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-1- SYSTEM FOR CALI BRATI NG ANALOG TO DI G TAL CONVERTER

BACKGROUND ®FO 64029NVENT| ON - The present invent i BRT/YRBILS3E; ¢ 1y
analog to- digital (A/D converters. More specifically, the 5
present invention is a systemfor calibrating AD converters.
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A/ D converters are generally known. An exanple of a
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a dual slope A/D converter whlch lncludes an integrator,

a reference current source which applies a reference
current Iz to the integrator, and a variable current
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source that provides a variable current Iy which is
representative of an unknown variable. In a dual slope
A/D conversion, the variable current, Iy, is integrated
for a time period, ty. The quantity of charge, Q,
accumulated in the integrator is equal to Iy times ty.
A known reference <current I, having a polarity
opposite that of Iy, is then applied to the integrator
to remove charge from the integrator (i.e., discharge
the integrator). The reference current Ips; is applied
for a time period t# until the charge on the integrator
reaches the initial charge level on the integrator prior
to integration of the variable current Ix. The charge
removed from the integrator is equal to Iz times t,.
The variable current Iy (and hence the unknown

variable) 'is determined as follows:
Eqg. 1

Iyt ty= Tpee' tr
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to integration of the variable current |Ix. The charge renoved fromthe

i nt egrator“}éggﬁzﬁ to l[err] tinmes t[err]. 25 Therorwsshiss3
current Ix (and hence the unknown variable) is determ ned as foll ows:
Eq. 1 [err] WD 96/ 10297
PCT/ US95/ 11533 S2- - Theref ore,
Eq. 2 [err] Si nce I[erFF‘iR and tx are all known, |x can
be 5 cal cul at ed. A problemw th conventional dual slope A/D
converters is that they tSHiESE?5 have a very linited dynami ¢ range
which is determ ned by the nininmm and . Eq. 2

tR

Ix'Im'-t';

Since Ige, tp and ty are all known, Iy can be
5 calculated. ' '
A problem with conventional dual slope A/D -
converters is that they typically have a very limited
dynamic range which is determined by the minimum and
maximum power supply voltages of the circuit (e.g., the
10 rail voltages, which are typically zero to five volts).
For instance, the integrator cannot change above or
below the rail voltages. This places limitations on
either the charging currents or the integration time or
both. This, in turn, limits the range of the converter.
15 In order to overcome this problem, A/D
converters have been operated by adding a comparator to
the circuit and determining when the output of the
integrator is approaching the rail voltage. As the
output of the integrator approaches the rail voltage,
20 the reference current is applied to the integrator along
with the variable current to remove charge from the
integrator so that the integration can be done over a
longer period of time to effectively increase the
dynamic range of the integrator. Such operation
25 réquires the reference current Iy to have a greater
magnitude than the magnitude of variable current Iy.
This allows application of Ipy to remove charge from the
integrator quickly enough so that the integrator does
not approach the rail voltage, even while Iy is still
30 being integrated.



fraxi mum power supply voltages of the circuit (e. g , the 10 rail voltages,

which are typically zero to five volts). For instance, or
cannot chanQ@&ﬁWé’ bel ow the rail voltages. This pl aggg'ﬂgﬁgﬁ%
limtations on elther the charging currents or the integration tine or
both. This, in turn, limts the range of the converter. 15 ' I n
order to overcone this problem A/D -3~ converters have been operated
by addi ng a conparator to the circuit and determ ning when the out put
of the integrator is aeRfevasd) getting athe vmhyageudeAsft Mgy to dok put

of the integrator, appr,oacq_;'s ﬁfgg:gre%i vol%ag%\?gﬁgsﬁshgh e{_g£§f§€l&qr5§nt S

applied to the i e carren
charge fromthe the A/fD egsrtertem. t hih dbderntegedd amescdmtionidie ther a

| onger period of }d %{f&‘ﬂeleéélectgvg )ZLghacrI%%?es t HeNs6urkange, of

the integrator: operatTon e feference curr eRE?
I[err] to h&ve zhaﬁ dman added ntgnithed dusiars 1ope ndJRi coavesterar i JPre

current | x. | t om
R C%(fw ei® bﬁi‘i-éﬁe Q%[E&é] al @niamaLe Wﬁ&xdé

t he I nt egr at or enoug e int egr ator does-

ot
approach the ralﬂhafblﬁfa%ﬁe °§v§ﬁevm‘-|-"lr@tl qu;gegqlpq:q SBXTHERFndremt eg?lé‘f%d.
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the first reference current Iy - discharges the
10 integrator for a desired time period ti, then the second
- reference current i@'diséharges’ any residual charge on
the integrator. S:ane the magn:l.tude of the second
reference current is s:LgnJ.fJ.cantly smaller than the
magnitude of the first reference current, the resolution

15 of the A/D converter is greatly increased.

' Adding a second reference current source,
however, has introduced additional problems. - For
example, the accuracy of the A/D converter output is
highly dependent upon the precis’e ratio between the two

20 reference currerits Ipgr @nd Igpm. If the ratios are
different than -éxpected, differential errors or non-
linearities can occur in the A/D converter output which
are very difficult to correct.

‘Prior attempts to allev:.ate this problem

25 involved custom layout of current sources on silicon,
which are error prone and require significant amounts of
development time. | ) Special integrated  «circuit
manufacturing steps add cost, undesired complexity and
also limit the portability of the design between silicon

30 manufacturing facilities, so that a precise ratio
between the current sources is very difficult to obtain.

SUMMARY OF THE INVENTION
. A calibrating system calibrates an analog-to-
digital converter which has an integrator and first and



- 3- However, setting the magnitude of I[err] to be

Si gnificargv*) er than | x decreases the resol ution of : er Al D
converter norder to add resolution to the A/ D convePEd SIS} ond
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tinme. Spel:h:ard andtfgunthdt:l.mel peridds. The relative magnitude
of the first and second reference currents is determined : ‘
based on the first, second,. third and fourth time
periods. o |
15 BRIEF DES ION OF THE DRAWINGS

FIG. 1 is a block diagram of an A/D converter
according to the present invention.
FIG. 2A is a flow diagram of a normal A/D
conversion using the A/D converter shown in FIG. 1.
20 FIG. 2B is a plot of the output of an
integrator using the convers:.on shown in FIG. 2A.
FIG. 3 is a plot of a preferred output of the
A/D converter.
_ FIG. 4 is a plot of two types of errors
25 observed when the A/D converter is not calibrated
properly. - '
'- FIG. 57 is a flow dlagram of the cal:.bratlon
system according to the present invention. '
~ FIGs. 5B and 5C are plots of_-the integrator
30 output using the 'c'alibratien system according to the
| present invention. |
FIGs. 6A and 6B are plots of the integrator
output using a second embodiment of the calibration
system according to the present invention. '
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and fourth time - 1. Conversion Overview

FIG. 1 is a block diagram of an analog-to-

10 digital (A/D) converter 10. A/D converter 10 includes
a controller and timer 12, a pair of reference current
sources I, and I, a variable current source Iy, a
plurality of MOS switches 14, 16, and 18, an integrator
20, a paii' of comparators 22 and 24, and an output block

15  26. |

Variable current source Iy provides a variable
analog current Iy which has a magnitude representative
of an unknown (or sensed) parameter. To initialize A/D

- converter 10, high and low voltage limits Vy and V,,

20 - respectively, are applied to the inverting inputs of
comparators 22 and 24. Also, controller 12 operates
switches 14 and 16 to connect current sources I, and I
to integrator 20 to set the output of integrator 20 to
the low limit.

25 - During a nofmal conversion cycle, the value of
Iy is measured in essentially a two-step process.
During the first step of the conversion, controller 12
opens switches 14 and 16 and closes switch 18 to cause
integrator 20 to accumulate a quantity of charge Qy from

30 current source I, over an integration time period ty.

During the second step, controller 12 operates
switches 14 and 16 to apply currents I, and Ig to remove
the accumulated charge Qx from integrator 20. Currents
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FIG 1 is W&;ﬁﬁwi agram of an A/ D converter accor di ng%tg%%l&rsesent
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i nventi on. - FIG 2Ais a flow diagramof a no

conversion using the A/D converter shown in FIG 1. 20 . FIG 2B
is a plot of the output of an I ntegrator using the conversion shown
in FIG 2A FIG 3 is a ples~of a preferred output of the
Al D converter. FIG 4 is a plot of two types of errors 25

observed when fheapdDIgoaver tsnbstanigially | khoved Thermpgniyude of
FIG 5Ais af Lag 0, cql i3 | r-ding tq the
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present inventwRich can either beligke e fRars Ebﬁﬁfogﬁekh%hip
I nt egr at or _ gt ut . g 0 segond Og}”%ﬂgcﬁf t he calibration
system acc?)rdl"f‘lgi1 ?’H‘g pl’:%é’grﬁoi em4 on' chy\5ag5/b@87discrete
PCT/ US95/ 11533timer. Controller 12 can select the time periods that
each current source I and I, are connected to
integrator 20 to remove the accumulated charge from
integrator 20. Based upon these time periods,
10 controller 12 controls output block 26 to store a
'digital_number representative of the andlog value of
current Iy, and consequently representative of the
sensed variable represented by current Iy. -
2. Detailed Operation Of A/D Converter 10 .
15 A more detailed operation of A/D converter 10
can be better understood with reference to FIGs. 1, 2A
and 2B. As briefly mentioned above, controller 12
'operates switches 14 and 16 to apply current sdurces I,
and Is to integrator 20 in order to bring the output of
20  integrator 20 to the low limit. - This is indicated by
block 28 in FIG. 2A.

Controller 12 then opens switches 14 and 16
and closes switch 18 to connect current source I, to
integrator 20. This is indicated by block 30 in FIG.

