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MULTIPLE PROCESS PRODUCT INTERFACE DETEdTION
FOR A LOW POWER RADAR LEVEL TRANSMITTER
B_AMD_Q__IHE_IN_VE_NT_IQ_

The process control industry employs process
variable transmitters to monltor process variables
associated with substances ‘such as solids, slurries,
11qu1ds, vapors, and gasses in chemlcal, _pulp,
petroleum, pharmaceutlcal food and other food
processing plants. Process variables include
pressure, temperature, flow, level, turbidity,
density, concentratlon, chemical compos1t10n and other

properties. A process varlable transmltter can -
provide an output related to the sensed process'g

variable over a process control loop to a control
room, such that the process can be monitored and
"controlled. .

The process COntrol_loop'can be a two-wire
4-20mA process control loop. With such a process
control loop, the energization levels are low enough'
that even under fault'conditions the loop generally
will not contain enough electrical energy to'generate
a spark. This is particularly ‘advantageous in
flammable environments. Process'variable transmitters
can sometimes operate on such low energy levels that
they can receive all electrical power from the 4-20 wa
loop' The control loop. may also have digital signals
superlmposed on the two-wire loop according to a
process 1ndustry standard protocol such as the HART®
dlgltal protocol

_ Low Power Time Domain Reflectometry Radar
(LPTDRR) instruments have been used recently to
measure the level of process products (either liquids_
or solids) in storage vessels. In Time Domain
Reflectometry, electromaénetic energy'is'transmitted'
from a source, and reflected at a discontinuity. The
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travel tJ.me of the received pulse is based on the
media through wh:Lch it travels. One type of LPTDRR is
kriown as M:Lcropower Impulse Radar . (MIR), which was
developed by Lawrence leermore Natlonal Laboratory.

5 " Low power . radar c1rcu1ts are generally
capable of detecting the level of one product in a
tank at a time. 'However, frequently, a storage tank
contains multiple products layered on top of one
another. This creates multiple interfaces between °

10 - products having different dielectric constants at
which the transmltted mlcrowaves can be reflected.
For example,' in a tank. hav:Lng_a water base_d_ material
and an oil based material, there will typically be two
interfaces, one between the air and the oil and one

_'15 between the oil and the water based material

_ Sometimes :limited :Lnterm:.xz.ng occurs adj acent the

product interface. cOnventJ.onal low power radar level
transmitters Ihave' ‘been unable to detect both product'
. interfaces, and have thus been unable to detect the
.20 level of both. products without substant:.al user
supplied dl_electric' constant data. Further, if the
dielectric constants of the process - products change,
they must be re-entered, or error may be introduced
into the system. |

25 SUMMARY OF THE INVENTION _:
Mult:.ple process product 1nterface detection
for a low power radar level transmitter is disclosed.
A dielectric constant of a first product is
calculated in order to calculate levels of the first
30 and second products in a tank. A term;.natlo_n extends
into the first and second products in the tank. A

transmit pulse generator transmits a _pulae along the
termination into the first and second_products. A low
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power time domain reflectometry radar :(LPTDRR) ' pulse
recéiver: receives the first and second reflected wave
pulses corresponding to reflection of a first portion -
of the transmit pulse at a first product interface and
to refléction of a second p’ort-ion of the transmit
pulse at a second product interface, respectively. A

.threshold controller generates a first threshold for

detection of the first reflected -wave pulse and a

-second threshold for detection of the second reflected

wave pulse. -~ A dielectric constant  calculator

- calculates a dielectric constant of a first product as -

a function of a first reflected wave pulse. A level
éomputer computes levels of the first and second-
products.
‘ BRIEF DESCRIPTION OF THE DRAWINGS
FIG.. 1 is : a diagram of .a microwave level

transmitter illustrating -~ the . environment  of.
embodiments of the invention.. ' '
' FIG. 2 is a Dblock dlagram illustrating
c1rcu1try of an embodlment of the invention.

FIGS. 3 is a block diagram illustrating
c1rcu1try of an alternate embodiment of the invention.

‘PIGS. 4 and 5 are plots illustrating Low
Power .Time Domain -Reflectometry Radar (LPTDRR)
equivalent time waveform controllable thresholds.

