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FIELD [1] This invention relates generally to nethods and systens
for measuring electrical currents. In particular, the invention
relates to nethods and systens for quickly measuring el ectrical
currents w tAwWIDE BENAYNERANGE FIECTHBAMERSINPITH 2] FASERESPORSE' S
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i nput 32A, a non-inverting input 32B, and an output 34. Resistor Ris
el ectrically coupl ed between t heBACKGROWND of the anplifier 30 and
the inverting input 32A of the anplifier 30 to forma feedback | oop.
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reduced by choosing a resistor Rwith a small resistance val ue. But
this has the effect of increasing vhe-m@ se partly because of the

i ncreased bandwi dth and partly because of a smaller resistance. [ 5]
I ntegration can be used to reduce the noise. The noise is inversely
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because of a smaller resistance.



tenperature in K, R = resistance in Cns, and Bw = Bandwidth in Hertz
(assunming a brick-wall filter). Therefore the equival ent current
noise will be 44. K-T RBw Anps RVS. It [6] If the mninum s
detectable signal is twice the noise then the dynamic range will be 5
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300K: Resi Frval des i andwi
. decreases. But integration effectively reduces the bandwidth and increases the response time

of the electrometer. The relationship between integration time and bandwidth is

Bw = .L Hz.
n-T
Thus, a one-second integration time is equivalent to a bandwidth of 0.318Hz. And as the

integration time increases, bandwidth decreases thereby increasing the response time.

An electrometer that utilizes an operational amplifier with a single feedback resistor R
also suffers from a limited dynamic range. The dynamic range is determined by the ratio of
the largest signal which can be measured to twice the RMS noise level, which may represent

the smallest signal that can be adequately detected. For a full-scale signal of 10 Volts, the

full-scale current will be %0 Amps. The voltage noise across the resistor R is given by

N4.K-T-R-Bw Volts RMS, where K =1.38 x 1072 (Boltzman’s constant), T = absolute

temperature in °K, R = resistance in Ohms, and Bw = Bandwidth in Hertz (assuming a brick-

wall filter). Therefore the equivalent current noise will be

Ja KT R-
4K+“"’AmpsRMS.

[006] If the minimum detectable signal is twice the noise then the dynamic range will be

N SN
J4-K-T-R-Bw

Table 1 below lists the dynamic ranges obtainable from various resistors and bandwidths at

an absolute temperature of 300°K:

Resistor Bandwidth
values in 1Hz 10H=z 100Hz 1 KHz
ohms
50M 549x10° | 1.74x10° | 549x10° | 1.74x10°
100M 3.89x10° | 125x10° | 3.89x10° | 123x10°
1G 1.23x10° | 3.89x10° | 1.23x10° | 3.89x10°
10G 3.89x10° | 123x10° | 3.89x10° | 1.23x10°
100G 123x10° | 3.89x10* | 123x10° | 3.89x10°
Table 1.




1 KHz 50M 5.49 x 105 1.74 x 10 5.49 x 10 1.74 x 105 100M 3.89 x 10

1.25 x 10 3.89 x 105 1.23 x 10" 10 1.23 x 10 3.89 x 10' 1.23 x 10

3.89 x 104 10G
[007] As shown in Table 1, the best dynamic range is achieved with resistors having
lower resistances. In some applications the maximum available signal current is around
200nA, which for a 10 Volt signal represents a resistor of 50 megachms. However, a
feedback resistor R with a resistance value lower than 50 megaohms cannot be used to obtain
a better dynamic range because the full-scale output would not be possible. Indeed, if a large
input current were applied to a feedback resistor R with a resistance value lower than 50
megaohms, the voltage output Vout would saturate (i.e., Vout will be equal to the source

voltage levels applied to the operational amplifier 30).

[608] One way to increase the dynamic range is to add a resistor bank including resistors
Ra, Rb, and Rc (102a-c) and switches or relays Sa, Sb, and Sc (103a-c) (as shown in FIG. 1)
that provide selectable resistance levels. Such a resistor bank, however, has several
disadvantages. First, switches with minimal leakage current are sophisticated and therefore
expensive. Second, switches with relays induce electrostatic fields and introduce other
disturbances that interfere with the input current signal. Third, the use of switches results in
lengthy settling times when switching between resistors. Finally, switches suffer from
overload recovery time problems if a large over-scale input signal is applied to a resistor with

a high-resistance value.

