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BACKGROUND OF THE INVENTION
1.  Field of the Invention
The present invention relates generally to sensors, and it more

pai‘ticularly relates.‘ to level sensors for gauging the level and condicon of

fluids and other materials in containers, as well as in reactors, pipes, river

beds, irrigation ditches, conveyors, free standing piles, and a variety of
15 other systems. Additionally, the present invention relates to a linear

displacement transducer for use in machine tools, hydraulic actuators

and similar devices with movable components.

2. Background Art _
20 ~ Various devices have been conventionally employed to measure

the level of a liquid or the interface levels between two liquids.
Generally, these devices consist of a sensor within a container, and
means for sending data from the sensor to a remote location where it
| would be detected and converted into a usable format representative of
25 the level of liquid within the eontainer.

Exemplary mechanical and electromechanlca| sensors such as
fioats, are unreliable, and are difficult to use in deep tanks or tanks fi Iled
with corrosive liquids. Devices using sonic ‘and ultrasonic signals are

30 relatively inaccurate because the speed of sound varies with temperature
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Frequency modulation (FM)-continuous'wa\'Ie- (CW) radar sensors-

have aiso been used to measure the liquid level in a container. in these
sensors, a free propagatlng radar signal is transmitted toward the liquid
surface upon whlch it is reflected back to a receiver for determmmg the

signal time of flight, and thus the distance between a reterencs point and _

the fluid level. These radar sensors are expensive, bulky, and have
limited resolution, typically 6 inches. I

Most conventional time domain reflectometry (TDR) systems
provide accurate indications of liquid level and respond quickly to

changes in the liquid levels, but they require very complex and expensive

systems to function properly. One such system is described in U.S.

immersed: in, and filled by the contained liquid. The liquid surface
creates &-disconﬁnuity in the coaxial line that produces a refiection of the
baseband pulse signal that propagates back along the transmission line.
The time at which this reflection is received, relative to the time of the
transmitted pulse, determines the liquid level. However, the transmission
line tends to clog and requires frequent cleaning.

U.S. patent No. 3,995,212 to Ross describes an apparatus for

measuring the liquid level, which aims at addressing the clogging
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toward the transition device and coupled to the directional coupler.

- Samples of the reflected wave are coupled to the refiection port of
the directional coupler which aiso possesses a port at which samples of
16 the incident waves appear. These ports are coupled through a swntch to
a level processor in which the delay between the incident and refiected
waves is determined. This delay is utilized to determine the liquid level.
However, this liquid level detection system is relatively e:_(p_ensive and
bulky, and does not enable the measurement df the depth of the
20 electrically conductive liquids.

U.S. patent No. 4,489,601 to Rao et al. describes an apparatus for
measurinQ; the height of a conductive or non-conductive liquid above a
reference level. A Goubau transmission - line éxte_nds from an input
25 terminal to a junction with-a hollow cylinder having a diameter that is
greater than the outer diameter of the G_o'ubau line. At this junction, the
Goﬁbau line extends into the hollow cylinder to fo_rm a coaxial
transmission iine, which is immersed vertically in a liquid where it extends
from abbve the surface of the qu’uid to some reference level below the

30 surface, typically the bottom.
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coaxial line and the reflected transverse electromagnetic mode wave
within the coaxial line propagate back along the coaxial line, and -are
coupled to the Goubau line as reflected surface waves separated in time.
The reflected waves propagating on the Goubau line are transferred to a

15 direction coupler and detected by a. receiver. The time between the
received pulses is proportional to the distance from the surface of the
liquid to the reference level. However, this conventional TDR level
sensing apparatus is relatively expensive and bulky.

20 There is therefore a great and still unsatisfied need for a new
' material level sensor which addresses the foregoing concerns associated
with conventional devices, and which provide adequate solutions thereto.

This new level sensor should be capable of gauging the level and.

condition of fiuids and other materials in containers, as well as in
25 reactors, pipes, river beds, irrigation ditches, conveyors, free standing.
piles, and a variety of other systems. Additionally, the new sensor shouid

also be amenabie for use asa linear dispiacement transducer in mé‘chiné

tools, hydraulic actuators and similar devices with movable components.

30
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coaxial line and a transverse el ectromagnetic no thin the coaxial 5
li-ne. A trsimpie touselevi ce controls the relative power distributed to the
t\Mﬁ - nodes. A reflection occurs when the surface wave propagating
on-*t he outside of the coaxial |ine encounters the surface of the.

liquid. Th i ' | nti rel
w thin the. coadt JF FotherBbIEESer fe precemofRehfiol Xl preViBe | 16781, 71V,
when it reserises whichy é$ ccompact! ity sizelfor use fivel tightt bavisomrheats. ahbe

‘refl ected surface wave on the outside of the coaxial line and the
ref | ect ed GOMPIGY SIUEtUESCt r onmgnet i ¢ node wave wi thin the coaxi al
| i ne propagate back along the coaxial line, and are coupled to
t he Goubau line as reflected surface waves separated in tine. The

reflected wavest s yeeanottir etsjeétef fHeUprasent veritior! (oA prividé elnéw a
level sensor which has an extremely low power oonsumption as well as a
long operation range. ' '

It is still another object of the present invention to prcvide a new
15 level sensor which can be used to gauge the level and condition of fluids
and other materials, such as granular materials.

It is a further object of the present invention to provide a new level
sensor which can locate moving refiecting interfaces for transtational
2n measurements.

It is another object of the present invenﬁon to provide a sensor
which can also be used as a linear displacement transducer.

25 It is still another advantage of the present invention to provide a
level sensor which detects the true. liquid level to be measured, and
which is generally insensitive to foamy material. |

Briefly, the above and further objects and advantages of the
30 present invention are realized by a new Ievel_sensor which is based on
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piles, er systens itionally, the new sensor should
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5 measurement of the material level and condition.

The sensor is mostly independent of circuit elements and
temperature variations and can be inexpensively manufactured: 'The
. transmission line may be a Goubau line, microstrip, coaxial cable, twin
10 lead, coplanar strip or coplanar waveguide. Typically, it includes a strip
pia_ced along the inside wall of a tank or container. The refiected pulses
also contain information about strata within the fluid, such as siudge
build-up at the bottom of an oil tank. The sensor can be hand portable
and readily usable in confined and hard to reach places Additionally, it |
16 - can also be used for translatronal measurements of objects in close
proximity to the fransmission line.

In automotive or similar fields of use, the sensor can be used as a
dipstick to determine the fil levels in gas tanks, crankcases,
20 transmissions, rear ends, brake fiuid reservoirs, windshield water botties,
Iaundry machine fill level, mdustnal vat fill levels, etc. The sensor can
also replace most level sensors mcludmg those used in toilets, grain silos
and gas station storage tanks, oit supertankers etc. It can further be
used as a linear displacement transducer for machine position control,
25 limit switches and musical lnstruments wherein a metal or dielectric
object is moved m_close proximity te, or in contact with the transmission

‘line.

The sensor inelludes”a_n e)dr'eme_ly_simple”and low cost sampler
30 - comprised of only a single diode. The signal to be sampled is applied to
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SUMMARY OF THE | NVENTI ON Accordi ngly, ii I s an object of esent
i nvent i oWV@86/B78Yi de an inproved I'evel sensor which is i ne?ﬁg’r@%@&?%

accurate, light in weight, and sinple to use. =gwother obj ect

of the present invention to provide a | evel serisdHISVBHERT HASEEEpalit i n size
for use in tight. environnents and co?‘pl ex strudturesREPLACED |t{lis yet
anot her object of the present inventfon to providée a new rever sensor which

e 2t onednoting, b et annda ALHs S0ck Wledhs ase FuIsh BUapRied new | ovel
whj.. t; - | f ¢ d d

other mat 1 hef 8fhet Jettifgl, 18, SheSCathile, Hiitndtthe BBfmar? BrdBiei & 1> an

obj ect of sampidr Bloaby orursainsled] spuricus couplingefromethel sigralsioputita ch can

| ocate noving reflecting interfaces for translational .neasurenents.
It is anothe:-sSampjerutpet istrotya seurme of,0eREe N slﬂ%dh@\ﬁ'ﬂ@b“@%ﬁ?& whi ch can

algo be uggsh flqlehdy LBmpneRts GHEE2brd HUBAYY s it will be explained |
below with respect to the TDR system configuration. An ampiifier having
limited high frequency bandwidth is connected to the sampler, and blocks
these high frequency components. Thus, complicated blowby
cancellation circuitry found in conventional samplers, such as Tektronix"
‘ Model S—4, is eliminated. |

Additionally, the present sensor has a self biasing design, in that
average rectified gate pulses develdp about 1V DC reverse bias across
the sampling diode in order to prevent forward conduction of the d_iode

15 during the transmit pulse. A capacitor (C = 22 picofarads) holds and
" smooths this bias, while a single 1 megohm bias resistor to ground forms
a bleeder to maintain bias voltage with an absoiute minimum of bias

circuitry. |

20 | The sample buffer amplifier uses a transimpedance ampiifier that
essentially defines the bandwidth. The transimpedance a_mpliﬂer is AC
coupl_ed' to eliminate the effects of variation in sampling diode forward
drop and reverse bias. Further, its high frequency bandwidth is Iimitgd to
less than the PRF to prevent amplification of pulse-to-puise bias

25 variations that odcur at the puise repetition frequency (PRF) rate of 2
MHz, and o smooth random noise.

The sensor further includes a range sweep circuit which uses a
very simpie RC delay circuit in the receive gate path, that prqvides an
30 exponential delay function with respect to the control range delay voltgge_
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It is still another object of the present invention to provide a |evel

Sensor wo sshedt ects the true liquid level to be neasuredpepf s,l\ygjsch IS
generally insensitive to foanmy material . : Briefly, the above and

further objects and advantages of the present invention are realized by a
new | evel sensor which'is based on

6 time domain reflectonetry (TDRg of very short electrical pulses.

Pul ses are propagated along a transm ssion line imersed in a material,

7o or oncRRIAINROLAIPS 47 WIGRRT.YeRistdl "ThisThide HBSERBr B 1R 20 Ll ee the
measur ensweepf cleady ndistingaishiesv the preasentnénvention over conventional

sensors which require expensive and complicated precision high speed

analog current sources arid comparators to form a linear voltage ramp
5  delaycircuit | -

An eqdivalent time (ET) exponential ramp is used as a sweeping
reference input to the above real time exponential delay ramp circuit, in
~order to provide a linear swept deiay function with a minimum of
10 components.  Additionally, the range sweep circuit is relatively
independent of power supply (V) variations, since the pawer supply
simultaneously 'clleﬁnes- the real time and the equivalent time ramp
amplitudes and the decision threshold (Vi = Vco/2) of the comparator
function (formed by a logic inverter). In this respect, if Vec increases by
15 ten percent, the ramp amplitudes as well as the decision threshold
-~ voltage Vy, increase by ten percent, such that the threshiold point on the
real time ramp remains the same (50% of the rhéximum amplitude), i.e.,
at the same delay despite the ten percent increase in the power supply
Vee. This cancellation effect is very important for stable, low jitter timing;
20 '

The sensor further includes a dithered PRF circuit which prevents
interference from co-located sensors and from CW emitters; such as
radio stations. The dithered PRF circuit also reduces interference to
communications services by spreading the spectral lines of spurious

25 emissions from a guide wire, transmission Iine,. or sensor tip, thereby
reducing peak amplitude at any particular frequency.

The sensor also includes a fast pulse generator, which forms part
of a transmit pulse generator and gate puise generator, and which is
30 comprised of a high speed CMOS or Schottky TTL logic gate / inverter



The sensor _is nostly independent of ci.rcuit el ements and tenperat ure
vari ati onWVOMI%¥Eh be i nexpensively manufactured. The tra B} i ne
may be a Goubau line, mcrostrip, coaxial cable, {f#f : ar
strip or coplanar waveguide. Typically, it includgsTHSSHEES HASBERN| al ong
the inside wall of a tank or container, The reflefited pUFREACED 3] soficontain
_information about strata within the fii d, such as sTudge parta-up at the
bot t om of an oi|l tank. The sensor can be hand_portable and readily usabl e

i n confi ne@NYING & Mierowaviesilicon bipolar trapgistor.o fast pulse ganeralos s he used

trans oo Seafiile SEERGRTHGY By, Bbd s, b Bofver, SirfBiiBdot (e "¢,
sensor canirstance,d less dhan HmA), and! operdtes at higihespedd (.eyelo0ps gas

tanks, crankcases,  transm ssions, rear ends, brake fluid reservoirs,
wi-ndshi el dirapsitiontime).c & aiso|praduess veonhiglean’ transitiods freenefiEngingl vat fill

thoge useddlR BoHE BaRIrgfd o e Jeerieifiof f 18830nd B The YERC fReiti. 1P
super t ankepfterriéitive cohvéritioriall faSE pulse Pehéﬁél{o?s_s ate! privhafilydbased cHrent

transducer for machine position contro imt swtchesS and nusi cal
i nst r ument stepiesoweny diodes thataredelatively quite expensive.i s noved i n cl ose
proximty to, or in contact with the transn ssion l i ne: The
sensor includes an extrenely sinple and | ow cost sanpl er conpri sed of

only a single dipdesenbér Tnpldls (@ duliberale! fifipbdadcd hidthdtéh at the
beginning of the sensor transmission line, such that the reflected fiducial
pulse at the mismatch eliminates timing drift, i.e., zero offset in the range
readings. |

The TDR is comprised of (1) a small (i.e. 1 picofarad)

15 differentiating capacitor cornected from the transmit pulse generator to a
cable drive node; (2) a 50-ohm terminatihg_ resistor connected from the

drive node to ground; (3) a sampling diode connected to the drive node.

Thus, the present TDR is simpler ‘than most if not all comparable
conventional TDR's. Normally, 'a_n exisﬁng TDR would include a resistor

20 is used in place of the capacitor, and a separate puise forming network is
needed to differentiate the pulse supplied by the transmit pulse
generator. The capacitor used in the present TDR is sufficiently small

that is does not load the circuit relative to the reflected pulses appearing

at the drive node, and therefore these puises are not attenuated, as

25 would be the case with conventional TDR's, where a resistor is used.
Additionally, these conventional' TDR's often use an expensive and lossy

" directional coupler.

The orientation of the sampling diode prevents unintentional turn-
30 on by the transmit pulse, and enables it to be turned on by the gate puise

—
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7 one terminal; i.e., the anode of the diode, while the gate pulse is
appl | ewolggnbf® other termnal, i.e., the cathode. Furthepq,bg@,lg%mn

probl em of sanpl er bl owoby or unsanpl -ed, spurious couplin romthe signal
input to the sanpler output is not-a source of concern, since the signal
has only high frequency conponents and zero average, as wll be expl ai ned
bel ow with respect to the TDR systgm configuration. An anplifier having
limted high frequency bandwidth i s connected to the sanpler, and bl ocks

~ these hyfip fDEﬁngtﬁe tPaHENRTP gﬁﬁfe mﬁfon S bidd, %t%qy{é{o | I'ati on

circuitry foun n conventli er's, such as troni x deI S-4, is
el i m naeverse biased by\cadDO bias wltageu,erqoﬂrrmftrmmbramd bydhef bi asing

design, in that ave e recti ate uI S vel.qp about 1V DC reverse
bi as adFRNEMit tﬂ‘"§% f(ﬁﬁ@cﬁhelg @? @Hduct i on of

e 3 e s %'“as*'ﬁ@ﬁﬁf*‘eﬁ"@&'éﬁr"‘ﬁeﬁ%aﬁt“@Lvé@dﬁgiﬁ's?%%ﬂrir gszzmzc"
5;:):213' ;itrat;)bptadem mgna’aiamase rétios vol tage with an absolute nininmumof bias
The present sensor can also be used as; or in conjunction with a
construction tool. For instance, the sensor can be used with a drill to
provide accurate information about the drilling depth. it can also be used |
10 as a safety sensor for power windows in automobiles, whereby a guide
wire is embedded in the window glass and the close proxrmrty of a hand
(or an object) causes a reﬂectlon that can be detected for the purpose of
turning off the power to the wrndow motor.