FIG. 6 1is a schematic diagram of a

controllable receive threshold circuit.

FIG. 7 is a plot illustrating an LPTDRR
equlvalent time waveform _

FIGS. 8 and 9 are flow diagrams J.llustrat:t.ng
methods implemented by a  1level transmitter in
accordance with an -enlquiment of the invention.

PCT/US00/01076
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DETATILED -DESCRIPTI@ oF THE PREFERRED EMBODIMENTS
FIG. 1 is a <diagram illustrating level
transmitters 100 operating in the environment of being
mounted - to storage tanks 12, 13, 17, 24 containing
5 procesé products positioned on top of one another. Aas
~illustrated, tank 12 contains - first product 14
_positioned- on top of second product-  15. Level
transmitters 100 include housings 16 and terminations
110. Transmitters 100 are ‘coupled to process control
10 .loops 20, and transmit information related to helghts
of the process products over loop . 20 to control room
"30. (which 4is modeled as voltage sources. and
resistances) or to other devices (not shown) coupled
to process control loops 20. Loops 20 are sources of
15 power for transmitters 100 and can use any industry
A -standard - communications protocol such as 4-20' mA,
Foundation™ Fieldbus, or HART . As low power radar

tranemitters, transmitters 100 can be cor'nplete'ly'
“powered by energy received over a 4-20 mA process
20 control loop. '

FIG. 1 illustrates various applications in
which radar = level transmitters are useful. For
example, process products 14 and 15 in tank 12 are
fluids, while process products 18 and 19 in tank 13

25 are solids. Process products 21 and 22 in tank 17 are

fluids the levels of which are communicated to tube 23

" into which one of terminations 110 extends. Further,

‘tank 24 is shown ‘containing products 25 and 26, and

. ‘having a radiative-type termination mounted on top of

30  thank 24. Although tanks 12, 13, 17 and 24 are shown
= in FIG. 1, the embodiments of the invention may be
practiced without tank such as in a lake or reservoir.
FIGS. 2 and 3 are block diagrams of a level
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transmitter 100. FIGS. 4 and 5 arxe plots of
equivalent time Low Power Time Domain Reflectometry
Radar (LTPDRR) transmit/receive waveforms illustrating
controllable threshold detector aspects of embodiments
of the invention. Those skilled in the .art will
appreciate that the waveforms. of FIGS. 4 and 5 wmay be
inverted and still £all within the scope of the
invention. Within = housing 16,  transmitter 100
includes transmit pulse generator 210, pulse réceiver
220, threshold controller 230, dielectric constant

. calculator 240, and level computer 250. Transmitter

100 also includes termination 110. Threshold
controller 230, dielectric constant calculator 240 and

level computer = 250. can be implemented Ain
microprocessor _255 as. shown in FIG. 3. However,
discrete circuitry for any of these fuqctions can also
be used. In embodiments in which-these functions are . -
embodied in microprocessor 255, transmitter 100

includes analog-to-digital converter 270. Transmitter -

100 can include power supply and input/output
circuitry . 260 (shown in FIG. 3) for powering
transmitter 100 with power received over loop 20, and
for communicating over loop 20. Such communication
can include transmitting information .related to
product heights over 'loop 20. Circuitry 260 can be

adapted to provide the sole source of power for

transmitter 100 with power received over loop 20.
Termination 110 can be of the type which is
well known in the level transmitter art and can be any
appropriate transmission line waveguide or antenna. A
transmission line is a system of material boundaries
forming a continuous path from one place to another
and capable of directing transmission of

PCT/US00/01076
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electromagnetic energy along th:l.s path. In some
embodiments, termination 110 is a twin lead antenna
having leads or conductors 115 and 120 connected at
bottom region 125 and extendéble into products 14 and
5 15 in tank 12, and optionally having launch plate 155.
Termination 110 also be''a monopole, coaxial, twin-
line, single-line, mlcrostrlp, or radiative horn
termination with any'approprlate numbexr of leads.
Transmit pulse generator 210 can be a low °
10 power microwave source - 'c'dupl'ed to termination 110.
" Generator 210 generates a mlcrowave transmit pulse or
signal which is transm:l.tted along termination 110 J.nto
"products 14, 15. The transm:r.t ‘pulse can be at any of
 a wide range of frequenc1es, for example between about
15 '250 MHz and about 20 GHz or more. In one embodiment
the frequency of- the transmit pulse is about 2 GHz.

