FLU D LEVEL SENSOR AND RELATED METHODS BACKGROUND [ 0001] Accurate ink |eve
sensing in ink supply reservoirs for various types of inkjet printers is
desi r abl ewban13z1mesber of reasons. For exanpl e, sensi ngPCiAISC@N0eIBS | eve
of ink and providing a corresponding indication of the anount of ink |eft
in Afluid cartridge allows printer users to prepare to replace depleted
I nk cartridges. Accurate ink level indications also help to avoid wasting
i nk, since inaccurate ink |evel indications often result in the premature

repl acenent of ink CAb ] E?%L@@N&Eﬁ% NN[??@L%I‘E& .rﬂ}fETII-IpIE%idi tion, printing

systens can use ink Ievcla:? Esen5| ng rigger certain actions that help
prevent low quality prints that mght result frominadequate supply |evels.
[ 0002] Wi |l e there are a nunber of techniques available for determ ning the
| evel of fluid in a reservoir, or Mﬁ&i_ghanber, various chal | enges
remain related to their accuracy and cost. BRI EF DESCRI PTI ON OF THE

DRAW NGS [001)3] The Apceratminkeleelosensing ininkl supply eseesits iobevarioby tymes of

of inkjet printers is desirable for a number of reasons. For example, sensing the
correct level of ink and providing a corresponding indication of the amount of ink
left in A fluid cartridge allows printer users to prepare to replace depleted ink
cartridges. Accurate ink level indications also help to avoid wasting ink, since
inaccurate ink level indications often result in the premature replacement of ink
cartridges that still contain ink. In addition, printing systems can use ink level
sensing to trigger certain actions that help prevent low quality prints that might
result from inadequate supply levels.

[0002] While there are a number of techniques available for determining
the level of fluid in a reservoir, or a fluidic chamber, various challenges remain

related to their accuracy and cost.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] The present embodiments will now be described, by way of
example, with reference to the accompanying drawings, in which:

[0004] FIG. 1 shows a fluid ejection device embodied as an inkjet printing
system suitable for incorporating a fluid level sensor, according to an
embodiment;

[0005] FIG. 2 shows a bottom view of one end of a TIJ printhead having a

single fluid slot formed in a silicon die substrate, according to an embodiment;



exanple, with reference to the acconpanyi ng drawi ngs, in which: [0004] FI G
1 shows a fluid ejection device enbodied as an inkjet printing system

sui t abl e wor2oiztassogor ati ng a fluid | evel sensor, accor diPOE/USe01A045585

enbodi ment; [0005]FIG 2 shows a bottom view of one end of a TIJ printhead
having a single fluid slot forned in a silicon die substrate, according to
an enbodi nrent; WO 2013/ 015808PCT/ US2011/ 045585 [0006] FIG 3 shows a
cross-sectional view of an exanple fluid drop

[0006] FIG. 3 shows a cross-sectional view of an example fluid drop
generator, according to an embodiment;

[0007] FIG. 4 shows partial top and side views of a MEMS structure in
different stages as ink is retracted over the sensor plate during a priming
operation, according to an embodiment;

[0008] FIG. 5 shows an example of a high level block diagram of an ink
level sensor circuit, according to an embodiment;

[0009] FIG. 6 shows a range select circuit, according to an embodiment;
[0010] FIG. 7 shows an ink level sensor as a black box element,
according to an embodiment;

[0011] FIG. 8 shows a dry response curve, a wet response curve, and a
difference curve over a range of input stimulus, according to an embodiment;
[0012] FIG. 9 shows a weak dry response curve, a weak wet response
curve, and a weak difference curve, according to an embodiment;

[0013] FIG. 10 shows examples of process and environmental variations
affecting weak wet and dry response curves, according to an embodiment;

[0014] FIG. 11 overlays the wet-dry difference signals from FIG. 10 and
shows the difference plotted against the stimulus, illustrating shifts caused by
process and environment, according to an embodiment;

[0015] FIG. 12 shows difference signal curves based on response instead
of on stimulus, according to an embodiment;

[0016] FIGs. 13 and 14 show flowcharts of example methods of sensing a

fluid level, according to embodiments.



generator, according to an enbodi nent; [0007] FIG 4 shows partial top and
side views of a MEMS structure in different stages as ink is retracted over
t he sensowopbsrassbari ng a prim ng operation, accordi ng PoTAS2@vdezsshent ;
[0008] FIG 5 shows an exanple of a high |evel block diagramof an ink |evel
sensor circuit, according to an enbodi nent; [0009]FIG 6 shows a range
select circuit, according to an enbodi nent; [0010]FIG 7 shows an ink |evel
sensor as a black box el enent, according to an enbodi nent;

DETAILED DESCRIPTION

Overview of Problem and Solution

[0017] As noted above, there are a number of techniques available for
determining the level of fluid in a reservoir or fluidic chamber. For example,
prisms have been used to reflect or refract light beams in ink cartridges to
generate electrical and/or user-viewable ink level indications. Backpressure
indicators are another way to determine fluid levels in a reservoir. Some printing
systems count the number of drops ejected from inkjet print cartridges as a way
of determining ink levels. Still other techniques use the electrical conductivity of
the fluid as a level indicator in printing systems. Challenges remain, however,
regarding improving the accuracy and cost of fluid level sensing systems and
techniques.

[0018] Embodiments of the present disclosure provide a fluid level sensor
and related methods that improve on prior ink level sensing techniques. The
disclosed sensor and methods include a MEMS structure with fluidic elements, a
sensor circuit, and a biasing technique to bias the circuit at an optimum operating
point. The operating point at which the circuit is biased enables a maximum
output difference signal between a dry ink condition (i.e., no ink present) and a
wet ink condition (i.e., ink present). The sensor circuit includes a sensor plate in
a fluidic channel. Backpressure exerted on the ink in the channel (e.g., while
spitting or priming) retracts the ink from a nozzle and pulls it back through the
channel over the sensor plate, exposing the plate to air. The circuit includes a
current source to supply a current to the sensor plate and induce a voltage

response across the plate. The voltage response measured across the plate



[0011]FIG 8 shows a dry response curve, a wet response curve, and a
difference curve over a range of input stinulus, according to an

enbodi mrerwQ 2p02oBl G 9 shows a weak dry response curveCTAISMEAI04358%
response curve, and a weak difference curve, according to an enbodi nent;
[0013] FIG 10 shows exanples of process and environnental variations

af fecting weak wet and dry response curves, according to an enbodi nent;
[0014] FIG 11 overlays the wet-dry difference signals fromFI G 10 and
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The biasing technique employs an algorithm to bias the current source at an
optimum point where the amount of current supplied to the sensor plate induces
a maximum differential voltage response across the sensor plate between the
wet and dry plate conditions in weak signal conditions.
[0019] Advantages of the disclosed fluid level sensor and related methods
include a high tolerance to contamination from debris left behind in the MEMS
structure (e.g., fluidic channels and ink chambers) that enables accurate
indications between wet and dry conditions. The sensor cost is controlled
because of its use of circuitry and MEMS structures placed onto an existing
thermal ink jet print head. The size of the circuitry is such that it can be placed in
the space of a few ink-jet nozzles.
[0020] In one embodiment, a fluid level sensor includes a sensor circuit
having a sensor plate and a current source. The fluid level sensor also includes
an algorithm having processor-executable instructions to bias the current source
such that current applied to the sensor plate from the current source induces a
maximum difference in response voltage between a dry sensor plate condition
and a wet sensor plate condition.
[0021] In one embodiment, a fluid level sensor includes a current source
and a DAC (digital-to-analog convertor) to convert an input code into a bias
voltage for the current source. The sensor also includes a sensor plate and a

switch to apply current from the current source to the sensor plate. A



of on stimulus, according to an enbodi nent; [0016]FI Gs. 13 and 14 show
flowcharts of exanple nethods of sensing a fluid | evel, according to
enbodi nerwe.2013REFMBLED DESCRI PTI ON  Overvi ew of Pr obl empaemasSuli 08356

[ 0017] As noted above, there are a nunber of techni ques avail able for
determining the level of fluid in a reservoir or fluidic chanber. For
exanpl e, prisns have been used to reflect or refract |ight beans in ink
cartridges to generate electrical and/or user-viewable ink |evel
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applying stimulus voltage to a sensor circuit in wet and dry conditions. The
stimulus voltage has a range from a minimum to a maximum voltage. The
method includes measuring a wet response and a dry response over the stimulus
range. A difference response between the wet and dry responses is determined,
and a peak difference is located in the difference response. The method then
determines a peak stimulus voltage that corresponds to the peak difference.
[0023] In another embodiment, a method of sensing a fluid level includes
biasing a current source such that a current will induce a maximum voltage
variation across a sensor plate between a wet sensor plate condition and a dry
sensor plate condition. The method also includes applying the current to the
sensor plate, sampling a response voltage across the sensor plate, comparing

the response voltage to a threshold voltage, and determining the dry sensor plate

condition based on the comparing.