15 BRIEF DESCRIPTION OF THE DRAWINGS
The above and other features of the present invention and the

manner of attaining them will become apparent and the invention itself
will be best understood by reference to the follomng descrrptlon and the
’accompanymg drawings, wherein: |

20 _ Figure 1 is a side view of a material level sensor positioned
according to a first preferred embodiment of the present invention; '

Figure 2 is a top view of the sensor of Figure 1;
25 . Figure 3 is a side view of the sensor of Figures 1 and2;

Figure 4 is a block diagram of the electrical circuit forming the
- sensor of Figures 1 through 3; '



Tﬁe sanpl uffer anplifier uses a transi npedance anplifier
essenti aI@?%’é I8es the bandwi dth. The transi npedance anpl |!¥(ILQ$§9|5'§5?K&

coupled to elimnate the effects of vari atijpa=tn=san froge forward
drop and reverse bias. Further, its high friequeh8HEBRHARKEREN s linmited to
| ess than the PRF to prevent anpl ifii tionpf pulREPLAGEB| se Hli as
variations that occur at the pulse r ietiti‘ V" (PRF) rate of 2
MHz, and to s h ragdom noLse. The sensor. further | des a
range sweep cin}gé'r"ie &ﬁ"ﬂs@ iustrate & F&?@’%@c&r&v%ﬁéﬂmi wl(i'!ﬁé]t he |
receive g%bﬁs@ﬁéﬁighméﬂ%&ﬂgﬁ% an exponential delay function wth respect
to the control range del ay vdltage _ WD 96/ 19715 '
PCT/ US95/ 15775 8

supplied through_a 4,7 kilohm- resistor. This unique design.for the range
Swaep ol ear |y FigUre 6 TeEMSSNE e, PRcilinscinn HARRS of BT PAUNRNL ARl
Segsors WhdeRid) i sc&m§ btV é]ﬁ'?:h% ' iofi | eed

anal og current ouréces an Biéotrr%('ﬁra org%k?%mﬁ?oﬁgrtﬂeo tr%gre%?arrp 5

del ay ci r Figures 1 through 5, and air / fluid reflection pulses for 1 inch and 8

inches immersion levels;

_Figure 7 is a schematic cutaway view of a container having a
microstrip transmission line sensor along its wall; and

Figure 8 is side view of a drill using the sensor of the p.fesent
invention to determine the driliing depth.

15 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Figures 1, 2 and 3 represent schematic illustrations of a level
sensor 10 designed according to a first preferred embodiment of the
present invention. The level sensor 10 generally includes a transceiver
12 that is electrically coupled to a guide wire or transmission line 14 viaa

20 . cable 16, such as a 50-ohm coaxial cable. A launcher plate 18 is
connected to the shield 19 of the cable 16 in order to. prevent the
inducement of a mimmor image voltage on its shield 19. The inner
conductor 21 of the cable 16 is connected to the guide wire 14. As

- shown in Figure 3, the cable 16 is sealably and seamiessly connected to

25 the launcher plate 18, with a resistor 20 located on the backside of the

launcher piate 18, and embedded within a plastic support housing 24.

The transceiver 12 generates very short electrical puises that are
conducted over the cable 16 to the launcher plate 18, which acts as a
30 transmit antenna ground plane, and which helps faunch these electrical

—_—
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An- equival ent time (ET) exponential ranp is used as a sweepl ng

ref erengrpbgieyis L0 the above real time exponential delay p ﬁ(fﬁﬁt in
order to provi d’r'e a linear swept delay function with a m n| mim o

conponents. Additionally, the range sweep circuit is relatively

i ndependent of power supply (V[err]) variations, since the power supply
si mul t aneousl y defines the real timgand the eqw valent tinme ranp

anplitudes and the decision threshold (Merr] = V[err]/2) of the conparator
funct i onpﬁfsasrainéar ﬁelhoﬁuﬁéd Mé&ﬁ'&hh néfic (EVY Wﬁ%@eqthe EM Wheés] increases
by 15 ten percent era udes as we as the decision

: Er esﬂo: gropagate alo?ﬂltha@ndq wme] 14 nd?lehssz sbqwnemmmsed?ﬂ fiuid 22, Eggg/ t]net ) :
resno Qi.nt_on e I e nal NS e Sa 0O e
i mum S WHORE Putface level 23 is 1658, detefBineil AR B, payes 1eadi e, o

percent 5OABEASGF td HORI agor e atgggi;yamany reflectéti theteb gyf % fe! | ation

effect is very inportant low jitter timn

The sensdlscoutlnllﬂarcweataduby@eam-ﬂmdnmerfaﬁ circuit which prevents
interference fromco-located sensors and fromCWemnitters, such as .
radio stations. The dithered PRF circuit al so reduces interference to:

t - . Jine . ' 25
i 951 one. 1 onrs ‘oG Prowigate bt o fHer itk i 12 Blargthe [0 1

r educi nglmhearmate dSevAﬂcmmts)asta redeive fantenrean gyound plane and The
sensor an*so | ncl ydes a fast ul eper.ator, which fornms part of
a trans % aretra Qﬁ o0 pdises fe the Fﬁﬂzfs 30 _
$6"Pr | Se¥ng' trandidiers ﬁ’ﬁe&e@me%rmécmet &)ﬂ v BetWdShCtrPtrEnkmitidd ©' -

and reflected slgnals from which the surface level 23 may be estabhshed |
relative to the launcher plate 18.

| The magnitude I of the reflected pulse is related to the dielectric
16 constant of air, €,, and the dlelectnc constant of the fluid, e,,,,, as shown
in the followmg equatlon '

F=[1- (€l €0)° 1 [1+( ol €0)° ]

20 - The transceiver 12 measures the round trip travel time of the

' pulses and preduces' an equivalent time (ET) gate to a standard

electronic counter or dlgltal dlsplay The gate duration increases with the

increasing distance between the launcher plate 18 and the airffluid

interface with an equwalent time scale factor of 1.0 inch = 1.0 ms. The

25 launcher plate 18 facilitates launching the guided wave and minimizes
hot ground probiems on the cabie 16. - o

An important featui'e of the sensor 10 is that a deliberate refiection
~ is introduced at the latncher plate 18. In this respect, the resistor 20
30 connected between the launcher piate 18 and the guide wire 14 provides



9 drivi ng a mcrowave silicon bipolar transistor. The fast pulse generator
i s avai | abV@9e197a% extremely |ow price, " has a | ow power conmnlssvsrlm(m or
instance, | ess than 1md), and operates at hi gh speed (i.e., 100ps
transition time). It also produces very "clean" transitions free of
ringing, due to the saturation of the transistor at the end of the fast
transition. Alternative conventional t3ist pul se generators are prinmarily
based on step recovery diodes that are relatively quite expensive.

The sensor@ apaldynpadameelmmtmuntypmiehmusesww reflettion bfthenBMg of the
sensor transmni ssi 6 qrﬁe such that the ref|ected fiducial pulse at the = .
mi smat ch eVAYPRat &8 actjonisrysed ag a fidugial orrrefarense imise Hygther eadi ngs.

The TDR i strgf of pﬁmé t| ng
capaci tor conﬁé“c‘t’gﬁq‘? Mé%%u'% ransimi ré pu se {gy’eén\egirg{eaﬁalf‘gé'a&?ég% drive
node; (2) mesmﬂaotmepuuses,t relgtivecto theolauneherpiatd 18 fthéhthaty fo'thenode to
gr ound; a sa I d| ode connected to the drive node. Thus, the present

TDR?i s SI d conspauently ermrsanc deft iatredunadby thercable.
Eg:)gg! It)c/)r ar?géaagiepar a'p%gg%‘g'f’@#ﬂ@"ﬁ‘?ﬁ%ﬂ"ﬁ'ﬁ%@%eded tlondEO:c ?nge(r-)lz [ ;Pg
the pul se supplied by the transmt pul se
The EM waves that are not reflected by the airffiuid interface
continue their incident propagation through the fluid 22 toward the bottom
25 of a container or vat 27 holding the fiuid 22. These EM waves are
refiected off the bottom 25 and propagate back along the guide wire 14

for processlng by the transcewer 12.

If during the incident propagation the electromagnetic waves .
15 encounter another two-substance interface Iéyer, such as bubbles 29 or
solid deposit 31 at the bottom 25 of the container 27, they are partially
reflected back toward the launcher plate 18. In general, the present
sensor 10 is able to detect any discontinuity along its propagation path,
_ and further to measure the distance of such dlscontlnuuty from the
20 launcher plate 18. '

The general operation of the inventive sensor 10 is based on the
emission of a pulse from the transceiver 12, waiting for a brief period of
_ time (Tgue), and then opening a gate or window to allow the reflected
25 pulses to be sampled. This process is repeated at 1MHz rate, allowing
approximately 10 - 100 receive pulses to be averaged brior to
incrementing the waiting petiod Tgye. The high level of averaging

reduces the random noise accompanying the sampled signal.



gener at
- 1s doe
the dri

the case with conventio

or. The capacitofp_used in the present TDRis sufficiently small that '’

ve node and thejeforegg are not attenuated, as would be
esistor is used. Additionally,

*fg&d the ciflcHy g E?‘tHA\ée é‘é fe refl ected prCTESISIII®ari ng at
r

E

t hese conventional TDR s often use an expensive and | ossy directional

coupl er.

The orientation of4the sanpling di ode prevents

uni.ntentional turn- on by the transmt pulse. and enables it to be turned

on by the gat rovide \¥vofage 1ével that corresponds to
PCT/ US95/ 1577-F5hé)m’é‘%9ed pulses provi &

only. Dthe rmJIséleeﬂthMimat & pagicular iangenout eta &eb gf ranges F'ef“ge‘gor mal | y

rever se b|

L1 ansm Y he coelkuchetpen the g phibeL i e (S o gBRTEr Y N2

al | owi ng,
for opti

& so be amkprovddesdepth information abouti the surface level aneélaeﬂ

ﬁﬁuﬁ% %a@f;{l)é%l}uﬂvl TRisprocess i réferred td@s "ramgeigamg'he cable 5.

noli se ratio. - rﬁr esent sensor can

#8f8n tool . For

i nstance, the sensor can pe used with a drill to - provide accurate
i nforrratﬁllﬁfacﬁﬁmng $@@M8A-| i ng depth. It can al so be used

10

The present invention sweeps or scans the “range gate"” (i.e., the
region being scanned) in equivalent time. As the range gate moves
through the surface level or the interface surface, the reﬂectwnty within L (

. the range gate, and is sensed by the transceiver 12. The gate is typically

15

20

25

30

held open only for a duration equal to the emltted puise wndth .The
present invention also utilizes the concept of an ultra-wideband receiver
described in U.S. patent No. 5,345,471 |ssued to Thomas E. McEwan,
and entitied "Ultra-Wideband Receiver”, which is incorporated herein by
reference in its entirety. ' '

Figure 4 is a block circuit diagram of the transceiver 12, which
mcludes an optional noise generator 39 for modulatmg a puise repetition
frequency / puise repetntlon interval (PRFIPRI) generator 40 and for
creating a PRF with a 1MHz average and 1-10% random variation about
1 MHz ie. a 1-10% PRF dither. The dither spreads the emission
spectrum from the launcher plate 18 to reduce potential interference with
RF spectrum users, and also randomizes the samples of extraneous
interfering signals appearing at the guide wire 14.

‘The received signals or pulses at the launcher plate 18 are
sambled and averaged, such that the randomized samples average to
zero', thus substantially eliminating interference from other sources such
as RF transmitters. The desired echoes are unaffected by t_he dithering

is Sheet Has Been Replaced -

T IIl




10 as a safety sensor for power w ndows in autonobiles v\/neregy5
gui de WO096/19718v re i s enbedded in the w ndow gl ass, and ?

proximty of a hand (or an object) capses—a=seflection that can
be detected for the purpose of t urni ’ TMSSHEET RRYRIE LDt he

wi ndow motor. 15 BRI EF DESCRI PTI ON OF THE_DRARERGRCED /

The above and other features of the ﬁﬁesent i nventT omarg=t-ha _

manner of attaining them wll beconme apparent, and the inventjion itself .

will be beimce they ar@@epequm@ﬁm3wnqmyfﬂqrmneraémﬁﬁ n and the

acconpanyi r aw wh e view of
a material@ rﬁ’eﬂ’& gﬁ%e%ﬁg%?mgttlmeofoccuﬂggggpg“ﬁéﬂ x“% {J preferred
enbodi Wennn@ivélhg?mg&ﬁybmﬂue@tspe&mm compatibility with conFegtmnaIRFs a top

view of the sens Igure 1; Figure 3 is a side view
of t he serusers cﬁnd=a@uwssnalt|plei sensors to be used in close-ppaXimity. | the bl ock

; h%{]gﬂq gfcl'itar}l(ta:eeofe gér;'abfng i "shiort ptf.ﬂ(s%re.[;n enqlttegeby other pulse @ﬁgﬁ'ﬂs% Figures 1
both random and very low, and the probability of sequentially sampling
enough puises from another puise ‘system to build up a coherent,
detectable signal is effectively zero for all practical purposes.

Pulses from the 1MHz pulsé _repetition frequency { interval

(PRF/PRI) generator 40 are input along two paths: a transmit path 42 and

a gating path 44. In the transmit path 42, the PRF/PRI generator 40

drives a puise generator 46, which provides a 5V, 200 ps rise time step-

like pulse that is edge-differentiated by a capacitor 48 (C = 1 picofarad)

15 into a 200 ps-wide impuise. The impuise at the output of the capacitor 48
is applied to the cable 16 and therefrom to the launcher plate 18.

The launcher plate 18 picks up the puises reflected from the

surface level 23 or the multi-substance interface layer, and applies them

20 to a sample and hold circuit 50 via the cable 16. A termination resistor
(Ry) 51, having a value equal to the characteristic impedance (Z) of the
cable 16 is cohnected between a node 54 at the proximal end of the
cable 16 and ground, in order to minimize triple-transit reflections
between the node 54 and various discontinuities at a node 56 at the

25 ~distal end of the cable 16. The node 56 is connected to the resistor 20,
whose resistance is greater than that of the characteristic |mpedanoe Zo
so that the magnitude of the reflection, or fiducial pulse is set to be equal
to reflection from the air/liquid interface.

Sheet Has Been Replaced
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11 Figures 5A and 5B illustrate a detailed circuit diagramof the :
sensor vﬂ?sﬁsﬁi’i es 1 through 4; Figure 6 represenpgrhjissfaes | | oscope
o) .

traces an equivalent tine fiducial pulse.occurring at a |auncher plate
form ng part of the sensor of Figures 1 through 5, and air / fluid
-reflection pulses for 1 inch and 8 inches inmersion |evels; Figure
7 is a schematic cutaway view of a gontalner having a mcrostrip

transm ssion |line sensor along its wall; and Figure 8 is side view

o B oyedifie RGNl Gl 90 coMaRpleIh o8 lRf 1 e

Fi gur esahd i8 gated &t raezmAHzrratesbhmquencelofsgatetputses applied oveﬂ sensor 10
desi gneg acc rdl to a_first preferred enbodi ment of the . present

i nvent i i 08 Bgl B144; o 158 sarplgand beld,circwt 5 includes aswi : 12 that is
el ectri EéHpYeFQf P4Ad o' bl cfalior'5d %oﬂﬁe&%ﬁ%'ﬂrﬁﬁh& for h&ﬁlt‘i'g4th aa.

5 sampled reflected pulses. The sampler 52 is driven by the gate pulses

into a sequenoe of alternatmg openings and closures. The gating pulses
are delayed over a range of delays of approximately 5-10 ns from the
time the launcher plate 18 emits the transmit impuises. The timing of the
gate puilses is controlled by a swept range delay generator 53 with a 40.