w0 S .FldU.Clal pulse 310 of equ:.valent time waveform 300
(shown in FIGS. 4 and 5) can "be created at launch’
plate 155 or" by ‘other" mechanlsms to designate the

20 beginning of a transmit/receive cycle. A first
- portion of the transmit pulse microwave energy
transmitted along leads ‘115 and 120 is reflected at

first product interface 127 between air and product

14. A second portion of the transmit pulse microwave

25 energy is reflected at interface 128 between product
14 and product 15. In FIGS. 4 and 5, pulse 320 of
equivalent time - waveform 300 represents microwave
energy reflected at interface 127 between air and

_ product 14, while pulsé 330 'représents microwave

30 energy reflected at interface ‘128 between product 14

and product 15. - In general, if product 14 has a

dielectric constant which is less than the dielectric

constant of product 15, the amplitude of pulse 330 can
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Pulse receiver .220 can  be a low power

,micréwave receiver coupled ‘to termination 110.

Receiver 220 is adapted to receive the first reflected
wave pulse corresponding to reflection of the first

~portion of the transmit pulse at product interface 127

(represented by pulse 320 in FIGS. 4. and -5). Receiver
220 is also adapted to receive the second reflected
wave pulse corresponding to reflection of the second
portien_of the transmit pulse at the second product
interface 128 (represented by pulse 330 in FIGS. 4 and
5). Using a known low power time domain reflectometry

radar sampling technique, receiver 220 produces as an

output equivalent time LPTDRR waveform 300.
) Threshold controller 230 receives waveform

300 as an .input. In embodiments in which threshold
controller 230 and dielectric constant. calculator 240

are embodied in wmicroprocessor 255, analog-to-digital’
conversion circuitry 270 digitizes waveform 300.

Threshold controller 230 generates thresholds 315, 340 -
and . 350 for detection of fiducial pulse 310 and thus

time T, at which pulse 310 was received, detection of
reflected wave pulse 320 and thus time T, at which

pulse 320 was received, and detection of reflected
wave pulse 330 and thus time T, at which pulse 330 was
received. Threshold value 315 used to detect fiducial
pulse 310 can be a predetermined constant voltage, or

ean be automatically'determined as a function of the

peak amplitude of pulse 310 in a known manner.

Threshold values 340, 350 can be calculated as .a
function of user entered data. Those skilled in the
art will appreciate .that threshold controller 230 can
be embodied in software as an algorithm that looks for

PCT/US00/01076
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multiple pulses. Threshold controller 230 provides
receive pulse threshold 340 shown in FIG. 4 at a level
which is surpassed by pulse 330. Threshold controller
230 provides receive pulse threshold 350 shown in FIG.
5 5 at a level which is. surpassed by pulse 320.
Threshold controller 230 prdvides as ‘an output to
dielectric constant -Calculator"240"and to level
computer 250, receive pulse 1nformatlon based upon to
- detection of reflected wave ' pulses 320 and/or 330
.10 based upon a comparison of the reflected wave pulsesf
320, 330 to the respective threshold.values. ' -
FIG. 6 illustrates a portion of threshold .
. controller 230, - implemented in discrete circuitry,
which generates controllable thresholds such as
v 15 thresholds 340 and' 350. - Threshold controller 230 -
; includes .comparator'*400) ‘having a First “input from .

Cty : receiver 220 waveform 300 containing receive pulses
320 .and 330. - -As a : second input; comparator 400

. receives the controllable analog threshold voltage

20 which is provided from ‘the -output of d1g1ta1 -to-analog
convertexr 410. D1g1ta1 to-analog - converter 410
receives  a digital = input from mlcroprocessor' 255 -
-representative of the deSiredithreshold.' The output -

- 420 of comparator 400 .is provided to dielectric

25 constant calculator 240 and level computer 250 as an
indication of the times that ‘pulses 320 and 330 are
‘received. During a first'scaﬁ”cycle in which waveform
300 is génefated, -Cbnverter 410 is controlled  to
provide threshold 350 for detection of pulse 320.