lllustrative Embodiments

[0024] FIG. 1 illustrates a fluid ejection device embodied as an inkjet
printing system 100 suitable for implementing a fluid level sensor and methods as
disclosed herein, according to an embodiment of the disclosure. In this
embodiment, a fluid ejection assembly is disclosed as a fluid drop jetting
printhead 114. Inkjet printing system 100 includes an inkjet printhead assembly

102, an ink supply assembly 104, a mounting assembly 106, a media transport



[ 0018] Enbodi nents of the present disclosure provide a fluid |evel sensor
and rel ated nethods that inprove on prior ink |evel sensing techniques. The
di scl osedweensans@ad met hods i nclude a MEMS structure WPCH/USRil@#Isss

el enents, a sensor circuit, and a biasing technique to bias the circuit at
an optimum operating point. The operating point at which the circuit is

bi ased enabl es a maxi mnum out put difference signal between a dry ink
condition (i.e., no ink present) and a wet ink condition (i.e., ink
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includes a current source to supply a current to the sensor ]pllate. and
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across the plate provides an indication of whether the plate is wet (i.e.,
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air is present in the fluidic channel). The biasing techni que enpl oys an
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channel s and i nk chanbers) that enables accurate indications between wet
and dry cBadyas. Re.thehikesdipzstescbte are typidlly Artasgendp Qeeorgnorq solysmsof
circuitry and MEMS structures placed onto an existing thermal ink jet print
head. Theosipraysfsuchdhel properly yseiasiesoet eidrdioniaf iokrirde nozzlesd! ichcalrgesspace
of a fewink-jet nozzles. [0020]In one enbodinent, a fluid | evel sensor
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fluid | evel sensor also includes an al gorithm having processor-executabl e
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sensor plate fromthe current source induces a nmaximumdifference in
response ég{:ﬁ 8g1eabet ween a dry sensor plate condition and a wet sensor
pl ate condrtion.

[0025] Ink supply assembly 104 supplies fluid ink to printhead assembly
102 and includes a reservoir 120 for storing ink. Ink flows from reservoir 120 to
inkjet printhead assembly 102. Ink supply assembly 104 and inkjet printhead
assembly 102 can form either a one-way ink delivery system or a recirculating ink
delivery system. In a one-way ink delivery system, substantially all of the ink
supplied to inkjet printhead assembly 102 is consumed during printing. In a
recirculating ink delivery system, however, only a portion of the ink supplied to
printhead assembly 102 is consumed during printing. Ink not consumed during
printing is returned to ink supply assembly 104.

[0026] In one embodiment, ink supply assembly 104 supplies ink under
positive pressure through an ink conditioning assembly 105 to inkjet printhead

assembly 102 via an interface connection, such as a supply tube. Ink supply



[0021] I n one enbodinment, a fluid | evel sensor includes a current source and
a DAC (digital-to-anal og convertor) to convert an input code into a bias
vol t age fwoO 2018416808r ent source. The sensor al so i ncl ude®@Ca/usensonssps at e and
a switch to apply current fromthe current source to the sensor plate. A
measur enent nodul e determnes a wet or dry sensor plate condition by
conparing a response voltage on the sensor plate to a threshold. [0022]In
anot her enbodi nent, a method of sensing a fluid |level includes applying
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peak difference.
filtering, pre-heating, pressure surge absorption, and degassing. Ink is drawn
under negative pressure from the printhead assembly 102 to the ink supply
assembly 104. The pressure difference between the inlet and outlet to the
printhead assembly 102 is selected to achieve the correct backpressure at the
nozzles 116, and is usually a negative pressure between negative 1” and
negative 10” of H20. However, as the ink supply (e.g., in reservoir 120) nears its
end of life, the backpressure exerted during printing or priming operations
increases. The increased backpressure is strong enough to retract the ink
meniscus from the nozzle 116 and back through the fluidic channel of the MEMS
structure. In one embodiment, printhead 114 includes an ink level sensor 206
(FIG. 2) that uses the increased backpressure and retracted meniscus to provide
an accurate ink level indication toward the end of life of the ink supply.
[0027] Mounting assembly 106 positions inkjet printhead assembly 102
relative to media transport assembly 108, and media transport assembly 108
positions print media 118 relative to inkjet printhead assembly 102. Thus, a print
zone 122 is defined adjacent to nozzles 116 in an area between inkjet printhead
assembly 102 and print media 118. In one embodiment, inkjet printhead
assembly 102 is a scanning type printhead assembly. As such, mounting
assembly 106 includes a carriage for moving inkjet printhead assembly 102

relative to media transport assembly 108 to scan print media 118. In another

embodiment, inkjet printhead assembly 102 is a non-scanning type printhead



[ 0023] I n anot her enbodi nent, a nethod of sensing a fluid | evel includes

bi asing a current source such that a current will induce a maxi num voltage
vari ati orwacrEssssensor pl ate between a wet sensor pl aCe/usendiosiseh and a
dry sensor plate condition. The nethod al so includes applying the current
to the sensor plate, sanpling a response voltage across the sensor plate,
conparing the response voltage to a threshold voltage, and determ ning the
dry sensor plate condition based on the conparing. Illustrative Enbodinents
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jetting printhead 114. | nkrd et printing system 100 includes an inkjet
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106, a nedia transport assenbly 108, an electronic printer controller 110,
and at | easserobly f02nver supply 112 that provides power to the various

el ectrical conponents of inkjet printing system 100. |nkjet printhead
assenbly fg2g]ncl udeseciionieasint@neohtroilst ainectymealfs stides kBlproesdsdr head
114) that ejects drops of ink through a plurality of orifices or nozzles
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118 are nowsib franapon @ssemblc OBt Heectrgrio 26ntrallersliidhreceissedipy! 2H0om
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102. I nk supply assenbly 104 and inkjet printhead assenbly 102 can form
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forms a print job for inkjet printing system 100 and includes one or more print job
commands and/or command parameters.
[0029] In one embodiment, electronic printer controller 110 controls inkjet
printhead assembly 102 for ejection of ink drops from nozzles 116. Thus,
electronic controller 110 defines a pattern of ejected ink drops that form
characters, symbols, and/or other graphics or images on print media 118. The
pattern of ejected ink drops is determined by the print job commands and/or
command parameters from data 124. In one embodiment, electronic controller
110 includes a biasing algorithm 126 having executable instructions to execute
on controller 110. The biasing algorithm 126 executes to control the ink level

sensor 206 (FIG. 2) and to determine an optimum operating/bias point that



[ 0026] I n one enbodi ment, ink supply assenbly 104 supplies ink under
positive pressure through an ink conditioning assenbly 105 to inkjet

print heacwesesenibges102 via an interface connection, suclrCIAISAIIOPIFBY t ube.
I nk supply assenbly 104 includes, for exanple, a reservoir 120, punps and
pressure regulators (not specifically illustrated). Reservoir 120 nmay be
renoved, replaced, and/or refilled. Conditioning in the ink conditioning
assenbly 105 may include filtering, pre-heating, pressure surge absorption,
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negative pressure_between negative 1" and negative 10" of H20. However, as
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backpressure exerted during printing or primng operations increases. The
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t he nozzle 116 and back through the fluidic channel of the MEMS structure.
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that uses the increased backpressure and retracted neniscus to provide an
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[ 0027] Mounti ng asse | rrnthead asse
relative to media transport assenmbly 108, and nmedia transport. assenh 108
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a print zone 122 is defined adjacent to nozzles 116 in an area between
i nkj et prime Alisic elRaalof theohl shuftenedia 118. I n one enbodi nent,
inkjet printhead assenbly 102 is a scanning type printhead assenbly. As
such, noufA03¢ assetbihe derivedl ardesdimerds, rinkjgepfintingreystam 10k jsea dopnt head
assenbly 102 relative to nedia transport assenbly 108 to scan print nedia
118. | n aonidesnareitredinge mkjetipriitiay systemt einda dsseatihkjef 0RJ) priathead-1sidanni ng
type printhead

suitable for implementing an ink level sensor as disclosed herein. In one

implementation, inkjet printhead assembly 102 includes a single TIJ printhead

114. In another implementation, inkjet printhead assembly 102 includes a wide

array of TIlJ printheads 114. While the fabrication processes associated with TIJ

printheads are well suited to the integration of the disclosed ink level sensor,

other printhead types such as a piezoelectric printhead can also implement such

an ink level sensor. Thus, the disclosed ink level sensor is not limited to

implementation in a TIJ printhead 114.