25 2A. Integrator 20 includes operational amplifier 32 and
capacitor Cl1 and integrates the charge applied by
variable current source Iy at the inverting input of
operational amplifier 32. :
| FIG. 2B is-a plot of the charge Qy accumulated

30 in integrator 20 versus time. When variable current I,
is being integrated, the charge accumulated in
integrator 20 rises as shown in FIG. 2B. The entire
time that variable éurrent Iy is integrated in



+5- FIGs. 7A and 7B are plots of the integrator out put
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1. Conversion Overview FIGo1 is a block diagramof an

anal og-to- 10 di gl tal (A/D) converter 10. A/ D converter 10 includes a.
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vari abl e anal og curr nt_ 'ﬁg}@h has a magni tude representative
of an unknown (8¥ ® H§3§d)3 paPafieler ““To initialize AID converter 10,

high and | ow vol tage |i m par¥her r fhendcafieerpiono tinespaniak| Fxr arlx
applied to the i,nverti.n I
cgﬁt roller 12 oﬁ@FﬁF@?eg H%%\ﬁf%ude ﬁqn%eaﬁﬁfgugzof%@graﬁﬁ(m

and Qnnect curtent saqurces

I[err] and |s - reachesi rttlegha-lgbr ligite s@hisnhdsodigdcaded hve to
the lowlim (. 33 pig, 2a. Wi O oneptE! ogonsesqratony doceddseds ue

of Ix is nmeasured in essentially a tvvo e t he
first step of 't khecdnial sidMiteo rator 2 %rg svﬁtgﬁggD% gcd 16

and cl oses I%W' t gighR 1t @oCaugeroller 12. In response to the high limit
signal, controller 12 closes switch 14 which applies
current I, to integrator 20. Since the magnitude of I;
is greater than the magnitude of Iy, the net effect of
both currents I; and Ix being applied to integrator 20
15 is that quantity Oy decreases because it J_.s being
' removed by I, faster than it is being accumulated by Ix.
In other words, charge is removed from integrator 20 by
‘the application of large reference current I,. The time
' period during which switch 14 is closed and I, is
20 applied to integrator 20 is referred to as t,. The
- charge removed by I, for time t, can be referred to as
a large charge packet. - )
' The first time switch 14 is closed during the
1ntegrator time period is designated as t,, in FIG. 2B.
25 The removal of large charge packets from :Lntegrator 20
'is indicated by block 3_8 in FIG. 2A. (This cycle is
repeated until the conversion time period t, has
elapsed. In the example shown in FIG. 2B, controller 12
closes switch 14 and applies large reference current I,
30 to integrator 20 three times for time periods t,,, tp
-and tgs. o
| Once the integration time period or conversion
period ty has elapsed, controller 12 opens ‘switch 18 so



integrator 20 to accumulate a quantity of charge x from 30  current

source |x integration tinme period tx. During the
second ste‘gé,‘%&%??ol | er 12 operates switches 14 and 16PC3/USPSIINS33
currents I[err] and Is to renove t he accunul ated charge Qx from

i ntegrator. 20. Currents WO 96/ 10297 :

PCT/ US95/ 11533 ' -8~ - 6- I[err]. and Is are
substantially known. The magni t ude of current fromsource I[err] is

greater than thatmeyniable o;nrrent I&uxs it sdommesited Erdnf in€eRira®lorer 12
i ncludes a tiggr J«_/g*n cl_;l_tzk cq.rﬁ gr bsybe ggaﬁ ‘P%I n.to a colnt roI ler chip

5 along with contro can
Control ler 12 %ﬁr%i%t 1?h§hFPn§1p'>@}€i50(ﬁﬁtm 16 (wrahhswmtehé"s saurce Is

and IL are cosméctesl t en) drﬂi e&‘e?ﬂdifegoa%gy rg.g@r{a Jdehe §E_rrul at ed char ge
r at or on thése _

from inte .
control | el 1?@5‘?\?’??}?%1' O%J?plal’ B?’BBY“? #Badi o Fhaxge pacﬁegar ahrnugher
" represent at i vehef appd izazlioy Vot uemafl.l reféreneet chi’regllﬁd fonseﬁﬂgnt ly

rzeIOBgthlnf 2;' )/ efr)éa?tlg gll.ﬁs &° ﬁlaﬁ)‘e%o% gPal%I eagggmeiggtegdln 1gte£;$2tor
20 to ramp downwa_rd. Small reference current I, is
applied to integrator 20 for a time period ts, and small

10 charge packets are removed from integrator 20 during
tj.me period tg until the output of integrator 20 reaches
the low limit. At that time, the i-ntegration cycle is
complete. This is indicated by blocks 42, 44 and 46 in
FIG. 2A.

15 Output block 26 includes constants register .
48, calibration register 50, multiplexer 52, arithmetic
logic unit (ALU) 54 and data register 56. Depending on
the. des;.red ratio of I, to I;, values are loaded into
registers 48 and 50. In one preferred embodiment, the

20 magnitude of I, is 32 times as large as the magnitude of
Is. Therefore, register 48 is loaded with a value .‘of 32
and register 50 is loaded with a value of 1. As
controller 12 operates switch_es 14, 16 and 18, it also
manipulates output block 26. bata register 56 ‘is

25 initially set to zero. 'I‘hen, for each clock period that
controller 12 closes switch 14, it selects the value
stored in constants ‘register 48 to be mult:.plexed
through mux 52 to ALU 54. Controller 12 then signals
ALU 54 to add the value prov.xded by register 48 to the

30 wvalue ourrently stored in data register 56.

Additionally,' for each clock period that
~controller 12 causes switch 16 to be closed, controller
12 selects the value stored in callbratlon register 50
' to be multiplexed through mux 52 to ALU 54. Controller



15 A nore detail ed operation of A/D converter 10 can be

better understood with reference to FIGs. 1, 2A and 2B. %lg}'iﬁ'ly
ment i oned aW/10@Bntrol ler 12 - operates switches 14 and a}b
current. sources I[err] and Is to integrator 20 in order to bring the
output of 20 integrator 20 to the lowlimt. This is indicated by

block 28 in FIG 2A Contralder 12 then opens switches 14 and -
16 and closes switch 18 to connect current source Ix to

integrator 20. Thignlg é@&ﬁ @d,tbmbtecgd@&w vdlGe z&omzsamn:agrlahor 20
i ncl udes operatio ?

t d t, th
charge appli ed 59915teﬁar5%lbﬁir§’ cEP?eﬁfa]&ﬁJr a%';ng.[lyt h@ 359@?&6‘?% aa%%‘ut gf

operational anpkehliete2256. FIG 2B is a plot of the charge Qx
accurul ated 30 in integr [ ersug,ti Wisdh e r eRbel X
is being integrated, the %h Fﬁ(%g%éurm %t eg?ne |ﬁr/1]iaée€ ?;a#or%lg) I’::ESES as .

shown in FI& 2BnteGretdoni aycle whem tAmESydn ANG ‘éurh%\ﬁ? plapsed,
L,g%./e%rsgéleglggg) data ‘é@g%légﬁss contains a value indicative of the
number of clock periods during which switches 14 and 16
were closed, respectz.vely This value is indicative of
the amount of charge removed from integrator 20 and thus
10 representative of the magnitude of variable current Ix.
' More specificélly, the charge stored in
integrator 20 by application of variable current Iy can
be indicated as follows:
Eg. 3
15 _ g = Ixty
Also, the total charge removed from integrator
20 by application of currents I, and I; should equal the
charge accumulated in :Lntegrator 20 by application of
current Iy. Therefore.
20 : ' Eqg. 4
Ixtx = Ip(ty + tp + tu) + Ists
, Assuming that each clock perJ.od is represented
by tqgx, then:

tx = Nytax
25 tu = n tax
T, = Nppteox
t; =  Nuatax
ts = Ngtex
where, _
30 ny is the number of clock periods (tgx) that

I; is applled to :Lntegrator 20;
ng is the number of clock periods (tgx) that
I _is_app]_.:.ed to integrator 20; and



integrator 20 is referred to as the conversion period tx. Therefore,
the integr | x continues until t he conversi on per

conpl et e. ?Fﬂ?ﬁloyl ndi cat ed by block 34 in FIG 2A 5 #ﬁ%§9§/ﬁ5§3
During the conversion tine period tx, Qx . increases in magnltude unti |
t he out put of integrator 20 reaches the hi ghlimt. This is indicated
by bl ock 36 in FIG 2A. Wen the outplt of integrator 20 exceeds

the high linit, conparator 22 provides a high limt 10 signal to
controller 12. In respohse thathénd gRu | AFE the lljllhﬂr odnt cabkclr 12

cl oses switch deribasgh | €8uring GiHHe&N klieks] &0, Rt eor 0. Since
t he magni t ude of l%F ‘}(:;BJ) i's grgater thg)r¢1a t he magl‘r'ntu 'g 5,]%r ngt’tﬁe net
ts

ef fect of I[err] and Ix being applied to |ntegrator 20
15 is that quantity X Tieexrefoes: because it is being removed by
I[err] fasjer than it is being accunul ated by Ix. I n ot her_words,
charge is rTenoved fromintegrator 20 by the application of Hara

reference current |[err]IxMabcix e ILtax(Par rotdor npgY whilghggnitch 14 is
closed and I[err] is ZO%n@pplied to integrator 20 is referred to as tL.
y

The ~charge renoved I[err] for tinme tL can be referred to as a
| ar ge charge packet. - The first tinme switch 14 isEgloged
during the i nt egr at@Qm,t &g, p@ﬁ i,od hEz qleﬁbgna.t qchas t[err] in FI G 2B.

25  The renoval .of |arge charge Rackets from [ nte rat or

i ndi cat edmoy HEHIngE B ) Bz 2 BT Pyt Bhgsto F‘Bﬂé’&ﬂfed?ﬁm@lk t he

conversion ti rpemefdsaokﬁc&ﬁmnng whigser, i dﬂtﬂﬁ@f’&ﬂ et e¥Fatdr Fl G
2B, controll er, closes switch 14 and applies large reference current‘

I[err] 30 to rfteé’rezﬂor 20 three tines for.tine periods t[err], t[err]
Eg. 7

I, - L1y + Ishs
o Iy
Assuming I; = 323 then the smallest digital
15 value (.'L e, a digital 1) = tgx « Is.

Assuming the ratio between I, and I; is
exactly as expected (i.e., that I, is actually equal to
32I5), then a continuous digital output is obtained from
A/D converter 10, such as the curve shown in FIG. 3.

20 Digitel values are achieved, for 'e'xamp'le, as shown for
the following values of n;, ng, and the digital output

value: _
| n; s dig. val.
1 31 63
25 2 0 64
In other words, where large reference current
I, is applied for one clock period during the
integration cycle, and where small reference current Ig
| is applied for 31 clock periods, then the digital output
30 value is 63 since I, = 32I;. Further, if the large

reference current I, is applied for two clock periods,



and tferr]. Once the integration tinme period or conversion

period tx has el apsed, controller 1 | '

PCT/ US95/ 1190396110297 2 opens swiieh 2850 pertiSsiii 207
current Ix is disconnected fromintegrator 20. This is indicated
by block 40 in FIG 2A Controller 12 then closes switch 16 (wth
swi tches 14 and 18 open) and renovegiany resjdual charge on 5

i ntegrator 20 by renoving small charge packets through t he application

g]::cﬁ rr”ﬁ: Ltt ggf ?Lelaﬁta ‘EH&{ affaihl Q-l’erf]Oeren'Bée currertf flyciisi appdiedufort fzerohar ge
egr at or, r efprien

current Is is ¢loc pBFFé&dF0|€%9 rH%éﬁ# “@654?%Ef%2§%0d F?l%a%% smal

10 charge packehe akpebeﬁuvegetammnnntegrator 20 during ti me period

ts until the output of integra h | At th
time, the integration cycPe |sk2ig%%C%%%@ﬁ?igs%ﬁ?ghrggF%%%%ggg% by blocﬁg

42, 44 and 86 in Fi GWhexe 1ghe ratio betwgepuily| 8BR 2b i hRi dP¥s
gf?f}]ﬁgi > red Shekcisely’Bn&aielizddonra€b 5t ¢hed0, nont+1inesxtty5and
differential errors can arise in the output of the A/D
converter. Such errors result in a discontinuous output
which is very problematic.
10 For example, assume the small reference
current Ig is 10% greater than expected. Accordingly,
it takes fewer clock cycles (and less time) than

expected to discharge the remaining charge accumulated

in integrétar 20 during time ts. For example, the
15 following digital values result:
' n, ng dig. val.
1 28 60
2 0 64

In other words, where large refereﬁce current

20 I, is applied for one clock period, it takes only 28

clock periods for small reference current I; to remove

the remaining charge accumulated in integrator 20.

Thus, the digital output value is 60. However, where

the large reference current I, is applied for two clock

25 periods during the integration cycle, it takes no clock

perlods for the small current Ig to remove any remaining

‘charge in integratorﬂzo. I; need not be applied. Thus,

the digital value jumps to 64. This discontinuity is

illustrated by curve A in FIG. 4. Such a four step jump

30 makes it 1mposs;ble to obtain the digital values 61, 62,
and 63 from A/D converter 10.