30 During a subsequent scan cycle, converter 410 is
controlled to provide threshold 340 for detection of
pulse '330. '

Dielectric constant calculator 240 in FIG. 2
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is coupled to threshold controller 230 and is adapted
to calculate a dielectric comstant of first product 14
in tank.12 as a function of the receive pulse output
information provided by threshold controller 230. A
method implemented by dielectric constant calculator
240 in calculating the dielectric constant is
discussed below in detail with reference to FIGS. 7-9.

Level computer 250 is coupled to threshold
controller 230 and to dielectric constant calculator
240 and is adapted to calculate a level of the first
product 14 and of the second product 15 using known
mathematical functions to- derive data from- the
reflected pulses. Such mathematical functions can,

-for - example, operate upon pulse amplitude, pulse

flight time, pulse slope, and pulse area. Computer
250 calculates the 1level of product 14 as a function

of time T, of detection of first reflected wave pulse - -

320. ' Computer 250 can further calculate the level of

product 15 as a function of time T, of detection of -
second reflected wave pulse 330 and of the calculated ' -

dielectric constant of product 14.

Using the controllable threshold detection,
dielectric constant calculator 240 can calculate the
dielectric constants of products, and cowbining this
information with the m'ul-tiple product interface timing
information, the 1level of multiple products can be
computed by level computer 250. The dielectric of the
upper medium (oil in one particular example) is
calculated by computer -250, for example using the
following method. ' ' : '

The amplitude: of the pulse reflected off of:
an interface with a material  is proportional to the
dielectric constant of the material according to the

PCT/US00/01076
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relationship shown in Equation 1.

. Ve - ) . .
| s"mV, . o B 1
where:
Ve = the amplitude of the reflected pulse; and
_ Ve = the amplitude of the transmitted pulse.
METHODS

_ A method of - calculating the dielectric
constant of product 14 ‘with the relationship of
Equation 1 uses threshold . controller 230 to . more

10 ©precisely determine the .-.tra__nesmitted and reflected
pulse amplitudes. = This method is used to calculate
the levels of first pi'oduct 14 and second product 15
FEE . within tank ‘12. *The methbd--'.:-i:s shown in the plot of -
k-5 oo FIG. 7, and is ;summarize'd.in_ the flow diagram of FIG..
15. 8, Those skilled in the art will appreciate that the"

plot of FIG. 7 may be inverted and still fall within

the scope of the inventio_n.:'._ o : o

The method begins at block 560 with

generating a transmit pulse. The transmit pulse is

20 transmitted along the tert_hinat_ion into the first and

second products in the tank. At block 565, the first

reflected wave pulse is received. The first reflected

wave pulse corresponds to reflection of the first
portion of the transmit :pulse at the first product
25 interface 127. At block 570, the second reflected
wave pulse is received. The second reflected wave
pulse corresponds to reflection of a second portion of
the transmit pulse at the second product interface 128
formed between first product 14 and second product 15.
30 | At block 575, the dielectric constant of the
first product is calculated as a function of the first
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reflected waifé._pulse... As shown in eqtiivalent-time low
power time domain reflectometry radar  (LPTDRR)}-

- waveform 520 -of FIG. 7, the transmit pulse

(represented by £iducial lpulse 530) ‘'has a transmit

. amplitude V,, while the receive pulse 540 has a receive

amplitude V,. Either by digitizing the equivalent time .
LPTDRR waveform 520 with analog-to-digital converter"
270 and analyzing the digitized signal with
microprocessor 255, or by using digital-to-analog

converter 410 to set comparator thresholds, ' the
‘amplitude of the first reflected wave pulse is -

calculated, and the dielectric constant of first
product 14 is calculated using Equation 1. _

.. At block 580, the level of first product 14
is .computed. - The level of  first product . 14 . is

computed as .a  function of the .first reflected wave .
- pulse. As discussed above, the level of product 14 is . -

typically computed as a function of a time of receipt

- of the first reflected wave pulse, and ultimately as a

function of a first time period between transmission .
of the  transmit .pulse and receipt of the first

" .reflected wave pulse. .

At block 585, the level of second product 15
is computed. The level of second product 15 is
computed as a function of the first and second .
reflected wave pulses and as a function of the

- calculated dielectric constant . of first product 14.