SUMMARY

[009] The invention generally features a system and method for measuring currents.
One advantage of the invention is that it provides faster current measurements over a wide
dynamic range from hundreds of nanoamps down to femtoamps. Ancther advantage of the
invention is that it eliminates saturation or overload problems, which give bad data and result

in overload recovery time problems.

{0010] The invention, in one aspect, features an electrometer. The electrometer includes
an amplifier, resistive elements, a buffer with a high-impedance input, and at least one diode.
The amplifier has an inverting input, a non-inverting input, and an output. The resistive
elements include a first resistive element and a second resistive element. Each resistive
element has a first end and a second end. The first ends of the resistive elements are
electrically coupled to the inverting input of the amplifier. The second end of the first
resistive element is electrically coupled to the output of the amplifier. The buffer has an

input and an output. The second end of the second resistive element is electrically coupled to
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[0010] The[tobﬂ‘\{entl dﬁe emrbo(almen%StR &Bfahty%?ﬁ:%ﬁe%%nc%eglf?s?ﬁ oﬁ’%td%rlow The

el ectrone i nct'
leakage and low-capacitance second diode, each of which have a first end and a second end.

The first end of the second diode is electrically coupled to the input of the buffer and the
second end of the second diode is electrically coupled to the first diode. In some
embodiments, the first diode is a small signal silicon diode. In some embediments, the
electrometer also includes a third resistive element electrically coupling the second end of the

second diode to ground.

[0015]  In some embodiments, the electrometer also includes a capacitor and an adjustable
gain amplifier that has an input and an output. The input of the adjustable gain amplifier can
be electrically coupled to the second end of the second diode. The output of the adjustable
gain amplifier can be electrically coupled to the first end of the second diode through the
capacitor, The adjustable gain amplifier is configured to discharge the capacitor with a

charge opposite the charge in the second diode.

[0016] In some embodiments, the electrometer also includes a temperature controller that
is coupled to at least the second diode, the amplifier, and the high-impedance buffer. In some

embodiments, the plurality of diodes includes pairs of diodes, where the diodes in each pair
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an anplifier, resistive elenents, a buffer with a high-inpedance

i nput, and at |east one diode. The anplifier has an inverting input,

a non-inverting input, and an output. The resistive elenents include
a first resistive elenent and a second resistive el enent. Each

resi sti veareklettetully hapled id paralle] endcrranpdd avitb evandpaaily. Thkhaens emisidingmas of
the resisgive ele l.ectrical to.t nvegti.n
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[0011] I n %I%rtrrécaflﬁouﬁﬁg 90%? &Rﬁ‘hgi th ﬁxst :ﬁf’cagg'sgfilgcggdd% se@o Qlliwa %{‘tls has
an i nver télertyidalpeupled tatbnoritpns ef the segoridraptivaliasdiir. an out put The out put
of the second anplifier is electrically coupled to the inverting

i nput of IOAE]secBmdnvantisini injapether pgpecthfeaiuicomeiod for mepsuriggeurrent. The
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di ode and l.0 | ow. i.t.a ecand di.ode, . ea

S on bt RS B St SRR BREREE « FRT QRfhe iR R et RE DOl g
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second enaq le%];t oE:Q ﬁfﬁﬁed?clura 8?) fn soI e%xall agne'nl:nty th%%oﬁ%ls& ?ncfula f! r;t

di ode. In sone e I's a snall""signal” silicon
di ode. | nadpsting teerieed iofithn f ssj: cltal-w teinatch the seebwd chatgs essbeigtbdaligstha att lbdst d
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out put of ] | ed
o [ he 11 ke e e D P B S T b

adj ust abl euplad o teaptauf pidhe bufeponf i gured to di scharge the capacitor
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anti-alias filter is electrically coupled to the output of the
anplifier and the second anti-alias filter is electrically coupled to