As another example, assume that the small

reference current I, has a magnitude which is 10% lower



| ogic unit (ALU) 54 and data register 56. Dependi ng on t he desired

rati o of IWweroghoede® | s, val ues are |oaded into regi sters 48 and 50. In
one preferred enbodi nent, the 20° magnitude of I[err] is 32§F??¥§”5§B?arge
as the magni tude of |s. Therefore, register 48 is |oaded with a value
of 32 and register 50 is |loaded with a value of 1. As -

controll er 12 operates switches 14, 16—dRd 18, it al so mani pul ates -

out put bl ock Data register 56 is 25 initially set to zero. Then,
for each cl oc%ﬁsgr ds§irrde '£°°°E‘g"h’?9i¥ t e}t takegp Mmoreswiliodk périodssel ect s

t he val ue (apdomeare ntimest arlian r egpeterdd&d® he wl tf&h%dt{]e
t hrough nux 5 L ol;l er, t hen sigpals - AL 4 10 add the
Enheql Hc%ﬁmuEQQE?OJT éﬁ%%gRé%qﬁa 3enthe erdred thedata

val ue provided by~register 4¢
register 56. 1lRteégration pepjed:i oRer| gxampde,cahd fol0oling' valubaat

control |l es 12;§§u§es switch 16 to be closed, controller 12 selects the

val ue stored 1 n calibration register 50 to be nultiplexed through nmux
52 to ALU 54. Controller . & WO 96/ 18297 dig. val.

PCT/ US95/ 11533 1 34 -9- g 12 then signals ALU

.54 to add the'value fron1ca|£bration 64
In other words, where iarge reference current

10 I, is applied for one clock period, it takés 34 clock
periods for small refetence current I; to remove the
remaining charge on integrator 20. ‘This yields a
digital output value of 66. However, where the large
reference current I; is applied twice during the

15 integration time period, it takes zefo clock periods to
remove any remaining charge accumulated in integrator
20. This yields a digital output value of 64. Such a
discontinuous output is plotted as curve B in FIG. 4.
In essence, for a larger analog input value, the A/D

20 converter actually takes a digital step backward. The
errors represented by curves A and B in FIG. 4 are
extremely problematic in that théy are difficult to
isolate and compensate.

25 With the present invention, the ratio of the .
magnitudes of I, and I, is no longer assumed to be the
desired.ratio. _Rather, the present invention implements
a system used to measure the actual ratio between
currents I, and I;. That actual ratio is used in making

30 subsequent A/D conversions. The present invention
implements a calibration technique which can best be
understood with reference to FIGS. 53, 5B and 5C.

After the high and low limits are set for
comparators 22 and 24, switches 14, 16 and 18 are



fegister 50 to the value currently stored in data regi ster .
Therefore, at the conpletion of the 5 integration cycl ﬁgﬂg&lﬁgﬁes

tx and t[ er WO $E1039%| apsed, data regi ster 56 contains a

i ndi cative of the nunber of clock periods during which switches 14 and
16 were closed, respectively. This value is indicative of t he
amount of charge renoved fromintegrator -28—-and thus 10 representative of
t he magni tude of -variable current Ix. More specifically the
charge stored i gontroldedgr By orcomEERL LRI i1t toh BTy FRBbIWERIY oME |

can be indi §ategratokO2loows the low l:Lm:Lt. This is indicated by

E 3 15 tal
cﬂarge renoved PROFK AR AHF- dA- 28h8§}'aﬁ811?’53”8ﬁ ¥ 9 ﬁ rentsllleé"[l"e%ri?l and
I[err] should eq4ahnéhe6 and Wlses awddoh é.Betimappl]! apriiahle@uryrent

appl i cation_of current | X heg gf or e £
Eq. 4 5 Ix to 1 &PP]rato¥ 26. Cu%%gnt I l%a% ratfock eriod -

i s represented intelgyatper 2P, fohem:time ty. This is :LndJ.cated by block
60 in FIGC. SA and is also shown in FIG. SB. After time
ty, a number M of large charge packets are removed from

' integrator 20 using large reference current I,. In
10 other words, controller 12 opens switch 18 and closes
switch 14 for M clock periods. This is indicated by
block 62 in FIG. 5A and is shown by time per:Lod ty in
FIG. 5B. Thus, ty, is equal to Mt k.

Controller 12 then opens switch 14 and closes
15 . switch 16 to apply small reference current I; to
integrator 20. Using small reference current I, small
charge packets are removed from integrator 20 until the
output of integrator 20 is below the low limit set at
the inverting input of comparator 24. In other words,
20 controller 12 controls switch 16 so that it is closed
for enough clock periods to remove remaining charge from
integrator 20. This is indicated by block 64 and 66 in

FIG. 5A and is shown as time period tg in FIG. 5B.
Once this is completed, controller 12 controls
25 switches 14, 16 and 18 to again set the output of
integrator 20 to the low limit value. This is indicated

by block 68 in FIG. 5A.
variable current Iy is integrated for the time
period t;. This is indicated by block 70 in FIG. 5A and
30 is shown as time period ty in FIG. 5C.

Controller 12 then opens switch 18 and closes
switch 14 to apply large reference current I, to
integrator 20 in order to remove a number N of large



[err] where, 30 nk i s the nunber of clock periods

(t[err]) t% Ix is applied to integrator 20; “n[err] is
t he nunber 614020 periods (t[err]) that s is appliedPCRUSISHESPBat Or
20; and WO 96/ 10297 PCT/ US95/ 11533
-10- nferr], n[err] and n[err] are the nunber of clock
periods (t[err]) during time periods tfler], t[err], and t[err],
respectively. Therefore: 5 - :

Eq. 5 charge PFEFPFS from the chargejagcumulated in lntegrator

Eq. 6 . The| nambeiON 16tdiffePERE M Erom N{IES rr\ll\lﬁib# %{ saIe”] =

t he total rq?’egr aE,_— 1§ 1es§ r| Oﬂi (mL:% r1] )M du(r)rllcr:]g N clock perlods

applied to i
Eq. 7 have passed (and consequently ¢ N large charge packets

5 have been removed from the ‘charge accumulated in
integrator 20). Controller 12 opens switch 14 and
closes switch 16 to apply small .reference.:current I to
integrator 20 in order to remove small charge packets
from the charge accumulated in integrator 20. Switch 16

10 is closed for a number of clock periods required to
remove the desired amount of charge from integrator 20.
This is indicated by blocks 74 and 76 in FIG. SA, and is
shown as clock period tg in FIG. 5C. Once the output
of integrator 20 has returned to the low limit, the

15 calibration sequence is complete. This is indicated by
block 78 in FIG. 5A.

In essence, dur:.ng the calJ.bratJ.on cycle,
integrator 20 is first charged to a desired level and
charge is removed by applying reference currents I, and

20 Is. Then, integrator 20 is again- charged to the exact
same level, and charge is again removed by currents I,
and I;, but using a different number of .clock periods
for I, and I; than during the first integration. With

. this information, controller 12 determines the precise

25 ratio between I, and I; as follows: '

The amount of charge of primary interest is
labeled Q in FIGS. 5B and SC. This amount of charge was
first removed from J.ntegrator 20 us.mg large reference’

current I, during a time period t; - tys. The same
30 amount of charge, Q, was -_al'so removed using small
reference current Ig. However, a time tg - t4 was

required to remove charge Q. Therefore:



ferr]

value (i.e, a digital 1) =t[err] Is. Assum ng the ratio
between |[avobe/m2s? Is is exactly as expected (i.e., thBET/PPISYIISI3
actual ly equal to 32t[err]), then a continuous digital output is

obt ai ned from

Assumng I[err] = 32l[err] then the smallest digital

15

A/ D converter 10, such as the curve shown in FIG 3. 20

Digital values are achieved, for exanpl e-185 shown for the foll ow ng
values of n[err], n[err], and the digital output val ue:
nferr] nferr] dig. val. - 1 31
63 25 . 2 -0 64 | nggt hgr
wor ds, where |l arge reference current I[err] is applied for one clock
period during the i ntegration cygle, (ghd-phgre small reference current
I's is applied for 31 clock periods, h&h t i digital output 30 value
is 63 since I[err]- = 32I[err]. Further, if the large ref erence current
I[err] is applied for two clock periods, WO 96/ 10297
PCT/ US95/ 11533 -and '
5 Eq. 9
Q"Is(tsz" tsy)
Therefore,
Eq. 10
IL(tLI - th) - rs(tsz- t31) .
10 and
Eq. 11
ﬁ. - tsz'-tszl
Is Cp-tp
Since all of the time periods t, t;;, t; and
ty, are known by controller 12, the precise ratio of I
15 to Iy can be measured and used in subsequent
_conversions. For instance, if the actual ratio of I, to
I, is not 32 to 1, but is rather 32 to 1.1, the value 32
is stored in constants register 48 and the value 1.1 is
stored in calibration register 50. In the preferred
20 embodiment, calibration register 50 is a 30 bit register

which has a number of register locations implied to the
right of the decimal point. Thus, a very precise ratio
of I, to I; can be obtained and used in subsequent

conversions.



-1 1- and the small reference current Is is applied for zero ¢l ock

periods, t 10897di gital value is 64. This is t he expected 9ggr ation.
3.. FErrors Encountered In Conversion 5 Where t VISR ween
I[err] and Is is not precisely the desired ratio, then non-linearity
and differential errors can arise in the output of the AID

converter. Such errors result in a di scoAfirnuous out put which is very
probl ematic. 10 For _exanple, assune the small reference

current Is is 10% great eFhehaFRLibEAtION Aechniiqug yof thet pakeentf ewer

clock cycles {@vehtess bhfitbe adtied owtoG e mnﬂéfcagraffkggsf.gm ni ng:

charge accunul at ed O during tine t
15 fol | owi ng"&W Yt t fId\ia}l L?gsaa %J'gtl ustrate a second embﬁpémept of

nferr] the. présent calibration tecﬁnlque 25n FIG 60

2 wher e Iar

i ef erence égurrente%at?’[ﬁé?]f}gsgplﬁ greggs %gr?:f%@ﬁ FUFFERt Ik {f‘akes only
28 cl ock ®etivegs peioshety- reﬂ'beamce:l'rmrcbmtgésmo Yemoned fromt he

gﬁtrrglutnl \r/]gl Egalrjgﬁ: g \a/ée(?%z\ha$gifgﬁet 8{:11-219%159& r e‘? n %%Lﬁc’i‘l?gﬁ?gl {err]
i s applied fortrwo c‘l 12:5 therreaiduati sharge om eg!t'ﬁgr(atcuycﬁ(e igt takes

no cl ock rrvittd\tﬁiis | reeréhte! & “ﬁo e renmgj ni ng -
charge 'nld ntep%at(g ¢ Iﬂgﬂr%e n(r)t be apg lie “gq-er L7 £6% @i
Sl'

Next, integrator 20 reaccumulates charge by

applying current I, for the time tx. Then, all of the o ‘

charge is removed from integrator 20 using small
reference current I; by applying it to integrator 20 fo.f
15 time tg;. The amount of charge Q previously removed from
integrator 20 by the application of large current 1I;
during time t; is equal to the amount of charge Q
removed from integrator 20 by applying small reference:
current I; during time period t; - ty;. Therefore:

20 Eq. 12

ll:L'Ie(Qn‘Qu)

and
Eq. 13
Ir . LamCs
IS tL .
25 ~ Thus, the precise ratio of I, to I, is

determined, stored in registers 48 and 50, and used in
subsequent A/D conversions.

