WO 03/ 103364 PCT/1L03/00414 FOCAL PLANE PROCESSCR FOR | R DETECTION 5 FI ELD
OF THE I NVENTI ON The present invention relates generally to IR focal plane
array deweasoneseds More specifically, the present inventi omrCiraLeanostae fiel d
of detector pixel signal readout and processing. 10 BACKGROUND OF THE

| NVENTI ON Phot oni ¢ det ector devices respond to received photons by creating
an electric effect which can be quantified and hence provide information
as regards the flux of the received photons. Focal plane arrays (FPAs) of
detectors are used to obtain inmages of objects, whereby each detector
provides a pixel in 15 the image array. In the imge, each pixel is
provided with a unique address and a nuneric value, which can further be
used for nmanipulating the inmage for extracting infornmation fromthe image.
Thermal Infra red (IR) FPAs are used for obtaining inages in the therm

| R range. The resolution_of | ] r L kS limted by two
20 factors, nanel yFﬂ&%PbﬁN%{)Bhgﬁ?éﬂgﬁgeé%ﬂD{EﬁEﬁ@m spatial noise, of
t he anal og chain: the focal plane processor (FPP), the external anal og
circuitry WO 03/103364 PCT/1L03/00414 2 and the analog to digital
conversion. An external interference, such as RF interference or signals

i nduced by the digital system may al so degrade the perfornmance. The

tenporal noise of the FPP can be reduced by caref ul
5 FIELD OF THE INVENTION

The present invention relates generally to IR focal plane array
detectors. More specifically, the present invention is in the field of detector pixel

signal readout and processing.

10 BACKGROUND OF THE INVENTION

Photonic detector devices respond to received photons by creating an
electric effect which can be quantified and hence provide information as
regards the flux of the received photons. Focal plane arrays (FPAs) of detectors
are used to obtain images of objects, whereby each detector provides a pixel in

15 the image array. In the image, each pixel is provided with a unique address and
a numeric value, which can further be used for manipulating the image for

extracting information from the image.

Thermal Infra red (IR) FPAs are used for obtaining images in the
thermal IR range. The resolution of an imaging array in the IR is limited by two
20 factors, namely noise equivalent temperature (NET) and spatial noise, of the

analog chain: the focal plane processor (FPP), the external analog circuitry



design to be negligible relative to the signal noise, providing | ow NET
values. 5 Yet, to overcome the spatial noise, an external process of non
uni f or m two oeaeazecti on (NUC) nust be carried out. A "two poirnLoxwardection”
process is generally used, assumng the analog chain to be linear and
having stable offset and gain. The final results depend upon the validity
of these assunptions, and the spatial resolution becones a min

restri ct aod,thei analogdo1digitalecenmespipe. Aangetemal integlarencgy suchqae mF
calibrations. The FPP is kept at a steady tenperature, e.g. at about 77K
whi | e t henticrence o signalsrindusedbpdbedigitad systeen eayp alset degradarthat i ons,
degrading the gain and offset stability. Also, the FPP is relatively

shi el ded yagBimatceXTRE N@inpdthP hbRke BE ghe PR Ncars bedtrediieed bgsearefulh t he
external elenents. In order to reach such a |low tenperature 15 and keep it

steady. HREiAABIN néaliqiﬂ%l?glgfagge%tm%e%i%aﬁﬁ@@? pi6Viging IRENEFWRIued1as

e:ectric nections”i int n order to facilitate
electric onnection wth rnal Circui p t js.a matter
of hi @hbs)r%ofq ENEEAMP ttﬁ% %Peagﬁ%ﬁ‘o(‘)r%’ I‘—%Lse%r#%'epe el éﬁggﬁolf'ﬁﬁgﬁgool i ng
system being very | ow, the amount of poyer 20 consuned by the circuits of
Che FPP_ goMaryon ((NIGHgtush) 5% opdiad arFoh. tagnpPiihGoraEtan plotess 5
resolution, and output rates are factors which affect heat production. The
use of cgeperallyt ysechdassumingatheonralpgeshain ARG nigear anémh@‘dmgrsf% Rsunpti on
is favoured in the design of cooled FPPs. A trade - off between inmaging
par amet ergffses and ogminonTise fifalemesutisoskpeindr upionaithe nyalizitydesi thesee i nage
parameters. Accordingly, image frame rate at the expense of WD 03/ 103364
PCT/ 1 LO3/44@4Athtions, and the spatial resolution becomes a main restriction, limiting
10 the dynamic range and requiring frequent calibrations. The FPP is kept at a
steady temperature, e.g. at about 77°K while the external circuitry is exposed
to wide temperature variations, degrading the gain and offset stability. Also,
the FPP is relatively shielded against external interference, which is not the
case with the external elements. In order to reach such a low temperature
15 and keep it steady, the sensor is disposed within a cooled dewar. The dewar
has electric connections installed in the walls, in order to facilitate electrical
connection with external circuits.
Heat production is a matter of high importance in the design of FPPs.
The efficiency of the cooling system being very low, the amount of power
20 consumed by the circuits of the FPP at any time must also be limited.
Sampling rates, sampling resolution, and output rates are factors which affect
heat production. The use of components and combinations thereof having a
low power consumption is favoured in the design of cooled FPPs. A trade —

off between imaging parameters is a compromise often imposed for obtaining

25 desirable image parameters. Accordingly, image frame rate at the expense of



3 image resolution or image size are known in the art. Continuous attenpts
are made by various system designers to overcome the [imtations

descri bedwo 031103394 ng to attain a high frame rate and a hi goTneewiouts on,
with a reasonable power dissipation. 5 The value of the electric effect
associ ated with each detector of theg FPA is converted into a digital
format, before it can be subjected to digital inage processing. However,
t here ar enagetesodutionf orcmagdecsize peakoown inthaiarin ConinyeEs AR 288 gi t al
format at an early stage as possible of the signal corresponding to each
pi xel . USnBd888; Gafods syblesesiesignens to faxeatorpeahe Emidiians deswihgidyi t al
conversion application. Benefits of having the analog - to -digital

conver si efividy t8tthRCA  high IRnaratedand UshigH fesoluioh, il Aaehsomable he
contents of “which are incorporated herewith by reference. Integrated