10 ~ Hz sweep rate, such that each gate puise is linearly swept through its full | (
range of delays every 1/40 second. This causes a sampled voltage to
apeear across the hold capacitor 59 that is an’ equivalent time (ET)
replica of the real time reflected pulses seen at the input of the sample
and hold circuit 50.  In other terms, waveforms occurring on a

18 ~ nanosecond time scale are ‘converted to |dent|cally shaped waveforms
appeanng ona mlllcsecond time scale. '

The range delay generator 53 drives a pulse generetor 55 which

generates a 5V, 200 ps rise time step-like pulse. The output of the pulse

20 ~ generator 55 is edge-differentiated by a capacitor 57 into a 200 ps-wide
impulse that is applied to the sample and hold circuit 50.

The size of the capacitor 59 is sufficiently large that each sample
only partially charges it, and approximately 10 - 100 samples_ are required |
- 25 to reach an equilibrium with the si'gn'als‘ that ap'p_ear across the-

terminatien resistor 51 (R;). In one exemplary design, the capacitor 59 is
on the order of 22 picofarads. The product of the impedance Z,in parallel
- with the resistance R, and the capacitance of capacitor 59 yields a time '
constant which is much greater than the width of the gating pulse, such
30 that it takes many pulses to charge capacitor 59. For instance, if a 200



cabl e 16, such as a 50-ohm coaxial cable. A |auncher pl atené(ﬁw %éﬁ? ect ed
to the shWOI%/19DSof the cable 16 in order to prevent the i g

mrror image voltage on shield 19. The i-nnér conductor 21 of the cabl e 16
is connected to the guide wire 14. As shown in Figure 3, the cable 16 is
seal ably and seamn essly connected to the launcher plate 18, with a resistor
20 | ocated on the backside of the | addcher plate 18, and enmbedded within a

pl astic support housing 24. ... '~ The transceiver 12 ﬂ‘@nerat es very short
el ect ri calpspwide: pulsenis zprep edcfrem thee launichet piate 18, edincher

F;ﬁﬁ,ﬁhl?h Wl Cpgmdam asltlfil t}\e%re NG puiSe. %gh%{e%@%dpptﬂsg prg&fce‘@éﬁh he'. PS

PCT/ US95/ Rdrem 59 of the sampleland
pul ses asjinear enta' alolta%eé;h 3ngﬁe%}’r%rr'rég%ectalpcac?%\/p V\?&VES Thp EM waves

pr opagat e holdngirguit &!)Jl gnd vthee nst, cawacnlorl voltagenis i tihee outputi of thei d 22,
and. whose surface | eve|

surt ace oﬁvﬁﬁﬁg'ﬂguﬁﬂnﬂf‘g Fﬁlgﬁ"‘?ia ﬂté@l I ré?'gﬁésﬂ?@dgy\é@}@iff Sﬁéht E)-h'? he 5
di sconti niyggy gdd @a‘l ] ' I hé ThbaF of samples_averaged, The

refl ections propag he gurde wre 14 towa
~ typically about 10 - 100. lt sho_uld be understood that N can assume an

arbitrary value.

The noise voltage at the sample and hold circuit 50 is reduced by

a factor related to the square root of the number of sampies averaged,

ten times in this case, and by a factor related to the effective time

constant of the averaging Circuit relative to the PRF of the system and the

instantaneous bandwidth of the sampler - a factor stemming from the

15 | sampled data nature of the sample and hold circuit 50. ln alt, greater

| than 20dB noise reduction is obtained compared to a CII'CUIt with 2 GHz
bandwidth, i.e., the bandwidth of the propagated puise.

_ The equivalent time replica at the output of the sample and hold
2n circuit 50 is applied to an ambli_ﬂer 61 with a gain of at least 100 and a
passband of 10Hz - 10KHz to provide equivalent time amplitudes on _the
order of 1 voit beak. The output of the amplifier 61 provides an analog
signal indicating the timing relation between the fiducial and airlliquid_
reflection puises.
25 o
| Positive and negative threshold comparators 63 and .64,
respectively, are connected to the output of the amplifier 61 in order to
detect the equivalent time fiducial pulse from the launcher plate 18 and
the reflected puises from the surface level 23 or ihterfa_ce layer, as well



| auncher: plate 18, which acts as a receive antenna ground plane, and

t her ef RPGwe/idhgy are teans ection pul ses to tphanigognsgmsi ver 12.
10 The transcei éHISlSHEEﬁHAﬁ\BEEU he time del ay between the

transmtted and r ®EPEACED signml s, fromwhich the surface |evel: 23
may be established  ° FeratTve to the |auncher plate 18.

The magnitude [err] of the reflectqg pulse is related to the dielectric 15
constant of air, [err], and the dielectric constant of the fluid, [err], as

shown '
[err] azsoto togglé%é&% thg’ﬂ@gg@gpﬁ rrea&:erneegat[ehaer?rc‘) %’P?epg travel tinme
of the gatepulse. pul ses and produces an equival ent tine (ET) gate to a

standard - electronic counter or digital display. The gate duration
i ncreases with the I ncreasi ng di stance bet ween the |auncher plate

18 and t he ai I r scal.e
factor of 1. Oﬁlgén twtﬂu&cg e S%’Hg?g fi'Bcfﬁw‘f\ﬂaunc r zﬁ@%br tglglg}al tates -
Baunchi mFmggeMtMawm;smnorarzAND gate 68, whbse autputnig fedobl ens on

t he cabl e 16. | mpor t.ant feature of the sensor .10 is
that a deia b@mméouetarg&lmerangecoumargq isc clodkad:at a2 MHZ ratencher pl ate

aunche it STPERE Brvigd Averihigh Tangd rédonstign, S8R St tife ' "¢
scale factor of 1.0 ms = 1.0 inch on the guide wire 14, each range '
counter puilse at a 2 MHz rate corresponds to 0.5 mils, i.e., 0.0005 inch (1
10 inx0.5 ps /1.0 ms). - - (

in one expeﬁme’nt, the observed jitter was on the order of 0;00‘@
inch rms at a measurement update interval of 1/40 second. Tﬁq range
counter 70 can accumulate readings for the purpose of averaging, in

15 order to obtain lower jitter. The output of the range couriter 70 drives a
display 72 and may also be transferred to a processor (not shown) prior
to reset.

The accuracy of the sensor 10 varies by less than 0.1 inch over a

20 wide temperature range. Such a desirable stability results from (1) the

use of the fiducial pulse to eliminate timing offset drift in the direct

transmit path 42, in the gating path 44 and in the cable 16; (2) the

minimization of pulse 'amplitu'd'e variations by the use of nearly equal

magnitude fiducial and reflection pulse detection thresholds, +Vq, and -

25 V. and (3) the use of stable RC components in the range delay 63 and
range ramp CII'CUltI"y 77.

The timing delay of range delay generator 53 is controlled in
response to a ramp signal supplied by a ramp generator 77. The ramp
30 signal causes the range delay generator 53 to sweep over a range of

Sheet Has Been RTlaced
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The EM wav%zliaét are not reflected by the air/fluid interface
2 “Pnci dent propagati on through the fluid 22 toward the bottom

continue t

25 of a container or vat 27 holding the fluid 22. These EM waves are

refl ected

for processing Et»etramp geneator €

of f the bottom 25 and gropagate back al ong the guide wire 14,

tncSsubs: oHORIR,Pe; Fintefatdod g B 8b “ﬁve@aéenorequee””””t
deposit 3lapérridive

refl ected

back tow@O géﬁia@ﬁounc e? I\gﬁg:?‘?gmﬁe genera E‘Zéépr%?eﬁt

i9 griven by a 40 Hz scan oscillaton?8. ngt t he

PCT/ US95/ Y¥Or96i19715 PCERSSNSTIS 4
| ocal inpedance discontinuity mhlch causes part|al_reflect|on of the EM
~waves. This reflection is used as a fiducial or re gg??. e
~transceiver 12. Measurenents are taken between th | N
“the reflection pulses, relative to. t ht8 | auncher plk to the
5 transcei ver 12, and consequently errors and drift introduced by the
cabl e delays amrespondingite itha rexpectestitefiastions tatans from: the Jiquid m nat ed.

anot her

sensor 10 cenvantionab digital tfrequentys dividérsui t The.l output taf thep2gMHzoNn pat h,
and furthe

T bR arralor 46 i it 18 Hhe ARES Batd"te Y Whi b 20

16

20

25

30

comparator 64 detects the equivalent time fiducial pulse from the
amplifier 64, the flip flop 66 is set, enabling the AND gate 68 to supply a
2 MHz clock to the range counter 70. The range counter 70 counts up at
the 2 MHz rate until the comparator 63 detects that the equivalent time
fluid level reflection pulse from the amplifier 61 exceeds the threshold. At
that point, the flip flop 66 is reset, disabling the AND gate 68 and
stopping the range counter 70. The data in the range counter 70 can
then be supplied across bus 79 to a signal processor (not shown) and/or
to the fluid level display 72. |

Also, on the leading edge of each 40 Hz ramp, a reset signal is
supplied to the range counter which resets the range count to zero for a

subsequent sweep. This leading edge also signals the start of the range

sweep and may be used to synchronize a monitor oscilloscope or data
transfer circuitry.

Measurement drift due to drift in the range ramp timing which

affects the equivalent time (ET) scale factor can be eliminated with a |

range ramp generator 77 that is based on a PRF-clocked range counter
connected to a digital to analog converter (DAC) to provide a digitally
incremented ramp voltage. In this case, variations in the PRF will affect

the range ramp time scale, but this variation will cancel since the range

This Sheet Has Been RTilace
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 The general operation of the inventive sensor 10 is based on the '
em ssi 1?”' se fromthe transceiver 12, waiting for pgerhisogismeri od of
time ( errff’ and then opening a gate or V\nndowto allow the reflected 25

pul ses to be sanpl ed Thi's process i syT 1MHz te, allow ng
approxi mately-10 - 100 recei ve pul sesi éd%}r to

incrementing the waiting period T[ggr y vel ¥ aver agi ng
reduces the random noi se accorrpanyl ng the sarrpl ed signa

The ave S rS#b?l hate dsggp the pul se
refl ectw p?b g@%%l cu ran(P %A arget o Qﬁgﬂgg?qdeﬁned by the.
del ay bgkample, ittheePRR ddcn@dses thedrarige tamp will taie longerdo aygle ating a

sanmpler circuit This process is referred to as "ran i n and provi des
dept h i throught ks fulh Frange; Fausingr an dnceaase !{h Hﬁnggt%ﬂv‘iﬂreggtﬁfaces bei ng

i B4 it R R S

goves tgmgﬁstﬁgespuf@cga@e@élawmml nterface surface, the reflectivity
wi thin the range gate changes, and is sensed by -the transceiver 12.- The
gate is typically held open only for a duration

With this dual counter arrangement, the only uncompensated

source of drift will be the RC network forming the real time range delay
circuit. Low cost RC components are available with less than 30 parts
10 per miliion/°C drift, which is adequate for most measurements. The drift {
in the RC network affects the sensor scale factor only, i.e., the apparent |
length of the guide wire 14. Zero offset, or the position of the launcher
plate 18 relative to the surface level 23 or interface layer, is fixed by the
use of the fiducial pulse.
15 | o
: Figures 5A and 58 illustfate an exemplary circuit diagram of the
~ preferred embodiment of the sensor 10. The noise generator 39 is
described in copending U.S. patent application Serial No. 08/044,717,
filed on April 12, 1993, by Thomas E. McEwan, entitled "Ultra-Wideband
20 Radar Motion 'Sensoi"' which is incorporated herein by reference in its
entirety. The PRF/PRI generator 40 includes two inverters 100 and 101
(11 = 74AC04) oonnected in series. A feedback path extends between
the mput ‘of the inverter 100 and the output of the inverter 101, and
includes a series capacitor 103 (C = 22 plcofarads) A resistor 104 (R =
25 - 10 kllohms) is connected between the input and output terminals’ of the
| inverter 100. ' )

The fast bule'e generator 46 includes an inverter 105 (11 =
74ACO04), whose input is connected to the output of the inverter 101.. A

30 " delay trim potention'iete'r 107 can be optionally connected-in series with |

" \‘iﬁif )



equal to wbe% ted pul se width. The present invention als t he
concept o anﬁugﬁra wi deband receiver described_in U.S. pat%ﬁ]%‘ﬁ#’{s‘?ﬁ

5,:345, 471 i ssued to Thomas E. McEwan, and entit .
AN ?t;%@ CﬁﬁNb [ﬁt

Recei ver", which is incorporated her ei n by ref
Flgure4|s a block circuit dlagramrTg%thetra [ h ncludes
~an optional noise generator 39 for Ll at i ng a pul se repetition

frequency/ pul e regetition interval (PRF/ PRI) generator 40 an%éior creating
a PRE with 1'6MP{29( 5 OWer-SUpRIY pIR af- theoinvereb #0Palsi at i on

Sbout 10K iRl B a5 bher supoty Bud 30306 T lldsi tacalller J08iter sPr eads

the em ssion spectru er' plate 5o EReee pot e

i nt er f er ense).0M tfarde}. ST butput of ¢he inverterad 08is conivetied in smesmml es of
extraneous i nterferlﬁrgig‘I Si gnal s appearing at the quide wire The

recei ved sf €130 ohms)and aapaeitopld24Uis @E‘@ﬁ@ﬂéﬁ &nd

subs?gﬁgl O{ki srﬁﬂ ng% g%&ﬁ@%@ﬁ%ﬁ%ﬁ!@ﬁgﬁéﬁ&@ RF

transmitt e11-2 afittolte bage of @ erargistot N48f (BRRIR)DY ThEcolietttrrdfte
transistor 118 is connected to the +5V power supply bus via a resistor
120 (R = 1 kilohm).

The capacitor 48 is connected between the collector of the
transistor 118 and the node 54 connecting the proximal end of a 50-chm
coaxial cable 16, the termination resistor 51 and the sample and hold
circuit 50. In the present _example, the coaxial cable 1_6 is, in tum,
connected to a square shaped launcher plate 18 having a side dimension

15 of 2 about inches (other dimensions are also possiblé).