FIGS. 7A and 7B show yet another embodlment of
the present calibration technique. FIG. 7A shows that

L)



the digital value junps to 64. This discontinuity is il lustrated by
curve Ain ELG 4. Such a four step junp 30 nakes it inpossible to obtain
the digital WaPHLR9B1 62, and 63 from A/ D converter 10. PCT/US95/11533
As anot her exanpl e, assune that the small reference current |, has a
magni tude which is 10% | ower WO 96/ 10297

PCT/ US95/ 11533 =-17- -12- t han desired.

Accordingly, it takes nore clock periods, (and nore tine) than
expected for |s €BriBgp\iehe hdime incHehieh acaitghat 88 ids | mtlegreat oanad at

the end of the variabbbegeattentpet)ods FRppA%a®! 8o tk‘.ﬁtéaké%%_-“gzpa' ues
5 result: {gerr] ) nferr] I'g. val! '
1 34 controjter 12 closes switch 1# twice go apply large
In other words, mbfereheegeurafemtente eor rmtegidod [ @0r ] £b5 aRRY | €dmbOr
one clock pegio ' kes 34_cl ock eriods for small reference
current Is t_% rg?r%#/%o%%eq:“ an?enﬁ‘i?hi r‘Fgescl‘%a‘\"tg‘ev int et or &fer thes
yields a di integratipnt periedoftgph. tiwevehargbergcéhrul 668 on
reference curren | P A ed_tw ring. the., 15 integratjon tine
period, it takesigég%%%ngki%e??o%%ﬁf%g& ﬁ? opening SWItgﬁes ig and 18
and closing switch 16 to apply small reference current
I for a time tg.
10 FIG. 7B shows that variable current I, is
~again applied to integrator 20 for the time ty and that,
during that time, large reference current I, is only
applied to integrator 20 once for a time period ty.
Since the integration time period for variable current
15 Ix is the same in both cases (ty), the amount of charge
- removed during application of currents I, and Is is the.
same. However, the amount of time each current was
applied_to integrator 20 has changed from FIG. 7A to
FIG. 7B. Thus:
20 o | ) Eq. 14

It + tp,) + Igtg, = I+ Igtg,

therefore,
| ~Eq. 15

I I
Ts(tm* €r2) + tgy = 'i—;tz.s"' sz

25 and,



remove any remai ning charge accunul ated in integrator "20. This yields

a digital Iue of 64. Such a di sconti nuous out ted
SR Rt

as curve In essence, for a larger anal og input- value, the .
AID 20 converter act ually takes a digital step backward. The errors
represented by curves A and Bin FIG 4 are extrenely problematic in
that they are difficult to i sol at e~d%d conpensat e. 4.
Calibration O Converter 10 25 Wth the present invention, the
ratio of the magni tudes of I[err] and Is is no |longer “assufBd ?‘6 be the
desired ratio. Rather, the present inventi n i npl enents a system used
to measure the actual ratio kbt reen ¢ @ant I [.egsr] and |Is. That actual
ratio is used in making 30" s-C&)seLduen? A/Ij'sconver3| ons. The present

i nvention impl enents a calibration techni que which can best be
understood with reference to FIGS. 5A, 5B and 5C.~ ° After the
high and low limts are set for conparators 22 and 24, sw gghegy14, 16

and 18 are WO 96/ 10297

PCT/ US95/ 111533 - 13-

I
"—I:(_tm"' trz = tr3) = tsp = gy

5 Thus,
Eq. 18 "

_I_g sz = Lgy
Is i+t

Therefore, again, the _p_recise_' relationship

between I, and I, is known and can be used in subsequent |
10 A/D conversions.

Since division can be problematz.c in 1og1cal
circuits, the above equation can be solved using another
implementation to generate the calibration constant used
in future A/D conversions. For example,

15 let Dy be the digital value assigned to I;
| applied for one clock period tgx (e.g., Ds = 1);
let D, be the digital value assigned to I,
 applied for one clock period tgyx (e.9., Do = 32);

Then if %E ~ is nominally equal to 32, then
S

20 % is also nominally equal to 32. The nominal value



tontrolled by controller 12 to set the output of integrator 20 to the
low limt. This is indicated by block 58 in FIG 5A. Thenpcpriégakier
12 opens swwOle10297 14 and 16 and closes switch 18 to apply variable
Current 5 I x to integrator 20. Current Ix is integrated by

“integrator 20 for a time tx. This is |nd|cated by bl ock 60 in FIG 5A
and is also shown in FIG 5B. After tlne -19- a nunber M of |arge charge

packets are renoved from rat o g C rfent
"Terr]: “in 10 fnBe 46r EOTHh: Lo Blr}éﬁ%tsl%hc CqLSLEnT a1
switch 14 for hnggffgtggal@ﬂ5upda%ea by thduﬁalbdwbwg relabi@@ﬁhsg in FIG
5A and is shown by tinme period t[err] in FI G 5B. Thus, t[eggl 16
equal to MJerr] Controller 12 then opens switch 12 and

cl oses 15 swtch 16 to apply small referegce current I[err] to
integrator 20. Using small reference Dger. , small char ge packets
are renoved fromintegrator 20 until the syeMt put of integrator 20 is
below the low limt set at the inverting input of conmparator 24. In
other words, 20 controller 12 controls switch 16 so that it is-closed
for enough cgock peri ods tgnhégavpe; =chohieniupdatiedr ge tovmected waidwvgrator

20. This is 1ndicated by bl ock 64 and 66 in FIG 5A and is shown as
time period ts iRsiFI G 5B. Once this is conpleted, :
controller 12 controls 25 1, swithhesctig]l Malael af3 ko apdi n set the out put
of integrator 20 to th e | ow & k§rifdi cated by
bl ock 68 in FIG 5A. SNOM th]vﬂofﬂﬂgﬁg g%-irmflent rx t's int egrated for
the tine period t[errLet¥hng is indicated by block 70 in FIG 5A and
30 is shown as tine period tx in FIG 5C
d, = D;* Ag
L tcuc
10 and
tCLK

where At; = t; + £t — Ty
and Atg = tg — tg
Then substituting into Eq. 18
15 ' : Eq. 20

ds
IL - Ats —D—S:- - &‘&

so,
Eg. 21

A



Controller 12 then opens switch 18 and cl oses switch 14 to apply large -*

reference swoo§fvae? [err]L to - integrator 20 in order to renove a nunber
N of large WO 96/ 10297 ~ PCT/US95/11533 .
PCT/ US95/ 11533 . -14- char ge packets
fromthe charge accunul ated in integrataort 0- 20. The nunber Nis

different fromthe nunber Mand is preferably |l ess than the nunber M

Once N cl ock peri ods Subggy_eugg§§egl_n(._gngqgoagequent ly, N large charge
packet s 5 have been renoved fromthe “chafge accunulated in

i ntegrator 20). Controller 12 opens switch 14 and cl osgg.sphtch 16
to apply small reference current Is to integrator 20 in order to
remove small charge packets pl.pg uﬁa_tbg cHar g@sadgurul ated in integrator
20. Switch 16 10 is closed for a numker 1T sfady O TK Egri ods required to
renove the desired anpbunt of charge fromintegrator 20. This is

i ndi cated by blocks 74 and 76 in FIG 5A and is shown as cl ock period
tferr] in FIG 5C. Onceyg Qe ; e ] atqr. 20 has returned to
the |ow | i%i t, the 15 cajl;]i?%r at ?g%rggaﬂggéghﬁsgg%%heegen?ﬁﬁé ferm

i ndi cat ed by block 78 in FIG 5A _ I n essemge, 24luring
the calibration cycle,

£~1+ X"y

y

forﬂ<<1
X

which is true in Eq. 22 if the relative error (
between I, and I; is less than 20%,

dL : .
g. 1t EqQ. 22 yields
S

then rewriting

10
Eq. 24
Dg=Dg L D 1+ %%
ISNQ\I DL dL
I, Dy | .
The term Toem -D—L ?.s approximately 1, thus
Eg. 25
.D,
D_ﬁ,-Ds+Fs(dL-ds)
L
15 If 4, and Dy are chosen to be nominally powers

of two, then the correction can be implemented without
division, but with only addition, subtraction and
shifting (i.e., multiplication and division by powers of
two) using the following simplification:



fntegrator 20 is first charged to a desired | evel and charge is
renoved by applying reference currents I[err] and 20 ls. _
l.nt egr at or ﬁ?@“‘é@ai n charged to the exact sane | evel ,%ﬁ?ﬁ’é}ﬁé S

again renoved by currents I[err] and I[err], but using a different
nunber of cl ock peri ods for I[err] a_%gn_ls than during the first

I ntegration. Wth this information, troller 12 determ nes the
precise 25 ratio between I[err] and Is as follows: E%'%e :
anount of charge of primary interest is | abel ed Q in FIGS. =2 5C.
Thi s anount of charge was firgy remoyed from.integrator 20 using |arge
ref erence current I[err] duri g'é)StT?re(.ﬁi;r"l tlerr] - tferr]. The
sanme 30 amount of charge, Q was al so renoved using small ref erence
current I[err]. However, a tine t[err] - t[err] was “required to
remove charge Q Therefoffhe approxiefi/ci¥?%nd simplifications used
EST/ 3895/ 11533 can introduce some error > However, by  iteratively

5 applying this implementation, - such errors can be
‘essentially eliminated. For instance, iterations can be
continued until the difference between the old value of
Dy and the updated value is insignificant or below a
threshold value. _

10 _ The term d, - d; can be computed by
incrementing a counter by D, and Dy for each clock
period of I, and I;, respectively, during a first
portion of the calibration, and decrementing by D, and
D; for each clock period of I, and I, during a second

15 portion of the calibration. Therefore, -assuming t, and
t;; each in FIGS. 7A and 7B represent one clock pulse,
and t; represents 50 clock pulses, the total count in
the counter after executing the sequence illustrated in
FIG. 7A would be 114 (i.e., 32 + 32 + 50). Then, during

20 the portion illustrated by FIG. 7B, the same counter can
be decremented. The difference in counts yields the
error (the difference between the actual ratio of I, to
I and the desired ratio). For example, if t;, in FIG.
7B is equal to 80 counts, then the total counts

25  illustrated in FIG. 7B would be 112 (i.e., 32 + 80).
Thus, the error would be 2. This error would then be
right shifted by k bits and added to D to calculate the
corrected D; (D’g). The corrected Dy would then be used

- in subsequent A/D conversions and calibrations.