[0031] FIG. 2 shows a bottom view of one end of a TIJ printhead 114

having a single fluid slot 200 formed in a silicon die substrate 202, according to

an embodiment of the disclosure. Although printhead 114 is shown with a single

fluid slot 200, the principles discussed herein are not limited in their application to

a printhead with just one slot 200. Rather, other printhead configurations are also

possible, such as printheads with two or more fluid slots, or printheads that use



assenbly. As such, nounting assenbly 106 fixes inkjet printhead assenbly
102 at a prescribed position relative to nedia transport assenbly 108 while
medi a traneporyoiswsenbly 108 positions print nmedia 118 PperaiSemea/ 083585 nkj et
printhead assenbly 102. [0028] El ectronic printer controller 110 typically

i ncludes a processor, firmvare, software, one or nore nenory conponents

i ncluding volatile and no-vol atile nmenory conponents, and other printer

el ectronics for comunicating with and controlling inkjet printhead
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The biasing algorithm 126 executes to control the ink | evel sensor 206
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includes a wide array of TIJ printheads 114. Wiile the fabrication

pr ocesses chamuals 2t Odflwid tdhamibkere 204 temeantszzee1 18| A sansbedircwt 20@ inaddsag at i on
of the disclosed ink | evel sensor, other printhead types such as a
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the disclosed ink |evel sensor is not limted to inplementationin a TIJ
printheady24. The other circuitry 214 includes, for example, a current source, a buffer
amplifier, a DAC (digital-to-analog convertor), an ADC (analog-to-digital
convertor), and measurement circuitry. The sensor plate 212 is a metal plate
formed, for example, of tantalum. Portions of the other circuitry 214, such as the
ADC and measurement circuitry, may not all be in one location on substrate 202,
but instead may be distributed on substrate 202 in different locations. The fluid

sensor 206 and sensor circuit 208 are discussed in greater detail below with

respect to FIGs. 4 and 5.
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[0031]FIG 2 shows a bottom view of one end of a TIJ printhead 114 having a
single fluid slot 200 fornmed in a silicon die substrate 202, according to
an enbodiwenni3afisgoRe di scl osure. Al though printhead 114PC3/Gshanao43s8% h a
single fluid slot 200, the principles discussed herein are not limted in
their application to a printhead with just one slot 200. Rather, other
printhead configurations are al so possible, such as printheads with two or
nore fluid slots, or printheads that use various sized holes to bring ink

to fluidi nnel s d,C rs. fluid s 015 o] t sl ot
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supply, such as a_fluid reservoir 120. Fluid slot 200 has fluid dr
Goner at or eBBBIYL ARy ARG BorR emosien: ot toeoRSehaure.no FAER F10R d
chanmbers 204 and nozzles 116. Substrate 202 underlies a chanber |ayer
havi ng f| geaer@enR0 fchadesaddazzieo? 6 ca Iflayce eharmbien g0ro 226 s finng efesnarld

therein, as discussed below wth respect to FIG 3. However, for the
pur pose oB0RIdigxisedtindhe fluice chbmibke 204 ayiozAes! 116 zrk doimagein inozEeGayer ar e
assuned to be transparent in order to show the underlying substrate 202.

Ther ef or e31ghaebars i;@ﬁéraﬂvcbrl’éﬁg@deﬁ) fok hezik Goldmas &lond Wed sRfedofugieng

dashed lines. [0032]In addition to drop generators 300 arranged al ong the

si des of ﬁ{}ﬁ §169§089(2}:0ig5829@hén9QPQtiQ%aﬁwe’rﬂn‘él ir%‘%t%ﬁj%rn? lo)?ra HRE& dibty d

(ink) level sensors l'urd T'evel sensor genera i ncludes a MEMS

structure,and. an |ntegrated sensor circuit, 208. stryct.ure includes,
For exanpl€8° AahMrERiRsBE TERANN & ifstlbnuicByefa0h B ey Ml o885 ana
nozzles 116. A sensor circuit 208 includes a sensor plate 212 | ocated on
t he fl oor PSC)LT pUPRiSEaRah dne sHigon sHBskhateet0%i AoQﬁStS#\S?t'Qﬁ]zi@yqfﬁéOQ)PH@’r
circuitry 214 includes, for exanple, a current source, a buffer anplifier,
a DAC (di tjie fiting ®lemanid02 arotectsothe fieing A eahfibayinkoindchgmiaer 204 and: or) ,
and nmeasurenent circuitry. The sensor plate 212 is a nmetal plate forned,

for exanphets aé 4 antehanivalPpassivationobr tgreteetiner caiitation t barridd strustirb s t he
ADC and neasurenent circuitry, may not all be in one |ocation on substrate

202, but bpsspaghenBodkeoiSidpsid 9%)&%@(%?&! A naRber Mayrf 368 885 walls

| ocations. The fluid sensor 206 “and sensor circuit 208 are discussed in
30151 01500ARETP IR0 7h IRt R4 et Beteio i Rar s Mzl lpver 1O e of
an exanpl fO(Hﬁi ddr B%ring printing, a fluid drop is ejected from a chamber 204 through
a corresponding nozzle 116, and the chamber 204 is then refilled with fluid
circulating from fluid slot 200. More specifically, an electric current is passed
through a resistor firing element 302 resulting in rapid heating of the element. A
thin layer of fluid adjacent to the passivation layer 306 that covers firing element
302 is superheated and vaporizes, creating a vapor bubble in the corresponding
firing chamber 204. The rapidly expanding vapor bubble forces a fluid drop out of
the corresponding nozzle 116. When the heating element cools, the vapor
bubble quickly collapses, drawing more fluid from fluid slot 200 into the firing
chamber 204 in preparation for ejecting another drop from the nozzle 116.
[0035] FIG. 4 shows partial top and side views of a MEMS structure in

different stages as ink is retracted over the sensor plate during a priming
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generator 300, according to an enbodi nent of the disclosure. Each drop
generator 300 includes a nozzle 116, a fluid chanber 204, and a firing
el enent 390 2dixpssed in the fluid chanber 204. Nozzl es PC®/tme@1foedsaed i n
nozzl e | ayer 310 and are generally arranged to formnozzle colums al ong
the sides of the fluid slot 200. Firing elenent 302 is a thermal resistor
formed of a netal plate (e.g., tantalumal um num TaAl) on an insul ating
| ayer 304 (e.g., polysilicon glass, PSG on a top surface of the silicon

The 11 ringPeraR.FERPE b RPERbInER SFE delorie’ A8 DETaRbySg bl o' <

passi vati pn or prot ive cavitation barrier structure to sorb the shock
Dol | ap el SeBSr itiasneEmyanc it WEYE: sGuibisotior a Haic chantef o 204
t hat separate the substrate 202 fromthe nozzle |ayer 310. [0034]During
printing, 23052 fluig ehaspbers2Qd ard edleadicaied sens@bHRIZZIDA16 hAolligel level sensor
correspondi ng nozzle 116, and the chanber 204 is then refilled with fluid
ci rcul at i 26 fatsenintludied as$earisc? @icuivB08 vaihes isEnsad plgte 202 Ecatad on thraufloent i s
passed through a resistor firing elenment 302 resulting in rapid heating of

the el emegt a fidiBichahasez1®f TheWehsadcreGNR0S @ pehiteBas Hetddtithd Préyeice306
that covers firing elenent 302 is superheated and vaporizes, creating a

vapor bub fgb%éhéé‘&‘ i r(ﬁi%ﬁ‘?rﬁ‘ﬂié‘ﬂuiﬁicr b |?:|GHF1‘§ & @r%ﬁﬁ@pér‘%ﬂbﬁ.‘e As%l_%a“di ng

vapor bub orces a flurd drop out of the corres g nozz When

the heating el enent coal s e vapqr bubb gui ckly col |l apses rawi ng nore
1 01 ol Sy 81 oS 1 pPeRe W ing! BraltischedahSooiB e et o

ej ecting another drop fromthe nozzle 116. [0035]FIG 4 shows partial top
and si de PriBlRI eF PEMEVAPLTaliges BEEOMES Btiongrenau thl’@H’aS%th?riRk MEHeRYSact ed
over the sensor plate during a primng operation, according to an

enmbodi menfroof thenenogizkecl b6 uard bask nibrewdha il dluidic fahaindel 16| expnsing @6
generally includes a MEMS structure having a fluidic channel 210, a fluid
chanber 2@dnsurcblated2t? ¢atetd FEBS4(a)shonsea Hivmal stdteivwhdreviek 49DOnfiky the06

al so includes a sensor circuit 208 with a sensor plate 212 |ocated on the
floor of anhhBkrbes GharBehs 4h0nk MEhiSRISA2 Withflihke d¥BI1O0REs alehis atist ect

the presence or absence of_fIU|d (|nk) in the f!U|dic channe! during a
primng Opgf ds%?-soléﬁé LR \ﬁgtpé’ér}’difi&q LESEE LBV ErebARith B8 ﬁwk'th%% ey
life, the backpressure exerted during printing or primng operations
becones strong enou to retract the ink nepiscus fromthe npzzle 116 and
back e oluR T REATEl A Thich SIBnoREErs tha RamalntsBoa Sadiny ar -
FIG 4(a) shows a normal state where ink 400 fills the chanber 204 and
forns an PFRRtNEAPESALONA0 DaGKPIES§UtIS exsFiadeon e inkhnithe dluigtie channel1fensor
plate 212 is in a wet condition as it is covered with the ink that fills

t he fl ui dimbichhestraeits 2i0inkDuenisgua 402i inomgthepwozzte end pullsat backralithimthedr op
ejection printing operation, a backpressure is exerted on the ink in the

fluidic chaamedl adldhodt RIFIEUBLt As theinkBupPRNinSedsréi2 X0 eearshie ¢mesl e and
pulls it back within the channel as shown in FIG 4(b). As the ink supply