converte 8}’@% ?g several types of conversion schenes Si ngl e- sl
SH)%I n>cVel . ' g ope
anal og té | Fsa conversion is a well - established technique. For is

exanpl e, US 5,742,058 discloses an analog to digital conversion in the
focal spl ane ut i Thaivatue of itivey blecticopiied asseciatesh withceach deigeciiaf-tbeope
conversion provides better accuracy and stability (R Van De Pl assche,

cited belrpp) js ¥Bhvert&Pliftot £ Cligited fermate Mefore ifLiane bk osubjected dosdigitalt i nes,
bei ng based on counters: the full - scale time of an n-bit single-slope

convertet | nx e I Sat ' inal sl ope
requires B3 Broge g e e R R e Ene g,
descrl bed Y eRon t Mgitdl FoialCal Bn cahf FROCERS Pl ToH Th&A dighat\D
corresponding to each pixel. US 5,886,659 discloses an on - focal plane analog
10 to digital conversion application. Benefits of having the analog — to —digital

conversion in the focal plane are discussed in that publication, the contents of

which are incorporated herewith by reference.

Integrated converters have used several types of conversion schemes.
Single-slope analog to digital conversion is a well - established technique. For

15 example, US 5,742,058 discloses an analog to digital conversion in the focal
plane utilizing a single slope conversion cycle. The Dual-slope conversion
provides better accuracy and stability (R. Van De Plassche, cited below). Yet,

both techniques require quite long conversion times, being based on
counters: the full - scale time of an n-bit single-slope converter is 2" * Tc,

20 where Tc is the clock cycle time. The dual slope requires up to twice that time.
The dual-ramp single-slope method, described by R. Van De Plassche in:
INTEGRATED ANALOG TO DIGITAL AND DIGITAL TO ANALOG

CONVERTERS, Kluwer Academic Press, pp. 274 — 289, 1994, the contents



CONVERTERS, Kl uwer Academ c Press, pp. 274 - 289, 1994, the contents WD
03/ 103364 PCT/1L03/00414 4 of which are incorporated herein by reference,
prom ses Wwotoh/1d3gh resol uti on and reduced conversion ti mMeCTHLOY®4IN t he
background hitherto described, that the present invention was conceived.
The invention described bel ow providgs a basis for increasing 5 the rate
of sampling digitally at the FPP | evel, w thout conpromn sing the

resol ut i of wificteashintioredrateBRhErRIDESTRIFENCN [IPTHSES ighgesplytion j s
schematic description of the main structural features of an IR sensor

syst em i ngidreduddaecdnveesioh @imd.s 1 npl enented; 10 Fig. 2 is a flow chart
descri bing schematically the process of the invention; Fig. 3Ais a
schematic description of the pixel charge converti r;t circui,t. of.the
invention; Fig. It3s ansthe bagkageunshbither Bseioed: &at; ﬂeéH@%‘?erﬂY:eé"tht h an 15
enbodi nent of the invention; Fig. 3Cis another charge DAC inplepentation

i n accor aasceondeieda hecineatioredesasibedHzelow\rsayiden a pagis for ingregging

i npl ementation of a pixel charge converting circuit of the invention

adapt gd fipé rafe asfr exmpfingidigitadly 20 tié FFPBAevsl, awittetudi cardpionpsiogetieat i on of
the circuit described in Fig. 4;

resolution of each pixel.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is schematic description of the main structural features of an IR
sensor system in which the invention is implemented;
10 Fig. 2 is a flow chart describing schematically the process of the
invention;
Fig. 3A is a schematic description of the pixel charge converting circuit
of the invention;
Fig. 3B is a charge DAC implementation in accordance with an
15 embodiment of the invention;
Fig. 3C is another charge DAC implementation in accordance with an
embodiment of the invention;
Fig. 4 is an implementation of a pixel charge converting circuit of the
invention adapted for an array of pixels;
20 Fig. 5A is a detailed implementation of the circuit described in Fig. 4;
Fig. 5B is a description of the main wave - shape forms in the circuit

of Fig. 5A, implemented in the course of one conversion cycle;



Fig. 5B is a description of the main wave - shape forns in the circuit of
Fig. 5A, inplenented in the course of one conversion cycle; WO 03/103364
PCT/ 1 LO3/WO042403364 Fig. 6. is a schematic description of tIRE€T/ILO3/00414

i nt erconnections existing between the main conmponents of the imaging
system in accordance with the presgnt invention. WO 03/103364

PCT/ 1 LO3/ 00414 6 DETAI LED DESCRI PTI ON OF THE PRESENT | NVENTI ON A system of
t he invention i Big. rl smanseenmaticasiesciiptiono of Whe hnteiconnectigns existingr cui t
device, a focal plane processor (FPP). The FPP is disposed wthin a cooled
dewar, asp&lpeenithemainwmidriontd vf the mMaging systemhiic Becadaneaadthghes now
made. A | ongitudinal cross section elevation in an IR sensor is shown, in
which th ] ~bhe invention is functional. Metal plate 16 is adjacent
cold i E’éée:{é%{we@ﬁ%ﬁ'FPP is thermally connected while electrically
isolated, with netal plate 16 through ceram c plate and spacers 20. To
ceram c plate and spacers 20, which is electrically insulating, are
connected wire bonds 22. FPP chip 14 10 supports detector array chip 24

t hrough i ndi um bunps 26, whereby for each detector in the detector array
chip 24 there exists one bunp connecting to the respective pixel in the
FPP chip 14. Penetrating through the envel ope of the dewar 26 are
connecting pins 28. Wre bonds 22 connect pads (not shown) of FPP 14 to

t he appropriate connecting pins, having intermedi ate pads on the



15 ceram c plate 20. The connecting pins provide electrical contact to
external «circuits 30. The process of the invention is summarized
schemat i caiblog/10336Fig. 2 to which reference is now nade. POTALEW04D, photon
flux is captured on a detector pixel, causing a corresponding build - up
of charge in the respective FPP pixep 20 in step 42. In step 44 the charge
in the FPP pixel is quantified digitally. In step 46 the results of the

c FPP | . .
ransm tred to PP RERRFTION SFHE PRESERTIRTENALN'™, U |,

processing. In step 50, digital nunbers are cal cul ated and pixels are

remapped to res ayetdrieofi e tvelidN3s LifipkEiemed/ inl8sdddtion withFaR pi xel
charge digital conversion The charge accunul ated in the pixel in the FPP of

the Invef)qiaide orafCaiidIG 1ol BRnR/56884edr TPPRY] dhecPPRas iishoseda di gi tal