30 During any of these embodiments, the large and

small current sources I, and I; can be applied to



[err] and'5 _ Egq. 9

[err] Ther ef or e, ' _ Eq.
10 J[err] WO 9¢j10297 and .PCTIUS9511153éq. 11
[err] Since all of the tinme periods t[err] tL2, t[err] and
t[err] are known by controller 12, the precise ratio of I[err] 15 to
I[err] can be neasured and used iﬁ22§ubsequent conversions. For

instance, if the actual r of I r S 2 tg 1, but is
rather 32 to 11Btegrat 95I€% “g'%’ﬁfe‘af ‘F\i%%lﬁﬁ °§Psr -egfiQWEVeEs and
the value 1.1 it has been found that applying large current source I,
for a minimum of éight clock periods, and applying small
current source I; for a minimum of one clock period has
S worked suitably. The magnitude of IL'is preferably 32
times that of I;. Therefore, since I, is applied to
integrator for a minimum of eight clock periods and I,
is applied for a minimum of one clock period, the ratio
of the minimum application periods of currents I, and I;
10 is 256 to 1 (8 X 32:1). -

It should also be noted that, while A/D
converter 10 is shown in FIG. 1 using an arithmetic
logic unit 54, the same results could be accomplished
using a counter and a logic circuit surrounding the

15 counter to count the clock pulses during which the
various current sources are applied to integrator 20.

Further, while A/D converter 10 as shown in
FIG. 1 as having current sources I,, Iy and Iy, the same
effect can be obtained using voltage applied acroés

20 resistors having a given ratlo, or using switched
capacitors. ' :
In addition, the divisions in order to
determine the ratio of I, to I; can be accomplished
using a simple. and conventional iterative adding or
25 subtracting technique.

Further, controller 12 also typically includes
a state machine, or state machine 1logic which is
implemented in order to generate the proper sequence of
steps on the control lines provided to the switches and
30 output block 26. Such a  state machine can either be
implemented as an intégral'part of controller 12, in

software, or as a separate logical circuit.
It should also be noted that the present
callbratlon technique can be repeated a number of times



Stored in calibration register 50. |In the preferred 20 enbodi nent ,
calibration register 50 is a 30 bit register whi ch has a npgPREesiis3s
regi ster | o3¥@PEH39T nplied to the right of the decinmal point. Thus, a
very precise ratio of I[err] to Is can be obtained and used in
subsequent conver si ons. : WO 96/ 10297 :

PCT/ US95/ 11533 —23- -16- The

calibration technique of the present i nvention E‘an be carrie Olit in a
nunber of diffetenpbtain alygverpds aghkvaldrasir|| usfPafySEags: firyue

embodi ment of a?:jbheis_ PERERNuseeR! ipr subsaqueathd Mueconveraiofit Gin 6A,
5 integrator 25 Irst 1ntegrates variable current Ix for atine

period tx. TheRrdeketonPEOVE ASTHIVESYrr om i ntegrator 20 by applying
current I[err] for a tineThe icaldibratiobn pEocgisisy canpha mgemﬁegﬁ on

integrator 20 is renpye : |yl dride&EY cHateré hadf drixd i me
10 period 15[er|a]s. often a8 ge&xlﬁégt )eoln% ergé at or reaccunul ates charge
by appl yi nefdectsnt |x for the time tx. Then, all of the char ge

i s removed fromintegrat 0&5%0 pabBft StE¢hniques (CAFARBODE WimMpAEmeritdd

applying 1t to'ﬁgfi ;?;ggufa;igging process. Using the results of the

calibration technique, the current sources can be

10 adjusted during manufacturing , or the resistors can be
" trimmed to obtain a desired precise ratio. '

FIG. 8 is a block diagram of A/D converter 10

implemented in a transmitter 100. Transmitter 100 also

" includes input circuit 102, microprocessor 104, clock

15 106, memory 108, power distribution circuit 110 and

input/output circuit 112. ‘Transmitter 100 is coupled to

a sensor 114 which senses an unknown parameter, such as

temperature, pressure, differential pressure flow, pH,

or other variable process control parameter.

20 Transmitter 100 is also connected, by current loop 116,

to a remote control room 118. 1In FIG. 8, control room

118 is represented by resistor R and voltage source V.

In operation, sensor 114 senses the desired

parameter and provides a sensor signal to.input circuit

25 - 102 which is representative of the sensed parameter. In

the preferred embodiment, input circuit 102 is a signal

 conditioning circuit, such as a buffer, a level-shifter

or an amplifier. Input circuit 102 provides a

conditioned output signal to A/D converter 10. it

30 should be noted that in pressure transmitters, the

sensor is typically inside the transmitter housing.

This is illustrated by sensor 114’ shown in phantom in

FIG. 8. 1In flow transmitters and many temperature

transmitters, the sensor is outside the transmitter



LY

15 time to. The amount of charge Q previously renoved from i nt egrator

20 by the wpshgmyi on of |arge current I[err] during ti L is equal

to the anount of charge Q renmoved fromintegrator 20 by ™ ﬁﬁ“%nall
reference current Is during tine period t[err] - t[err]. Therefore: 20
Eq. 12 [err] : and

Eq. 13 [err] 25 Thus, trﬁ?%ﬁecise ratio of I[err] to Is

is. det er . ore regj ster nd, 50, and used in
subsequent A/mB ?%r‘}\? Si ognws b Eﬁdicé%gﬁ(goy%é% 78ldflow yeBotmot her
embodi nent of arrangememtss eme cantempilatedt byhthe presdnts inkferstiyys, t hat

WO 96/ 10297 A/D converter 10 con%%gsgéﬂéwc?’o?hdltloned
output signal from input circuit 102 to a digital signal
5 according to the previous descr;.ptlon. The digital
signa; is provided to microprocessor 104. In the
preferred embod;i.ment, microprocessor 104 ils coupled to
clock 106 and memory 108. Clock 106 provides timing to
- microprocessor 104, and memory 108 prov:Ldes program
10 instructions and other information which is accessed by
microprocessor 104 during operation of transmitter 100.
Microprocessor 104 compensates the digitized ‘
- sensor signal from A/D converter 10 for known repeatable
errors in sensor 114 and provides a qqmpen_s'at_ed ocutput
15 to I/0 circuitry 112. In a preferred embodiment, I/0
circuitry 112 outputs a 4-20 ma current onto loop 116 as
a function of the compensated output. Alternaﬁively ¢
circuit 112 couples a digital signal representative of
the compensated output onto loop 116. o
20 Power distribution circuit 110 ‘provides a
regulated voltage output Vg powering the remainder of |
the circuitry in transmitter 100. Power distribution
circuit 110 is energized by controller 118. |
A/D converter 10 of the present invention is
25 specifically well suited for implementation in a
transmitter, such as transmitter 100. . Many such
transmitters require a high degree of accuracy and
resolution. Thus, the improved accuraéy provided by A/D
converter 10 lends itself well to such an
30 implementation. ' |
In transmitters, such as transmitter 100,
which are wholly energized by an external source of
power, power requirements are very criti.cal... Since A/D |
converter 10 is highly calibratable without the addition



217- during the tine in which swtch 18 is closed and vari abl e
current Ix is applied to integrator 20, controller

switch 14 t WQ%/X0@97%pply | arge reference current I[err] g%ﬁﬁ%ﬁégﬁgtor
20 for two time 5 periods t[err] and t[err], respectively. -Then, .. after
t he integration period tx, the charge accunulated on - . -integrator
20 i s renoved by opening sw tches 14 and—28- and cl osing swi-teh' 16 to
apply small reference current I's for a.ti)me t%ﬁrr .'“1%'“*'_' - FIG
7B shows that vafiahyecalibrakion gircuitryg P saavierdero 10 8e§8arst 20
for the time tx;apdehBal power cEHELMPLiLAL ofi EEankbmigeerciotecand thusent
I[err] is only i rator 20 once

| dt t Q } t .
Since the integﬁﬂ??ogggihgaﬁﬁgpégefgpwsﬁrFgﬂPérSHfﬁganﬁgigﬁ§Pfgbﬁﬁg'ESL;]
in both cases (hAyp, domwerrseuntl®fishwedd suitedertnyeimplememtappéncani on of

currents I[grr] and h&g r% Egothe. sane. However, the anount of tine
each curren? waktans %S i fo integrator 20 has changed fromFIG 7A to
FIG 7B. Thus: 20 aAlthough the present inventlon - hasgjbeen
Lerr] describBfl ®PER: reference to preferred embodiments,

workers skilled in the art will recognize that changes
may be made in form and detail without departing from
i0 the spirit and scope of the invention.
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Eq. 17 PQRASIFISI3

ferr]
THIS SHEET HAS BEEN
REPLACED —26-
IS CLAIMED IS:
1. - A method of calibrating an analog-to-digital

converter having a charge accumulator and- first and
second reference - charge transfer circuits providing
first and second reference charge; respectlvely, the
method comprising: ' '
accumulating a first quantity of charge in
- the accumulator during © a  first
accumulation time period; . |
removing accumulated charge from the
accumulator by applying the first and
second reference charge transfer
circuits to the accumulator in first and
second time periods, respectively, until
the accumulated charge réaches a
threshold level;
accumulating a second quantity of charge in _
the accumulator during a second
accumulation time period;
removing accumulated charge from the
' accumulator by applying the first and
second reference charge transfer
circuits in third and fourth time
periods, respectively, until the
accumulated charge reaches the threshold
level; and
computing relative magnitudes of the first
and second reference charge transfer
circuits based on the relative
magnitudes of the first and second
quantities  of charge and  the
applications of the first and second
reference <charge transfer «circuits

This Sheet Has Been Replaced
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5 Thus, | 18 [err]

Therefore, again. the precise relatio between rter[ljiﬂﬁmhﬁxhi
96010392 1fp THIRBHEES M @?%ﬁs Lee—

known and c ed in subsequent

di vi si on can be problematic in |ogica RERIAGEL |
be sol ved using anot her i npl enentatton to generate th ammﬁmtlmr"mrﬂr",

constant used in future A/D conver sioh&T For exanpl e,

Ds be the digital val ue assigned to I lied far per
t[err] (e.g., Ds = 1); &u Uring o bﬁ_ tfa dF&Ich vaﬁhergss?ré ed to
I[err] - applied for one cIoﬁ&uthltmmﬁ[pﬂrioQQ.g : 32);

Then it [err], is nom nﬁ{eym‘é‘&ﬂ]@h t€f3?cléﬁ?nbs whg:.%ln tﬁ)%r lharge al so

nomi nal ly equal®to 32. The nom na
accumulator comprises an integrator, and the first and

second charge transfer circuits comprise first and
second reference current circuits that supply first and
second reference currents, respectively, and wherein

accumulatlng a quantity of charge comprises:
applying a charging current to the integrator

for a charging time period; and

wherein applying the first reference current
for the first time period comprises
applying the first reference
current during multiple time
intervals during the charging time

period.
3. The method of claim 1 wherein the third time
period is substantially zero.
4. The method of claim 1 wherein the second time
period is substantially 2zero.
.5, ‘The method of claim 1 and further comprising:

performing analog-to-digital conversions
based on the relative magnitudes'

| determined.

6. The method of claim 1 and further comprising:

performing the steps of accumulating and
removing a plurality of times;

averaging respective time periods during
which the first and second reference
currents are applied to obtain average
time periods; and '

determining the relative magnitudes based on
the average time periods.

