 23(1) and a reflected portion v 23(1). v 23(1} is shown received by the
eceiver 220b as a primary interface reflection (¢ 10{2)). 1 23(1} is received by the receiver
boundary results m the receiver 220b receiving a secondary interface reflection (1 10(4)),
secondary EQP reflection (t_10(5). and secondary surface reflection {f_10(63).

[0034] FIG. 3 is a flow chart including blocks that the shows steps in an example
method of recursive multi-model echo cwrve simulation for simulating pulse echo curves
cenerated by a PRG, along with stop conditions, including the recursive aspect being shown
between the first signal model and second signal model, according to an example

embodiment. As noted above, the method wtilizes input parameters (generally provided by
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the user) including the waveguide/probe length, process connector characteristic, tank nozzle
dimensions {for tanks having nozzles), product material{s} in the tank (their dielectric
constants, and thicknesses), and expected tank disturbances {(e.g., foam, turbulence).

{0035} The transmitted pulse radar signal ix first arrives at block 301 shown as a
travel-through media module (implementing the first signal model). The signal then arrives
at block 302 which is a decision block which compares the signal amplitude 1o a signal
amplitude threshold. For exaraple, the signal threshold may be set at 300 counts for an mitial
signal amplitude of 12,000 counts. [If the signal amphiude s < the signal amphiude
threshold, the signal is terminaled (functioning as a stop condition) where an end result for
that specific signal path component 15 discarded as the signal essentially physically dies out
due to 115 energy losses

[0036] I the signal amplitude is > the signal amphitude threshold, the method
continues to block 303 shown as a boundary module (implementing the second signal model).
The signal energv 1s split by block 303 into a transmitted signal and a reflected signal by the
boundary module. The transmitted signal reaches decision block 304 where the current
media is compared to the last media (end of probe (EOQP), where the transnussion ends as the
EQOP is a perfect reflector, 100% of the signal being reflected back at EQOP.} If the current
media is the last media, the signal 1s terminated.

{0037} If the current media is not the fast media, the signal reaches a decision block
305 where the current media is compared to the first media shown as the process connector in
simplified FIG. 2, but the first media is really the transnmutter on the sensor board.  If the
current media s equal to the first media, the method reaches block 307 that functions as
another stop condition where the received signal is recorded.  The locations of the recorded
reflections are the accumulated distance travelled divided by two.  Each time the signal

travels through a media of thickness dx, the travelled distance is updated as: x = x + dx.
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Since x and dx are in observed distances, dx 15 a function of the media thickness and the DC:
dx_observed = dx_real*(DC)Y?. Relating FIG. 3 to the example GWR echo curve signal path
diagram 200 shown in FIGG. 2, the received signal would comprise the primary surface
reflection {(t_14(1}) on one receipt, primary interface reflection (t_106{2})} on another signal
receipt, eic.

[0038] In step 305 if the current media s not equal to the first media, the method
reaches block 301 again where the signal {as modified by the first signal model and second
signal model) arrives at block 301 and the above steps are repeated unti] the signal reaches
one of the terminate signal (stop) conditions.

18639} The reflected signal from block 303 modified by the boundary module reaches
a decision block 306 where the current media s compared to the first media. If the current
media 15 the first media, the signal 1s terminated. If the current media is not the first media,
the signal (as modified by the first signal model and second signal mode) arrives at block 301
and the above steps are repeated until the signal reaches one of the termunate signal (stop)
conditions.

[6040] The simulated echo curve can be generated by the PRG itself or by a set-up
software tool which runs on a separate computing device such as a handheld device, laptop
computer, tablet, etc. which could be commumicably coupled (e g. by a wire, cable or
wireless connection) to the PRG. A common use case would also be to run the simulation in
off-line mode, 1.e. without connection 1o the GWR transnutter. The simulation can be run on
a personal computer (PC} in a field service software application or in the cloud on a web
application.

{0041} The simuiated echo curve can be overlaid with an actual echo curve obtained
bv the PRG on a display of the PRG, or at the separate computing device when a separate

computing device is utilized to generate the simulated echo curve, or at another display
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device {e.g., in a control room of the piant) coupled to receive the simulated echo curve and
actual echo curve). Tank operaiors viewing the overlav can easily compare the simulated
echo curve against the real (actual} echo curve captured by the PRG.