I)?irgr;ni EZJ acprcui t kné)wn a | %d ;ron(]j\g/gpr:; DEﬂgé as.sﬁﬁeé %)t o Habov;‘%g\r/\grts
Lﬂggt evgmvggfgﬁpgd?c??’?} %iln;%?ﬁ%eeg . Tﬁe m)l Ihlﬁl c "t'llonti)\)(gﬁ(E t Eéefé%i rcuit to a
ot or Snod How EaHe FhlonghudBRLGES AR S PURtQr L B oot SR G
charge output digital - to - analog converter to (DAC) 62 and of controller
64. The iwhieh theol PPot4 pbbesnaventian igdugationghi Metal e%é%ﬂ% agiackBbRolfhe out put
port of the DAC 62 and conparator 66. x, the charge to be converted, is
stored i fingex¢8. THO#FM iBrth&PnallPAsorimcmdoatiteslegtrically isolated, with metal
plate 16 through ceramic plate and spacers 20. To ceramic plate and spacers
20, which is electrically insulating, are connected wire bonds 22. FPP chip 14
10  supports detector array chip 24 through indium bumps 26, whereby for each
detector in the detector array chip 24 there exists one bump connecting to the
respective pixel in the FPP chip 14. Penetrating through the envelope of the
dewar 26 are connecting pins 28. Wire bonds 22 connect pads (not shown) of
FPP 14 to the appropriate connecting pins, having intermediate pads on the
15 ceramic plate 20. The connecting pins provide electrical contact to external
circuits 30.
The process of the invention is summarized schematically in Fig. 2 to
which reference is now made. In step 40, photon flux is captured on a detector
pixel, causing a corresponding build — up of charge in the respective FPP pixel
20 in step 42. In step 44 the charge in the FPP pixel is quantified digitally. In step
46 the resuits of the quantification are processed and in step 48 the processed
data is transmitted to a programmable logic outside of the dewar for further

processing. In step 50, digital numbers are calculated and pixels are remapped

to restore the image.



charge of opposite polarity, the value of which is controlled digitally by
the controller 64. The digital control value (in bits) which elimnates
Qx (as iwoindiaset ed by the conparator 66 output) is the ®cmIBemioers out put.
Two exenplary inplenentations of a charge DAC of the invention are
described in Figs. 3B and 3C to whigh reference is now made. In Fig. 3B a
DAC inplenmentation is described in which the charge for elimnation of the
Qpx is provided by a set of several capacitors such as capacitor 68, used
in a 20 successive approximation node. It is also possible to use only the

snal | est  capaci fppP pi%et dirlrgedligitalneonversiors and counting the nunber of
swtching necessary to elimnate the converted charge. In Fig. 3C, the

required charqq:]% clérg ggﬁ%ﬁﬁﬁgté&’ irs Whé GiikdlanOihet PPPT 8F &Y vertibheiat

sour ces, source a given tine, prodUC|ng charge packets

accor di n /10 0 t he
pi xelbs fi%@ggﬁd?z%éb&gg e%éﬁ‘? i%b@%&%ﬁ%ﬁ : 34 x%?ﬁﬁ%vn\js é dl unns whi ch
may be long s | c t ons _are |ne itabl e trving_to adapt
a sol Pt afog f"ié?roﬂbg}%dﬁ?tp? ﬁ PBe PYey The ngm 8\5?%"%3&"0&% gﬁch as a
colum of the array. Accordlngly, t he follomnn% concerns nust be
deal t wi tdual FAMBSngleslapsrepryerieRranvRES dpRIS @ Bﬂﬁd@oﬁ gigitahpambeEnce, Ccl
t he val ue of which is about one order of nagnitude |larger then the pixel
capaci t orTHepmodfimation of dheigiguittte a ohargescamierter cirolé- and ithe &melion bet ween
adj acent columm lines, inpairing the function of the matriXx.
thereof are described in reference to Fig. 3A. The charge ADC 52 is
composed of comparator 66, charge output digital — to - analog converter
10 (DAC) 62 and of controller 64. The input port of ADC 52 is line 67, which
connects between the output port of the DAC 62 and comparator 66. Qpx, the
charge to be converted, is stored in pixel capacitor 60. DAC 62 produces a
charge of opposite polarity, the value of which is controlled digitally by the
controller 64. The digital control value (ih bits) which eliminates Qpx (as
15 indicated by the comparator 66 output) is the conversion output. Two
exemplary implementations of a charge DAC of the invention are described in
Figs. 3B and 3C to which reference is now made. In Fig. 3B a DAC
implementation is described in which the charge for elimination of the Qpx is
provided by a set of several capacitors such as capacitor 68, used in a
20 successive approximation mode. It is also possible to use only the smallest
capacitor, switching it many times and counting the number of switching
necessary to eliminate the converted charge. In Fig. 3C, the required charges
are achieved by switching-on the relevant current sources, e.g. source 69, for

a given time, producing charge packets accordingly.

25



In accordance with the present invention, an integrator, the intput of to
which is a virtual ground, is added as a first stage of the conparator of
the charye 0d3eircuit. This architectural feature hel psPCao/1D0ene t he
above nentioned problens as the colum line in this configuration becones
connected to a virtual ground. Such gconfiguration is described in Fig. 4
to which reference is now made. Integrator 70, is disposed between the 15
conpar at or 72 Howbvenge irc practice| ithe pixels Ere amanggd iro the fraoneworkedf ias st or ed
in the integrator's capacitor 76, whereas the charge injected from DAC 78

into themgtik BRtovill ad @oluphhdrivhddremalyeslonbasies that detainiibplicatiomee. The
use of an FPA of the invention is typically in IR imaging applications, in