The sampler 52 includes a Schottky diode (HP HSMS2810) and
the hold capacitor 59, which is connected at one end to the diode 52 and
at its other end to ground via a resistor 125 (R = 100 ohms). The

20 capacitor 57 (C = 0.5 picofarad) is connected between the capacitor 59
and the puise generator 44. ' |

The puise generator 44 includes a transistor 126 (BFRSZ), Whose
collector is connected to the capacitor 57, and to the +5V power source
25 bus via a resistor 127 (R = 1 kilohm). The emitter of the transistor 126is
connected to ground, while its base is connected to a bias resistor 130 (R .
=1 kulohm). The puise generator 44 fur_ther includes an inverter 131 (1=
74AC04) whose input is connectéd to the range delay generator 53, and
whose output is connected in series to the base of the transistor 126 via
30 a resistor 133 (R = 22 ohms) and a capacitor 134 (C =10 picofarads).
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since they are receivedgst

ected byff
;\iv Bﬁlérlng pr oy
users and al |l ows nul ti pte , :
of sanpling the short pul ses emtted by

and ar
interv

me shortly after they are transmtted
of=pccurrence of t gpetition
‘u’* ibility wth conventional RF

ged in close proxi mty. The chance

other pul se systens i s both random

and very | ow, and the probability sequenti al ly sanpling enough. pul ses
from anot her pul se systemto buil p a coherent, detectable signal is

ol So rpet i 416nraree, Heiey) el A8 HaRotrst pont (stPERSIEC | o

al ong t yenRettes:
path 42, the PRF/ PRI generator 40 drives a

toPoré 8AQ 5 a redidior’$40 (R ﬂgakufdmné)at'lhéléthér'hdd‘e transmit

se .denerator 46, which

provi deef- dhe\resistar 440 issconneated ttopthe i+5Y pmmsf supplyibus via a

roul ScresRIBT ARG 10 /GiohRtacia, e amd denecayli 11 via daes §P°&81¢ﬁ cd 10 the

5 St g v s 81C g i S
mul ti - stcb6t picofarads)e ranelcto the_/mputzofch fipstl inwerteh 450t 31 = F4MB04)and hol d
Ci rcwt O viath cable 16. - Atermn t|on reS|stor 1, . having a val ue
equal Ishesi Seiay P{‘,'W'Frﬁ%%m?: X Proyides aafemé‘eé%@f@ew | s connected -
P e SS9 iUl bl abifvaidsrr. 11 e
output of this first inverter 150 is connected to the input of a second
10 inverter 151 (11 = 74AC04), which, in tum, is _cbnnected tb the input ofthe (
inverter 131 via a pofentiometer 149. The output of the resistor 149 is '
connected to a shunt capacifor 155 (C = 4.7 picofarads).
The ramp generator 77 mcludes a capacttor 183 (C =
15 microfarad) that is connected at one end to the output of the 40 Hz scan
“oscillator 78, and at its other end to the base of a transistor 154 (2N2222)
via a resistor 152 (R = 1 k_ilohm). The_ base of the transistor 154 is
connected to a bias resistor 156 (R = 10 kilohms). The emitter of the
transistor 154 is connected to ground. ' A ramp timing capacitor 157 (C =
20 1 microfarad) is connected between the collector of the transistor 154
and ground. ' : '
The 40 Hz scan oscillator 78 includes two NAND gates 160, 161
(12 = 74HCOO0) connected in series, such that the output of the NAND
25 gate 161 is connected to the capacitor 153 of the ramp generator 77.
The input of the NAND gate 160 is connected to the output of the NAND
gate 161 via a capacitor 165 (C = 0.01 farad). The input of the NAND
gate 161 is also qpnhét:ted to its output via a resistor 162 (R = 2.2 |
megohms). The output of the NAND gate 161 is connected to a "SYNC"
30 termiinal via a resistor 166 (R = 10 kilohms). The "SYNC" terminal

is Sheet Has Been Reilaced
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betmeen the node 54 and various discontinuities at a node 56
end of tHWO®BIHS16. The node 56 is connected to the resisth

resi stance is greater than that of the characteristic ijp
that the magnitude of the reflection,: or. fiducial pul sgj

to refl ect

PCT/ US95/ 15775
The sanple and hold circuit 50 is also connected to the node 54

lon fromthe air/liquid |nt2%rface

hgmgl st al

and i s gatpeovides asynchronizingopulsestoqar rascillgscope dnptiishown) fpr test over
the gati ng path 44. The sanple and hold circuit 50 includes a switch or
sanpl er 52PUTBOREE: hol d capacitor 59 connected to ground for holdi
sanpl ed refl ect ed pul.ses. The sanpler 52 is driven by the gate pu
into a sequence of alternating openings and closures. The gating
are del ayed ovefueningngewoto deigares 5B, aharmutraoialtlyeSampllﬁer f6bnist he

Gar3 pur scemisEadfooiie, saiPde Stabs SEARRS 216452:’5“@? 5¢ il

Hz sweep r
range of

%%Sﬁgggg;ﬂﬁlagaggégﬁg?o I?Jﬁg&?ﬁ@@ arr‘gﬁ é?hgméage to

ng the 5
| ses
pul ses:

g of the
h a 40 10
gh its full

appear acrinshidesea vapdcitam 72 (Qr =01 trhivrofasad) that us \oonpetted atoh&T)
replica of the res@ti me reflected pul ses seen at the igrpgteqof th

and hol d c#ndp@

s resiston héd (Rew ik megohm)y@nd atits otheryeqd tg the

e sanple

nanoseconqnbl fBf ahdhvertér®1 748 HI4°L M€ 14069)" ° Thb (Averer 78 ¥ cYfinGi8a ™

15

on

25

30

to a feedback RC circuit formed of a capacitor 177 (C = 100 picofarads)
and a resistor 179 (R = 2.2 megohms) in paraliel. The output of the
inverter 175 is connected to the input of an inverter 180 (13 = MC14069)
via a capacitor 181 (C = 2 microfarads) and a resistor 183 (R = 100
kilohms). The inverter 180 is connected to a feedback RC circuit formed

of a capacitor 185 (C = 470 picofarads) and a resistor 188 (R = 470 |

kilohms) in parallel.

The positive threshold comparator 63 includes an input resistor
190 (R = 330 kilohms) which is connected at ane end to the output of the

-inverter 180, and at its other end to a bias resistor 192 (R = 1 megohrﬁ)

and to the input of an inverter 193 (I3 = MC14069). The power supply pin

of I3 is connected to the +5V power supply bus via a resistor 195 (R=1

kilohm), and is further connected to a bypass capacitor 196 (C = 100

- microfarads).

The negative threshold comparator 64 includes an input resistqr _

200 (R = 330 kilohms) which is connected at one end to the output of the
inverter 180. The other end of the resistor 200 is connected to the +5V
power supply bus via a bias resistor 202 (R = 680 kllohms) and to the
input of an inverter 203 (I3 = MC14069)
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appearing on a mllisecond tine scale.

gener a fives a p ener atQlq &
200 pst‘?{)séﬁtﬁne st ep- Ili%ké'Hﬁug?E?% s
b

The range del ay.

ich - PRGRADSNSIIS A SV, |
t of the pulse 20 gener at or

55 is edge-differentiat into a 200 ps-w de

i mpul se that is appliedT e sanpl e and hold circuit 50.

The size of the capacitor 59 is suffdciently large that each sanple _
only partially charges it, and apprOX|nater 10-100 sanples are required 25

to reach an I =
ter;n' nati on é’Pééé%pﬁ% FF) mé"‘ﬁﬁ%névc}e@rrp?p@agem gn, the capaci tor 59
E 74HC O)O'WHéFélrpméepSoWér Eﬂpﬁl @irh of $2l#s cdrirreated toithe G-S\It pmverrpedance

Zlerr] in aral | th the remstanceq% ﬁJl apaci t ance
of cap&upply bes aﬂdeicda WPBS&@aPac“Of 215 (€ 53O i 'HP eater than

char e LIRS VAP 486 280 mepitd 19 the gyt D1 the il BN 10

BCT/ USBidde 216, and also to the +5V power supply bus via a resistor 217 (R 21.5
ps wide pulse is propagated fromthe l'auncher plate 18, the reflected

pul se mgohmoesTne amodaeofglae idinder219 is connastedtna timing Gﬁﬁ@cﬁﬁrﬁﬂ: es an
it ey 2l 45k ARSI THE Bt B GBHEE 28T ShrtecldF Y © anc

input of the NAND gate 212 via an inverter 204 (13 = MC14069). .

10 Figure 6 represents oscilloscope traces of the ET fiducial pulse (
occurring at the launcher plate 18 and the air / fluid refiection puises P(1) and
P(8), respectively for 1 inch and 8 inches immersion levels of the guide wire
14. The airffiuid reflection pulse is about 200 picoseconds wide. The gate
pulse for the range counter 70-starts at a tick mark TM1 on the fiducial and
15 ends at a tick mark TM2 on the air / fiuid reflection pulse, thus measuring the
length of the guide wire 14 above the fluid level 23. '

It should be clear to those skilled in the art after reviewing the present

description of the invention that various modifications can be made without

20 departing' from the scope of the present invention. ' For' instance, while the
foregoing.-/ circuit diagram has been described in terms of discrete
components, the circuit can be integrated and miniaturized according to well

known integrated circuit techniques. The launcher plate 18 can assume

various pianar and non-planar shapes and gebmetrical_ dimensions, for

25 example contoured for use on irregularly shaped containers. '

The transmission line or wave guide 14 can assume various
designs. For instance, it can be formed of a single wire; two wires; two

e ——
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hoI d ci rcwt 5 and the net capacitor voltage is the outp

aver agi ng %lﬁg and hold circuit 50. The increnent [err%i’%&g—éﬂs t he
total received pulse, where N'is the nunber of sanples averaged,
typically about 10 - 100. It shoul d 'be understood that N can assune an

arbitrary val ue. e noi se voltage at the sanple and hol d
circuit 50 is reduced by a tactor rel ated to t he square root of

th mb db
factor roMiEe AR BY B BEihaip, @ poiow BR: < BN i 0. "0, Y °

circuit rdiehédtrie cbre bhsloRed wélléﬁﬁtﬁd%i ﬁétibwaveto samplesthent aneous
bandwi dth_of the_ sanpler - a factor stemmn romthe 15 . sanpl ed data

nature of fiviccoutside tetuben @ dielactric fubes ©r qtheryariatignsatltwould also ¢ han

pandwi i noe Psstie 18 B 108 G, BRI Yy Ehnlrdl efht ok oAb bbb

Thg equi VR sétveldsther e Wire?i4.t he output of the sanple and hold 20
circuit 50 is applied to an anplifier 61 with a gain of at |east 100 and a

“passband of 10Hz - 10KHz to provide equi vaI ent time anplitudes on the

order of 1 voI .The oqut u&of t he a ILfier 61 %OVAA es an anal og

si gnal i ndi cat e'stq ?Mé"?"" gidielediie ofi /| i qui d
reflecti Oﬁle% Orn§5275 which stores aﬂqu%"?t | MRhRNustRStRI, Yi5e bllicsho! d
conpar at ors ively, are conneéted®to the output

of the anwireflsea nti¢rostrip 278rwiich i ls attached tol ¢he innerisurfagei 280 efthet | ne
Pl Sos. 1 r GBS, 375 cBad MiEh xters ANAlY ftace Pregetprmined,depth” In
this particular embodlment, the launcher plate is not stnctly needed, -
however, the resistor 20 may be required at the top end of the microstrip
to introduce an impedance discontinuity and thus a fiducial pulse. The
microstrip 278 may be covered with a protective dielectric coating with
15 negligible effect on the reflected puise magnitude.

Figure 3 also illustrates the flinear displacement mode of the
sensor 10, where the electromagnetic guide wire 14 generally projects in
free space, and a metal or dielectric object 28. touches, or is placed or is

- 2n moved in close proximity to the guide wire 14, creating measurabie
reflection, as described above in relation to the operation of the sensor
10. The guide'wire 14 may be formed of a microstrip or other types of
transmission lines.

25 Figure 8 is side view of a construction tool, such as a drill 300
using the sensor 10 of the present invention to accura_feiy determine the
penetration depth (P) of a drill bit 302, beyond a surface level 303. The
launcher plate 18 is secured to the drill body 305, such that the distance
(L) between the drilt bit tip 307 and the launcher plate 18 is fixed. For

30 instance, in some applications, the distance (L) is the same as the total



18 as to toggle a set-reset flipflop 66 in order to generate a range

count %V(g?é’@ P#H se. The out put of the set-reset kErr 6-and

t he out 7Y he PRF/ PRI generator 40 are input to an A gate vvhose
output is fed to a range counter 70. The range counter 70 is cl ocked at a 2
MHz rate in order to provide a very high range resol ution. For an

equi valent tinme scale factor of 1.4ns = 1.0 inch on the guide wire 14 each
range counter pulse at a 2 Mz rate corresponds to 0.5 mls, i.e., 0.0005

(il il G 3 Bl i, st aferie ikor fe 5LVl
of 1/ 40déﬁfrﬁﬂﬁesm@dis%aa& {S) Befieet? idithee Plate $8 anded surfadeor the .
pur pose of avera In order to obtain |ower jitter. The output of the

range cleved &03; dsrnrewdmgiaapaecpra@ eeaﬂsmwfaﬂvopgaetratmrsﬂept*ed to a
PT ocessas) (anOtr Pnthepfrohg\gvmtgoeét?ashon P=L-S. -
5
While specrf c embodiments of the inventive material level sensor
have been illustrated and descnbed modifications and changes of the
apparatus, parameters, materials, methods of manufacture use and
operation wrtl become apparent to those skrlled in the art, wrthout ,
10 departing from the scope of the mventron | ' (



The accur‘g,éy9 of . the sensor 10 varies by less than 0.1 inch over wi d

t enper at W@ PAMHE. Such a desirable stability results fromWﬁ%’ésﬂ% of
the fiducial pulse to elimnate timng offset drift in the direct transmt
path 42, in the gating path 44 and iy the cable 16; (2) the m nimzation of
pul se anplitude variations by the use of nearly equal magnitude fiduci al
and reflection pulse detection thresholds, +V[err]. and - V[err]: and (3)
the use of .s ts in the range del ay generator 53 and range
ranmp circui tnmmmmﬂ"m”mh,e timng delay of range delay generator 53 is
controlled in*responsé t® a*ranp si QiAIMSpplied by a ranp generator 77.
The ranp signal causes the range del ay generator 53 to sweep over a range
of 19 delays corresponding to

the expected reflections to and fromthe | I(}UI d level 23.
. A sensor for determining the surface or interface level of a

material comprising in combination:

é transceiver for generating electrical transmit pﬁlses;

a guide wire at least partially immersed in the material;

a conductor electrically.coupling said transceiver and said guide
wire;

a launcher plate connected to said conductor at said coupling to said |
guide wire; |

said transmit pulses being conducted over said conductor to said
launcher plate, said launcher plate acting as a transmit antenna ground plane, |
and helping launch said electrical pulses as near field, guided electromagnetic
(EM) waves, and also producing a fiducial pulse back to the transceiver;

said EM waves propagating along said guide. wire, and being at least
partially reflected by the surface or interface;

said reflected EM waves propagating back along said guide wire
toward said launcher plate, said launcher plate acting as a receive antenna
ground plane, and therefrom said reﬂected EM waves bemg transmitted as
reflected pulses to said transceiver; and

said transceiver determining a time delay between said fiducial and
reflected pulses, thus establishing the Surface or interface level relative to

said launcher plate.

2. The sensor according to claim 1, wherein said conductor is a

coaxial cable having an inner conductor and an outer shield, said launcher



The ranp generator 77 is driven by a 40 Hz scan oscillator 78. It should be -
under st the 40 Hz oscillation frequency can be al nhsdshEas Y
derived‘%’%ﬁ?ﬁ%e 2 MHz PRF/ PRI generator 40 by neans of cﬂﬂ/entﬁlﬁgl
digital frequency dividers. The output of the 2 MHz PRF/ PRI generator 40 is
connected to the AND gate 68. \Weg the conparator 64 detects the equival ent
time.fi ' IW‘MM‘Hm‘the anplifier 61, the flip flop 66 is set,

enabl'_i* “mm 8/to supply a 2 MHz clock to the range counter 70.
The range €ouhtet 70 dounts up at the 2 MHz rate until the conparator 63
detects that the equivalent time fluid | evel reflection pulse fromthe

anplifi 6 he.. . ' hdhif hfoP 66 s
reset, pg#tgéélcl ﬁg‘g&gé %lggégggh%}%%{ ?g%‘?eﬁg& L {eher g&&&%ﬁt%@m. The
data i : C t ' I @&rindetsd 1O the a signal
processor 5 not éﬁg%?ggﬁgﬁ%r@mf gﬂgh%?t?l Eﬁhéwg‘ﬂg?’?& ay 72. Al so,
on thegu?@gmge.edge of each 40 Hz ranp, a reset signal is supplied to the
range Counter which resets the range count to zero for a subsequent sweep.
This | eading edge al so signals the start. of the range sweep and.- may be used
to synchroni ze a nonitor oscilloscope or data transfer circuitry. - '
Measur ement dr3.f Theuserisor deedrding to fotaina Bg furthemintduding awminipedancet s t he
equi valent time (ET) scale factor can be elimnated with a range ranp

gener aiconnééted foetwieen Isaick tauncher pilitecinut ksaid guide witeite providerelacall to a
digital to anal og converter (DAC) to provide_a digi tally_increnented ranp
vol t agémpedante discondinuity wiich causes partiabreflegtion af ﬁé@/ EM waves to

produce said fiducial pulse, suc_h that me_asurements taken betwee_n said (

_ fiducial pulse and said reflected pulses reduce errors and drift introduced by

said coaxial cab_le.

4. The senéor accor_ding to claim 1, whé;ein said transceiver
‘measures the round trip travel time of said fiduciai ar_ld"réﬂected pulses and "
produces an equivalent time (ET) gate to a counter; and wherein the duration
of said ET gate increases with the increasing distance between said launcher

plate and the material surface or interface.