This Sheet Has Been Replaced
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5 THIS Shifefly BARBEEN Hlj updated or corrected val ue of
Is =th actUEFPGQ BB of i, and 28I[err]— t he nom nal value for
ls. ' Letting [err] 10 and [err]

7. The method of claim 1 wherein the time periods

are determlned based on a number of counts of charge
packets provided to the integrator.
8. The method of claim 1 wherein the first and
second quantities of charge are substahtially equal and
wherein at least one of the folloﬁing is true:
the first and third time' periods are not
equal, and
the second and fourth time periods are not
equal. _ : _
9. The method of claim 1 wherein at least
portions of at least two of the first, second, third,
fourth, first accumulation and second accumulation time
periods occur simultaneously.
10. The method of claim 1 wherein at least one of
the first, second, third, fourth, first accumulation and
second accumulation time periods are discontinuous and
are comprised of a plurality of time periods.
11. A method of calibrating an analog-to-digital
converter having an integrator and first and second
reference current circuits providing first and second
reference currents, respectively, the méthod comprising:
applying a charging current to the integrator
for a charging time period to accumulate
charge in the integrator based on the
charging current; .
applying the first reference current to the
" integrator for a first time period to
remove charge. £rom the integrator;
applylng the second reference current to the
integrator for a second time period to
remove charge from the integrator,
wherein charge is removed from the
integrator by application of one of the

This Sheét Has Been Reilaced




where [err]t[err] =t[err] + t[err] t[err] and [err]t[err] =

tE[err] - t[%gé]p‘,}om Then substigstdnag into Eq. 18 15 PCI‘IUE%?III?S
-gq. 20 S0, THIS SH _ e §
[err] WO 96/ 10297 | RE‘;ﬂgAs BEEN |

PCT/ US95/ 11533 = BT
-29- | * ¢ L M s *
first and second - reference currents
-until the charge accumulated in the
integrator reaches a threshold level;
re-applying' the charging, current to the
integrator for the charging time period;
- removing charge from the integrator by
~applying the second reference current
for a third time period, different than
- the second time period; and
determining the magnitude of the first
'~ reference current relative to the
magnitude of the second reference
current.
12, A method of calibrating an analog-to-digital
converter, comprising: '
accumulating charge in an lntegrator by
integrating a current for a first time
interval; '
removing charge from the integrator using a
first number of first charge packets
having a first magnitude and a first
number of second charge packets having a
second magnitude until the charge
accumulated in the integrator reaches a
first threshold level; '
accumulating charge in the integrator by
integrating the current for the first
time interval;
removing charge from the integrator using a
second number of first charge packets,
different from the first number of first
charge packets, and a second number of
second charge packets; and

is Sheet Has Been Reilaced




Substituting into Eq. 19 Eq.
err Using an a MHI”HIHI"IH IIMM“ g the general ar
I[Eq. ]23 errf‘lmz” d hesttrue $n Q. if the rg{’ﬁ{f’??ﬁé“é?-"r or
bet we Th ENS Iess than 20@6 t hen remmltlng [[er{]
22 yi ¢l veiS SHEET H S Eq. 24 err
e REPLACED & ~  _30_

determining a relationship between the.

22

i n Eq.

magnitudes of the first and second

charge packets based on the first and
_ se_¢ond numbers of charge packets used.
13. The method of claim 12 and further comprising:
performing analog-to-digital conversions
based on the relationship determined.
14. A transmitter having an analog-to-digital
converter, the analog-to-digital converter comprising:
a .charge accumulator;
first reference charge provision means for
providing to the charge accumulator a
first reference charge haviné a first
polarity; |
second reference charge provision means for
providing to the charge accumulator a
second reference charge having the first
polaritw;
third charge provision means for providing to
the charge accumulator a third charge
having a second polarity;
switch means for  operatively coupllng the
first and second reference charge
provision means and the third charge
provision means to the charge
accumulator;
a contrdller, coupled to the switch means,
operating the switch means to

selectively couple the third charge'

provision means to the charge
accumulator to accumulate a first charge
quantity in the charge accﬁmulator, and
for selectively coupling the first and
second reference charge provision means

This Sheet Has Been Rerlaced




%he term [err] I S approxi mat el )
Eq. 25 [err I f dL anol shgsen to be non1na||y power s

of two, t hel' 9ﬁ’é’c',’arrectlon can be i
with only addition, subtraction and

shj f# e Ilcatlon and
di vi si on” by powers of two) using the oIl OowWRg=sinp i#’i,m ,l,”"""l,l"'m,
96/ 10297 ;.53 .
-21- Eq. 56 [ err’
: to the charge accumulator to remove the
first charge quantity;

a calibrator, coupled to the controller, for
providing an output, based on the
controller selectively coupling the
charge provision means to the charge
accumulator, the output being indicative
of a relationship between the first and
second reference charge provision means,
the ~controller controlling the
calibrator so that analog-to-digital

- conversions are performed based on the
relationship.
15. The analog-to-digital converter of claim 14
wherein the first and second reference charge provision
means comprlse° '

first and second current sources providing
first and second reference currents,
respectively.

16. : The analog-to-digital converter of claim 15
wherein the relationship comprises a ratio of one of the
first and second reference currents to another of the
first and second reference currents, wherein the
calibrator provides an output indicative of the ratio,
wherein the controller includes a clock providing a
clock signal having clock pulses, and wherein the third
charge provision means comprises a third current source.
17. The analog—to-dlgltal converter of claim 16
wherein the charge accumulator comprises an integrator,
and wherein the controller controls the switch means to
connect the third current source to the integratof to
accumulate the first charge quantity and controls the
switch means to connect the first and second current
sources to the integrator, for a first and second number

is Sheet Has Been Rephced
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LQ&JEF” °Eg”?§ ;?%t:{ ety 5 appiying. I IS R IIL"d“CGﬁ”;"HZ‘;@E; ors”

can tlaIIy ellmnate For 1 nstanceM igerations

cont| nued untit—the—cFHpr ‘ence -bet ween the ol d val ue of Ds and the
updat §0- @l difeaTSHA i cant or bel ow a t hreshol d val ue. 10

The erm ﬁgpLACEﬂs be conmput ed-3%y I ncrenmenting a counter by
DL andLDs—fet+=—ea€h C| period of I[err] and_ls, respectively,

during a firstof Clo%mqltﬁ?%f Q%én@ap?br EEPBRCtANG1YecFenERNPYEY BYEDL and
Ds for each clppkstesh£Egefiqiaetityand Is during a second 15 portion of

the calibration. Therefare assym.n t ard and err] each in FlGS.
7A and 7B represent one "@P%’E g\g 9::01-[ ﬁ[‘é-??fr?gé é:é"]@nti WEBCR| ock
-pul ses, the total count in meamsletoouneeonaec‘er mheecuhn.urg t tgrsemience
illustrated in FI G 7Avwhdc during
20 the portion illustrated b:é/ g%%éﬂu‘?gﬁg%%o%ﬁééﬁgég* tghﬁ’?
decremented. The difference $iFepuARaTgecANANLALY andsGaRtyadee theference
bet ween the actual ratio of Ig‘e_{ﬂs&htrﬁeans t6 récbhrmecticthé efliyst i gaq For

exanple, if t[err] in FIG to. 80 count then the total
counts 25 illustrated in FI &® W‘éwﬁﬁ%e&t PpIrGes, %o é&e ABEFITALOL g
the error would be 2. This erfar aothirdhendb&ourthr |1gimbe1h|dﬂ eclldnqkk bits
and added to Ds to cal cul at ebé@fse s %r%gded Qs (pegé c egg e&ged Ds

woul d t hen be. used in su conver si ons tions.
During any of these enbodi rremmo‘tmeth%lrﬁbfaﬁ\dwarg%rmlﬁnw}’bmn¢ources

Iferr] and I's can be apypé&fei® n1 is different from n2 and n3 is
different from n4.
18. The analog-to-digital converter of claim 17
wherein the calibrator comprises: _

a counter providing an output in’diéative of
the first, second, third and fourth
numbers of clock pulses, nl, n2, n3 and

_ n4; and

wherein the calibrator provides the output
indicative of the ratio based on the
numbers nl, n2, n3 and n4. '

This Sheet Has Been Replaced
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-22- I ntegrator 20 for any nunber of clock periods. Ho r It
has been f oMO96Me287 appl ying | arge current source I[err] W’?)F’%"ﬁ?%i mum
of eight clock periods, and applying snmall current source Is for a

m ni nrum of one clock period has 5 worked suitably. The magnitude of:
I[err] is preferably 32 times that1#% 1s. Therefore, since I[err] is
applied to integrator for a m ninmum of eight clock periods and Is

is applied for a mninmmof one clock period, the ratio of the m nimum
application periods of currents I[err] and Is 10 is 256 to 1 (8 X 32:1).

It should al so be noted that, while A/D converter 10 is shown in FIG

1 using an arithnetic
acconpl i shed '

| ogicl unit 54, the same results could be

and a logic circuit surrounding the 15
counter to clou during which the ° wvarious current
sources are jap 20. : Further, while A/D
converter 10 a$ ' F¥YG \1 as having current sources I[err], Is
and I x, the [sa bg\obt ai ned usi ng vol tage applied across
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20 resistors having a given ratio, or using swtched capaci tors.

In addition, the divisions in order to determne the ratio ofsgberr] to

| s can be awos@li2shed using a sinple and conventional it l%ﬁding

or 25 subtracting techni que. Further, controller 12 also

typically includes a state machine, or sbpag e machine logic which is

I npl emented in order to generate the proper Sequence of steps on the

control lines provided to the switches and 30 output block 26. Such a

state machi ne can either be i mpl emented as an integral part of

controller 12, in software, or as a separate logical circuit.

It should al so be noted that the present cali bration techni que can be

repeated a nunber of tines WO 96/ 10297 :

PCT/ US95/ 11533 -23- to obtain an

average actual ratio. The aVﬁ%ﬂHﬁTﬁft“al ratio isS than used in
subsequent A/ D conversions i der to inprove accuracy.

. The calibration process can al s¢ be repeated

SET OUTPUT 28
TO LOWLIMIT

| 20
—START |
INTEGRATING 7
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5 as often as required to cancel tenperature and drift effects.

The present _techniques can al so be inpl enent ed in the manufacturing
process. Us%%(lr%’ results of the cal i bration techni que, RCTEUISNISIAL
sources can be 10 adjusted during manufacturing , or the resistors can be
trimmed to obtain a desired precise rati3yg ' FIG 8 is a block
di agram of A/ D converter 10 inplemented in a transmtter 100.
Transmitter 100 al so i ncludes input circuit 102, m croprocessor 104,
clock 15 106, nmenory 108, power distribution circuit 110 and
i nput/output circuit 112. Transmtter 100 is coupled to a sensor 114
whi ch senses an unknown paraneter, such as t enperature, pressure,
differential pressure flow, pH, or ot her vari abl e process
control parameter. 20 Transmtter 100 is al so connected, by current |oop
116, to a renpte control room118. In FIG 8, ‘control room 118
is represented by resistor R and voltage source V. I n
operation, sensor 114 senses the desired par ameter and provi des a
sensor signal to input gircuit 25 102 which is representative of the
sensed par am@HARGE! n the preferred enbodi nent, input circuit 102 is a
si gnal conditioning circuit, such as a buffer, a level-shifter or
an anplifier.Ch( | nput{ circuit 102 provides a condi ti oned out put
signal to A/ D converter| 10. It 30 should be noted that in pressure
transmtters, the sensor is typically inside the transmtter housing.
This is illustrated by jsensor 114" shown in phantomin FIG 8. I n
flow transmtters and nany tenperature transmtters, the sensor is
outside the transmtter
HIGH
LMT T ——f————— s ———p— —
| I |
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VWO 96/ 10297 PCT/ US95/ 11533

- 24- housi nq. This is indicated by sensor 114. Bot
arrangenenté”%?@“gghtenplated by the present invention. lt'CTIUS%II153'7',&/D
converter 10 converts the conditioned out put signal frominput circuit
102 to a digital signal 5 according togpde previous description. The
digital signal is provided to m croprocessor 104. In the
preferred enbodi nent, m croprocessor 104 is cqupled to cl ocK ﬁfB and
menory 108. Cl ock 106 provides timng to -ehOprocessor 104; and
menory 108 provides program 10 instructions and dqther informatidn which is
accessed by m cr oprocessor -104 during operatiter—efy transm tger 100.