whi ch ac : t ik ' [ t
requ - MRHRAEBIL LRG0 Ay SHRAIY bikel AT GBpRAICR (o7 piAr, 1 10
| fferences .amng th iffer | S 1St . I Al t
vari i’ibi I ia&p"ﬁ%télosrgr%‘f?&n%sa%ocomogééﬁ{gn a(h%x %&cgﬁéﬁgﬂ)@p’t gf{cf 6‘3‘5‘%@8 l?al C(r:;irg ©

singl e sl ope ADC' used i 0 enbodi rent s of the present i ti.on. Th
aual Sr aonepH Bt die kel WaRp o9 Ty g, pALE TR SOS & HRMSHE 25

i npl ements two steps. In the first step M5 (nost significa_nt(;?n art of the
WO 03/ 1033pacianme, O/ theu valuegofnwhishi is ahaul ©nesowier &f imagaitu gargw a second

step, LS (least significant) part of the numeric value of the charge is
det er mi netHen Tthe piwe! papasitarf Cpke Sticghtalduringl thes cofivarsionpeastossdaliuant i ty
nmust -be conbined to forma conplete digital word, as wll be explained
later on.exidls bevddmBBjREKT 8blumPined), idpaifivg thé €unction of the matrix.
In accordance with the present invention, an integrator, the intput of
10 which is a virtual ground, is added as a first stage of the comparator of the
charge ADC circuit. This architectural feature helps to overcome the above
mentioned problems as the column line in this configuration becomes
connected to a virtual ground. Such a configuration is described in Fig. 4 to
which reference is now made. Integrator 70, is disposed between the
15 comparator 72 and the column line 74, The charge to be converted is stored
in the integrator’'s capacitor 76, whereas the charge injected from DAC 78 into
the virtual ground, eliminates this charge as described above.
The use of an FPA of the invention is typically in IR imaging
applications, in which accurate reference to the absolute temperature of a
20  pixel is not required. Rather, in an IR imaging application, the accuracy of the
differences among the different pixels is the matter of relevance. Accurate
variability measurement and conversion can be supported by the “dual ramp
single slope ADC” used in some embodiments of the present invention.

The “dual ramp single slope ADC” employs a quantification cycle which

25 implements two steps. In the first step MS (most significant) part of the



5 readout and quantification are perfornmed in the context of colums and
rows as has been discussed above, and will be further explained with

ref erencewdD®3/1633gs. 5A and 5B. In Fig. 5A is shown an ADCPCITLes/(t04i4n
accordance with a preferred enbodi nent of the invention, the function of
which is explained with reference tgthe conversion cycle and switching
sequences described in Fig. 10 5B. At tine to, the quiescent out put

vol t age afuméricgilatds defernined canckth Aysecohdsitery L ffeasbsighifican) tpeit S1 91 to
Vpch, (pre - charge voltage), which is also the reference voltage for

conpar at opf f niesic VAN BEHeEhdrife S¥HbEImied. Ftheatwd pams bl thd bigitahar ge of
a pixel, accunulated in capacitor Cpxl 96, is 15 transferred to integrator

90, 'Omr\}ag\genﬁ Bﬁh%%egéu,\éﬁa' %@&ﬁit@ﬁﬁ&"t g}ar&wgn%%if&gn a%rﬁﬁl@teséigﬁglf a; time

t2, a cons current source 1 s establishe the conbihatio
| i near ranp volta ranp...14 Fig. .5 aci tor. 0 d the
vi rtual n&gnc?so\”ﬂfﬁé ?’@%‘8?& I%Fgr %&n lnc ﬁ)%g}a%%ﬁ%{%ogté ﬁ'é&nﬁﬁ% g’ngﬁeﬂsl y wth
switch S4 98. Counter 104,. which has been reset .earljer, 20 stdarts counti ng
the clsockepdprakangyaupsiificationgregprefmeslingthe eius FQINDLF|13Nd T chi ng
Vpch at time t3 the integrator activates the conparator. The period t3 -
t2 is a taubas bepoatiseusset abnyespgdwill be vethee gxplained width refafieneriihut  of
the conparator is synchronized to the next clock, and only then it opens
swi t ch 98FigangAsan®!58. InhBig: BMAtieshowacam Al wircall iSSactopdareeawits el osed
until t4 in WD 03/103364 PCT/1L03/00414 10 order to serve other ADCs). As
a resul t, s RGO ERBodthe hi1ISF thBLIRGERICH, tF®RIAdEBA%DF which is explained with
reference to the conversion cycle and switching sequences described in Fig.
10 5B.
At time to, the quiescent output voltage of integrator 90, is forced by
closing momentarily switch S1 91 to Vpch, (pre - charge voltage), which is
also the reference volitage for comparator 92. Closing momentarily switch S3
94 at time t4, the charge of a pixel, accumulated in capacitor Cpxl 96, is
15 transferred to integrator 90, lowering the output voltage accordingly. Closing
switch S4 98 at time t;, a constant current source is established by the
combination of a linear ramp voltage (ramp 148 of Fig. 5B), the capacitor C1
100 and the virtual ground of the integrator. Switch S5 102 closes
simultaneously with switch S4 98. Counter 104, which has been reset earlier,
20 starts counting the clock pulses while the integrator output goes up linearly.
Reaching Vpch at time t; the integrator activates the comparator. The period
t; — t2 is a true indication of the signal to be measured. Yet, the output of the

comparator is synchronized to the next clock, and only then it opens switch 98

and samples the counter reading (switch S5 102 remains closed until t; in



torise for a period At (in Fig. 5B), so that the counter reading provides
only the M5 count, and a value, proportional to At should be subtracted

wi th hi ghwoo3nesed ution. This is done by resetting countePCIOHo3di4c| osi ng
again switch S5 5 102 and switch S4 98 at tine t5, which connects a second
ranp (ranmp 150 in Fig. 5B), the slop@ of which is positive and slower. The
out put of the integrator goes down and reaches Vpch at tinme t6, disabling
t he conparé&ioto seire otitemABCs).caslangsils thampited cfttheiimegtador portinugisng t he
LS count to be subtracted (with the proper weight) fromthe digital nunber