I N reservpj hiePap e%s@ﬁ()efin@r‘?éés%fs o BS?? gﬁv‘é Em%%f%%@sféfdfh"e ihﬂ%ﬂﬁxﬁgélaockgﬁ q

does the tine It tgéres theinkto ack 1nto the channe
nozzl e 116, shown i I 4( ¢ i ncreased . r ure pulls the ink
meni scus +n§9 Atﬁﬁo%?nﬁ!i?iglai %‘% éq%lechﬁﬁne%%ﬁ%)wrﬂdﬁalﬁ@g g@is%ﬁe E\Cé?aeseglz i's
exposed to air drawn in through nozzle 116. As di scussed bel ow _the sensor
circuit 2b8CKIBESYRLPERIHSAK JBRRIGEUD T3]t BNQUGN baclyditerthe rhagpeh2ibthel i nk
| evel near the end of |ife of the ink supply. [0036] FIG 5 shows an exanpl e
of a hi ghtheesensor gtatedRagrisnexposed Itai air |drawin deribmughi noatle 208, As
according to an enbodi ment of the disclosure. The

discussed below, the sensor circuit 208 uses the exposed sensor plate 212 to

determine an accurate ink level near the end of life of the ink supply.
[0036] FIG. 5 shows an example of a high level block diagram of a fluid

level sensor circuit 208, according to an embodiment of the disclosure. The
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sensor circuit 208 includes a DAC (digital-to-anal og convertor) 500, an

i nput S&H (sanple and hold el enent) 502, a current source 504, a sensor

pl ate 212yoaosM15898 506, an out put S&H 508, an ADC ( analPCgAISee1diogEssal
convertor) 510, a state machine 512, a clock 514, and a nunber of registers
such as registers OxDO - OxD6, 516. Operation of the sensor circuit 208
begins with configuring (i.e., biasing) the current source 504 with the DAC
500 and input S&H 502 while switch 506 is closed to short out the sensor

| ate 212 i asi . ' Yol ' t taj w,
gxecut es 8%%2%&?’?@%@ '%@%étagg% g@fq{%lg&gﬁ ?@gldudévgftﬁ@u Oc%g]e@bbtogg‘ﬁlgl y to
regi ster D2 that yields an ifum bi as volta fromthe DAC 5 W th
Which to RPN ol e BBud FRIB T cyBos AMSEB0PNg SRS PIotes d2e 8504 | 5
bi ased, the neasurenent nodul e 128 executes on controller 110 and initiates
a fluid | 8vich pP8san ennitt S3td 19980 aniAleCvanalegrto-digital conyertern Xlénastalsi r cui t
208 through state machine 512. When it is tinme to neasure, the state

machi ne Sttachow 8il Dab edodkn814pasd reenemibebyf segipfEreagucheas registets PRBOt-hr ough
several stages that prepare the circuit, take the neasurenents, and return

the circupkDbo 516! e Ogdratiort of She Sééfsor tdieuit 208 bERMY MEthSEanfiduringaties, a
primng event. The primng event spits or ejects ink fromthe nozzle 116 to

cl ear_heoRaiH) nndcbTRsg Odo ik e IMCCEASAR Mol URHESOGRD ke

inthe flu annel e state nachine es a delay
period. The.del eriod i.s variabl but typica lasts.on th orﬁer of
Dot ween 250" 596, RCPBSEL I BBl e Rehoat Mo 21,  T6 idkind FoPUBAY o on
step opens_switch 506, applying current fromthe current source 504 to the
sensor pl 228, gigoussadeingEppics dletail belry. enar\yes ameoriralies 18 adotelrtiae and
i nduces a vol tage response across the plate. WO . . .
2013/ 01586¥RaATSUESRPALL COdEF 83 drdB 8P NsgistehxD2héhasuyielsist apupptimenh biasm t he
current source 504 is based on the follow ng rel ati onshi p:
voltage from the DAC 500 with which to bias the current source 504.
[0037] After the current source 504 is biased, the measurement module
128 executes on controller 110 and initiates a fluid level measurement cycle
during which it controls the sensor circuit 208 through state machine 512. When
it is time to measure, the state machine 512 coordinates the measurement by
stepping the circuit 208 through several stages that prepare the circuit, take the
measurements, and return the circuit to idle. In a first step, the state machine
512 initiates a priming event. The priming event spits or ejects ink from the
nozzle 116 to clear the nozzle and chamber 204 of ink, and creates a
backpressure spike in the fluidic channel 210. The state machine 512 then
provides a delay period. The delay period is variable, but typically lasts on the
order of between 2 and 32 microseconds. After the delay, a first circuit
preparation step opens switch 506, applying current from the current source 504

to the sensor plate 212. The applied current charges the plate capacitance and

induces a voltage response across the plate.
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| a (Vgs-V02 where Vgs is the bias voltage fromthe DAC 500. Vgs is the
gate-to-source voltage and t is the gate threshold voltage of a
current - pvoaoy/mgso8r ansi st or of the current source 504. PCufuSeon/0$3385 ce 504
i ncludes a range select circuit, shown generally in FIG 6, that enables
the voltage fromthe DAC 500 to be applied to one of three
current-producing transistors 600, 602, 604, that produce current for the
ranges 1X, 10X and 100X. Once a transistor is selected to produce current,
the volta omth [ i ed. at S t

transi stoﬁﬁ)\éﬁ]ch de grpé:‘;ﬁnaggﬁ? ﬁé@ﬁrﬁ%@'&?j f(r:%rtraﬁggta&grueg%P%’Q@ebidégﬁrtr?%netd
source 504. [0039]Il.n a second circuit preparation step, the state nachine
512 opensof‘ﬁ%eg‘?iho%"em\g BB ovi des a second del ay period, which again

| asts on the order of between 2 and 32 m crpseconds. After the second

del ay, the state machine 512 causes! @f¥go¥id'put S&H el ement 508 to sanpl e
(i.e., nmeasure) the anal og response voltage at the sensor plate 212 and to

hold it. Wnerehajseid B by Ddfaddr@on thé I BAES560.CONYLiSitRE ddiées8BuidC 510
that converts the sanpled anal og response voltage to a digital value that

. d i oo _ : | L abt al
vol t age ureridh REENELE ine AP sRoPBAGE of ! irortRrbl hg o ERARTAE, |
208 is th t i i dl il t : t [ :

it at e BUTBT S S 0 omeri D RA-ECH 2% DTS & TG SPiec GicHbs ponse
voltage to an Rdetect threshold to determne if the sensor_plate is in a

dry condi 8P@Wn garerglhe imédSuledhrlespabise Brcwlrgeriiemeée Wt b

condition is present. herwise the wet condition is present. (Calculation
of the Rdepplird tchores loH tireescutiesd-psadietihg trawsistabe taéf), i60g, 804 that prafitdeon
i ndi cates that the backpressure has pulled the ink in the fluidic channel

210 back tatreenforgthe earfya30dX, t10X s 000K alihcdlad trangistor idhselegted to
addi ti onal measurenent cycles, the length of tine that the dry condition

persists brodtice ¥iirét the v'%@tﬁ?@rfr&haﬁ\% DACHRSRAabllic fat théhgmgs%rr% and

used to interpolate the magni fude of backpressure creating the dr

TIREERE e o a n A

then be mage: e 504.
[0039] In a second circuit preparation step, the state machine 512 opens
the switch 506 and provides a second delay period, which again lasts on the
order of between 2 and 32 microseconds. After the second delay, the state
machine 512 causes the output S&H element 508 to sample (i.e., measure) the
analog response voltage at the sensor plate 212 and to hold it. The state
machine 512 then initiates a conversion through ADC 510 that converts the
sampled analog response voltage to a digital value that is stored in a register,
0xD6. The register holds the digital response voltage until the measurement
module 128 reads the register. The circuit 208 is then put in an idle mode until
another measurement cycle is initiated.

[0040] The measurement module 128 compares the digitized response

voltage to an Ryetect threshold to determine if the sensor plate is in a dry condition.
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[ 0041] As noted above, the biasing algorithm 126 executes on controller 110
to determ ne an optinum bias voltage fromthe DAC 500 with which to bias

t he currew0O 20muMes®8504. The bi asing al gorithm 126 contr @C3/ush@1/dokisssl | evel
sensor 206 (i.e., the sensor circuit 208 and MEMS structure) while

determ ning the bias voltage. Fromthe perspective of the biasing algorithm
126, as shown in FIG 7, the fluid | evel sensor 206 is a black box el enent
that receives an input or stinulus and provides an output or response. An

ogister B %fe%%%%%ﬁje%??%ue?l{eééédé ?%d%fe%t il }%ﬁbé@ﬁg@: H@%@?-ﬁ?eﬁ ’
OxD2 i ' i I DAC 500,
out put 1+ GIREISDRE et ndEinis weeaett (GRCCIRSY SDMP Momer ORGSR o

range of anal og bias voltage fromthe DAC 500 that is avail able for biasing
t he curr efliscysspabelony. ildetgcting agky condiiopungigatas theedishgekpressuremassensor
circuit 208 is a digital code stored in an 8-bit register OxD6. WO