5. The sénsor according to claim 1, wherein said transceiVer ) |
includes a pulse repetition frequency / pulse repetition interval (PRE/PRI)
generator and a noise generator for modulating said PRF/PRI generétor, in
order to generate a PRF With a IOkHz-lomz_average and 1-10% random
variation (dither) about said average; and |

wherein the dither spreads the emission spectrum from said
launcher plate to reduce potential interference with RF spectrum users, and
also to randomize samples of extrariequs in__terfering' signals appearing at said

guide wire.



tf\e rang W scale, but this variation wll cancel sj nge
20 count:w the range ranp generator 77 are ratiorretr*gﬁﬁls%gr?ﬁgsgnpl e,

if the PRF decreases, the range ranp will take longer to cycle through its
full range, causing an increase in the range counter gate pul se width, but
t he nunber—of—putses—gated—w || reaain exactly the sane since this w der
pul se gate I P : Wth this dual counter -arrangenent, the
onl y'unco'nﬁ@ﬂ&"ﬂﬁj%ﬂﬁiﬂlﬂ[}-_dri'ft will be the RC network form ng the real
ti me range . w cost RC conponents are available with |ess.
than 30 parts per mllion/[err]C drift, which is adequate for nost
measurenents. The drift in the RC network affects the sensor scale factor
only, i.e, the apparmi séridpgabestdihg to @lHiffel)wWhRrdih safl tPariceirir, or the
position of the launcher plate 18 relative to the surface |evel 23 or
i nt er f ace comprisesi mefns eol shmnplé and wvepdgé baidf reflectedd pnldesesuch that the
Figures 5A and 5B illustrate an exenplary circuit di agram of

randomized samples average to zero, thus substantially eliminating

interference from other sources.

7. The sensor according to claim 1, whérein said transceiver
includes a pulse repetition frequency / pulse repetition interval (PRF/PRI)

generator simultaneously connected to a transmit path and to a gating path.

8. The sensor according to claim 7, wherein said tranééeiver further
comprises a pulse generator connected to said PRF/ PRI generator which
provides a less than 10 ns rise time step-like pulse;

a differentiator for edge-differentiating said step-like pulﬁe" into a
less than 10 ns-wide impulse; and | _.

wherein said impulse is applied to said coaxial cable and therefrom

to said launcher plate.

9. The sensor according to claim 1, wherein said guide wire is a

microstrip transmission line.

10. A method for sensing the surface or interface levél of a material
comprising the steps of: |
. electrically coupling a conductor to a guide wire;

coﬁnecting a launcher platé between said éonducto: and guide wire;

immersing said guide wire at least partially in the material;



the preferred enbodi nrent of the sensor 10. The noi se generator 39 is-
descri i pending U S. patent application Seri al 17,
filed (t}ﬁgﬂﬁ)ﬂ?ﬁglz, 1993 now U.’'S. Patent 5,361, 070, |ssue"6:"2§4?g’ﬁg"8

1994, by Thomas E. McEwan, entitled "Utra- Wdeband Radar Mbtion Sensor",

which i§ |ncorporaTed hereln by reference in its entirety. The PRF/ PRI
gener at OA”WI!H |nvertﬁs 100 and 101 (11 = 74AC04) connected in

serles xtends bet ween the input of the inverter 100 and
uhenlnverier 101, and includes a series capacitor 103 (C =
22 plcofarads) A resistor 104 (R = 10 kil ohns) is connected between the

i nput and out plihpiﬁﬁﬁg'&éétn@ﬁl trafisiridt Bialses i 1ﬁﬁpsa1d conductor, Hagd f ast pul se
generator 46 i-ncludes an inverter 105 (11 = 4ACHH) , ‘whdse input is

e oo o it ek i 7
21 said launcher plate acting as a transmit antenna ground plane, and helpmg
launch said electrical pulses into said guxde wire as near field, gmded |
electromagnetic (EM) waves, and also producing a fiducial pulée béck into the
conductor;
waiting for a period of time (TS AMP)
said EM waves propagating along said gmde wire, and bemg at least (
partially reflected by the surface or interface; ' .
said reflected EM waves propagating back along said guidé wire
ItoWard said launcher pléfe; éaid launcher plate acting as a receive antenna
ground plane, and therefrom said reﬂected EM waves being transmitted as
reflected pulses to saxd conductor, |
opening a gat_e_ to allow said reflected pulses to be sampled;
repeatiﬁg said waiting and opening Steps at about'l'OkHz to 10MHz
rate, for allowing approxxmately 10 to 10,000 reflected pulses to be averaged
prior to incrementing Tgapqp; and
deterxmmng a time delay between said fiducial and reflected pulses, -

thus establishing the surface or xnterface level relatwe to said launcher plate.

11. The method of c_laim 10 wherein said transmit pulses have a

rise time of less than about 10 ns |

12. A sensor for deternumng the surface or mterface level of a
material compnsmg |

a pulse g‘eneréxtor for generating electrical transmit pulses;



t he inpuév | nverter 105. The power supply pin of the inverter 105 is
connecte ?86%?7 =3 power supply bus, and to a bypass capac?FUPS&%’é"{sc_: .01
f.arad). The_output of the inverter 105 is connected in series to a resistor
110 (R = 22 ohms and a capacitor s412 (C = 10 picofarads). A resistor 115

(R=1 kil oﬂ.ﬂllﬂuﬂlm:“m‘ HIF mul t aneousl y connected to the capacitor 1 12
and to the 1 18 (BFR92). The collector of the
transistor 1 18°% s"cohnettéd to the + 5V power supply bus via a resistor
120 (R =1 kilohm. The enmitter of transistor 118 is connected to ground.
The capacitor 48 agmdamemlbammaﬂyamleradImﬁmfmh@mh ansistor 118
and the node 54 connecting the proxinmal end of a 50-ohm coaxial cable 16,
the termnation réstiogdur:tcmelacmmaliy Wupling said dseigencraten amd said guide

present exanpl t he coaX| al..cable 16 is, in ta connect ed t square
shaped | alERIOT SioRda: ﬁsar&mmml guidexree s pearEigld (ot her

di nensi ons_are.als OSSIble 0 include chot t ky
di ode 52 (sﬁpdﬁ%ﬁkfgrpp SH BN wayes éagﬁsﬁé%@ﬁmw e Rt od o
one end tQq | a d at Jdts ot end t.0 ou ! a [es 125
(R =100 Pcﬂﬁﬁ%l 7@@38339 & Pisfpld of iR BnteryariEa 6 SRelroning o,
t he capaC| ?e?g EAE € generator 44. The puI se generator 44
i ncl udes a ran5|s 5FetbB 2), mhose collector is connected to the

i ohm . The o ¢ F SEmier fob'sipBing ol FEACHE Khiled 4i@EEOASENAE OFe™ |
Its base IS&QQQBB&S’&%O a bi as reS|stor 130 (R =1 kllohrr) which is

connected t roun e pul se generator 44 further includes an inverter

131 (11 = 74A@4) n‘(&?@ﬁfok'&@i'érmﬁuﬁgrkﬂﬁ%@éelﬁ E&Wée?t%@d@dr%‘inﬂté@e&ﬁdm 53,
and whose output is

réflected pulses for establishing the surface or interface level.

13. A sensor for determining the surface or interfaae level of a
material comprising: |

a pulse generator for generating electrical transmit pulses;

a guide wire at least partially immersed in the material;

a conductor electrically coupling said pulse generator and said guide
wire, for conducting said trans:mt pulses to said guide wire as near field,
guided electromagnetic (EM) wavgé, such that said EM waves are at least
partially reﬂeated by the surface or interface and converted to corresponding
electrical reflected pulses; | |

a sample and hoid circuit for receiving said reflected pulses;

an exponential range delay circuit for controlling the timing of gate
pulses transmitted to the éample and hold circuit; and |

* means for determining a time delay between said transmitted and

reflected pulses for establishing the surface or interface level.



connected in series to the base of the transistor 126 via a resistor 133 (R
= 22 ohyyoogmedhsa capacitor 134 (C = 10 picofarads). PCT/US9S/15775

22 The range ‘del ay generator 53 has its first input term nal

connected to one end of a resistor 140 (R = 4.7 kilohns). The other end of
the resistor 140 is connected to the +5V power sSuppl'y bus via a resistor

142 (R=10 kil ohnms), to the ranp gefjerat 144 (R = 4.7
kil ohns), to a variable shunt capaci torj !ﬂ 'ﬂgﬂﬂ Hmween 2 to 6
picof arads) which is connected to groun esinput of a fi
inverter 150 (11 = 74AC04). This si rrpl e RC delay circuit (144, 146)

provi des an expongntyid séllof ckoreling 40 cHib{ 18 oaRsdin! i Yxpoakntignge del ay
vol tage supplied thereto. The outpuf of this first invertef 150 i-s

connect ecrahgetdiday eit¢hitdhciudee @@RC delay ictfcul Sthat Ipkovides di éxpondtitid), i n
turn, is connected to the i nput of the itnverter 1 lvia a potentlorreter
149. The delapdfuncfiohhe resistor 149 is connector to a shunt capacitor 155
(C = 4.7 picof arads) to ground. The ranp generator 77 includes a
capacitor 153 (C = 0.1 mcrofarad) that is connected at one end.to the

out put of the 40 Hz scan oscillator 78, and at its other end to the base of

a transistor 154152 Eimosensor according to claim 14, wherein said exponential
range delay circuit further includes an equivalent time exponential ramp
used as a sweeping input to said RC delay circuit in order to prov1de a linear

swept delay function.

16. The sensor according to claim 13, wherein said samplé and hold

circuit includes a hold capacitor and a sampler consisting of a single diode.

17. The sensor according to claim 16, wherein each.gate plxlse is
linearly swepi through a range of delays for caueinga sampled voltage to
appear ac:oes said hold capacitor, and for_causing a sampled irol.tage to appear
across said hold capacitor that is an equivalent ﬁme replica of said reﬂected_

pulses.

18. A sensor for determining the surfa_ce or interface .level of a
_ matenal comprising:
a pulse repetition mterval generator;
a transmit pulse generatqr connected to the lpul'se repetition
interval generator; _. |
a differentiation -capacitor connected :to tlle transmit pulse

generator;



via a resj (R =1 kilohm. The base of the transi st '

connect ed%&g}’%&gs resistor 156 (R = 10 kil ohns) to ground?&?hg&#ﬁ er of
the transistor 154 is connected to ground. A ranp timng capacitor 157 (C =
1 microfarad) is connected between the colTector of the transistor 154 and

ground. The collector of transistor 154 is [ gst or 144 of
range del ay generator 53. The 40 Hz gmlﬂmﬂmmmlllﬂmgl ncl udes two "
NAND gates 160, 161 (12 = 74HCO0) connected % n¢series, such that the
output of the NAND .gate 161 is connected to the capacitor 153 of the ranp
generator 77. The arienninitidiheedidtsd q@anectedOfrom the differshtiatidrh eapaditort of
the NAND gate 161 via a capacitor 165 (C = 0.01 farad). The input of the

" NAND gate femgrouns;so connected to its output via a resistor 162 (R = 22
megohns) . The output of the NAND gate 161 is connected to_a "SYNC'

terminal via a resi 8teondigdor lavingn firstoens ronmected Synbe differentiation

23 provides a s,¥nchroni zing pulse to an oscill oscope (not shown) for test
pur poses. <apacitor and termination resistor;

a transmission line connected to a second end of the conductor and
being immersible into the material;

a high input imped‘ancé sampler having a first fnput connected to
the first end of the conductor;

| a hold capacitor connected to the output of the sampler;

a ramp delay generator having a first input connected to the pulse
repetition interval generator; | |

a delay pulse generator connected to the ramp delay generator;

a delay pulse differentiation capacitor connected to the delay pulse

generator and connected to a second input of the sampler.

19. The sensor of claim 18 further comprising an equivalent time

ramp generator connected to a second input of the ramp delay generator.

20. The sensor of claim 19 wherein the ramp generator has an

exponential voltage output.

21. The sensor of claim 20 wherein the ramp delay generator -

- produces.an exponential delay as a function of input.



Turning now to Figure 5B, the input of the anplifier 61 is connected to the
cat hodw&& g:) Schottky di ode 52 and to the hold capacit peThiSo%fisrT52

resi stor 6; f"h = 10 kil ohnms). The anplifier 61 includes a capacitor 172 (C
= 0.1 mcrofarad) that is connected at one end to the input and to a bias-
resistor 174 (R = 1 negohm to ground, and at its other end to the input of
an inverter 175 (13 = MC1 4069). Ths i nverter [ ' Hm to a
feedback RC circuit formed of a capacitor 177u!mu“ﬂm“mm ads) and a
resistor 179 (R = 2.2. nmegohns) in parallel. e outlput" of the inverter 175
I's connected to the input of-an inverter 180 (13 = MC14069) via a capacitor

181 (C = 2 mcrofarads) and a esistor . = ' I nverter
180 i s connect edﬁo%’ﬁ%ﬁ&f%?ﬁcﬁ#&%‘é%&% géll(l:éayé%{%%—gg\% (C =
470 pi cof . resi r {R.5 | ' I

The posi (S POreHal el BRRRLS Wih i ks e the BRdoddtaRCLlthEamp, -
330 kilo el s connected at one end to the output -of the inverter
180, andraaqia¥%h§{¥g§ end to a bias resistor 192 (R = 1 nmegohm to ground
and to the input of an inverter 193 (13 = MC14069). The power supply pin
of 13 is connected to the +5V power supply bus via a resistor 195 (R =1
kilohm), and is hHar s sertd? BICdl &iin 22 WheddA the eARPCEéndraiéibhida= 100

m crofarads) to ground. The negative threshol d conparator 64

i ncl udes millisédtitid tigke ebAstan? AAd(fRe—rainp delaygengrattn hhs iasnamosezondd at one
end to the output of the inverter 180. The other end of the resistor 200
i s connedimeé ¢onsthat.+5V  power supply bus via a bias resistor 202 (R = 680
kil ohms) and to the _ - o

24. The sensor of claim 18 further comprising:

an amplifier connected to the hold capacitor;

first and second comparators connected to the ampﬁﬁgr; _the first
comparator hévin,g a reference inp_ut -VTH, the second comparator having a
reference input +VTH; _ |

a set/reset ﬂip_ﬂop having its set input connected to the first

. comparator and its second input connected to the second comparator.

- 25. The sensor of claim 24 further comprising:

~ a gate having a first input connected to the set/reset flip flop and a
second input connected to the pulse repetition intérvél generator wherein the
flip flop enables and disables the gate;

a range counter connected to the gate.

26. The sensor of claim 25 further éomprising a scan oscillator

connected to the ramp generator and to the range counter.

«



input of an_inverfer 203 (13 = MC14069). -
24 w?ﬁ@”g’éé-reset flip-flop 66 includes two NAND gat 89’5’?65"52152 (12

= .74HCO0), wherein the power supply pin of 12 is caonnected to the + 5V
power supply bus and to a.bypass capacitor 215 (C = 0.01 nmicrofarad) to

ground. One input of the NAND gate 210 is connect\eﬂ n tmef . the
inverter 193 via a diode 219, and also3go the + 5 mﬂﬁ ﬂL"tm via a
resistor 217 (R = 1.5 megohn). The anode of the diode 21% i 8 cénnected to a

timng capacitor 220 (C = 0.003 mcrofarad) to ground. The output of the
I nverter 203 is connected to the input of the NAND gate 212 via an inverter .

204 (13 = MC14069) . 27. The sersios ¥fldini 26 Wh&Ri tiRS§dan Sxfifiter bpeestes at at he
ET fiducial pulse occurring at the |auncher plate 18 and the air / fluid

reflection psﬁhmaltﬁ‘(lé)ofauhé'ﬁﬂk,repéﬁﬁeﬁtimdwilfﬁ@heﬁatbﬂCh and 8 inches

i mersion |evels of the guide wire 14. The air/fluid‘reflection pulse is

about 200 picoseconds w de. The gate pulse for the range counter 70 starts

at a tick mark TML on the fiducial and ends at a tick mark TM2 on the air /

fluid reflection pul8e Thersensopaf alainy 18Hurther comprising a noise generator
connected to the pulse repetition interval generator for dithering the pulse

repetition interval generator.