10 represgtigd fha hRFoH AR FiP SBY. So thaBtHeabbuntee raiing phevieds ohlyt e val ues

of the slopes of the two ranps determ nes the nunber and wei ght of LS

bits. T ' L nal I j in
pract i coaES £5uft gt A FalleThibRel lerdF 17 41 LRSS Sutfrgd W iGher 0,
reach as high as sone clogk tings, the ac | _nurber of _whi ends al so
upon the’@?@Hﬂo@éfhﬁéﬁﬂgﬁé A/@ﬁ%@gﬁhgﬁvﬁﬁfH@?@”ﬂéﬂ?%agéﬁ@"lﬁ@mﬁﬁ er of
counter stages assigned to the second ranp is to be increased accordingly.
Bei ng SuselP? mndrwiteliged 98 alifingg ts ¥thighoenngas AcPcoaddampetaaPetPG By in the
non - uniformty correction (NUC) procedure, provided it has a constant

val ue. ArFigd8B)ttagsiassofivhichds positive aadAdevenpl enent ati on in accordance 20
with the present invention, results fromthe conparator being activated at

a constant i”ﬂ?@g%{ojﬁﬁeﬁgﬁgﬁk ﬁ%%s%cﬁtﬂﬁ‘%hﬁﬁ*ea%hé@ﬂ/pdh@%@d@,ﬂt of the

converted signa e focal plane is cooled to a very

Lol RS b arthegh e e P TR By R SRS AR oo
plane ar rt%)éSLS count to be subtracted (with the proper weight) from the digital number
10 represented by the former MS bits. The ratio between the absolute values of
the slopes of the two ramps determines the number and weight of LS bits.
The value of At is nominally less then one clock time. Yet, in practice, due to
delays in the comparator and the switching, it might reach as high as some
clock times, the actual number of which depends also upon the clock
15 frequency. Consequently, the period and the number of counter stages
assigned to the second ramp is to be increased accordingly.

Being used in IR imagers, an offset thus created is compensated for in
the non — uniformity correction (NUC) procedure, provided it has a constant
value. An advantage associated with the ADC implementation in accordance

20 with the present invention, results from the comparator being activated at a
constant input level by a signal of a constant slope, independent of the
converted signal amplitude. Also, the focal plane is cooled to a very stable
temperature. Therefore, the delays and the resulting offset are very stable.

Another advantage obtained by using the invented ADC in focal plane arrays

25 is the connection of the column line to a virtual ground. The column lines are



25 is the connection of the colum line to a virtual ground. The col um

| ines are WD 03/103364 PCT/1L03/00414 11 long and parallel, resulting in a
si gni fi cawD 0s0033b4 Nng capacitance between nei ghbors. Duri mgTiihes/qersi od of
transfer of charge fromthe pixel to the ADC, the colum line potential is
tenporarily raised, only to revert tqqthe original value by the end of

that period. Therefore, finally no charge injection occurs 5 between

adj acent joe) wmd pardiel, fEwitingin ratsignificant ocouplingi caEacitante aggtweanp (148 or
150 in Fig. 5B) driving the capacitor 100 (in Fig. 5A) into the virtual

ground of néipﬁboisnmrr@t Pk, pivRbbsamter ¥i ctargevirdratRé piel toltie ADG our ces of
approxi mately the sanme anplitude to all the ADCs. Thus the use of current

mrrors, @hief, gicrﬁeoq_ ehﬁa%we% @ﬂ&g%é&sﬁﬂgité!@kh%ttﬂ% AgiRalaTper e

| evel s), 1S avol ranp generator 106 (i1h Fig. 5A) is basically an
integrator, fed.at eac t f ver si C - t current
source of"a&L‘?pS%Ei*P‘? 51"3 Qf@@fﬁsﬁgd- iﬁ%"eﬁ‘g’{éaﬁ'?‘? {;f'ﬁpncyrﬁérr (ealrh)ﬁtegt'(?'ﬁria'?3 %@Irg decr ease
the conversion tipe w thout #oosi ng is resolution, the "dual ranp single
sl ope SADbEtYRRR adiacenh coWMiNgfer extended into a multi ranp ADC, where
addi ti onal conversion steps, having successively decreased weights, are
enpl oyed. Thi sTheagoimbinaisinr aslommantlinear yedagefratur (148 gh 188s frig-on
converters. 20 Progranmabl e |ogic applications in the present invention
5B) driving the capacitor 100 (in Fig. 5A) into the virtual ground of the
integrator, enables applying low level DC current sources of approximately the
same amplitude to all the ADCs. Thus the use of current mirrors, which are
10 not accurate enough (especially in the nano-ampere levels), is avoided. The
ramp generator 106 (in Fig. 5A) is basically an integrator, fed at each step of
the conversion cycle by a constant current source of appropriate amplitude
and polarity.
In order to further decrease the conversion time without loosing
15  resolution, the “dual ramp single slope ADC” concept can be further extended
into a multi ramp ADC, where additional conversion steps, having

successively decreased weights, are employed. This may be desirable in the

case of very high resolution converters.

20

Programmable logic applications in the present invention

The FPP of the present invention is applicable to IR imagers in general. Yet,

it is especially advantageous in cooled imagers, where the heat dissipated in



The FPP of the present invention is applicable to IR inmagers in general.
Yet, it is especially advantageous in cooled i mgers, where the heat

di ssi pat eaOion/18¥3603/ 103364 PCT/ 1 L03/ 00414 12 the focal plremaLsmowi4d be
removed by cooling to a | ow and stable tenperature. Therefore,
architectural and functional considergiions of the nake - up of the
Integrated circuit have been nmade in order to decrease the power

di ssi pat ithe fotat helaREP shaulegrse eenwiviecluitly. dooling cto dantow windh siable5 aspect
of the invention, a programmable |ogic device, external to the dewar in

whi ch t hetdmp&ataeed Teiefeford, @thitéstusgnaw fursctidnapesasideptioherafstheever al
tasks. The first one relates to the digital functions of the ADCs which

are part iéﬁJT"Jﬁé/t_h@%f ﬂ{éggﬁeggateﬂ gfcif hae beeMahadd e sRidr 4B Wdcpesediiend

per forne unc ed environnent, serve to decrease the anmount of
i

conponent s d . | 5O . ] -PP.. the [ y

| mpr ovi ndm[vﬁeg Ség}l%?"ﬁh e?ﬁ%ﬁﬁ%ﬁc@%&a@% (%':'J;Cgbtérlﬁ égéogégrl‘%)h@g\t aCEJoelve, t he
digital value of each pixel is obtained in.a M5 part and,an LS part. The
e par ¢ SREEL B thE Ve AoRiBA B i oReS. EREMa A1 ewabMred (o
formone digital word in the external programable |ogic device. The
second t a¥iich dheintegrated picuibphfie seNSST is Hisppsegi Rarfarmsraaveral tasks.