2013/ 015808IRCT théSRIKLIYY Oveb88i8id OItarjel i Chback fey ehaagh tdexpess thdsensor
stinmul us-response rel ationship of the sensor circuit 208 between input

codes andppité RYD t6afes Thdughoxddigorad) rﬁ@éédfémeﬂﬂbpclbs,dmbtIéngihgdiﬁfaﬂiméith_@t- , a
maxi mum r esponse vol tage) between when the sensor plate 212 is wet (i.e.,

when ink j " | yidi zhappel cQv | atve). and
when tne R SEaich, YBRGRsts okl BrBaRe seRoth Blkle B Biporetf 18 411 "t he
MEVS fluidic chapnel 210.and air .surrounds the.plate). As shown in EIG 8,
when 1 he. ClBRUTSRRATS KoY @ SneptarE the B biharPatimesatih EHSa Mhdhium
pre-charge vol tage_ count &%@F-’ 0-255; Smn to Snax), the response (out put
codes) geﬁ‘é”r‘%'@”-r e%'BB@né@e KPassEre me%%ia@e@éct@wyotew Hheengi aft hect
regions: Of, Active and Saturated. Together, the three regions formthe
shape of Hfel azyhe 81k sEpQy, &inshoow ate diejermigpiions of doe viek 8egl eanwtihen dsponse
curve 802, and a difference curve 804 that indicates the difference between
the wet anthdédry response curves over the range of input stinulus. The FIG
8 response curves depict favorable conditions where the responses are

strong. | p@aneral . Ashotbdrsiriie, thé tidsisg ldidorithme126 lexedbfts & fcoptrenée

response Curveé) occurs between the case where the sensor plate 212 is fully
wet with I | -Of - I [ 212 is
fully dr qu\n{)#{% dfeﬁ‘%]?‘“ﬁgn ”a{’:?ﬂ'r\amh’{”hg‘g?r‘}qﬂﬁggﬁioq’&ﬁﬁﬁr@é k@%‘&@?%q'%%ﬁ'ﬁe
response gurves vary be en_t he presence, an bsenc f fluid/ink (i.e.,
ot ween wile STzl Pt AR ore BioB G ARaTHET 428 faral Be: i ey gersaien
there is little or no contam nation present in the MEMS structure, such as
conduct i v80Bdbei shexrEnseikCiraedti Afeand MIEMSplaUCtuFR) whilheaiesmining the pigs y
strong as shown by the strong response curves in FIG 8. However, over tine
t he MEMS soltagd. uFeomele ipecspactive raf dne medseoy wigdnithmkl 26; sisdsreowm irt REGT Y ui di ¢

the fluid level sensor 206 is a black box element that receives an input or

stimulus and provides an output or response. An input voltage is set using a 0-

255 (8-bit) number (input code) applied to register 0xD2 of sensor circuit 208.

The input number or code in register 0xD2 is a stimulus that is applied to the

DAC 500, and the analog voltage output from the DAC is the stimulus multiplied

by 10mV. Therefore, the range of analog bias voltage from the DAC 500 that is

available for biasing the current source 504 is 0 - 2.55V. The output or response

from the sensor circuit 208 is a digital code stored in an 8-bit register 0xD6.
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channel s and chanbers, and the dry response in particular will degrade and
becone closer to the wet response. Contamni nation causes conduction in the
dry case wbavi3vmakss the dry response weak, which resul t #CIrUSa0MoaIsss

di fference between the dry and wet response. FIG 9 shows weak dry 900, wet
902, and difference 904 response curves where unfavorable conditions such
as contamnation in the MEMS structure have degraded the responses. As can
be seen in FIG 9, the difference between the weak wet and weak dry

response S is - iffer h ot . g
response @Jﬂr‘lﬁs of gﬁé%'égﬁéhgelggﬂ trhtcr)#ngj%sf ﬁa%r gﬁ@@'%ﬁ@\%o@gﬁ rgﬁé@héﬁfﬁﬁ ?—‘fl G 8
provi des strong dj stjngtion between a wet and dr ondition that can be
oot 1y el 508, ChEwbale B it veiisoR0d il EooRs, ©Or pivyide, o2

di stinction between wet and dry conditions is nore chall engi ng because of
t he weak ephméﬂeﬁémutﬂeétab‘ilg@alr(gea|@mammmwﬁqnﬁequlmeb%ﬁ\m@ﬁ paient  of
difference in the weak response difference curve 904 (i.e., shown in FIG
9) where fHeuselsonlpldte\&HI2 iswesty(i.ensviten inklis ppesent deMBMS riaidicnechaned iids e
bet ween wet and dry conditions. [0044]FIGs. 10 (a.1, a.2, a.3, b.1, b.2,

b.3, c.1, afd ?eov@rsB)hesg@\fe)ezﬁerﬁn e vedordsidte’ 25P0NSEY ¢iUs.VahehORR HRd weak
wet response curves 1002 and their variations in response to differences in

process aggetﬁgﬁilé@BﬂF@‘eﬁ'&l@ 4 LS chaHn 238 dﬁ%ﬂ{)ggﬁ&ﬁﬁ tofg@ﬁgé_s,p\ssur)pl y

vol tage a nper at u , according to an e i men

di scl osure, Fl Gs 0ga. a, nd.(a.3) show exanpl e curves over .J nput
Stimulus. SaRNRdY 1G4 owEn E sk Ruisli thoRrT S el B8 i s
processing conditions, a 5.5 volt supply, and 15 degrees centigrade

t enper atun@ﬂme%p&@barg%vpﬂ@e @UNT\G-5.,50:2D9E Fmin FP RBmax).0tNE 1§SPQNSE2) and
(b.3) show exanpl e curves over input stinulus ranges 1X, 10X and 100X,
respect i véutpuigadesh generais ee$@ngerwaesiormg thaimtogiessshraugh. thraedistisatppl v,
and 110 degrees centigrade tenperature (referenced in FIGs. as "B;4.5YV,
1100") . Flégionst QDA Agtive(and Satundtclt . THgethenvtiax timpé eegions oty shapeuof
stinmulus ranges 1X, 10X and 100X, respectively, with typical (T) processing
condi ti ong.iagy 660 FRE! 3 BRlsYa IR fefdrBOsA%E 50BN HEPRRPDASE RUAIIBE?,

(referenced in FIGs. as "T;5.0V;600"). In sonme cases, the active regions of
the responsg LR ENANgE dol REPARICAS, it MRt deOBGalnTHE Tyt AhPBRET
cases, the activeé Tegi ons of the response curves Shift thelr placenent,
starting earlier or later in the off region. The_dry and wet response
curves i n'GSAGESE [N OVRLYNESRAIE ST, NRWoRHBULR: vé(ﬂ?eﬁ'&o%ﬁ%@ogﬁ%ﬁéé"%d
starting points that can result fromvarying PV&T conditions. The

di f f er enceepiGt Jawrable4 condifpiag wheye( i, respengas qre) stretbw hheeaem™.eténce
between the wet and dry response curves over the range of input stinulus
and over lamgésitsigonal deltaPY&T, mogesttdiference 0edpdidecculve) sitouss basvedint ther ence
between the dry response and wet response plotted agai nst the stinulus,
accor di ngchse aheeahndisersbr pfaté e mksmllgwmmtﬁ efulli dHz@ihenee ik rasristhk004
showmn in FIG 10 are overlayed to formFIG 11. The intention is to

| L1 ust rat gaddiahndiBeindChghorChiald'2 BeRK iy LAE Wil fuil ESRECCUiNear hNfeS! OPe
of the approach and decay of the curves, "and the placenent of the center of
the sti rrultg >1i s along the curves, all vary across PV&T. [0046] FI G 12
shows an & W%e of conposite difference curves 1200

[0043] Although the response curves vary between the presence and
absence of fluid/ink (i.e., between wet and dry conditions), the amount of
variance is stronger when there is little or no contamination present in the MEMS
structure, such as conductive debris and ink residue. Therefore, the response is
initially strong as shown by the strong response curves in FIG. 8. However, over

time the MEMS structure may become contaminated with ink residue in the fluidic
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pl otted agai nst the wet response, according to an enbodi nent of the

di scl osure. By shifting the basis of the difference curves to response,

i nstead oVO=wixmibses, a neasure of isolation from PV&T diPCTAISeNaRs558S

achi eved. The biasing algorithm 126 finds a solution where the optinum
difference point is |located in the weak difference case that provides a
maxi mum i nk | evel neasurenent response between wet and dry conditions.
Therefore, the solution should be tolerant to such variations in PV&T, as

well as p i i S,.DOSSI Accardingl v i n
Fra 12, "ol e, ShOmsRryrabad il RshBhse 44 GRNAURS WY Bpraretid " ne
di fferencE curve 1004% &s a function oé t%%ﬂ.vvef response c(w&}/.e 10% i nst ead
of as a fAREPNEFIGFETIRNG WELICNANFE usONtAIgatian pREskRePRANGHaniy e iy ge
variation in output value for a given stinulus over process, voltage and

t enper at ufesg MRATMakaswieeAry respanser weakc avhieh wesults e adweakodidferense (no
ink) and the wet condition (ink present) does not vary as nuch over PV&T,
S0 usi ng batveat fHeedenard svditreaporssenf FIGuOshmiwg tvealR\d%Y -900d et D02 raralt | on.
The conposite of the difference curves enconpasses the area forned by