[ 0017] The invention, in another aspect, features a nethod for
measuring current. The nethod includes sensing a first voltage at an
out put of an anplifier and conputing a current based on the first
voltage and the resistance of a first resistive elenment, which is

el ect ri cafisyredoivptlemiedied oteen fimhcurnamelntai hgsoina pmbodideritd) ¢heanghiodfalser and
an output, of .the amplifier, if t Lrst vpltage is | ow a

ot edot or ripFgr PEORFS i Fses dof' B bt Fbnd DLARERE B deBnggero-

vol t age aipwmoltage patt. Inftheme brubddementsnebmpoting i dungntdaed on éntresiztised obn t he
first and,sgcond xol Fe%%&%n@&% séc%ﬁd fe831e LANE S S Rlded O fu{iﬁ@h {iiﬁ&leﬁée' ve
el enent and & second resistive el enent, WATCh 18 electrital y coupl ed
bet ween t tetwden erstdond) voltapeidatadnditiesecomp kérd-inpnt ‘aitagealatai ang dividodg thehe

buffer, i oLt r O, i fii ' :
pr edet er rrl{e%%tg’gltﬁe/evljg%'&g?ﬁ)8@&?%%0@5%&%%% I rrlé) notb’tsa;ﬁlr Stek%d%g]?%g%}t{l S“rl? her
i ncl udes mwmphg the fitshauwehiadagand thetsdvend @rpetrddtavol t age of at | east one
of a plurality of diodes electrically coupled between the input of
the buffer and the out BRIEHDESRRIBHON PFIHE BRAWIEGYting a first
charge into the at |east one of the plurality of diodes. The first
char ge i sl98Hosi%he feresoingsind other irstscfeaturs gebadyendagesphithe inyration, as welkt

one of thg ypliedlibd ise@fwifl b0 @R% fullyurnAQEBoEHRR i ToMwIng NIlErfiRt hod al so
i ncludes adjusting the level of the first charge to match the second

char ge asdss@iptet avhgp repd fogethespvith dhieaccogpaniins driveings Winel) are Jotgocariyde
[0019] I n ggue enbodi nents, sensing the voltages includes reading
first voltage data output froma first A/D converter, which is

el ect ri cajobaz] cousedist@cHehatiodibduth obdn ddiRoraeit acddrdifig toaltechriveadi ng
second vol tage data output froma second Al D converter, which is

el ect ri cajob3s] couiGeRA-2C hkecteuiatitdiagrimd dfeleburfriiatars accQdR@ kd ilusative
enbodi nent Sti? 1 he ”F{thd atl so i ncludes applying a zero-input signal to
the i nver PRGBSt MR anpl i fi er and reading first voltage data
fromthe fiyst I -] . In
these ool fendls: ENEEL Shehf IR oAldh SERBSARNLIRMAMEENE. " 1o
first resilsitatre enibediment dfthelingetionconput i ng t he di fference between the
first voltage data and the zero-input voltage data and dividing the
resul t byl0d3R r d80st madlowsharkia propess & comapytiag p grest whisrbesed@n dist ai n
first curygnte AalRipul ford HERA/BTHRLHIEHBe sys@R oFFid180acBlrdRg td ¥l udes
readi ng second vol tage data fromthe second A/D converter to obtain
second zeitlustiafiyn pmbedimepipd thedpvwentiong t hese enbodi ments, conputing a
current based on _the resistances of the first resistive el epent, and
the second®8si dBv2is@ehrertc fipgimaed LsHperRGertias P pas dpsgative

bet ween t §shoapeanst ieahiaagien.data and the second zero-input voltage
data and dividing the result by the resistance of the second

resi sti ve[iet®memiGt ®isalptaph illiseaing the perforemicedétha eleetfunesds WIFIGY 5 irhe
first current .data and the second current data. BRI EF DESCRI PTI ON OF
THE DRAW RIEE 8851 The foregoi ng and other objects, feature and
advant age t Lhyventi . . i Lon.i l1d be
ror o1 at |90 hdere8oA Ty SbbrE Ll e bR b DBt ol
when r eadintogebfrettling tine. t he acconpanyi ng drawi ngs which are not
necessarily to scale. [0022]FIG 1 is a schematic diagram of an

el ectromet er according to t hBEFAIGED BESCRIPDDIEY FI GS. 2A-2C are
schematic diagrans of electronmeters according to illustrative