transm ssion fromthe FPP to the programmable logic is optimzed to

m ni m ze Troe §itst preneslaiescio thesdigiiak fumetios o dheehiDCs whinh asetpartially a
digital word transmitted fromthe dewar include a mxture of data fromtwo
pi xel s. eHoriete duthkidd dfstheedapaed Thesé Manetidrey maind eeirfordedi inethe o

restore the imge.
uncooled environment, serve to decrease the amount of components and

10 heat dissipation in the FPP, therefore potentially improving the overall
performance of the imager. As explained above, the digital value of each pixel
is obtained in a MS part and an LS part. The two parts, after initial processing
in the FPP, are finally combined to form one digital word in the external
programmable logic device. The second task relates to the remapping of the

15 pixels. The data transmission from the FPP to the programmable logic is
optimized to minimize focal plane power dissipation. Consequently, the bits of
a digital word transmitted from the dewar include a mixture of data from two
pixels. Such mixed data is remapped in the external logic device, to restore
the image.

20 The external programmable logic device also adds flexibility and
optimizes the conversion cycle. Whereas the order of succession of the
various conversion steps is fixed, the duration of each step is controlied
externally. Thus, the duration of each step is set as required by the actual

performance sequence, avoiding the need to reserve lengthy intervals of time

25 for confidence margins. The data transfer associated with this aspect of the



20 The external programmabl e |ogic device also adds flexibility and

optim zes the conversion cycle. Wereas the order of succession of the
vari ous cwoweneilen steps is fixed, the duration of each step/i1Lss/@ent rol | ed
externally. Thus, the duration of each step is set as required by the
actual performance sequence, avoiding the need to reserve |engthy
intervals of time 25 for confidence margins. The data transfer associated
wi t h t hi snvastientis afesctibet\@iifi8fafebs®e RCFig.LB3TIod4letectanassrmhlyi H70.i s
described with reference to Fig. 6. The detector assenbly 170, includes a

focal pl amﬁcluﬂé% fochl RlaHROmAAURXA P2 Bkl 417 extemdlprbgiaity Hostd 17ie Ther oxi mity
board is a printed circuit board, placed close to the dewar pins, upon

whi ch th%(gg)ﬁ%t&nera '(Bsf f%'t %lﬁ]h@éarﬁpgélcéﬁ'c‘f‘déé RItAERATERiSs, Gjop array) S

176, tadC|| t f dplovver suppl'y regul ation ci rcwts 180 are

nmount e n oca ne sodul e e and the
FP(F; 1ﬁ4 ?’Y*HCTF}ETBH’&‘P H‘?%?é&iﬁ'ﬁ@étl%ﬁﬁ 'gﬁ\@%&?%rﬁe pro ?H—éﬁoard 174
and the focal plane nodule 172 are divided |nto f ul ated FPP
power Ssuplf6, ez aeek gsneratelo hEnARARAMY PHRRY rlﬁlglﬂ?%lot'i'cﬁ"‘é‘ﬁ% t"ﬁﬁ? § 1ink and

to the raw data bus. Through the conventional conparati vel y sI ow
comuni cahoomteduln theviacabpiane peodile & 2p theadetestes eomponentr82 and #1¢ are not
directly involved in the timng of the anal og-to-digital conver si on st eps,

are cont rlf%blbem aﬂ?@eméaudéacrh@lﬂmtetdamécﬂén@betweareméqdrexhhwmaamm|TR) or
"integrate-while-read" (IWR) is nodes of operation, working points, readout
wi ndow siz & ﬂ{édfécgf% dn%nmo%h% 172 are divided into four groups: regulated FPP
power supplies bus, slow communications link, FPP clock and timing link and
10  the raw data bus.
Through the conventional comparatively slow communication bus,
various operation parameters of the FPP, which are not directly involved in
the timing of the analog-to-digital conversion steps, are controlled, These
include, inter alia, “integrate-then-read” (ITR) or "integrate-while-read” (IWR)
15 modes of operation, working points, readout window size and location, etc.
One parameter should be mentioned here, namely the resolution of the
analog-to-digital conversion. The duration of a conversion cycle depends also
on the resolution, increasing with the resolution. Some bits of the slow
communication stream control the resolution, e.g. a 13bit or a 15bit resolution,
20 enabling a trade-off between the resolution and the frame-rate.
A faster link carries to the FPP the clock signal and the timing
information of the conversion steps, mentioned earlier. In this fast channel, a
stream of short pulses is sent on a wire from the external programmable logic

to the FPP, where each pulse is recognized in the FPP as the start or end of

25  a specific step. Programming the intervals between the pulses, the optimal



One paraneter should be nmentioned here, nanely the resolution of the

anal og-to-digital conversion. The duration of a conversion cycle depends

al so on wbe3nesel uti on, increasing with the resolution. 8cwaL@/agi4of the
sl ow communi cation streamcontrol the resolution, e.g. a 13bit or a 15bit
resolution, 20 enabling a trade-off tween the resolution and the
frame-rate. A faster link carries to the FPP the cl ock signal and the
timng idcdneersion aturafion hie detenminsdo T het egs , datanbiio readriesathe epartially t hi s
fast channel, a stream of short pulses is sent on a wire fromthe external

pr ogr ammeby&cdsegl Hath ?rédli%e’aPLR/ thehaDEsefeh e BRPits becliegllyi prédessed he FPP
as the start or end of 25 a specific step. Programm ng the intervals

bet ween t j LQR3fé PCT/1L03/ 00414 14 conversion
duration %@d %@rimdn@%e%%g%mé\gtegggﬁs carries the partially processed
data produced by the ADCs, fromthe FPP to be finally processed and
remapped in the programmable | ogic device. 5 A different aspect of the