over | ayi ngiffpgrycedi 04T Rriser VRFvEet aherdedniiopsse aldonariehes suehd as
envi ronnental (PV&T) conditions. Thus, the region above the conposite

di fferenc : i abl i | S lade of
PvaT condi Py BRLEGRL T HERERS Rt B TERRNrHER e MapdhoeR R PAR T,

| ocation where i level nmeasurenents shopuld b de in order to achieve a
peak rospoheh T iyBaid Be, dERRHEE Rriubeh R DiepkaiR Pt Juiat e rBadints ary
condition and a wet condition, The |location of the R peak response is
expr essedCdyes 'ﬁé?‘é@h{%ethéf‘ thﬁ@'@%’&ﬁ"%éﬁ@é’é‘n‘”ttﬁé FHONONABPPRABE FHRYGRLA wet
response, Rmn and Rmax. Thus, the | ocation of Rpeak on the conposite

di f f er encEl@uBve Theosirorg différedcermigye 1804addwinan, Fisr 8 ngrosidesas usteangnt
cycle, the height of the peak of the conposite difference curve 1200 at

| ocati on Rptfctieproeswsés & heetmamdmdny diohiditioan teatespeche debdily aavatuatedt age
of the span between Rm n and Rmax) when the dry condition is present, and

can be calogreRl dﬁﬁer%aﬁ@ﬁe%b%%%ﬁéiﬁbb@%ﬂ%&éﬁﬁ&%dti%ﬂ‘b@t\ﬁ@én g

al gorithm 126 determ nes an input stinmulus val'ue Speak, that produces the
eak res 0 ' ' % d%
'FI)'he al gorpﬁﬁflr(e’nom;ﬁ)ﬁﬁ%s|Sa&%}%gﬂgﬂe@ﬁ%§%§§8€ést%?bﬁg {é{e%?gdgiﬁééﬁe@#é&rﬁ%zgﬁéﬁ@a?ﬁl es
the response i.n registe D6. The algorithmal so i nputs a Xi mum sti nmul us
(Smak) o SROGHERGT Teisen e sopiinan pRgt b fifkraRes Rebie MABOERIO Reeco
two values in register OxD6 are the extrenmes of response, Rm n and Rmak
respect i veifigrengeecpevgk904 §ionsbowalindIRpdhwiere tuidinbievehmeasarements
follows: Rpeak = Rmn ( Rpd% * (Rmax Rmin)) [0048] The correspondi ng

stimul us will preyvideptheknaxienunt hespdnseftmiwdebywed andrdrgtcpnditioappr oaches. The
stinmulus can, for exanple, be swept fromSmn to Smax, stopping when the

response [oouA]es Rpeaks Atera2pRIRPach .8, b, ¥se o, d. Bpshok erafdlesTdr
stinulus val ue Speak that produces the peak response Rpeak is the input

censor oi ERHAAYTEHRANR PP JOUCHRY A B! Fosrdhe I PTATE YRR 1 he
sensor pl %ﬁatlzoln% PFtreV\s'%%rr]msg tgréfiﬁglreaﬁc%sci%ngriotcie g a%%deﬁvi\rl\éegmgrht%} %oﬁ&%ging,i on.
such as manufacturing process, supply voltage and temperature (PV&T),
according to an embodiment of the disclosure. FIGs. 10(a.1), (a.2) and (a.3)
show example curves over input stimulus ranges 1X, 10X and 100X, respectively,
with worst (W) case processing conditions, a 5.5 volt supply, and 15 degrees

centigrade temperature (referenced in FIGs. as “W;5.5V;15C"). FIGs. 10(b.1),

(b.2) and (b.3) show example curves over input stimulus ranges 1X, 10X and
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[ 0049] As noted above, in a neasurenent cycle the neasurenent nodule 128
determnes if the sensor plate 212 is in a dry condition by conparing the
response wolzoegassmasur ed across the plate to an Rdet ecPCriuseshols$ss | f t he
measur ed response exceeds Rdetect then the dry condition is present.

O herwi se the wet condition is present. The Rdetect threshold is cal cul ated
by the follow ng equation: Rdetect = Rpeak ((Rmax Rmn) * (Dmn%/ 2)) WO
2013/ 015808PCT/ US2011/ 045585 [ 0050] The m ni mum di fference Dm n/o expected

L STRBRS R0, e A PR SR 85009 =

[0051] Fi G‘ané ?ﬁ 1?)hé)emésregs fcler?ﬁ\é:rggretter%fpe?a u?exﬂfe elrgncr:rgé %OlglGls?f%% %‘4%%n1s 4 &9’).a
FIGs. 10(c.1), (c.2) and (c.3) show example curves over input stimulus ranges
1X, 10X and 100X, respectively, with typical (T) processing conditions, a 5.0 volt
supply, and 60 degrees centigrade temperature (referenced in FIGs. as
“T;5.0V;60C"). In some cases, the active regions of the response curves change
in slope due to variations in PV&T. In other cases, the active regions of the
response curves shift their placement, starting earlier or later in the off region.
The dry and wet response curves in FIGs. 10 (a), (b) and (c), show such
variations in slopes and starting points that can result from varying PV&T
conditions. The difference curves 1004 in FIGs. 10 (a), (b) and (c), show the
difference between the wet and dry response curves over the range of input
stimulus and over variations in PV&T conditions.
[0045] FIG. 11 shows the difference between the dry response and wet
response plotted against the stimulus, according to an embodiment of the
disclosure. The difference curves 1004 shown in FIG. 10 are overlayed to form
FIG. 11. The intention is to illustrate that the height of the peak of the difference
curves, the slope of the approach and decay of the curves, and the placement of
the center of the stimulus axis along the curves, all vary across PV&T.
[0046] FIG. 12 shows an example of composite difference curves 1200
plotted against the wet response, according to an embodiment of the disclosure.
By shifting the basis of the difference curves to response, instead of stimulus, a
measure of isolation from PV&T differences is achieved. The biasing algorithm

126 finds a solution where the optimum difference point is located in the weak
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fluid | evel, according to an enbodi nent of the disclosure. Method 1300 is
associ ated with the enbodi nents di scussed above with respect to FIGs. 1-12.
Met hod 13WO0 2bs8giissw8at bl ock 1302, with applyi ng stinmul ueCraiSe@gm43ses a
sensor circuit in wet and dry conditions. The applied stimulus voltage has
a range froma mnimumto a maxi numvoltage. At block 1304, a wet response
and a dry response are neasured over the stinulus range. The neasuring

i ncl udes sanpling voltage across a sensor plate in a fluid channel that

cont ai ns i a appl i |.t ag - - o] I i
channel f&gﬁr%h(fec%%tsée tuﬁ%vﬁo;ég %egnnﬁﬁmrﬁwﬁ mszlr"ik\/\/ng%I g“neogggﬁf‘%ﬁt E%%é%‘r%ssur e.
The net ho 300 continues at h] ock 06 wth findipng a difference response
bot ween ¢ REVREN Heh AT OPECHRAILGES. Jeeibs| besaubah Shpuld B PREaUrEE |
the difference response is |ocated. At block 1310, a peak stinulus that

cor r espon8léch yvarigopedr MY & erasnwelli 8s duoeidRi aRdargehiasMmargip asddassdde.
determ ning a wet response value that corresponds to the peak difference,
and cor r eAstomingheaswshowaspdiiGe 12alavlarde atrtoeinp @f khe PV&IT variandd age .beAt

bl ock 1312 of nethod 1300, a current source of the sensor circuit is biased

usi ng t herdifated by Mibwing tA8difdreRtO eind31804 agrd Ritctibh @MNthé et He§EdHsesour ce
is applied to the sensor plate. At block 1316, a voltage response across

th j I T : I - | i
e Sensor RERidhy 3 SATBLEs TIMASTINL SR SONIBIOTHS SUmALES R 0
e P R R e S8t SOBL PRRE Bk BRI e

on the time period. [0052]FI G 14 shows a flowchart of another exanple

met hod 148MegralrdPYs - fHiewvaveretha difigrensedpelyach the Eiseadiient(nefinkhe

di scl osure. Method 1400 is associated with the enbodi ments di scussed above
wi th respeod the wat@ondition2(inkvptasett)1dass belgvary ag nmucbokver FO2&T wbe hiskigasi ng
a current source such that current fromthe current source will induce a
maxi mum vli$ aiffereiace stibteacta offomsicha of ¢ns @V & -rceicbatvasiatioa. Wele cnpagitepl at e
condition and a dry sensor plate condition. Biasing the current source

i ncl udes gdetigg MdifeRcBNcliNRYt cRRRpaSIdsatf theh BRABHCES dVeRlayiy MERy

vol tage variation and applying the input bias voltage to a transistor gate
of the cu 0 Fi_ndi he.l.apu i ol t age i tng a
range of é{f@%w%stqug\?%%g e@%ﬁ]gﬁ{j %%Hﬁrggeél* gﬂcgﬁwé%élsman?jrr%rwg(?%#gﬁﬁasla@ﬁ*@ge to
a maxi num sti.pul us yoltage for bagth the wet sensor . _plate conditjon d the
ey sensoPOMERES o it 55 reippr S TheeCTPRRI & ket SO BN Gy Habn 5.
bit nunmber ranging fromzero to 255 to a DAC, and providing the output from
t he DAC aSighRkrespense iaddnatis|indepensgnbpf EN&BQDB@IUONI ddge gantgr of %em/
10mVv, 100nV). Finding the input bias voltage also includes determning a
wet condi tomposite tdiffiereanespoesesamd #nedtgcationdivhieos inbl leagle mMmesspogrventscr 0SS
the sensor plate over the range of stimulus, determining a difference