More specifically, the level of product 15 can be
computed as a function of the calculated dielectric

..constant of first product 14 and as a function of a
- second time period between xreceipt of the ' first

reflected wave . pulse and receipt of the second
reflected wave pulse. Ultimately, computation of the

PCT/US00/01076
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level of product 15 is also a function of the level of

product 14. ' o
“FIG. 9 illustrates a more particular method

of computing the level of products 14 and 15 in tank

‘12. Pirst, as shown at block 705, the: transmit pulse

is generated and: 'transmi_i:ted along the termination
into products 14 and 15.  As shown at block 710,
generation and/or transmission of the transmit. pulse
starts a clock or 'designates the beginning of one or -
more time periods. . At block 715, the first reflected

- wave pulse is received, and‘' at block 720 the first

time period between transmission of the transmit pulse
and receipt- of the first reflected wave pulse is
recorded. At block 725, the level of first product 14
is computed as a function of the first time period.

As shown at block 730, an amplitude of the

. first reflected wave pulse. is .calculated. At block

735, the dielectric coénstant of first p’roduét 14 is’
calculated as- a function: of a . comparison of the

~amplitude of the first reflected wave pulse to a

reference amplitude. The reference amplitude is based

. upon -the amplitude of the transmit pulse.

‘At block 740, the second reflected wave
pulse is received, and at block 745 the second time

" period between receipt of the first reflected wave

pulse and receipt of the second reflected wave pulse
is recorded. At  block 750, the level of second
product 15 is computed. Computation of the level of

. second product 15 is performed as a function of the

second time period, as a function of the calculated

"dielectric constant of the first product, and as a

function of the computed level of the first product.
Although the present - invention has been

PCT/US00/01076
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described with reference to preferred embodiments,
workers skilled in the art will recognize that changes
‘may be made in form and detail without departing from
the spiri_t a_nd scope of the invention.
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WHAT IS CLAIMED: IS:
1. -~ A low power <radar level transmitter
providing multiple process product interface

detection, the level transmitter comprising:
' a termination extendable into first and
second products in a tank;

a pulse generator coupled to the
termination, the - pulse generator
adapted to  generate a nmicrowave
transmit pulse which is transmitted
along the termination into the £first
and second products in the tank, a
first portion of the transmit pulse

MMM ootes =efiected st a fisst proguct
o : AR TN RARA TR BN interface and a second portion of the

transmit = pulse being reflected at a

s
i,

rr e A : : second product interface, the. second
product - interface being formed between
the first and second products;:

a pulse receiver coupled to the termination
and adapted to receive a first
reflected wave pulse corresponding to
reflection of the first portion of the
transmit pulse at the first product
interfécé . and receive a second
reflected wave pulse corresponding to
reflection of the second portion of the
transmit pulse at the second product

S interface;

: a threshold controller coupled to the pulse
e _ : receiver and adapted to detect whether
: the first reflected wave pulse at least
meets a first threshold wvalue and
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whether the second reflected wave pulse
at least meets a second threshold
value, and provide receive pulse output
~information related to detection of the
first and second reflected wave pulses;

a dielectric constant calculator coupled to
the threshold controller and adapted to
calculate a dielectric constant of the
first product in the tank as a function
of . the receive pulse  output

. information; and

a level computer coupled_to_the_threshold
controller and to . the dielectric
constant calculator and adapted to
calculate a level of the. first product
‘as a function of a time of detection of

the <first reflected wave pulse, -and

. adapted to calculate a level of the '
WO cccona prosuce =s = fumction of a cime
* [ L M H *

of detection of the second reflected
wave pulse and as a function of the
calculated dielectric constant of the
first product.
2. The level transmitter of claim 1, wherein
the termination 1line is a twin lead microwave
transmission line. N
3. - . The level transmitter of claim 1, wherein
the level transmitter is coupled to a two-wire process
control loop, the level transmitter further comprising
output circuitry coupled to  the = two-wire - process
control loop for transmitting-information.related to
product height over the loop.
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4., : Th‘e level transmitter of claim 3, wherein.

the level transmitter further comprises power supply

circuitry coupled to the two-wire process control loop
for receiving power from the loop to provide the sole
source of power for the transmitter. '

5. The level transmitter of claim 4, wherein
the process control loop is a 4-20 mA process control
" loop. S '

6. The level - transmitter of claim 1, wherein

the dielectric. constant  calculator  calculates the

dielectric constant of the first product as a function .
of - a magnitude of the first reflected wave pulse
relative to a magnitude of the transmit pulse.