embodi meni082%9f tHE. Ihisersthentic figgam pfanglecgoineter:208 laerokding tagn Hivstrativey

system f of SRAKME eI iGHEED tTHRC RO MRS 260mnldes two high input impedance
electrometer amplifiers Al and A2 (210, 220), such as AD549 operational amplifiers. The
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illustrative enbodi nent of the invention. [0025]FIG 4 is a flowhart
of a process for conputing a current value based on the voltage data
output fromthe AID converters of the systemof FIG 3, according to
an-illustrative enbodi nent of the invention. [0026]FIG 5 is a
schenmat i CelaitrmyetamoofalsamchﬁmtmmRéanmtiniZﬂ@ frothisreptbhdiment, resistor

il lustrat

illust ratl:drglgasg h@é%%gdg&? rr% a&ﬂ% ah?ﬁ%i@tlo"ﬂf' ars[g(r?r%%%]rﬂsﬁh i (EI\Sﬁg@ F&%@er ne
of noi se. THeGDE8HdF2ESf reEAWEI weéecgm@lb’rwnmddedumthamm‘gﬂg inputgél éfor mance

of the el %?Rﬁf‘%g?&?)gnd @&g’ecoﬁd Ldd 59 Bﬂ%s;&g dtﬁqrs Eﬂe&tﬂ&flltj 'CB%B g':t-g'%ﬂcl‘ ED

DESCRI PTI IS a schenmti c di agram of “an e ectroneter
200 accor aipwg22cofamplifidrddt ﬂbtswméigerm@rmfmhﬁ@m ltand resistpe R ffasims a The

el ectro ‘é“ﬁ%ff%gga"taﬁgk@%ﬂtm hi gh input inpedance el ectroneter

anplifier 220), such as AD549 operational

ampl i fiergos -r{he Th%%f%%&n%i@?b@ﬁ aléPBc1ades %rée%d@g&%néc?ea'lﬁge@iﬁﬁﬁbﬁﬂg R2
(231 232 hi s enbodi nent, resistor has a reS|stance of 20

gi gaohns @AL203sInsewe CRQO‘WB@“% dioded?! @RI ia%‘i ]a% E82)re sepllniggalHicen  The
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[ 0031] When an Increasing current signal ITin is appli
i nvert i ngdipdeddi statsto educt, and assuming that the input currents and offset voltages of the

amplifiers Al and A2 are negligible, the input current {in applied to the inverting input 211 of
amplifier Al is equal to the sum of the current I1 through resistor R1 and the current I2
through resistor R2. The current I1 is equal to the output voltage V1 divided by the value of
resistor R1 and the current I2 is equal the voltage on the cathode 209 of diode D3 divided by

the resistance value of resistor R2. Thus, the current Iin is given by the following equation:

fin= I]+IZ=——?—]-+Q

Rl R2
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the voltage noise fromresistor Rl is given by K T R Bw Volts RVS
Di vi ding by the resistance valu& BfRlrBsi&lioRMS., the zero signal RVS
current noise level is given by

Dividing by the resistance value of resistor R1, the zero signal RMS current noise level is

given by

4-K 21 R1-B Amps RMS,

and the minimum detectable signal will be twice that, i.c.,
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44, KT R . Bw Anps RV5, Rl and the m ni nrum detectabl e signal wll
be twice that, i.e., 2[44. KT R' 'awl Amps. R The full-scale
out put signal level fromthe el ectroneter according to enbodi nents of
the invention is determ ned alnost entirely by the 10 Volt out put
range and the val ue of resistof [Ré&.T. refore, the maximum out put
signal Is -1 Anps. The dynam’EL pEém@al cul ated R2 according
to the foll owi ng expression: Xi mum Qutput Signal .1 M ninum

Det ectabl e Signal Therefore, the dynam c range of the el ectroneters
of FIGS. Pk akdcakpuiriut $ignal tegel ot the el¢ctrometat ascdinptotenibodigientenfhy t he
foll ow ng 4

| S0 o Easeh st BRon Bope?hohe 18 Col ondfe olS I R BBl
using a sRhgle

Therefore, the maximum output signal is -}?9» Amps. The dynamic range may be calculated
2

according to the following expression:

Maximum Cutpt Signal
Minimum DetectableSignal

Therefore, the dynamic range of the electrometers of FIGS. 2A and 2B with a 10 Volt full-

scale output is given by the following equation:

10
R, = 5.8 .
2[,F"‘—4-K-T.R»Bw] R2.J4. K. T Rl-Bw
R,

[0037]  Table 2 below compares the dynamic ranges for an electrometer using a single
resistor and the electrometer of FIGS. 2A and 2B for various bandwidths and equivalent

integration times (shown in parenthesis).