response Berpugest hi2RieWRtoreienth bichiRveQ bagk ré§SRRSER AR tHA1enakibhiZsinghel | on
vol t age response, determ ning a peak difference response fromthe

oL 11 et enc ok eRPROS NI REAL B epSiin SRS onkie ThBtopiRAGes ne
produced o e higied SULLoAL.SPUCS baraRPlleds Bl n Ao Bt o0

response voltage is conpared with a threshold voltage at block 1408 to
det er ni ne MHNIARYN GNGtrEAXHHAN Y& HEBRORSFo N Roek ngg_thgtloq@t@@kofﬁ@g
prior to the sanpling, back pressure is applied to retract the neniscus
from t he noztheecempopits diffarence msiove JRRA@0eisweallednRaqef.| Un dadditiomanaieting Bhe
back pressure is applied through primng the nozzle which creates a
backpr essnreasspérkent &ycld] duk hdigh, oft the pealgiofi thé dompodifeatiiffehensly yusensor

plate condition continues is neasured, and at block 1416 a fluid level in
the reseryopo hf IGGARNTRIGH R8RS HHee rhdialm QiffdreABe expected (as a
percentage of the span between Rmin and Rmax) when the dry condition is present,

and can be called Dmine.
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CLAI M5 What is clainmed is: 1. Afluid level sensor conprising: a
sensor circuit having a sensor plate and a current source; and an
al gori t hrwbavidtgsgesocessor - execut abl e i nstructions to biPa3/ush@ 108Nt
source such that current applied to the sensor plate induces a maxi nmum
difference in response voltage between a dry sensor plate condition and a
wet sensor plate condition. 2. Afluid level sensor as inclaiml
wherein the sensor circuit further conprises: an input register to

whi ch thergd 971 t hMrARRA&Rg AYdrMHL1 586 eRRiresSAd MUY Stimulus value Spea,

that produces the peak response Reax located on the composite difference curve
1200 at Rpd%. The algorithm inputs a minimum stimulus (Smin) at register 0xD2
and samples the response in register 0xD6. The algorithm also inputs a
maximum stimulus (Smax) at register 0xD2 and samples the response in register
0xD6. These two values in register 0xD6 are the extremes of response, Rmin and
Rmax respectively. The peak response value Rpeak can then be calculated as
follows:

Rpeak = Rmin + ( de% * (Rmax - Rmin))

[0048] The corresponding stimulus value, Speak, can then be found by a
variety of approaches. The stimulus can, for example, be swept from Sp,, to
Smax, stopping when the response reaches Rpeak. Another approach is to use a
binary search. The stimulus value Speak that produces the peak response Rpeak iS
the input code applied to register 0xD2 to optimally bias the current source 504 in
sensor circuit 208 such that a maximum response can be measured across the
sensor plate 212 between a dry plate condition and a wet plate condition.

[0049] As noted above, in a measurement cycle the measurement module
128 determines if the sensor plate 212 is in a dry condition by comparing the
response voltage measured across the plate t0 an Rgetect threshold. If the
measured response exceeds Ryetect then the dry condition is present. Otherwise
the wet condition is present. The Rgetect threshold is calculated by the following

equation:

Rdetect = Rpeak + ((Rmax - Rmin) * (Dmin% / 2))
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a DAC (digital -to-anal og convertor) to convert the input code to an anal og

bi as volt

age to bias the current source; an ADC (anal og-to-digital

convert orwono13gumnert the response voltage to an out put PCods201a0d558h out put

regi ster
3. Aflui

conpri ses:

bi as volt

to hold the output code until it is read by the algorithm

d level sensor as in claim2, wherein the sensor circuit further
a first sanple and hold elenent to sanple and hold the
age at the current source; and a second sanple and hold

circuit to sanple and hol d the response vol t age devel oped across the sensor

plate in
in claim

evel sensor

[oes e 1 Pk tFiolR Dl fefeticec B spegtedan, Oeyesbinis VStag s 10" &

enabl e selection of the current within a plurality of current ranges.

split (i.e., divided by 2) to share the noise margin between the dry condition case
and the wet condition case.

[0051] FIG. 13 shows a flowchart of an example method 1300 of sensing a
fluid level, according to an embodiment of the disclosure. Method 1300 is
associated with the embodiments discussed above with respect to FIGs. 1-12.
Method 1300 begins at block 1302, with applying stimulus voltage to a sensor
circuit in wet and dry conditions. The applied stimulus voltage has a range from a
minimum to a maximum voltage. At block 1304, a wet response and a dry
response are measured over the stimulus range. The measuring includes
sampling voltage across a sensor plate in a fluid channel that contains fluid, and
sampling voltage across a sensor plate in a fluid channel from which the fluid has
been withdrawn by an applied backpressure. The method 1300 continues at
block 1306 with finding a difference response between the wet and dry
responses, and at block 1308 a peak difference in the difference response is
located. At block 1310, a peak stimulus that corresponds to the peak difference
is determined. This step includes determining a wet response value that
corresponds to the peak difference, and correlating the wet response value to the
peak stimulus voltage. At block 1312 of method 1300, a current source of the
sensor circuit is biased using the peak stimulus, and at block 1314, current from
the current source is applied to the sensor plate. At block 1316, a voltage
response across the sensor plate is sampled. The sensor plate voltage is
compared with a threshold voltage at block 1318 to determine a dry plate

condition, and the time period over which the dry plate condition persists is
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5. Aflui
conpri ses

d level sensor as in claim5, wherein the range select circuit

a plurality of individually selectable current-producing

transi st owe,208aub808ur r ent - produci ng transi stor to produ®eTas2@moussss of

current b
fluid | ev

(digital -to-anal og convertor) to convert an input code into a bias voltage
urrent source; a sensor plate; a switch to apply current fromthe

for the c
current s
det erm ne
vol tage o
as in cla
I nput cod

ased on a bias voltage and a corresponding nultiplier.
el sensor conprising: a current source; a DAC

R’réra\%g{éogratth ook "F C)or.'o' ?\gﬁgo@gﬁaqztz of @g@?ﬁgﬁgﬁﬁe% AREYEGelt B

a dry-sen p i on I'hg” a response

he sensor plate to a threshol d. 7. A fluid |evel sensor
Bﬁfeér,n'rf%f??ﬁeﬁdpe% f'@ien%?riﬁ’dbi asing algorithmto determine the

e such that the response voltage has a
[0052] FIG. 14 shows a flowchart of another example method 1400 of

sensing a fluid level, according to an embodiment of the disclosure. Method
1400 is associated with the embodiments discussed above with respect to FIGs.
1-12. Method 1400 begins at block 1402, with biasing a current source such that
current from the current source will induce a maximum voltage variation across a
sensor plate between a wet sensor plate condition and a dry sensor plate
condition. Biasing the current source includes determining an input bias voltage
that produces the maximum voltage variation and applying the input bias voltage
to a transistor gate of the current source. Finding the input bias voltage includes
applying a range of stimulus to the current source from a minimum stimulus
voltage to a maximum stimulus voltage for both the wet sensor plate condition
and the dry sensor plate condition. Applying the stimulus includes applying an 8-
bit number ranging from zero to 255 to a DAC, and providing the output from the
DAC as the 8-bit number multiplied by an analog voltage (e.g., 1 mV, 10mV,
100mV). Finding the input bias voltage also includes determining a wet condition
voltage response and a dry condition voltage response across the sensor plate
over the range of stimulus, determining a difference response between the wet
condition voltage response and the dry condition voltage response, determining a
peak difference response from the difference response, and locating a peak
stimulus voltage that produces the peak difference response.

[0053] At block 1404 of method 1400, the current produced from the

biased current source is applied to the sensor plate, and at block 1406 a
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maxi mum vari ance between when the sensor plate is dry and when the sensor
plate is wet. 8 A fluid |evel sensor as in claim®6, further conprising: a
fluidic ovarrns/o1s88whi ch t he sensor plate is | ocated; apoovask@fokisssli cally
coupled to the fluidic channel; and t he neasurenent nodule to create
backpressure in the fluidic channel to retract fluid fromthe nozzle and
back through the channel, exposing the sensor plate to air. 9. A nethod of
sensing a fluid | evel conprising: applying stinulus voltage to a sensor
circuit i n iti,ons St % i range from
a mnimum s@ﬁ%ﬁgs%ﬁ%lﬂé@% \%%F és’gg?é]nseea?tsst@r?i'ggégﬂﬁk&%'rgt}é)%%ggt}épr{l%é]glogt?ggr %sponse
e _between the wet and

ry esport@garadh sl i tresal apfeds eHeBlcsk (40 4or PEieER FoSPOrREE and
condition as shown at block 1410. At block 1412, prior to the sampling, back
pressure is applied to retract the meniscus from the nozzle and past the sensor
plate within a fluidic channel. The back pressure is applied through priming the
nozzle which creates a backpressure spike. At block 1414, the length of time that

the dry sensor plate condition continues is measured, and at block 1416 a fluid

level in the reservoir is determined based on the length of time.
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determ ning a peak stimulus that corresponds to the peak difference.