i magi ng array ich relates to.the external r.ogr apmebl e ] ogi isits
expl oiX ati on aéh Aﬁ%@?@? 3SREeEY Pgéfé‘? IFRGINg f"ﬁa¥dﬂ?ﬂ,‘°ﬁéﬁ@6‘?ﬁ %ﬁ%@%&érpﬁi
invention, the programmabl e |ogic device can be used also as an interface
to the explogram dogic ol ita epioitadionsasnA iuser dterfaseydbus: in SRME act i on
with the FPP. While the FPP of the invention operates with the to opti nal
cl ock andemboilingerfteroftthe inventiorsithe, progmmseble logiapevicectan be used f er ed
out put on the programmuable | ogic inplenenting specific conmunications

protocol Z8d ! ffterdite © thelex@mbhsysienr 190/t Big. 65 simplifying the users’

interaction with the FPP. While the FPP of the invention operates with the

10 optimal clock and timing for the conversion, the user can approach the
buffered output on the programmable logic implementing specific
communications protocol and clock. The clock of the user system is
independent of the clock of the detector assembly, and does not have to be
synchronized with it. The dialog between the two systems can then be

15 established by an handshaking implemented on the programmable logic
device.

As described so far, the system of the invention is most beneficial in
cooled FPPs, typically implemented in thermal IR imaging. It is nevertheless
contended that the same system can be used in any FPP systems, for other

20 imaging purposes, such as visible, near infra - red and X — ray. In such
systems, heat dissipation in the FPP may be less critical, but the benefits of

the system are still evident.



i ndependent of the clock of the detector assenbly, and does not have to be
synchroni zed with it. The dialog between the two systens can then be 15
est abl i shw obyozamd handshaki ng i npl ement ed on t he progr ammeiraLé3oyis st
device. As described so far, the systemof the invention is nost beneficial
in cooled FPPs, typically inplementeggin thermal IR imging. It is
neverthel ess contended that the sane system can be used in any FPP
systens, for othqékéﬂnénaging pur poses, such as visible, near infra - red
and X - ray. In s ystens, heat dissipation in the FPP may be | ess
critical, but the benefits of the systemare still evident. WO 03/103364

PCT/ 1 L03/ 90414 A idcal GletdVBrray qﬁnﬁélﬁi&? PWaNEnd EbRYNIENOF pixeigtpriRws and
colums of pixels for IR inaging, erein pixel readout and analog to

di gi Ll conver i alink SunBiRl BB feddourid 4R65 16 Uigia] Suhbeishil 51 ve of said

array, 5 conpri ast one capacitor”per pixel, for accunulating

h h f d J , , : igital
Conver t or °( DTRG0l ho Teabratsd ol BPENRT Ry el defho™s i gi

controller, 1o wherein said controller controls a digital to anal og charge
converter for PPBPM&NHg an appropriate anmount of charge to

o at least one capacitor per pixel, for accumulating the
charge of a detector element.
o at Ieaét one analog to digital converter (ADC) incorporating
a comparator for on/off switching a digital controller,
10 wherein said controller controls a digital o analog charge
converter for providing an appropriate amount of charge to
cancel out the charge of one pixel at a time by one ADC,
and
o switching elements for connecting said pixels to said

15 ADCs.

2. A focal plane array for IR imaging as in claim 1 comprising a cycle
generator, for controlling a charge output of a digital to analog
converter to cancel out said charge of said pixel.

20

3. A focal plane array for IR imaging as in claim 2 wherein said cycle

generator is a ramp generator connected through a capacitor to

the input port of said at least one ADC and to a column line.



cancel out the charge of one pixel at a time by one ADC, and sw tching

el ements for connecting said pixels to said 15 ADCs. 2. A focal plane
array forwDR3iiemgi ng as in claim1 conprising a cycle gemerarawgo4fsor
controlling a charge output of a digital to analog converter to cancel out
said charge of said pixel. 20 3. A foceé plane array for IRimging as in
claim 2 wherei n said cycle generator is a ranp generator connected through
a capacitfr to Afogalipiyig agay fordR imadinges lirglimehwhamin sai rama col um
line. WO 03/103364 PCT/1L03/00414 16 4. A focal plane array for IR imaging
as in clai m3 wgeneratospiatiucasat lepst@natlimeaprardpces at | east one |inear
ranp. 5. A focal plane array for IRimging as in claiml1l wherein said 5
conparator includes an integrator as an input stage. 6. A focal plane array
for IRimaging as in claim1l and wherein said focal plane array is cool ed.

10 7. A fgcal phapeapplahe betay 'Br'l@%%n@s?é Mn 418 4 V\YHé%ﬁ' Baigai d ADCs

are allocated in groups, wheréin al one group operate

si mul t gneously. o §n, 4k QiRkIRLE YR iftdgitol 35 a'nFinbUP&‘aBS. SRR LU R

sai d

6. A focal plane array for IR imaging as in claim 1 and wherein said

focal plane array is cooled.

10 7. A focal plane array for IR imaging as in claim 1 wherein said ADCs
are allocated in groups, wherein all ADCs of one group operate

simultaneously.

8. A focal plane array for IR imaging as in claim 7 each of said
15 groups contain at least two ADCs per each column.
9. A focal plane array for IR imaging as in claim 7 and wherein one

multi ramp generator serves at least one group of ADCs.

20 10. A focal plane array for IR imaging as in claim 7 and wherein one

counter serves at least one group of ADC's.



15 groups contain at |east two ADCs per each colum. 9. A focal plane array
for IRiIimaging as in claim7 and wherein one nulti ranp generator serves
at | east wo@3gosap of ADCs. 20 10. A focal plane array foPCIrRLOIMgi«Ng as in
claim7 and wherein one counter serves at |east one group of ADC s. WD
03/ 103364 PCT/1L03/00414 17 11. An Iffinmaging systemas in claimland
wherein an external progranmable |ogic device connected via a

comruni cldt i on Arhihrimbgpar systepatass imtclaioastandn viheseivoanr exteofalsai d ADC. 5
12. An IR imaging systemas in claim211l wherein said external programmable

devi ce al so coprggramrablef fiegic tievicer ewhnédtgdavia i esdrcrinivationen t he
pi xel s readout streamand the timng paraneters and comruni cati ons

prot ocol s of e ohficktedafRk8e he'ec) bekdid ADENLI 1y ng | R radi ati on

| mpi nging on a e array, wherein pixels readout and analog to
digital conversion is perforned in an integrated circuit inclusive of said
array, enploying at |east one circuit for each colum of said array, and

wher ei n char ge .each of said pixels is nverted to a i gital

nurmber’ ‘E?orrprig?ng{]t'ﬂ@gé@%p%'sgﬁm g%n'ﬁo?'la"?wﬁtc ?‘ﬁée'ByS%'dCSf‘r%i?%t or of a

digital controller controlling a digital to anal og_.charge converter for

suppl ying a chegiMBiable dieyies alse SORIRRS SoRWEEL.eforfi RIAHdIREpRopri at e
interface between the pixels' readout stream and the timing

parameters and communications protocols of a user.