29. The sensor of claim 18 wherein either of the transmit pulse
generator and the delay pulse generator comprises a logic gate and a bipolar

transistor driven by said logic gate.
30. The sensor of claim 21 wherein the ramp delay generator
comprises a series resistor and adjustable capacitor in shunt to ground and

the ramp generator comprises a resistor and capacitor in series.

31. The sensor of claim 18 further comprising a launcher plate

connected to the second end of the conductor.
'32. The sensor of claim 18 wherein the sampler is a diode.

33. The sensor of claim 24 wherein the amplifier is a

&ansimpedance amplifier.
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pl anar and non-pl anar shap ' hpl e

1%

contoured for use on irreg ari
transm ssion li.ne or wave dui de

TRANSGEIVER

For

i nstance, it can be forned alk wires.  tug
WD 96/ 19715 , )
PCT/ US95/ 15775 14 ' 25
W res separated by & diéﬂ!ctric;%a 2Ol | ow t ulpET ax2Pnducting tube with a
dielectric core or s or the el e¢tromagnetic wave to sanple the
fluid outside the tupe; ric tube; o other variations. It would
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ﬁigure 7.is a schematic, perspective cutaway view of a di §Jcqxidok/ss79% :
met al coWOR6ARTIS275 which stores a fluid 277. In this iIISJstratls,gn, t he

gui de wireis amcrostrip 278 which is attached to the inner
surface 280 of the containeg'ZYB, and which extends axially to a-
predet erm ned depth. In t hi aFticul ar enbodi nent, the |auncher
plate is not strictly needed, however, the resistor 20 may be
required at the top end of the mcrostrip to introduce an

i npedance discontinuity and thus a fiducial pulse. The mcrostrip
278 may be covered with a protective dielectric coating with 15

negligible effect on the reflected pul se magnitude.

Figure 3 also illustrates the linear displacenent node of the

sensor 10, where the electr nagﬁ@tic guide wire 14 generally projects in
free space, and a netal or «dieleatriic object 28. touches, or is placed or

is 20 moved in cl ogg prxi m to the guide wire 14, creating

nmeasur abl e r e¥d &gt ¢ ri bed above in relation to the
operation of the sens®® The guide wire 14 may be forned of a
mcrostrip or other typ N transm ssion |ines. 25

Figure 8 is side view of a\c ruction tool, such as a drill 300

usi ng the sensor 10 of fhe ffesent invention to accurately determ ne the
penetration depth (P) of a dqfill bit 302, beyond a surface |evel 303. The

| auncher plate 18 is s®ured|to t#e drill body 305, such that the distance
(L) between the drill byt tijp 30™and the | auncher plate 18 is fixed. For
30 i NStERANCEe, | NSO | i catyi ons, eghe stance (L) is the sane as the
t ot al “\.Q’# 3 0 8 | >
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l ength of the drill bit 302. As the drilling operation starts, the sensor
10 determ nes the distance (S) between |auncher plate 18 and the
surface | evel 303, thus providing an accurate readi ng of the

" penetration depth (P)., according to the follow ng equation: P =L
- S 5 ' o Wil e specific en&odimentsaf the inventive
material |evel sensor have i | lustrated and descri bed,
nodi fications and changes of the e &ppara S, paraneters, -
materi als, methods of manufactureT us nd operation wll becone
apparent to those skilled in the a& hagt 1 departing fromthe
scope of the invention. WO g/
PCT/ US95/ 15775 %7 C L M

S *
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TO FIGURE
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1. A sensor for determining the surface or interface |evel_of rial
ZraruPsligs

conpri si we 96r19t1snbi nat i on: a transceiver for g

el ectrical transmit pulses; a guide wire at least partially
imrersed in the material ;. glﬁqyductor el ectrically coupling said
transcei ver and said guide wre; a launcher plate connected to
sai d conductor at said coupling to said guide wre; - sai d

transmt pul ses bei ng conducted over said conductor to said | auncher plate,
said launcher plate acting as a transmit antenna ground plane, and hel pi ng
| aunch said electrical pulses as near field, guided el ectromagnetic (EM
waves, and al so producing a fiducial pulse back to the transceiver;
said EM waves propagati ng al ong said guide wire, and being at | east
partially reflected by the surface or interface; . said refl ected
EM waves propagating back along said guide wire toward sai d | auncher plate,
sai d | auncher plate acti ngeps a recei ve antenna ground plane, and therefrom
said reflected EM waves beirng transmtted as reflected pulses to said
transceiver; andS¢ aid transcei rer determining a tinme del ay
bet ween sai d gﬁ?l al and rgeflected pulgas, thus establishing the surface

I

or interface ﬁ rel afive Tard-TRUNCRer pl ate.
[ e o~ |
Lo | & t\:L ©
i | N
:h NI

181

FIG.5B




1 .
2. The sensor according to claim1, wherein said conductor Jj jal
cabl e hav@®P49"Snner conductor and an outer shield, said | Wg‘ﬁs VO

96/ 19715 5 PCT/ US95/ 15775
28 plate is connected to said outer séﬁﬁﬂd for preventing the inducenent
of a mrror inmage voltage thereon, and said inner conductor is connected to
the guide wre. 3. The sensor according to claim?2, further

i ncl udi ng an i npedance connected between said | auncher plate and said guide
wire to provide a |ocal inpedance discontinuity which causes parti al
reflection of said EM waves to produce said fiducial pulse, such that
measurenments taken between said fiducial pulse and said reflected pul ses
reduce errors and drift introduced by said coaxial cable. 4. The
sensor according to claim1, wherein said transceiver neasures the round
trip travel time q i ' ' _ : ' '
equi valent tinme (ET) gate to a counter; a
gate increases w Lh the‘increasim%Nthtan
I

wherein the duration of said ET
bet ween sard | auncher

- LAUNCHER

iv/OwN FIDUCIAL

8 W. AR/ |

LQUID LEUELI

REFLECTION
PULSE —/I'

lI ] L L l ! |
3 ms /dDiv (ET)

FIG. 6




plate and the material surface or interface. or _
accor di T3 m 1, wherein said ér? cei ver includes aﬁﬁ@?ﬁﬁu tion
f,requency / pulse repetition interv@l/(PRF/ PRI) generator and a noise
generator for nodul ating said PRF/ PRI generator, in order to generate a PRF
with a | kHz- 10OVHz average and 1-10% random vari ation (dither) about said
aver age; and wherein the dither spreads the em ssion spectrum
fromsaid | auncher plate 280 educe 33@nti al 278 erference with RF spectrum
users, and also to random gze sanpl g5 of extrgneous interfering signals
appearing at said guide wrg.
PCT/ US95/ 15775 '

29 6. The
sanpl e and average sai d reflf®

average to zero, thus substd
sources.

— 277

300
s/
308
/sa.
- e




7% The sensor accordi.ng to claim11, wherein sajji

| udes a
pul se repetition frequency / pul se repetition j it gener at or
si mul t aneously connected to a transmt path and jto a gating pdtH.

8. The sensor according to claim7, wherein sgid tfAahduNimes fufther
conprises a pul se generator connected to sai d|PRE/PRI )] mhich
provides a less than 10 ns rise tine step- ikv_

differentiator for edge-differentiating sa S sheet “-é938less
than 10 ns-w de i npul se; and wherein said inmpulse 15 applied to
sai d coaxial cable and therefromto said Sauncher pl ate. 9. The
sensor according to'claiml1, wherein said guide wwre is a mcrostrip
transni ssion | i BUMMARY OF THE INVENTIQN: hod for sensing the surface or

cllect 11 cal 1y coupl | nd rorgnae fOF o SHie gt i prdbn thvention to proide an

l'auncher plate ligiprewsd leseldsengtewhichris inestpansive, adourate, light in weightnanet si ng
said guide wire at |east partially in the material;
simple to use.

it is another object of the present invention to provide a level
sensar which is ‘compact in size for use in fight envircnments and
compiex structures.

it is yet ancther objéct of the' present invention to provide a new
level sensor which has an extremely low power consumption as well as a
long operation range.

It is still another object of the present invention to provide a new
level sensor which can be used to gauge the level and condition of fluids
and other materials, such as granular materials.

It is a further object of the present invention to provide a new level
sensor which can locate moving reflecting intarfaces for translational

measurements.

It is another object of the present invention to provide a sensor
which can also be used as a linear dispiacement transducer.

it is still another object of the prasent invention to provide a
leve! sensor which detects the true liquid level to be measured, and
which is generally insensitive to foamy material.

Briefly, the above and further objects and advantages of the
present invention are realized by a new level sensar which is based on
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PCT/ US95/ 15775 I nputting el ectrijcgt= ¢s into
said conductor, said transmt pul ses being condyctjed qver said Lo nductor to
said | auncher plate, said |auncher plate actinglay alth JUNi998 aht ¢nna

ground pl ane, and hel ping launch said electrical} pulses into sajdfguide
wire as near field, guided electromagnetic (EM {waves, and al so pfoducing a
fiducial pulse back into the conductor; Substitdfé*mbéé-ngu-@una_l&ssi od of
time (TSAWP); said EM waves propagating along sald guide wre,

and being at least partially reflected by the surface or interface;
said refl ected EM waves propagati ng back ong said guide wire toward sai d

| auncher plate, ,sai-d | auncher plate | ng as recei ye ant enna gr.ound

pl ane, and t_heréﬁ%ﬁ?@ém“{}@ﬂ‘ﬁ'&%@ﬂ(ﬁﬁb\ﬁeggwb%ﬁe%f?@ﬂf’?ﬁgﬁ a@‘"? Y1 ect ed
pul ses to sai d epeprspagiated along a trangiiisSioRding igmie?sédinpa Iriteridl] sudredd ect ed
pul ses to be sanpl ed; repeati ng. sai d waiting and opening steps at

about 10kHz t & TidRr el substanceowi the dise diferanes betwee 30, ipdaced
reflected pul segefefs éﬂg&?&?gn@ Eﬁ@@#ﬁ’gié@&ﬁm&ﬁ% %&ﬁé&é én%’cflgs the

determining a tine delay between sai ucral and r ected pulses, thus.
est abl i shi ng t heeasurementof the:matérial devead aald coatlilionve t o sai d | auncher
pl at e.

The sensor is mostly independent of circuit elements and
temperature variations and can be inexpensively manufactured. The
transmission line may be a Goubau line, microstrip, coaxial cable, twin
lead, coplanar strip or coplanar waveguide. Typically, it includes a strip
placed along the inside wall of a tank or container. The reflected puises
ailso contain information about strata within the fluid, such as sludge
buiid-up at the bottom of an oil tank. The sensor can be hand portable
and readily usable in confined and hard to reach places. Additionally, it
can also be used for translational measurements of objects in close
proximity to the transmission line.

In automotive or similar fields of use, the sensor can be used as a
dipstick to :determine the fill levels in gas tanks, crankcases,
transmissions, rear ends, brake fiuid reservoirs, windshieid v)ater bottles,
laundry machine fill level, industrial vat fil ievels. etc. The sensor can
also replace most level sensors including those used in toilets, grain silos
and gas station storage tanks, oil supertankers, etc. It can further be
used as a linear displacement transducer for machine position control,
limit switches and musical instruments, wherein a metal or dielectric
object is moved in close proximity to, or in contact with the transmission
line.

The sensor includes an extremely simple and low cost sampler

comprised of only a single diode. The signal to be sampled is applied to



14. The nethod of claim 10 wherein said transr""_.‘:;"iﬁ’)‘gx BR Kb S jri se tine
of |l ess than about 10 ns. 12. A sgngeks : I ng the

surface or interface |level of a material conpqiging h pul se
generator for generating electrical transmt pul se§7JUN 1998 9p/ 19715

PCT/ US95/ 15775 a guide
wWre at least partially imrersed in the materijal; conduct or

el ectrically coupling said pul se generator and=gatd.gujde wre, for
conducting said transmt pul ses to said gsulseivhtes sheethear2 Tune d.998gui ded
el ectromagnetic (EM waves, such that said EM waves are at Teast partially
refl ected by the surface or interface andyconverted to correspondi ng

el ectrical reflected pul ses; a sanpler for sanpling said
reflected pul sesnébermSiAES i.8l,ithe abde of e alddiel while:théddite pulse is applig@ans

for determnihg a tinme delay between said transmtted and
to the other terminal, i.e., the cathode. Further, the common problem of

sampler blowby or unsampled, spurious coupling from the signal input to
the sampler output is not a source of concem, since the signal has only
high frequency components and zero average, as will be explained
below with respect to the TDR system configuration. An amplifier having
limited high frequency bandwidth is connected to the sampler, and biocks
these high frequency components. Thus, complicated blowby
cancellation circuitry found in conventional samplers, such as Tektronix"
Model S4, is eliminated.

Additionally, the present sensor has a self biasing design, in that
average rectified gate pulses develop about 1V DC reverse bias across
the sampling diode in order to prevent forward conduction of the diode
during the transmit pulse. A capacitor (C = 22 picofarads) hoids and
smooths this bias, while a single 1 megohm bias resistor to ground forms
a bleeder to maintain bias voltage with an absolute minimum of bias
circuitry.

The sample buffer ampilifier uses a transimpedance amplifier that
essentially defines the bandwidth. The transimpedance amplifier is AC
coupled to eliminate the effects of variation in sampling diode forward
drop and reverse bias. Further, its high frequency bandwidth is fimited to
less than the PRF to prevent amplification of pulse-to-pulse bias
variations that occur at the pulse repetition frequency (PRF) rate of 2
MHz, and to smooth random noise.

The sensor further includes a range sweep circuit which uses a
very simple RC delay circuit in the receive gate path, that provides an

exponential delay function with respect to the control range delay voitage



i

refl ect ed pul ses for establishing the surface or

T

13. A sensor for determning the surface or int mat eri al
conpri si ng: a pul se generator for gerferfating el ectrigal transmt
pul ses; a guide wire at |east partialjl iﬂﬁgdHNd9Wh hé

mat eri al ; a conductor electrically cqupling said pul $efgenerator
and sai d guide wire, for conducting saig ) _gggU|de
wire as near field, gui ded el ectronagnet i id EM
waves are at | east partially reflected by the surface or interface and
converted to correspondi ng electrical re®lected pul ses; a
~sanple and hold circuit for receiving said reflected pul ses; an

exponent i al rangdrivieg aynb'rmﬂetsiﬁm wipolar triahsistpr: Atvetfast puise gepanater ispul ses

transmtted to t and _hol |rcu1t and s f
determining a ti a'f%né;?? QY {RANhs RAP 12 IpW pgwer FQPF@EFE‘H‘ ﬁ@rses
for establishi ngmtm@nés@w 1AL SA¢ operifds at h: h \¥2e?d/ i/ 1300ps
PCT/ US95/ 15775 F ﬁ g @ P
transition time). It also produces very “clean” transutlons free of ringing,
due to the saturation of the transistor at the end of the fast transition.
Alternative conventional fast pulse generators are primarily based on

step recovery diodes that are relatively quite expensive.

The sensor employs a deliberate impedance mismatch at the
beginning of the sensor transmission line, such that the reflected fiducial
pulse at the mismatch eliminates tsmmg drift, i.e., zero offset in the range
readings.

The TDR is comprised of (1) a small (iLe. 1 picofarad)
differentiating capacitor connected from the transmit pulse generator to a
cable drive node; (2) a 50-ohm terminating resistor connected from the
drive node to ground; (3) a sanipling diode connected to the drive node. -
Thus, the present TDR is simpier than most if not all comparable
conventional TDR's. 'Normally, an existing TOR would include a resistor

in piace of the capacitor, and a separate pulse forming network is
needed to differentiate the pulse supplied by the transmit pulse
generator. The capacitor used in the present TDR is sufficiently small
that is does not load the circuit relative to the reflected pulses appearing
at the drive node, and therefore these puises are not attenuated, as
would be the case with conventional TDR's, where a resistor is used.
Additionally, these conventional TDR's often use an expensive and lossy
directional coupler.