10. A nethod as in claim9, wherein determ ning a peak stinmulus conpri ses:
det er m niwgQ 2a13va5808esponse val ue that corresponds to thecCpaszoidioifses ence;
and correlating the wet response value to the peak stinulus voltage. WO
2013/ 015808PCT/ US2011/ 045585 11. A method as in claim9, wherein
nmeasuring a wet response conprises sanpling voltage across a sensor plate
in a fluid channel that contains fluid.

CLAIMS

What is claimed is:

1. A fluid level sensor comprising:

a sensor circuit having a sensor plate and a current source; and

an algorithm having processor-executable instructions to bias the current
source such that current applied to the sensor plate induces a maximum
difference in response voltage between a dry sensor plate condition and a wet

sensor plate condition.

2. A fluid level sensor as in claim 1, wherein the sensor circuit further
comprises:

an input register to which the algorithm applies an input code as a
stimulus;

a DAC (digital-to-analog convertor) to convert the input code to an analog
bias voltage to bias the current source;

an ADC (analog-to-digital convertor) to convert the response voltage to an
output code; and

an output register to hold the output code until it is read by the algorithm.

3. A fluid level sensor as in claim 2, wherein the sensor circuit further
comprises:
a first sample and hold element to sample and hold the bias voltage at the

current source; and
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12. A method as in claim9, wherein neasuring a dry response conpri ses
sanpling voltage across a sensor plate in a fluid channel fromwhich fluid
has been wbtzhtvEssesby an appl i ed backpressure. 1BCTAISPEtLI0AIFSRAS | N
claim9, further conprising: biasing a current source of the sensor circuit
with the peak stinulus; applying current fromthe current source to the
sensor plate; sanpling a sensor plate voltage; and conparing the
sensor plate voltage with a threshold voltage to determine a dry plate

condi tion. A i ' f [ I SiNg: surin
a time period 8VS§F$aﬂiS@mﬁ?%gsgr®?%Fg?ﬁeﬂ gdo%%dﬁpkeoé\ﬂ%(@&gi t@@@é%@@%\é% ni ngg
? | L: 3' Fel/ag‘?l@%gr%ﬁ %g{q%&:thg%ewsgr? pI':g?er fnor%'sponse to th1e5r:ipp'IA?egEc:turr]roe%t.0]c sensing a

4. A fluid level sensor as in claim 1, wherein the current source
comprises a range select circuit to enable selection of the current within a

plurality of current ranges.

5. A fluid level sensor as in claim 5, wherein the range select circuit
comprises a plurality of individually selectable current-producing transistors, each
current-producing transistor to produce an amount of current based on a bias

voltage and a corresponding multiplier.

6. A fluid level sensor comprising:

a current source;

a DAC (digital-to-analog convertor) to convert an input code into a bias
voltage for the current source;

a sensor plate;

a switch to apply current from the current source to the sensor plate; and

a measurement module to determine a wet or dry sensor plate condition

by comparing a response voltage on the sensor plate to a threshold.

7. A fluid level sensor as in claim 6, further comprising a biasing

algorithm to determine the input code such that the response voltage has a
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bi asing a current source such that a current will induce a nmaxi mnum voltage
variation across a sensor plate between a wet sensor plate condition and a
dry sensowopbstasseendi tion; applying the current to thePSENSI110IEBE;
sanpling a response voltage across the sensor; conparing the response
voltage to a threshold voltage; and determining the dry sensor plate
condi ti on based on the conpari ng. 16. A nethod as in claim15,
further conprising, prior to the sanpling, applying back pressure to

channel . mextE BN R OWARA thE BGeP e R ERRINEL B athidhecctr o

conprises pri m ng, the nozzle to create a backpressure spi ke.
P plate s wat.

8. A fluid level sensor as in claim 6, further comprising:

a fluidic channel in which the sensor plate is located;

a nozzle fluidically coupled to the fluidic channel; and

the measurement module to create backpressure in the fluidic channel to
retract fluid from the nozzle and back through the channel, exposing the sensor

plate to air.

9. A method of sensing a fluid level comprising:

applying stimulus voltage to a sensor circuit in wet and dry conditions, the
stimulus voltage having a range from a minimum to a maximum voltage;

measuring a wet response and a dry response over the stimulus range;

finding a difference response between the wet and dry responses;

locating a peak difference in the difference response; and

determining a peak stimulus that corresponds to the peak difference.

10. A method as in claim 9, wherein determining a peak stimulus
comprises:

determining a wet response value that corresponds to the peak difference;
and

correlating the wet response value to the peak stimulus voltage.
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18. A method as in claim?15, further conprising: neasuring a length of tine
the dry sensor plate condition continues; and determning a fluid |evel
based on wbeoiangtoh of tine. 19. A nethod as in eCaiused3/04388%r ei n

bi asing a current source conpri ses: determ ning an input bias voltage
t hat produces the maxi mum vol tage vari ation; and applying the input bias
voltage to a transistor gate of the current source. 20. A nmethod as
in claim19, wherein determning the input bias voltage conprises:

f both th t |4 - : i ti ,

appl ying a rangd: of PetiSPAsSe ot MeECS, SRflellf, BE¥s R & et hEsiain Ue
| t t 1:4 ti | t ; det 1.0i t diti

Vol t age r EQBEES SHARNANIEam APTassrn SenToiqlateal sl BerpekiehEoaainsor

pl ate ove;luitdhe range of sti mul us;

12. A method as in claim 9, wherein measuring a dry response
comprises sampling voltage across a sensor plate in a fluid channel from which

fluid has been withdrawn by an applied backpressure.

13. A method as in claim 9, further comprising:

biasing a current source of the sensor circuit with the peak stimulus;
applying current from the current source to the sensor plate;

sampling a sensor plate voltage; and

comparing the sensor plate voltage with a threshold voltage to determine a

dry plate condition.

14. A method as in claim 9, further comprising:
measuring a time period over which the dry plate condition persists; and

determining a fluid level based on the time period.

15. A method of sensing a fluid level comprising:

biasing a current source such that a current will induce a maximum voltage
variation across a sensor plate between a wet sensor plate condition and a dry
sensor plate condition;

applying the current to the sensor plate;
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determning a difference response between the wet condition voltage

response and the dry condition vol tage response; determ ni ng a peak

di fferencwonespus®e fromthe di fference response; | ocat Pol/is2peakssssi nmul us
vol tage that produces the peak difference response. 21. A nmethod as
in claim20, wherein applying a range of stinulus conprises: appl yi ng
an 8-bit nunber ranging fromzero to 255 to a DAC (digital-toanal og
convertor); provi ding an output fromthe DAC equal to the 8-bit

nunber nul tipl | . Amethod as in claim?9,
wherei n deter mb%ﬁﬁgp{g %Qegégb(soeg}/ﬁm%ﬁeﬁ%@rg%%r}el geenss:?o%, determ ning a span of

t he wet response over the stinmulus range; and, determ ning.,a stinulus val ue
t hat corresBonH@”‘P@”ﬁgb’r’ee-r%oé‘ﬁﬁivﬁgag%g? @éﬁ'ﬁ%&@%}‘fc"{%@;ﬂgg response span.

determining the dry sensor plate condition based on the comparing.

16. A method as in claim 15, further comprising, prior to the sampling,
applying back pressure to retract a fluid meniscus from a nozzle and past the

sensor plate within a channel.

17. A method as in claim 16, wherein applying back pressure

comprises priming the nozzle to create a backpressure spike.

18. A method as in claim 15, further comprising:
measuring a length of time the dry sensor plate condition continues; and

determining a fluid level based on the length of time.

19. A method as in claim 15, wherein biasing a current source
comprises:

determining an input bias voltage that produces the maximum voltage
variation; and

applying the input bias voltage to a transistor gate of the current source.

20. A method as in claim 19, wherein determining the input bias voltage

comprises:
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for both the wet sensor plate condition and the dry sensor plate condition,
applying a range of stimulus to the current source from a minimum stimulus
voltage to a maximum stimulus voltage;

determining a wet condition voltage response and a dry condition voltage
response across the sensor plate over the range of stimulus;

determining a difference response between the wet condition voltage
response and the dry condition voltage response;

determining a peak difference response from the difference response;

locating a peak stimulus voltage that produces the peak difference

response.

21. A method as in claim 20, wherein applying a range of stimulus
comprises:

applying an 8-bit number ranging from zero to 255 to a DAC (digital-to-
analog convertor);

providing an output from the DAC equal to the 8-bit number multiplied by

an analog voltage.

22. A method as in claim 9, wherein determining the peak stimulus
comprises:

determining a span of the wet response over the stimulus range; and

determining a stimulus value that corresponds to a pre-determined

percentage of the wet response span.
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