{0042} If the real echo curve displaved together with the simulated echo curve differs
significantly {e.g., by a predetermined amount} from the simulated echo curve then the
recursive multi-model echo simulation algorithm or the operator can make a judgment that
the PRG has not been installed properly and/or is functioning improperly. In addition fo
being used to provide a visual aid to the operator, disclosed algorithms can also compare the
simulated echo curves to the real (actual) echo curves (o produce alarms or provide guidance
io the operator through the set-up or diagnostic process for the pulsed radar gauge o reduce
the “error” between the real echo curve and the simulated echo curve. Parameters or items
that can be compared by disclosed recursive multi-model echo simulation algorithms include
the aroplitude, position, width or number of the reflection peaks resulting from echo curve
mfluences such as the process connection, product material level in the tank, or the end of
probe, and also the general shape of the echo curve.

[0043] The guidance for an operator can be provided through a set-up or diagnostic
process for implementing change(s} to improve the performance of the PR(G. For example, if
the level peak was not present but the process connection feature was present, the gindance
can suggest checking for something wrong with the process connection to the waveguide, If
the amplitude of the refection from the level was lower or broader the guidance can suggest
checking whether foam or turbulence is present. If there was an unpredicted peak present on
the echo curve the guidance can suggest checking whether there is build-up of material (e g.,
crude oil} on the probe or an unexpecied interference from an obstacle in the tank.

HEEREY As noted above, instead of the PRG including a disclosed recursive multi-

model echo simulation algorithm, an installer can hook up a separate computing device that
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nns troubleshooting software including a disclosed algorithm. FIG. 4 depicts an example
GWR system 400 that includes a PRG 250, and a separate computing device 240 including a
disclosed recursive muiti-model echo simulation algorithm 245b shown implemented in
software stored in an integral (on-chip) memory (e.g., flash memory} 245a associated with is
processor 245 that runs the recursive multi-model echo simulation algorithm 245b for
providing a recursive mudti-model method of stmuldating pulse echo curves generated by the
PRG 250, according to an example embodiment.  As noted above, the echo simulation
algorithm 245b ncludes the 1) parametrized model of an echo reflection and the 1) ECC
program. Computing device 240 can comprise a handheld device, atablet, a laptop computer
or a personal computer (PC). The computing device 240 as shown includes a kevboard 241
and a display 242,
[0045] The PRG 250 15 shown including its own processor 215 and an integral (on-
chip) memory 215a (e.g., flash memory) that stores a level finding algorithm 215b. Other
{external}) memory that can hold some constants and other data used by the level finding
algorithm 215b. Computing device 240 1s communicably coupled to the PRG 250 by a wire,
cable or a wireless connection. This arrangement shown having the recursive multi-model
echo simulation algorithm 245b being separate from the PRG 250 reflects a typical
arrangement because the PRG 250 may not have sufficient processing power to perform the
eeded calculations and/or provide the necessary graphical user interface (GUI) to allow a
tank installer to troubleshoot the system.
[0046] Dnsplay 242 can be used to display the simulated echo curve together with the
actual echo curve obtained by the PRG 250, Computing device 240 can also generate an
alarm (visual such as a blinking light, or an audio alarm}) when the actual echo curve varies
from the simulated echo curve by more than a predetermined amount, and provide guidance

for an operator through a set-up and diagnostic process for the PRG 250
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{0047} The PRG 250 is also shown including a transcetver 220 providing a
transmitier and a receiver that by the process connector shown as a coaxial connector {coax)
225" couples to the top of the tank 205. The transmutier and the receiver provided by
transceiver 220 may be implemented as separate blocks. Accordingly, a “transceiver” as
used herein includes both of these arrangements. A flange (not shown) may aiso be present
at the top of the tank 205, The tank 205 may also include a nozzle. The probe {or
waveguide) is shown as 244, As noted above, although generally described for GWR
applications, disclosed level finding can also be applied to ulirasound and non-contacting
radar.
[0043] Besides off-line use generally described above, disclosed methods can also be
implemented in real~time. In this case, implersentation is 1n a transnutter of the transceiver,
and the method is used for online/real-time diagnostics.