The orientation of the sampling diode prevents unintentional tum-
on by the transmit pulse. and enables it to be tumned on by the gate pulse



14. The sensor according to claim 13, wherein saig—exponential range
delay circuit includes an RC delay circuit that ﬁﬁﬂ]ﬁ{:ﬁm tial

del ay function. 15. The sensor accor{difg~to—ekardia " jwherein
sai d exponential range delay circuit further ingl des’jn ec%ui valfeft tine
exponential ranp used as a sweeping input to saifdjRC e'IJHN @98 chif in
order to provide a linear swept delay function , 16.} The sensor
according to claim 13, wherein said sanple §£Bjsth I i rcuii i ncl udes a

hol d capacitor and a sanpler consisting of =12 June 1998 17
The sensor according to claim 16, wherein ggch gate pulse is linearly

. swept through a range of delays for causing a sanpled voltage to appear
across sai d hold capacfigRres BAah@ 56 AlFdtRlle 2a RIS il _acﬂﬁgfa?h sz\ggr
across said hold capacitor that 1s an equivalent tinme replica of sai

refl ected pul sessensor of Figures 1 ttreugthdsensor for determ ning the surface or

I nterface |l evel of-a mat eri al conpri sing: a pul se repetition
interval generator; a transmt pul se generator connected to the
pul se repetition Figure 6 represents the oscilloscope traces of an equivalent time

fiducial puise occunring at a tauncher plate forming part of the sensor of
Figures 1 through 5, and air / fluid reflection puises for 1 inch and 8
inches immarsion levels;

" Figure 7 is a schematic cutaway view of a container having a
microstrip transmission line sensor along its wall; and

Figure 8 is side view of a drill using the sensor of the present
invention to determine the drilling depth.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Figures 1, 2 and 3 represent schematic illustrations of a level
sensor 10 designed according to a first preferred embodiment of the
present invention. The leve! sensor 10 generally includes a transcsiver
12thatis eledﬁmlly coupled to a guide wire or transmission line 14 via a
cable 16, such as a 50-chm coaxial cable. A launcher plate 18 is
connected to the shield 19 of the cable 16 in order to prevent the
inducement of a mirror image voltage on shield 18. The inner
conductor 21 of the cable 16 is connected to the guide wire 14. As
shown in Figure 3, the cable 16 is sealably and seamlessly connected to
the launcher plate 18, with a resistor 20 located on the backside of the
launcher plate 18, qnd embedded within a plastic suppbrt housing 24.

The transceiver 12 generates very short electrical puises that are
conducted over the cable 16 to the launcher plate 18, which acts as a
transmit antenna ground plane, and which helps launch these electrical



interval generator; a differenti at |REPIACEMEN®rSHERETlect ed to the

transmt pul se gener at or; WO 96/ 19715

PCT/ US95/ 15775 ﬁ CL a
term nation resistor connected fromthe di §haftalat M@gﬁa jurler1998t o
gr ound; a conductor having a fTrsf end connectedlitd the
differentiation capacitor and term nat4qon resistor; a

transm ssion |line connected to a second end of-tte-conductor—ard bei ng

i mrersi ble into the |o3ha ; Ayl leVéiUthat eBedspuondszenpl er
having a first input@%\?\éﬁéggdplflges "ﬁ%’é"‘? iarst{ag%d of the conductor;

a hol d capaci t dhe quise ceflettivity atra paicplar- range Qut shasatof ranges defined 5 [ 5np

delay gener at orp hiui g, fehalen B hofBRTSHIEE e WHE 1 38 cati@pSH Li on

i nterval gener Se generator co to the

ranp del ay genecdsurBfing a sampler circuit. STHIS lprocass! is eefdimetico @st rarigeqgatioghaci t or
connected to the delay pulse generator and connected to %‘s.eco d i nput of
the sanpler. and provides depth information about the surface leve! and the intertace

surfaces being sunned.

The present invention sweeps or scans the "range gate" (i.e.,
the region being scanned) in equivalent time. As the range gate
moves through the surface level or the interface surface, the
reflectivity within the range gate changes, and is sensed by the
transceiver 12. The gate is typically held open only for a duration
equal to the emitted pulse width. The present invention also utilizes
the concept of an ultra-wideband receiver described in U.S. patent
No. 5,345,471 issued to Thomas E. McEwan, and entitled "Ultra-
Wideband Receiver”, which is incorporated herein by reference in its

entirety.

Figure 4 is a block circuit diagram of the transceiver 12, which
includes an optional noise generator 39 for modulating a pulse
repetition frequency/pulse repetition interval (PRF/PRI) generator 40
and for creating a PRF with a 10kHz-10MHz (e.g. ZMHz) average and
1-10% random variation about 10kHz-10MHz (e.g. ZMHz) i.e., a
1-10% PRF dither. The dither spreads the emission spectrum from

. the launcher plate 18 to reduce potential interference with RF
spectrum users, and also randomizes the samples of extraneous

interfering signals appearing at the guide wire 14.

The received signals or pulses at the launcher plate 18 are
sampled and averaged, such that the randomized samples average ta
zZerg, thus substantially efiminating interference from other sources such

as RF transmitters. The desired echoes are unaffected by the dithering



19. The sensor of claim 18 further conprising an eguivalent tine ranp

generator connected to a second input of the ranp AQE : _
20. The sensor of claim 19 wherein the ranp gener 3ty HEEE‘ nent i al
vol t age out put . 21. The sensor of clfaijm 20 wherern 1hg ranp
del ay generator produces an exponential delay gsfa 1l7nqu9§ f{ipput.

WD 96/ 19715 Substitit _ 12 / 15775
34 22. The sensor of claim?21 Rdgtor has
an exponential time constant which is | ess thak.the {inme constant of the
ranp 15

sincé they are received at a fixed time shortly after they are transmitted
and are not affected by the exact time of occurrence of the next repetition
interval. Dithering provides spectrum compatibility with conventional RF
users and allows multiple sensors to be used in close proximity. The
chance of sampling the short pulses emitted by other pulse systems is
both random and very low, and the probability of sequentially sampling
enough pulses from another pulse system to build up a coherent,
detectable signal is effectively zero for all practical purposes:

Pulses from the ZMHz puise repetition frequency / interval
(PRF/PRI) generator 40 are input along two paths: a transmit path 42 and
a gating path 44. In the transmit path 42, the PRF/PRI generator 40
drives a pulse generator 46, which provides a 5V, 200 ps rise time step-
fike pulse that is edge-differentiated by a capacitor 48 (C = 1 picofarad)
into a 200 ps-wide impulse. The impulse at the output of the capacitor 48
is applied to the cable 16 and therefrom to the launcher plate 18.

The launcher plate 18 picks up the pulses reflected from the
surface level 25 or the multi-substance interface layer, and applies them
to a sample and hold circuit 50 via the cable 16. A termination resistor
(Ry) 51, having a value equal to the characteristic impedance (Z,) of the
cable 16 is connected between a node 54 at the proximal end of the
cable 16 and ground, in order to minimize triple-transit reflections
between the node 54 and various discontinuities at a node 56 at the
distal end of the cable 16. The node 56 is connected to the resistor 20,
whose resistance is greater than that of the characteristic impedance Z,,
so that the magnitude of the reflection, or fiducial pulse, is set to be equal

to reflection from the air/liquid interface.



del a;;‘geherator. 23. The sensor o -aim 22 wherein the ranp

generator has a mllisecond tinme constant angQREMe 2 ener at or
has a nanosecond time constant. AL & f claim 18
further conprising: an anplifier dorjnected to the{h¢ld

capaci tor; first and second Rppasiator 7CQUN 9§d tdp the
anplifier, the first conpar at or havin T = t he
second conparator having a ref erence i nput tVTH; a

set/reset flip flop having its set input nnectee-to~the first |

conparator and its second input connected to {he second. conparator,

25. The sensor @S 19 $909iea setraspbilipdions in Aefer to generate a range catitter /i g 4
first input conrbaéig tige0 the set/reset flip flop and a second i nput
connected to the pulse repetition interval generator wherein the

The output of the set-reset flip-flop 66 and the output of the
PRF/PRI generator 40 are input to an AND gate 68, whose output is fed
to a range counter 70. The range couhter_' 70 is clocked at a 2 MHz rate

in order ta provide a very high range resolution. For an equivalent time
scale factor of 1.0 ms = 1.0 inch on the guide wire 14; each range
counter pulse at a 2 MHz rate corresponds to 0.5 miils, i.e., 0.000S inch (1
in x 0.5 s / 1.0 ms). |

In cne experiment, the observed jitter was on the order of 0.001
inch rms at a measurement update interval of 1/40 second. The range
counter 70 can accumulate readings for the purpose of averaging, in

- order to obtain lower ﬁtter. The output of the range counter 70 drives a
dispiay 72 and may also be transferred to a processor (not shown) prior
to reset.

. The accuracy of the sensor 10 varies by less than 0.1 inch over a
wide temperature range. Such a desirable stability resuits from (1) the
use of the fiducial pﬁtse to eliminate timing offset drift in the direct
transmit path 42, in the gating path 44 and in the cable 16; (2) the
minimization of pulse amplitude variations by the use of nearly equal
magnitude fiducial and reflection pulse detection thresholds, +Vq, and -
V. and (3) the use of stable RC components in the range delay

generator 53 and range ramp circuitry 77.

The timing delay of range delay generator 53 is controlled in
response {0 a ramp signal supplied by a ramp generator 77. The ramp
signal causes the range delay generator S3 to sweep over a range of



flip 1 op enabl es and di sabl es the gate;

EERnt
MLAEEM@%% f lr.}I’ ﬂ]er

connected to the gate. 26. The s

conprising.a scan oscillator connected to. tjhhg ranp generatqr jand to the
range counter. WO 96/ 19715 - "7 2

PCT/ US95/ 15775 27. The sensor 'C‘\.QFJHNZ'] 9‘\j/\,herei n the
scan oscillator operates at a subrul t i puBsfijut Ei {Hggn

i nterval generator. 28. The-

conprising a noi se generator connected to the pul'se repetition interval
generator for dithering the pul se repef®tion interval generator.

29. The sensor of claim 18 wherein either of the transmt fpuI se . .
delays corresponding to the expected reflections to and from the liquid

lavel 23.

The ramp generator 77 is driven by a 40 Hz scan oscillator 78. It
should be understood that the 40 Hz oscillation frequency can be
alternatively derived from the 2 MHz PRF/PRI generator 40 by means of
convertional digital frequency dividers. The output of the 2 MHz
PRF/PRI generator 40 is connected to the AND gate 68. When the
comparator 64 detects the equivalent time fiducial pulse from the
amplifier 61, the flip flop 66 is set, enabling the AND gats 68 to supply a
2 MHz clock to the range counter 70. The range counter 70 counts up at
the 2 MHz rate until the comparator 63 detects that the equivalent time
fluid level reflection pulse from the amplifier 61 exceeds the threshold. At
that point, the flip flop 66 is reset, disabling the AND gate 68 and
stopping the range counter 70. The data in the range counter 70 can
then be supplied across bus 79 to a signal processor {not shown) and/or
to the fluid level display 72.

Also, on the leading edge of each 40 Hz ramp, a reset signal is
supplied to the range counter which resets the range count to zero for a
subsequent sweep. This leading edge also signals the start of the range
sweep and may be used to synchronize a monitor oscilloscope or data
transfer circuitry. '

Measurement drift due to drift in the range ramp timing which
affects the equivalent time (ET) scale factor can be eliminated with a
range ramp generator 77 that is based on a PRF-clocked range counter
connected to a digital to analog converter (DAC) to provide a digitally
incremented ramp voltage. In this case, variations in the PRF will affect
the range ramp time scale, but this variation will cancel since the range



generator and the del ay pul se generator conpri sqg
bi pol ar transistor driven by said |ogic gatg

generator conprises a resistor and capamgu% i S
The sensor of claim 18 further conprising—a e
t he second end of the conductor.

wherein the sanpler i-s a diode. 20 33. The sensor of claim 24
wherein the anplifier is a transi npedance anplifier.
- 36 - counter 70 and the range ramp genarator 77 are ratiometric. For

example, if the PRF decreases, the range ramp will take longer to cycle
through its full range, causing an increase in the range counter gate
pulse width, but the number of pulses gated will remain exactly the same
since this wider pulse gates a slower PRF.

With this dual counter arrangement, the only uncompensated
source of drift will be the RC network forming the rsal time;range delay
circuit. Low cost RC components are available with less than 30 parts
per milliorn/*C drift, which is adequate for most measurements. The drift
in the RC network affects the sensor scale factor only.' i.e..' the apparent
length of the guide wire 14. - Zero offset, or the position of the launcher
plate 18 relative to the surface level 23 or interface layer, is fixed by the
use of the fiducial pulse.

Figures 5A and 5B illustrate an exemplary circuit diagram of
the preferred embodiment of the sensor 10. The noise generator 39
is described in copending U.S. patent application Serial No.
08/044,717, filed on April 12, 1993 now U.S. Patent 5,361,070,
issued November 1, 1994, by Thomas E. McEwan, entitled "Ultra-
Wideband Radar Motion Sensor", which is incorporated herein by
reference in its entirety. The PRF/PRI generator 40 includes two
inverters 100 and 101 {I1 = 74ACO4) connected in series. A
feedback path extends between the input of the inverter 100 and the
output of the inverter 101, and includes a series capacitor 103 (C =
22 picofarads). A resistor 104 (R 10 kilohms) is connected
between the input and output terminals of the inverter 100.

The fast pulse generator 46 includes an inverter 105 (11 =
T4AC04), whose input is connected to the output of the inverter 101. A
delay trim potentiometer 107 can be optionally connected in series with



34. A sensor for deternining the surface or interface |evel of a mat eri al

conpri si ng: a pul se generator for gen [ AOFMIE t transmt
pul ses; a guide wire at |east partial ' .S | mat eri al ;
a conductor electrically coupling said pul se gepe i de

wire, for conducting said transmt pulses to sald ear field,
gui ded el ectromagnetic (EM waves, such that sajd are ja 9§§ast

partially reflected by the surface or int
corresponding electrical reflected pul ses; L nected to
t he conductor for sanpling said reflecte@ipul ses and consisting of a

singl e diode; and circuitry connected to the pul se generator_and
sanpl er for det &h@i Pt of inverter 835.ayThe: pawen epPly Pinaefsinet invertem 0% ds | ect ed

Censor for dot orturmiactil [0¥ <3/ AcheF stbpl IR it fbass apaciertocfe
conpri si ng: ‘= 0.01 farad) uThe ogtpotobther inverter 808 isicommpcted it sértasl tota ansmi t
pul ses; resistor 110 (R = 22 chms) and a capacitor 112 (C = 10 picofarads). A
resistor 115 (R = 1 kilohm) to ground is simultaneously connected to
the capacitor 112 and to the base of a transistor 118 (BFR92). The
collector of the transistor 118 is connected to the + 5V power supply

bus via a resistor 120 (R = 1 kilohm). The emitter of transistor 118 .
is connected to ground.

The capacitor 48 is connected between the collector of the
transistor 118 and the node 54 connecting the proximal end of a 50-chm
coaxial cable 16, the tarmination resistor 51 and the sampie and hold
circuit S0. In the present example, the coaxial cable 16 is, in tum,
connectad {o a square shaped launcher plate 18-having a side dimension
of aooxt 2 inches (other dimensions are also possible). '

The sampler 50 includes a Schottky diode 52 (HP HSMS2810)
and the hold capacitor 59, which is connected at one end to the
diode 52 and at its other end to ground via a resistor 125 (R = 100
ohms). The capacitor 57 (C = 0.5 picofarad) is connected between

the capacitor 59 and the pulse generator 44.