M croprocessor 104 conpensates the digitized sens@r signal ffromA/D
converter 10 for known repeatabl e errors in sensonlld and grovides a
conpensated output 15 to I/Ocircuitry 112. In a preferrfed enbddi nent,
/O circuitry 112 outputs a 4-20 mA current H-o—-00p! 116 a4 a
function of the conpensated out put. AIternatiggyy¢ circuit 312 coupl es
a digital signal representative of t he @onpensated output orto | oop

116. 20 Power distributioi circuit 110 proyVides a
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regul ated vol tage output Vs powering the renmminder of . the circuitry in
transmtter 100. Power distribution circuit 110 is energized b

control | er WPg6/10297 Al D converter 10 of the prese Frf‘mﬂﬁs%n is
25 specifically well suited for inplenentation in a .
transmtter, such as transmtter . 10979 Many such transmtters
require a high degree of accuracy and resolution. Thus, the inproved
accuracy provided by AAD converter 10 I ends itself  well to
such an 30 inplenentatign. In transmtters, such as
transmtter 100, whi ck@rgMIDenergi zed by an external source of
power, power requirenents are vgry critical. Since A/AD converter 10 is
hi ghly cal i bratable w thout thejaddition WO 96/ 10297 :
PCT/ US95/ 11533 58 -25- of any calibration
circuitry, A/D converter J0SESQURBUT | A ncrease power consunption of
transmtter 100 and thus | TOUOWLIMIT fexacer bate power requirenent

probl enms. Thus, Al D copverte—3+0—s well suited to inplenmentation in 5
transmtter 100.
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Al t hough the present invention has been described with reference to

preferred enbodi nents, workers skilled in the art wll r%ﬁﬁgﬁéze t hat
changes WRI/M29%mde in formand detail wthout departing 9B1533 e
spirit and scope of the invention. WHAT | S CLAI MED | S: 1

A method of calibrating an anal og-to-di gghgl converter having a charge
accunmul ator and first and second reference charge transfer circuits
providing first and second reference charge, respectively, the nethod
conpri si ng: accunul ating a first quantity of charge in the
accunul ator during first accunulation time period, renovi ng
accunmul ated charge fromthe first quantity of charge in the accumul ator by
applying the first and second reference charge transfer circuits to the
accunul ator in first and second time periods, respectively, until the
accunul ated charge in the accunul ator reaches a threshold | evel;

accunul ating a sgqpa@GEUantity of charge in the accumulator during a second
accunul ation tine erlip;
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Feaning accunul ated charge fromthe second quantity of charge in the
accunul ator by applying the first and second reference charge transfer
Gircuits i nWMOR6182%nd fourth tine periods, respectively, untiPCTIUS9S/11533
accunul ated charge reaches the threshold | evel; conputi ng

rel ati ve magni tudes of the first and secgﬂg'reference charge provi ded by
the first and second reference charge tr fer circuits based on the

rel ati ve magni tudes of the first and second quantities of charge and the
applications of the first and second reference charge transfer circuits
during the first second, third and fourth tinme periods; and

perform ng t anal og-to-digital conversions based on the relative
magni t udes gymgggtﬁ rst and second reference charge conputed. 2.

The net hod of inm 1l wherein the charge accunul ator conprises an
integrator, and the[first and second charge transfer’ circuits conprise
first and second reference current circuits that supply first and second
ref erence currents,|respectively, and wherein accunulating a first quantity

of charge conpri seSf appl ying a charging current to the
integrator for a fifst chargi time period; and wherein
accumul ati ng acFecond quanfity 8 charge conprises applying the charging
current to theintejgrator/for a sgcond charging tinme period. 3.

The nethod of clainh2 whégrein appl Wng the first reference current for the
first tine
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Beriod conprises applying the first reference current during nultiple tine

intervals during one of the first and second charging time periods. 4,

The net hod JWO@H/A9287 1 wherein the third tinme period i s substaptimkésnizsy 0.
5. The nethod of claim1 wherein the second tine period is
substantially zero. 6. The nethod of claim 1 and further

conpri si ng: perform ng analog-§69digital conversi ons based on the
rel ati ve magni tudes determ ned. 7. The nethod of claim1 and
further conpri sing: perform ng the steps of accumul ati ng and

removing the first and second quantities of charge a plurality of tines;
averagi ng reMARBEe ti ne periods during which the first and second’
reference currents aMe applied to obtain average tinme periods; and

det ermi ni ng t hel(lel atji ve magni tudes based on the average time periods. 8.
The nethod of claim 3 wherein the time periods are determ ned based on a
nunber of counts of dharge packets provided to the integrator. 9.

The nethod of claim |1 wherein the first and second quantities of charge
are substantially eqyal and wherein at |east one of the following is true:
the first and third ginme periods arg not equal; and
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{he second and fourth tine periods are not equal . 10. The net hod of
claim1l wherein at |east portions of at least two of the first, second,
third, fourw@96me29%t accurml ation and second accunul ati on tlpermgjglﬁgg
occur sinultaneously. : The nethod of claim1 wherein at
| east one of the first, second, thlrd bz rth, first accunul ation and
second accunul ation tine peri ods are d| nti nuous and are conprised of a
plurality of time periods. 12. ATrettrodof calibrating an

anal og-to-digital converter havi nJ; Nt egrjat orfp~= gi rst and second
reference current circuits provi a_g%ﬁd—- erence currents,
respectively, the nmethod cofrprfi si hg: g appl yi ng chargi ng current
to the integrator for a chajgijing t-n—n=e—pe-m-o-d2t_n.accunul atie charge in the

i ntegrator based on the chafg¥§ng current; appl first
reference current to the i&tegrator for a first time perifo to=rermve
charge fromthe integrator;— appl yi ng the secong-reference current
to the integrator for a setpnd tine period to renove chafge fromthe

i nt egrator, wher ei n Gharge—j-s renmnved from the integrat by
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appl I cation of one of the first ce cyr ts ti

chai ge-accumi ated 1n the i nt egr JMITBMEANANIN <5 oREPLACEMENY SHEET
re-applying the charging current to ttheti nfegtatdr for ¢4 f |
peri od; removi ng charge fromthe integrator bm m
second reference current for a third ti#e- period, diffefeht than the sdcgnd

time period; determ ning the magni tude of theffir MARe1998C
current relative to the magni tude of the second referenge c?}?ent based

the first ¢ afmEyigd time periods; and C TNg the
anal og-t%—_— converter based on the magnitude of tL?’fi rst referen

current relative to the magnitude of the second referencCe current 13.

A method of cali Bégéth&pofa &llg{llggg g%%?élg%ﬁ-&i?italc&ﬁyﬁf& Saving ABAAreS | dd&limulator

accunul att'ng cha I'n an 1 n I nCegrating a current for a first
ti g i nt ?iﬂfdaﬂtst ancri] second refesaow ichgrge Hemnsfer tirantstpreviding efiishensd sepondh gefgrenrs st
nunber o I rst charge packets,having a first nmagnitude and a first nunber
of second"l@%@%“p‘fﬁi‘g‘,’%@t @W& pg, com d magnitude until the charge

accunul ated in t Q&uin_ﬂtaﬁﬁ% alfREt QUaRAPRS charké iSthe tabouasitwérddirimgefirst accumulation
accunul ating charge in the integrator by integrating the current for a
second titmeipetied;val having a magni tude substantially the same as the first

time interval; . r ' B4rigy that
usi ng a second nﬂerrrlf?g%ngo?ccﬂmrﬂsa%edc?]hglrrggeﬁgg\cﬂlg? rss‘Ela of @rkdh 8 wBmllabr

by applying the first and second reference charge transfer circuits to the accumulator in first

and second time periods, respectively, until the accumulated charge in the accumulator reaches
a threshold level;

accumulating a second quantity of charge in the accumulator during a second
accumulation time period;

removing accumulated charge from the second quantity of charge in the accumulator
by applying the first and second reference charge transfer circuits in third and fourth time
periods, respectively, until the accumulated charge reaches the threshold level; "

computing relative magnitudes of the first and second reference charge provided by
the first and second reference charge transfer circuits based on the relative magnitudes of the
first and second quantities of charge and the applications of the first and second reference
charge transfer circuits during the first, second, third and fourth time periods; and

performing subsequent analog-to-digital conversions based on the relative magnitudes

of the first and second reference charge computed.

2. The method of claim 1 wherein the charge accumulator comprises an integrator, and
the first and second charge transfer circuits comprise first and second reference current circuits
that supply first and second reference currents, respectively, and wherein accumulating a first
quantity of charge comprises:
applying a charging current to the integrator for a first charging time period; and
wherein accumulating a second quantity of charge comprises applying the charging

current to the integrator for a second charging time period.
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different from RERLA 'P first charge packets, and a second ‘
nunber of secon det er m ni ngREPLeA@EMEN'BSHEET
bet ween. the magnilt udes of the {ifst and second charge packets based on the
first and second RurdErMAR99al g ckets used; a erformng

I'p

ng

P pa nd .
subsequent anal dg{to-digital cofvérsi on§7based(l lllll"ﬂ"rl j ﬂjﬂF
det er m ned. 14. = An analogito-digital c cton) e

a charge accurnuliat or; first reference charge provision neans for
provi di ng t o therkehae®ed of cldiib aitRfeird applyifiy theefilst RRence RarrgR fOAthe Fstainkd I St
polarity; ) second reference charge provision neans faor providing
to the clerigd campuives|applyingathe Sess feferensecpuareat durmng, Hultinle, fimg) intereals dudag one

pol ari ty;of the first and sedoldl "cHarEd e PLsSi on neans for providing to the

char ge accurrurat or a third charge having a second polarity;

switch means for operatively coupling the first and second reference charge
provi si on, neans gnd_the.thisyd cha RLOWI- S . t rge

Bcouml atbr: T mbtiGa oFlslp 1R hE i s BRI iy 264
operating the switch neans to selectively couple the third charge provision
nmeans to the charge acc |l ator to accunul ate .a first.charge.quantity in
the charge accurﬁh%?‘ﬁtg?&lggﬂﬁi‘%rl whareip e, sgeon Bﬂﬁlﬂeﬁgéf%?%ﬁ%?@ya?&"'sgcond
ref erence charge provision neans to the charge accunul ator to renove the
first charge quantity; ) a calibrator, coupled to the controller,
for provi@i ng anlheumpthed 98 slaim drandHiarthes momprisiag: sel ectivel y coupling the
charge provisio S L  C e Al at t t -hei :

i ndi cative of arbregﬁ graﬁlgngﬁ%lggtg(gtﬁ %{etgn %ﬁg&ﬁ lrlgt Bgégrel((ij E‘chﬁd%%?‘%r e{rl}g%utg £ ge
provi si ordereeimed. t he controller controlling the calibrator so that

anal og-to-digital conversions are perfornmed based on the relationship.