EXAMPLES
[0049] 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.
{0056} This Example involves a single product application where the media in the
tank is water. The distance {vapor above the water) to the water product from the flange was
14 m. The probe length was 19 m, (so that the water was 5 m thick. The 23° C the dielectric
constant of water is known to be about 78.30. Other input parameters needed include the
characteristics on the components making up the process connector. However, this
mformation is generally proprietary information that is pre-programmed into the software
application so that the user would not need {o enter in these characteristics.
{6051} FIG. 5 shows an example echo curve simulation result showing echo curve

amplitude as a function of observed distance m meters. A damped sine function was used for
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the initial spatial model function. The reference plane corresponds to the location of the
flange (top of the tank). There are reflection centers shown corresponding to a primary
surface reflection, secondary surface reflection, tertiary surface reflection, primary EOP
reflection and some more complex signal path reflections. The mitial spatial model function
representing the reflected and received radar pulse is shown centered at each of the reflection
cenlers.  As expected the primary surface reflection corresponding to the upper media
boundary n FIG. 2 has the largest amplitude. Observed distances > the probe length are the
result of reflection(s}.

[B032] FIG. 6 shows an example echo curve simudation result showing the echo curve
amplitude as a function of observed distance n meters around the process connector. This 18
an expanded scale around the reference plane in FIG. 5. The nutial spatial model function 1s
shown centered at each of the reflection centers. Fach reflection 15 superposed (added up) to
generate the final simulated echo curve.

[0053] FIG. 7 shows an example echo curve simulation result showing the echo curve
amplitude as a function of observed distance in meters around the 11% reflection centered at
an observed distance of 75 m. The signal path for the 11% reflection is also shown which
provides an understanding of this complex signal path. The media entries shown as the signal
path lead to the 11" reflection shown. In this case the signal travels through the upper
product reflecis in the EoP, travels back through the upper product. through the vapor,
reflects in the process conmector/flange, travels back through the vapor, reflects in the upper
product, and travels back toward the process connector, transmits through the process
connector and is recorded at the transceiver.

{00654] FI1G. 8 shows an example echo curve simulation result showing the echo curve
amplitide as a function of observed distance i meters for echo curves around the flange for

different values of the distance to product shown as d2p. A reference plane is again shown.
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At 0.5 m from the reference plane, secondary reflections can be seen to start to mix with the
primary reflection which evidences the need to consider secondary reflections.

[O085] While various disclosed embodiments have been described above, it should be
understood that they have been presented by way of example onlv, and not hmitation
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, such as applying
disclosed embodiments {o altrasound level sensing systems. In addition, while a particular
feature mav 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 umplementations as

may be desired and advantageous for any given or particular application.
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CLAIMS
1. A method (100) of simulating a pulsed radar gauge (PRGY (250) including a
transceiver {220) coupled by a process conmnection (225} to a probe (244) installed on a tank

(203}, comprising:

providing (101} an echo simulation algorithm (245b) wcluding a (1)
parametrized model of an echo reflection responsive to a transmitted radar pulse launched
mio said tank defined by an initial spatial model function with function parameters including
a signal amplitude as a function of distance, a width and a spatial attenuation, a first signal
model corprising a damping factor modeling said radar pulse fraveling through each media
in its signal path, and a second signal model modeling a magnitude of a transnussion and a
magnitude of a reflection of said radar pulse striking boundaries involving said media (media

boundaries) and (1) an echo curve calculation (ECC) program; and

using {102} a processor (243) running said ECC program, said ECC program:

dividing said signal path into a plurality of signal path componenis for
sard transmitted radar pulse using said first signal model together with said second signal
model as a recurstve executing program with stop conditions which whenever one of said
stop conditions 1s reached provides an end result for ones of said plurality of signal path
components that for reflected signals that reach said transceiver (220) taken together include

locations of reflections and their respective amplitudes, and

placing (103) a shape of said initial spatial model function at gach of
satd locations of reflections using satd respective amphitudes applied to size their amplitude

io generate a simulated echo curve.