10 13. A method for digitally quantifying IR radiation impinging on a focal
plane array, wherein pixels readout and analog to digital
conversion is performed in an integrated circuit inclusive of said
array, employing at least one circuit for each column of said array,
and wherein a charge on each of said pixels is converted to a

15 digital number, comprising the steps of:

e on/off switching by a comparator of a digital controller
controlling a digital to analog charge converter for supplying
a charge by a digital to analog converter in an appropriate
quantity to cancel out said charge of said pixel, and

20 e generating a dual ramp conversion cycle for a substantially

two step analog to digital conversion of said charge and
providing a most significant count in a first step and a least

significant count of said charge in a second step.



guantity to cancel out said charge of said pixel, and 20 generating a dual
ranp conversion cycle for a substantially two step analog to digital
conver si owomB/16ab4 charge and providing a nost significaRCTADesM04i4n a
first step and a |l east significant count of said charge in a second step.
WD 03/103364 PCT/1L03/00414 18 14. Aqgethod for digitally quantifying IR
radi ation inpinging on a focal plane array as in claim13 wherein an

anal og tBt.di gi Aanethodfer digitally gtiantifgingHRrrgdiatione irapiagjsioxen aifecalone on t he
focal plane in two quantification steps, a first step providing the nost

si gni ficant bitafe andy asinoiith £3 abetdin drearsdlog itg didifat eonversion of said
quantification. 15. A nethod for digitally quantifying IR radi ation

i mpi ngi ng on asf AeRlchaRiR e AERRYIRT ik HdHeom e Rl WIai@iin thibe _
conmbi nation of the nost significant bits and the | east significant bits

into one digi t%aﬁtﬁlcgegﬁgéeé%rad@{ggls@' F}@idiﬂ%m%ﬁl# ificdttdide said focal

pl ane array. y qua yi ng radi at1on inpinging
on a focal plane array as in cjJaim.l3..and er el .e JS generated for
controlling th&" ﬁaﬁeé@%gt??%&eof?a {n%I'QBF'PaPt ol éﬁ%ﬁ%@”@ﬁﬁ{}%@r to 15
cancel out said charge of said pixel. 17. A nmethod for digitally

quantifying IR radiation inpinging on a focal plane array as in claim16
and wherein a cycle generated contains at |east one ranp .
15. A method for digitally quantifying IR radiation impinging on a focal

plane array as in claim 14 and wherein the combination of the
most significant bits and the least significant bits into one digital

10 number is done partially externally, outside said focal plane array.

16. A method for digitally quantifying IR radiation impinging on a focal
plane array as in claim 13 and wherein a cycle is generated for
controlling the charge output of a digital to analog converter to

15 cancel out said charge of said pixel.

17. A method for digitally quantifying IR radiation impinging on a focal
plane array as in claim 16 and wherein a cycle generated contains
at least one ramp .

20
18. A method for digitally quantifying IR radiation impinging on a focal

plane array as in claim 13, and wherein a tradeoff between the
resolution of said quantification and the frame rate is enabled by
programming said dual ramp conversion cycle.

25



20 18. A nethod for digitally quantifying IR radiation inpinging on a focal
pl ane array as in claim 13, and wherein a tradeoff between the resolution
of said qgwenBilbizeati on and the frane rate is enabled by pcogrL@amutng said
dual ranmp conversion cycle. 25 WD 03/103364 PCT/1L03/00414 19 19. A nethod
for digitally quantifying IR radiationg npinging on a focal plane array as
in claim13 and wherein said charge of said pixel is loaded first into a
capacitor of an integrator wherein said integrator 5 is connected to a
columm of said array, and wherein said charge is later digitally

quanti fi ed1920A netiedhfor digitallgigaahtifying iRIeatdiation nepirgingdnad fowal i npi ngi ng
on a focal plane array as in claim13, and wherein the pixels of said

array are 10 gaReRety SRhclhif@t SHRMWhEFiR shRNc#rgB W fsaidmsixaliigul t aneousl y
for all nenbers of said group, each group at a tine, allocating at one

conversion tl TBadel? fi?@l‘ﬁago?% g?ggcif@r@feén ﬁ%fteﬁgfé} \Hﬁé}‘éﬁss%i&-inf%gﬁgmd for

digitally quantifying tron 1 npingl on a oca ne array as
i xel s ne comon ranp

gener ator _pr odacainapidect coffih phESR i BuBlwpRis i 8BJoF i cach ADC a
|l ow | evel DC current is cr ea} eéj by said ranp driving a capacitor connected

to a virtual dREESIRIEIYgyantiied.

20. A method for digitally quantifying IR radiation impinging on a focal

plane array as in claim 13, and wherein the pixels of said array are

10 grouped, such that quantification is performed simultaneously for all
members of said group, each group at a time, allocating at one

conversion time one ADC to each member of each group.

21. A method for digitally quantifying IR radiation impinging on a

15 focal plane array as in claim 20, and wherein for said each group of
pixels, one common ramp generator produces at least one linear
voltage ramp whereby in each ADC a low level DC current is created
by said ramp driving a capacitor connected to a virtual ground of an
integrator.

20

25



integrator. 20 25 WO 03/103364 PCT/1L03/00414 20 22. A nethod for
digitally quantifying IR radiation inpinging on a focal plane array as in
cl ai m 20,wand/1043e+ ei n each of said groups contain two rorseTatLoxmitd array.

20
22. A method for digitally quantifying IR radiation impinging on

a focal plane array as in claim 20, and wherein each of said

groups contain two rows of said array.