15. The anal og-to-digital converter of claim 14 wherein the first and
second ref er encerhe method of claim 1 and further comprising:

performing the steps of accumulating and removing the first and second quantities
of charge a plurality of times;

averaging respective time periods during which the first and second reference
currents are applied to obtain average time periods; and

determining the relative magnitudes based on the average time periods.

8. The method of claim 1 wherein the time periods are determined based on a number

. of counts of charge packets provided to the integrator.

9. The method of claim 1 wherein the first and second quantities of charge are
substantially equal and wherein at least one of the following is true:
the first and third time periods are not equal; and

the second and fourth time periods are not equal.

10. The method of claim 1 wherein at least portions of at least two of the first, second,

third, fourth, first accumulation and second accumulation time periods occur simultaneously.
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sour ces’ provi i e—sacqnd reference currents, R@ME@%NTSHEET
16. The Al 0g-to-djgi.t g4l lconverter of clai mi5—whereirnthe—

rel ationship cbnpr 3@MAR ingi.o one of the first ' nce
currents to anpther of the firkt] and se@8nd referejmmﬂmamﬁmwmrv\herei n
the calibrator|provides an outpul indicative of th d 0L mlls & The
anal og-t o- di gi L.al_convester—of—cl aim 16 wherein the controller includes a
cl ock proMidi ng PheChetbsd S @habh 1hakérsig 4t l@ekonRUdfShe firdngdcortle tidid) foreh, tastr d
charge provision nmeans conprises a third current _souyce. 18. A ThF
anal og- t AcEgRlatign apd sesend cemuiation ime peripds, e Jiscopinuels ard are CORPrSeHP
conpri ses, gir4liRf 885k YeriodNd Wherein the controller controls the swtch
means to connect the third current source to the integrator to accumul ate
the first charge quantity and controls the switch neans to connect the
first an econd, ¢ e Ces e i ntegr . | nd
nunber 01Ejl 2§| ock %u#%ﬂéoggfnc%ﬁg{ﬁ{%ﬁ%?& g?aﬁe 'teoc':{l#l\?aglcé}}a{rtgr Eng‘;ﬁ%ggﬁ %‘{%%&?t&pg?dsﬁﬁgr ge
guant i t y;and second reference current circuits providing first and second reference currents, respectively,

the method comprising:

applying a charging current to the integrator for a charging time period to accumulate
charge in the integrator based on the charging current;

applying the first reference current to the integrator for a first time period to remove
charge from the integrator;

applying the second reference current to the integrator for a second time period to
remove charge from the integrator, wherein charge is removed from the integrator by
application of one of the first and second reference currents until the charge accumulated in the
integrator reaches a threshold level;

re-applying the charging current to the integrator for the charging time period;

removing charge from the integrator by applying the second reference current for a
third time period, different than the second time period;

determining the magnitude of the first reference current relative to the magnitude of
the second reference current based on the first, second and third time periods; and

calibrating the analog-to-digital converter based on the magnitude of the first

reference current relative to the magnitude of the second reference current.

13. A method of calibrating an analog-to-digital converter, comprising:

accumulating chargé in an integrator by integrating a current for a first time interval,
removing charge from the integrator using a first number of first charge packets

having a first magnitude and a first number of second charge packets having a second

magnitude until the charge accumulated in the integrator reacheé a first threshold level,
accumulating charge in the integrator by integrating the current for a second time

interval having a magnitude substantially the same as the first time interval;
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to the integrat ¢r and n4,
l!!}wherel n

_ hd} f ourt h nunber
respectively, t¢ temve the-fi+kt|charg@9gquantity; l!mm‘g
nl is differentjfromn2 and n3 is}jdifferent from

anal og-t o- di gi t d—eonverter—of Tl aim 18 wherein the cali brat or conpri ses:
a counter provi didighyify dkgddUkorh MY ﬁ&ﬁgfa‘ﬁﬂ Bingt heechid sumbes ef dimst, charige ipdclketsd
fourth nunbers of clock pul ses, nl n3, and n4;

the cal i bdiffersnt fromyihe disstimmenbey ehiist Pl??&echazck%té W@rgia'ﬂq'%beﬁzfg éﬁmﬁhﬁﬂge
nunber s nl“{ﬂ‘% n3 and n4. 20. A transmtter having an

anal og- t of Ptal converter, the anal og-to-digital converter conprising
an accunmul at or; determining a refatibhshipy betsfeen dha magningdes of ﬂ?eﬁ'é&?‘i“iléqcymé&hﬁg‘éd

to the acc or oviding a fi,rst a
second reP@ggtﬁg’@S?ﬁ ‘?rE ﬂrs aé'ﬂes(?f'?'\‘}e W b@f)u%)féeg&tgg)agﬁgg g%ghhanu ator, providing
a 3 icond refer eB&?orﬁth Ql;ﬁbsequent analog-to-digital conversions based on the relationship

determined.

14. An analog-to-digital converter, comprising:

a charge accumulator;

first reference charge provision means for providing to the charge accumulator a first
reference charge having a first polarity;

second reference charge provision means for providing to the charge accumulator a
second reference charge having the first polarity;

third charge provision means for providing to the charge accumulator a third charge
having a second polarity;

switch means for operatively coupling the first and second reference charge provision
means and the third charge provision means to the charge accumulator;

a controller, coupled to the switch means, operating the switch means to selectively
couple the third charge provision means to the charge accumulator to accumulate a first charge
quantity in the charge accumulator, and for selectively coupling the first and second reference
charge provision means to the charge accumulator to remove the first charge quantity;

a calibrator, coupled to the controller, for providing an output based on the controller
selectively coupling the charge provision means to the charge accumulator, the output being
indicative of a relationship between the first and second reference charge provision means, the
controller controlling the calibrator so that analog-to-digital conversions are performed based

on the relationship.

15. The analog-to-digital converter of claim 14 wherein the first and second reference

charge provision means comprise:

first and second current sources providing first and second reference currents,

respectively.
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one of th&8f ol | olheiganalog-to-digital gqnmerfery of e’!qirﬁfelﬁe‘ﬁ’f“ﬁﬁi d&ws chgee )é"c?g‘éfpmfe‘%gt

third tinme period: . : S it i t
equal t he %§"BRIF$%h a_f‘i“rlrt\ggrﬁteof [ %ndd ‘%Hg'fl? ) the commn'le'ttea&(};mal ggﬁv%fcg?aﬁglt@ggﬁ%gf?g?
of f' ai m &firdnhereni sourbe tocthetinteprave do scaomiate deesfirstrebaige femmiipe pid poAtiol the

anal og-to_di gi L8l \COMeahsh IS rRPIRH s @Bnd BEr&?!sBlkatCo BRIl AES HPLIIE HAJ-

second number of clock pulses, nl and n2, respectively, to remove the first charge quantity;

wherein the controller controls the switch means to reconnect the third current source
to recharge the integrator to the first charge quantity and controls the switch means to reconnect
the first and second current sources to the integrator for a third and fourth number of clock
pulses, n3 and n4, respectively, to remove the first charge quantity; and

wherein nl is different from n2 and n3 is different from n4

19. The analog-to-digital converter of claim 18 wherein the calibrator comprises:

a counter providing an output indicative of the first, second, third and fourth numbers

of clock pulses, nl, n2, n3 and n4; and
wherein the calibrator provides the output indicative of the ratio based on the

numbers nl, n2, n3 and n4.

20. A transmitter having an analog-to-digital converter, the analog-to-digital converter
comprising:
an accumulator;

a first reference circuit, selectively coupled to the accumulator, providing a first

reference charge;
a second reference circuit, selectively coupled to the accumulator, providing a second

reference charge;
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the first, and ecoqr reference.c ar ge circuiits, the controller
wherein the control means controls” the charge provision means to re-accumulate a
second quantity of charge in the accumulator and removes accumulated charge from the second
quantity of charge in the accumulator by applying the first and second reference charges in the
third and fourth time periods, respectively, until the accumulated charge reaches the threshold
level; and
wherein the control means includes determining means for determining relative
magnitudes of the first and second reference charges based on the relative magnitudes of the

first and second quantities of charge and the application of the first and second reference

charges during the first, second, third and fourth time periods.

21. The analog-to-digital convertor of claim 20 wherein the accumulator is an integrator,
the first and second charge quantities are substantially equal to one another, and the first,
second, third and fourth time periods are governed by at least one of the following:

the first time period does not equal the third time period;

and

the second time period does not equal the fourth time period.

22. The analog-to-digital converter of claim 20 wherein the control means comprises:
means for performing analog-to-digital conversions based on the relative magnitudes

determined.

23. An analog-to-digital converter, comprising:
a charge accumulator;

a first reference charge circuit providing to the charge accumulator a first reference

charge having a first polarity;
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charge a%ﬁgrrgrg lagéu(rjl{ulator, and for selectively coupling the first and second reference charge circuits
to the charge accumulator to remove the first charge quantity;
a calibrator, coupled to the controller, for providing an output based on the controller
selectively coupling the charge circuits to the charge accumulator, the output being indicative
of a relationship between the first and second reference charge circuits, the controller
controlling the calibrator so that analog-to-digital conversions are performed based on the

relationship.

24, A method of calibrating an analog-to-digital converter having a charge accumulator
and first and second reference charge transfer circuits providing first and second reference
charge, respectively, the method comprising;

applying at least one of the first and second charge transfer circuits to the charge
accumulator during the first phase to move charge relative to the charge accumulator;

re-applying at least one of the first and second charge transfer circuits to the charge
accumulator during a second phase to move charge relative to the charge accumulators; and

determining relative magnitudes of the first and second reference charge transfer
circuits based on a comparison of time periods or number of time periods during which the first
and second charge transfer circuits are applied to the charge accumulator during the first and
second phases wherein, during one of the first and second phases, both the first and second

charge transfer circuits are applied to the charge accumulator.
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[ t f her. and.the secaond.and fourth tine periods are
i f1orent 1rom QaorEEhying M 1agond S U fh obendophatsocraneizs cimsb b heone
of the fichaige aewaouidtpr,t fpplyingnke fHondr ¢Hardel SRR dirRRP 161 kS accumulator to

accumulate a second charge in the charge accumulator.
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27. The method of claim 24 wherein applying at least one of the first and second
reference charge transfer circuits comprises:

applying the first reference charge transfer circuit to the charge accumulator for a
first time period; and

applying the second reference charge transfer circuit to the charge accumulator for

a second time period.

28. The method of claim 27 wherein re-applying at least one of the reference charge
transfer circuits comprises:

re-applying the first reference charge transfer circuit to the charge accumulator for
a third time period; and

re-applying the second reference charge transfer circuit to the charge accumulator
for a fourth time period;

wherein the first and third time periods are different from one another and the second

and fourth time periods are different from one another.

29, The method of claim 28 wherein one of the first, second, third and fourth time

periods are zero.

30. The method of claim 28 wherein the time periods are determined based on 2 number

of counts of charge packets provided to the charge accumulator.
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aver age tﬂd‘@p&fd’d&%@dlsconunuous and are comprised of a plurality of spaced time intervals.

33. The method of claim 24 and further comprising;

performing the steps of applying and re-applying at least one of the first and second
charge transfer circuits to the charge accumulator a plurality of times;

averaging respective time periods during which the first and second reference charge
transfer circuits are applied to obtain average time periods; and

determining the relative magnitudes based on the average time periods.
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