2. The method of claim 1, wherein said initial spatial model fumction comprises a

damped sine function, a damped cosine function, or a Gaussian function.

18
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3. The method of claim 1, wherein said damping factor comprises an exponential

decay in said signal amplitude.

4. The method of claira 1, wherein said media boundaries are modelled using
Fresnel equations which are functions of a dielectric constant (DC) on respective sides of

each of sard media boundaries.

The method of claim 1, wherein said siop conditions include whether said

R

signal amplitude 1s < minimum signal level threshold, whether a current one of said media s

a first media, and whether said current one of said media i1s a last media.

6. The method of claim 1, wherein said PRG comprises a guided wave radar

(GWR) level gauge.

7. A computing device, comprising:

a processor {245) having associated memory (245a) storing an echo simulation
algonithm (245b) including (i) a parametrized model of an echo reflection responsive to a
transmitied radar pulse launched by a pulsed radar gauge (PRG) including a fransceiver {220)
coupled by a process connection {225} to a probe (244} mstalled on a tank (203} into said
tank defined by an initial spatial model function with function parameters including a signal
ampiitude as a function of distance, a widih and a spatial attenuation, a first signal model

19
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comprising a damping factor modeling said radar pulse traveling through each media in its
signal path, and a second signal model modeling a magnitude of a transmission and a
magnitude of a reflection of said radar pulse striking boundaries involving said media (media

boundaries}, and (i1} an echo curve calculation (ECC) program {, said ECC program:

dividing said signal path inio a plurality of signal path componentis for
said transmitied radar pulse using said first signal model together with said second signal
model as a recursive executing program with stop conditions which whenever one of said
stop conditions 1s reached provides an end result for ones of said phurality of signal path
componenis that for reflected signals thal reach said transceiver iaken iogether include

focations of reflections and their respective amplitudes, and

placing a shape of said initial spatial model function at each of said
focations of reflections using said respective amplitudes applied io size their amplitude to

generate a simmilated echo curve.

8. The computing device of claim 7, wherein said initial spatial model function

comprises a damped sine function, a damped cosine function, or a Gaussian function.

9. The computing device of claim 7, wherein sard daroping factor comprises an

exponential decay in said signal amplitude.

10. The computing device of claim 7, wherein said wedia boundaries are modelied

using Fresnel equations which are functions of a dielectric constant {DC) on respective sides

20
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of each of said media boundaries.

11 The computing device of claim 7, wherein said stop conditions include
whether said signal amplitude is < minimum signal ievel threshold, whether a cusrent one of

said media is a first media, and whether said current one of said media is a last media.

12. A computer program product, coraprising:

a memory 245a) that includes program instructions executable by a processor
{245} to enable said processor to execute a method of simulating pulse echo curves generated
by a pulsed radar gauge (PRG) (250) that includes a transcerver (220} coupled bv a process
connection to a probe installed on a tank, said memorv storing an echo simulation algorithm
(245b) including (1) a parametnized model of an echo reflection responsive to a transmitted
radar pulse launched by said pulsed radar gauge (PRG) into said tank defined by an mitial
spatial model function with function parameters including a signal amplitude as a function of
distance. a width and a spatial attenuation, a first signal model comprising a damping factor
modeling said radar pulse traveling through each media in its signal path, and a second signal
model modeling a magnitude of a transmussion and a magnitude of a reflection of said radar
pulse striking boundaries involving said media (media boundaries), and (ii} an echo curve

calculation (EC{) program, said computer program product including ECC code including:

code for dividing said signal path into a plurality of signal path
components for said fransmitted radar pulse using said first signal model together with said
second signal model as a recursive executing program with stop conditions which whenever

one of said stop conditions is reached provides an end result for ones of said plurality of
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signal path components that taken together for reflected signals that reach said transceiver

include locations of reflections and their respective amplitudes, and

code for placing a shape of said initial spatial model function at each of
said locations of reflections using said respective amplitudes applied to size their amplitude

to generate a simulated echo curve,
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