The puise generator 44 includes a transistor 126 (BFR32), whose
collector is connected to the capacitor 57, and to the +5V power saurce
bus via a resister 127 (R = 1 kiloshm). The emitter of the transistor 126 is
connected to ground, while its base is connected to a bias resistor 130 (R

= 1 kilohm).which is connected to ground. The pulse generator 44
further includes an inverter 131 (I1 = 74AC04) whose input is
connected to the range delay generator 53, and whose output is
connected in series to the base of the transistor 126 via a resistor

133 (R = 22 ohms) and a capacitor 134 (C = 10 picofarads).



a guide wire at |least partially imersed in the B AGEMENT SHEET a

conductor electrically coupling said pul se generat ¢ Wre
for conducting said transmt pulses to said guidé W\

gui ded el ectromagnetic (EM waves, such that sai : east
partially reflected by the surface or interface B aTaValVZ= O G
correspondi ng electrical reflected pulse§Ubsut 51 2 --:'-=Id
circuit connected to the conductor for recei vi f ' pul ses;

an exponentially range delay circuit conmezted between the puI se
generator and sanple and hold circuit for controlling the timng of gate

pul ses transmitted tTHeheangedelayagendratod 83 rias its firstl input terminalc13Tuitry

connected to the pul se generator and sa C it

determining a ti e&g%‘%’im%ﬁﬁ'ﬁ ngﬂngpn?ﬁt'eg%\‘ﬂ@hm M’Hﬁ&‘%‘?f?ﬁﬂ ses

for establishi ”Q:ft_ﬁ‘ﬂ FaSidhaC 940 is | nRbbadctd ®i€l+5v power supply bus via a
resistor 142 (R = 10 kilohms), to the ramp generator 77 via a resistor 144

(R = 4.7 kilohms), to a variable shunt capacitor 146 (C ranges between 2
to 6 picofarads) which is connected to ground, and to the input of a

first inverter 150 (11 = 74Ac04). This simple RC delay circuit (144,
146) provides an exponential delay function with respect to control
range delay volitage supplied thereto. The output of this first inverter
150 is connected to the input of a second inverter 151 (I11 =
74AC04), which, in turn, is connected to the input of the inverter
131 via a potentiometer 149. The output of the resistor 149 is
connector to a shunt capacitor 155 (C = 4.7 picofarads) to ground.
‘The ramp generator 77 includes a capacitor 183 (C =
microfarad) that is connected at one end to the output of the 40 Hz scan
oscillator 78, and at its other end to the base of a transistor 154 (2N2222)

via a resistor 152 (R = 1 kilohm). The base of the transistor 184is .
connected to a bias resistor 156 (R = 10 kilohms) to ground. The

 emitter of the transistor 154 is connected to ground. A ramp timing
capacitor 157 (C = 1 inicrofarad) is conriected between the collector
of the transistor 154 and ground. The collector of transistor 154 is
connected to resistor 144 of range delay generator 53.

The 40 Hz scan oscillator. 78 includes two NAND gates 160, 161
(12 = 74HCO0) connected in series, such that the output of the NAND.
gate 161 is connected to the capacitor 153 of the ramp generator 77.
The input of the NAND gate 160 is connected to the output of the' NAND
gate 161 via a capacitor 165 (C = 0.01 farad). The input of the NAND
gate 161 is also connected to its output via a resistor 162 (R = 2.2
megohms). The dutput of the NAND gate 161 is connected ta a "SYNC”
terminal via a resistor 166 (R = 10 kilohms). The "SYNC" terminal



-. 37 - 36. The sensor accordng to clai 3 '
exponential range delay circuit includes an RC d RE@EAQ%E@ W?Hiﬁ pr ovi des

an exponential delay function. 37. Th ensor- accordi hgjto
claim 36, wherein said exponential range delay cifcpi t170Upd98 nel udes an
equi val ent tinme exponential ranp used as a sweepi pgjinput to said 59 del ay
circuit in order to provide a |inear swept Sabshit 19383
The sensor according to cl'aim35. wherein said saople_and hold cifrcuit.

i ncludes a hold capacitor and a sanpler cqpsisting of a single diode.

39. The sensor according to claim 38, mheﬁg1n each gate pulse is linearly

er0ss. Sai d hol dPERHes BcPCRIAAEY RARR K arcosaipaRe (i SiawiPNBee

across said hold ﬁﬁﬁ ggtor that is an equivalent tinme replica of said
refl ected ph ) e g .

Tumiing now to Figure 5B, the input of the amplifier 61 is
connected to the cathode of the Schottky diode 52 and to the hoid
capacitor 59 via a resistor 170 (R = 10 kilohms). The amplifier 61
includes a capacitor 172 (C = 0.1 microfarad) that is connected at one

end to thé input and to -a bias resistor 174 (R = 1 megohm) to
ground, and at its other end to the input of an inverter 175 (I3 =
MC14069). The inverter 175 is connected to a feedback RC circuit
formed of a capacitor 177 {C = 100 picofarads) and a resistor 179
(R = 2.2. megohms) in parallel. The output of the invérter 175 is
connected to the input of an inverter 180 (I3 = MC14069) via a
capacitor 181 (C = 2 microfarads) and a resistor 183 (R = 100
kilohms). The inverter 180 is connected to a feedback RC circuit
formed of a capacitor 185 (C = 470 picofarads) and a_resistor 188
(R = 470 kilohms) in parallel.

The positive threshold comparator 63 includes an input resistor
190 (R = 330 kilohms) which is connected at one end td the output
of the inverter 180, and at its other end to a bias resistor 192 (R =
1 megohm) to ground and to the input of an inverter 193 (I3 =
MC14069). The power supply pin of I3 is connected to the +5V
power supply bus via a resistor 195 (R = 1 kilohm), and is further
connected to a bypass capacitor 196 {C = 100 microfarads) to

ground.

The negative threshold oon'iparator 64 includes an input resistor
200 (R = 330 kilohms) which is connected at one end to the output of the
inverter 180. The other end of the resistor 200 is connected to the +5V
power supply bus via a bias resistor 202 (R = 680 kilohms) and to the
input of an inverter 203 (I3 = MC14069). '



40. In a sensor for determ ning the surface or ig
mat eri al apparatus conpri sing: a pul se
generator; a transnmit pul se generator
repetition interval generator; : a dif
connected to the transnit pul se generat or;Substi
- 38 - a ternination resistor connec} ebi+rom.the
differentiation capacitor to ground; 24 a conductor havingla first
end connected to the differentiation capacitor angd rermmatiesr—+edi stor;
a transm ssion line connected to a second end of the conductor and being
| mer sible into t hergglstralert fiip-flop 66 indluliedtwd| NAND G¥ES 0, T2 (Y
having a first input connected Po

: = 74HCO0), wherein the power supply pin of 12 is connected to the +5V

power supply bus and to a bypass capacitor 215 (C = 0.01 microfarad)
to ground. One input of the NAND gate 210 is connected to the output

. of the inverter 193 via a diode 219, and also to the +5V power supply
bus via a resisfor 217 (R = 1.5 megohm). The anode of the diode 219
is connected to a timing capacitor 220 (C = 0.003 microfarad) to
'gr'ound. The output of the inverter 203 is connected to the input of the
NAND gate 212 via an inverter 204 (I3 = MC14069).-

Figure 6 represents oscilloscope traces of the ET fiducial pulse
occurring at the fauncher plate 18 and the air / fluid reflection pulses P(1) and
P(8), respectively for 1 inch and 8 inches immersion levels of the guide wire
14. The airffluid reflection pulse is about 200 picoseconds wide. The gate
puise for the range counter 70-starts at a tick mark TM1 on the fiducial and
ends at a tick mark TM2 on the air / fluid reflection pulse, thus measuring the
length of the guide wire 14 above the fiuid level 23.

it should be clear to those skilled in the art after reviewing the present
description of the invention that various modifications can be made without
departing from the scope'of the present invention. For instance, while the
foregoing circuit diagram has been described in terms of discrete
components, the circuit can be integrated and miniaturized according to well
known integrated circuit techniques. The launcher plate 18 can assume
various planar and non-planar shapes and geometrical dimensions, for
example contoured for use on irregularly shaped containers.

The transmission line or wave guide 14 can assume various
designs. For instance, it can be formed of a single wire; two wires; two



thetirst end_af the conductor; a hd R@PLAPEMEM SHEEI pcted to the

out put of the sanpler; T .a ranp del ayj dgenerator havi pgja first

i nput connect,em ' petition interVall g4rfeleldps a
del ay pul se ge ,Iu”ﬂ Ifmn\l "ﬁ to the rsabptitditayshpeter diZodung 1998 a
del ay pul se differ&nty atM on capacit connect ¢ 0 e delay pulse .
generator and connected to a second i nput of tlhe.sanpler. : 41. The

appar atus of cl aigg 40 B%B’H inthing LA saffdbe/or Rwtérfdce ¥evel afm gener at or
connected to a s-e%qond Il‘h%u oftpgtgﬁgdr]grrp del ay generator. 42. The
appar at us Ofnﬁ'l:&idpcéﬂnﬁi‘ﬁﬁf i{n the ranp generator has an exponenti al

vol t age out put. 43g.e The apparatus of claim42 wherein the ranp

el ay generator pro eratpn forrgenata 2 I nput ,

del d gan forrgenarating elgctrisalAransmut Polsest |

a guide wire at least partially immersed in the material;

a conductor electrically coupling said pulse generator and said guide
wire, for conducting said transmit pulses to said guide wire as near field,
guided electromagnetic (EM) waves, such that said EM waves are at least
partially reflected by the surface or interface and converted to corresponding
electrical reflected pulses; '

a sampler comnected to the conductor for sampling said
reflected pulses and consisting of a single diode; and

circuitry connected to the pulse generator and sampler
for determining a time delay between said transmitted and .
reflected pulses for establishing the surface or interface level,

35. A sensor for determining the surface or interface level of a
material comprising:
a pulse generator for generating electrical transmit pulses;
a guide wire at least partially immersed in the material;
a conductor electrically coupling said pulse generator and said guide
wire, for conducting said transmit ﬁulses to said guide in;ire as near field,
guided electromagnetic (EM) waves, such that said EM waves are at least

partially reflected by the surface or interface and converted to corresponding

electrical reflected pulses; )
a sample and hold circuit connected to the conductor for
receiving said reflected pulses;
an exponentially raange delay circuit connected between the pulse

generatoxr and sample and hold circuit for controlling the timing of gate
pulses transmitted to the sample and hold circuit; and

circuitry connected to the pulse generator and sample and hold
circuit for decermining a time delay between said transmitted and

reflected pulses for establishing the surface or interface level.



E 39 - 44. The apparatus of claim43 wherein the ranp generator has
an exponential tine constant which is less than the tinme constant of the
ranp del ay generator. . 45. The apparatus of claim44 vvherei n the

ranp generator has a mllisecond tjne constant are—t+he

nes 2 nanosecond) \yrgHRIEN RN -, 26 The |AEEBAGEMEL

first and second c¢onpar'at dts cofinected to the arpl

T
1
5

\Eﬁ ehe ai gener at or

conparator having a reference input -VTH, t bsti

Cc paC| tor;

a5t
Lot

reference i nput +Verr]; a set/reset fili

I §s set

I nput connected to the first conparatog7and its |second input conngcted to

t he second conparat or. 47. The apparatus of claim46 Tuartner
conpri sing a gate having a first input connected to the set/reset

flip flop and a secongs] nPiie &ABHRESGHNG Bo tifn B! RherERShid bipnkAiar val

generator wherein the -

range delay circuit includes an RC delay circuit that provides an exponential

delay function.

37. The sensor according to claim 36, -wherein said exponential
range delay circuit further includes an equivalent time exponential ramp
used as a sweeping input to said RC delay circuit in order to provide a linear

swept delay function.

38.  Thesensor according to claim 35, . wherein said sample and hold

dircuit includes a hold capaditor and a sampler consisting of a single diode.

39.  The sensor according to claim 3g, Wherein each gate pulseis
linearly swept through a range of delays for causing-a sampled voltage to -
appear across said hold capaditor, and for causing a sampled voltage to appear

across said hold_capacitor that is an equivalent time replica of said reflected

- pulses.

40, In a sensor for determining the surface or interface level of a
material apparatus comprising:
a pulse repetition interval generator;
a transmit pulse generator connected to the pulse repetition
interval generator; |
a differentiation capacitor connected to the transmit pulse

generator;



fFip ¥l op enabl es and di sabl es the gat e;

a range counter

connected to the gate: The appara

conprising a s ctedtothe

mmﬂf s\ﬂﬁgﬁp her

range counter.

- 40 - ﬂ“}‘ mu k%ﬂﬁ!‘ls‘ of cI aim4
operates at a su pul se rep
50. The appar at Us of cI aim40 further co

to t he
vhet & JUN I88scpan} osci | | at or

L, bnLeLYal 196

3&1Eeat19§8

connected to the pulse repetition intzgwal
pul se

generator faor dither

ng the

a termination resistor connected from the differentiation capaditor
to ground;
a conductor having a first end connected to the differentiation
capacitor and termination resistor;
a transmission line connected to a second end of the conductor and
being umnersxble into the material;
a high input impedance sampler having a ﬁrst input connected to
the first end of the conductor;
a hold capacitor connected to the output of the sampler;
a ramp delay generator having a first input connected to the pulse
" repetition interval generator;
a delay pulse generator connected to the ramp delay generator;
a delay pulse differentiation capacitor connected to the delay pulse
generator and connected to a second input of the sampler.
41, The apparatus of claim 40 further comprising an equivalent time
ramp generator connected to a second input of the ramp deiay generator.
42,  The apparatus of claim 41 wherein the ramp generator has an '
exponehtial voltage output.
43.  The apparatus of claim 42 wherein the ramp delay generator

produces.an exponential delay as a function of input.
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The apparatus of cI aim 40 wherein the sarrpl er 1Is a di ode.

repet‘i tion interval generator. 51. The apparatus of claim40
wherein either of the transmt pulse generator and the delay pul se

generator conprises a |logic _and a bipol ar 4+anrsistar_driven by said
| ogi c gate. The apparatus of cl ai ek SHEET}anp del ay
generator conpris mmE\E tor and adj ust '  Ijn shunt to
ground and the ram mm rlses a resijstjor g capaci o in
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44.  The apparatus of claim 43 wherein the ramp generator has an

- exponential time constant which is less than the time constant of the ramp

delay generator.

45.  The apparatus of claim 44 wherein the ramp generator has a
millisecond time constant and the ramp delay generator has a nanosecond

time constant.

46.  The apparatus of claim 40 further comprising:
an amplifier connected to the hold capaditor;
first and second comparators connected to the amplifier, the first
comparator having a reference input -V}, the second comparator having a
reference input +VTH;
a set/reset flip flop having its set input connected to the first

comparator and its second input connected to the second comparator.

47. The apparatus of claim 46 further comprising:
a gate having a first input connected to the set/reset flip flop and a
second input connected to the pulse. repetition interval generator wherein the
flip flop enables and disables the gate;

a range counter connected to the gate.

48, The apparatus of claim 47 further comprising a scan oscillator

connected to the ramp generator and to the range counter.



55. The apparatus or claim46 wherein the anplifier is a transinpedance

anplifier. _
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49, The apparatus of claim 48 wherein the scan oscillator operates at a

submultiple of the pulse repetition interval generator.

S0. The apparatus of daim 40 further comprising a noise generator
connected to the pulse repetition interval generator for dithering the pulse

repetition interval generator. :

S1.  The apparatus of claim 40 wherein either of the transmit pulse

generator and the delay pulse generator comprises a logic gate and a bipolar

transistor driven by said logic gate.
52. The apparatus of daim 43 wherein the ramp delay generator

comprises a series resistor and adjustable capacitor in shunt to ground and

the ramp generator comprises a resistor and capacitor in series.

$3. The apparatus of claim 40 further comprising a launcher plate
connected to the second end of the conductor.

54. The apparét:ds’ of clain'{ 40 wherein the sampler is a diode.

55.  The apparatus of claim 46 Wherein the amplifier is a

transimpedance amplifier. °
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