7. - The 1level transmitter of claim 1, and
further - comprising - ‘an analog-to-digital converter
coupled to the pulse receiver and digitizing the first
and second reflected wave :pulses;, wherein the
threshold - controller, - ‘the : dielectric constant
calculator and . the ~level. computer comprise - a

‘microprocessor ' coupled. to. the  analog-to-digital

converter and adapted to. detect the digitized first
arid second reflected wave pulses, adapted to calculate.
the dielectric constant of the first product, and
adapted to calculate the levels of the £first and
second products.. ) '
8. - The level transmitter of claim 1, wherein
the first and second thresholds are calculated as a
function of user entered data. '
9. The level transmitter of claim 1, wherein
the threshold controller comprises:

a comparator having first and second inputs,

. the first input being coupled to the

' ”“I“l mI“ III“ “Ill " l“l pulse receiver and receiving the first
* € L N s * '

PCT/US00/01076
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and second reflected wave pulses;
a microprocessor generating a digital output
| representative of a desired threshold;
o ~and _
. a digital-to—analo§ converter coupled to the
microprocessor  and -receiving the

I ~digital output, the digital-to-analog
DI converses comreing che aisicas suce:
*oe LoMos ~ to an anélog threshold wvoltage and
| providing the analog threshold voltage
_ to the second comparator input.
10. The level 'transmittex' of claim 1, wherein
the pulse generator includes a low power microwave
source. _ o
11. _ The level transmitter of claim 10, wherein
the pulse receiver includes a  low power microwave

receiver. _ R
12. A low. power <radar level transmitter
providing multiple process product interface

detection, the level transmitter comprising:
' a termination extendable into first and
second products in a tank;

a ‘low power microwave pulse generator
coupled to the  termination and
generating a microwave transmit pulse
which is transmitted along the
termination into the first and second
products in the tank; '

a low power microwave pulse receiver coupled
to the  termination and adapted to
receive reflected - wave pulses
.corresponding to reflections of the
transmit pulse;
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‘dielectric constant calculating means,

- ‘coupled to the low power microwave

pulse receiver,  for calculating a

dielectric constant of the first

product; and S ' _

level computing means, coupled to the low

power microwave pulse receiver and to

the dielectric constant calculating

-means, for calculating levels of the
first and second products.

13. A method of detecting multiple process
product interfaces, the method comprising:

generating a transmit 'pulée 'which is

transmitted along a termination into

first and second products in a tank;

iy S receiving a first reflected wave pulse
A ' : corresponding to reflection of a first
(NI pomsion of ehe cramemic puise:ac a

* C L M 5 * " first product interface;

rece1v1ng a second reflected wave pulse
' corresponding to reflectlon of a second
portion of the transmit pulse at a
second product interface, the second
product interface being formed between
the first and second products;
calculating a dielectric constant of the
first product as a function of the
first reflected wave'pulse;
computing a level of the first product as a
.function of the first reflected wave
- pulse; and
computing a level of the second product as a
function - of the - first and second



WO 00/43739 : PCT/US00/01076
-19-

' reflected wave pulses and as a function
of the calculated diélectric constant
of the first product.

14. The method of claim 13, wherein computing
"-__'t::he levei of the second product further comprises:

' calculating a second time period between
receipt of the first reflected wave
pulse and receipt: of the ' second
reflected wave pulge; and

computing the level of the second product as
a function of the second time period,
and as a function of the calculated
dielectric constant of the Ffirst
product, and as a function of the
computed level of the first product.

15. . - The method of claim 14, wherein calculating

the dielectric constant of the first product as a
function_ of the first reflected wave pulse further
comprises:
calculating an amplitude of the first
reflected wave pulse; and
calculating the dielectric constant of the
first product as a function of a
comparison of the amplitude of the
first =~ reflected wave ©pulse. to a
reference amplitude.

A