Dynamic range for various bandwidths (and
Resistor equivalent integration times)
value(s) in 1Hz 10Hz 100Hz 1 KHz
ohms. (318ms) (31.8ms) {3.18ms) (0.318ms)
50M 5.49 x 10° 1.74x10° | 549x10° 1.74 x 10°
100M 3.89x10° | 125x10° | 3.89x10° 123x10°
1G 123x10° | 3.89x10°. | 123x10° | 3.80x10*
10G 3.89x 10° 123x10° | 3.89x10° 1.23x10*
100G 123x10° | 3.89x10" | 123x10* | 3.89x10°
Example
embodiments
of the invention
50M & 20G 954x 10" | 3.02x10" | 954x10° | 3.02x10°
5M & 20G 954x10° | 3.02x10° | 9.54x10" | 3.02x107

Table 2.



resistor and the electroneter of FIGS. 2A and 2B for various

bandw dt hs and equi valent integration tinmes (shown in parenthesis).
Resi stor value(s) in ohns. Dynam c range for various bandw dt hs (and
equi valent integration tines) 1Hz (318nms) 10Hz (31.8ns) 100Hz

(3. 18ns) As dfblwn (10T kSyeantpleMrtbodithents d0Be tbvéhfind Sieve at least an order of

magnitude greater dynamic range than electrometers using only a single resistor.

i}

[0038]  Insome embodiments, the resistance value of resistor R2 can be between

10 megaohms and 100 megaohms and the resistance value of resistor R1 can be between

5 gigaohms and 50 gigachms. For example, resistor R2 can have a standard resistance value
of 47 megachms. In some embodiments, the ratio between the resistances of the resistors R1 -
and R2 is greater than 10. This ratio may depend on the dynamic range and response time
required by a particular application. The ratio may also depend on the level of the input
current signal and the desired output signal level. For example, if the largest current signal is

2E-7 Amps, then a 50 megaohm resistor is required to obtain a 10 Volt output signal.

[0039]  When the input current signal decreases to the point where the diodes D1, D2, and -
D3 stop conducting (i.e., the switch-over point), diode D3 still contains a small amount of
charge due to its internal capacitance and the remaining forward voltage Vf. This charge is

discharged to ground through resistor Rg.

[0040]  Ifresistor Rg was not used, then, when operating at low current levels (when none
of the diodes are conducting), the series-connected diodes D1, D2, and D3 and resistor R2
would be in parallel with resistor R1. As a result, the capacitances of the diodes D1, D2, and
D3 across resistor R1 would spoil the response from resistor R1. By adding resistor Rg, the
capacitance of the diodes D1, D2, and D3 is de-coupled to ground thereby restoring the
response from resistor R1. Resistor Rg also ensures that there is a definite low-level signal
region over which diode D3 cannot pass any current because resistor Rg shunts the low end
Vf leakage from diodes D1 and D2 to ground.

[0041]  The charge contained in diode D3 that discharges to ground through resistor Rg,
however, causes a “blip” in current 12, which is an error. This error can be overcome by
injecting an equal and opposite charge onto the cathode 209 of diode D3 through a capacitor,
which in some embodiments is a very small low-leakage capacitor. In some embodiments,
the capacitor is made up of the center pin of a PTFE stand-off and the plated mounting hole
for the stand-off. In some embodiments, such a capacitor can amount to about 0.18pF. To
inject an equal and opposite charge onto the cathode 209 of diode D3, an inverting amplifier
samples the change in Vf of diode D3 during its commutation and applies the change in Vfof
diode D3 via the capacitor to the cathode 209 of diode D3. The inverting amplifier may

include an adjustable gain so that the charge removed by the capacitor can be set to match the
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5.49 x 105- 1.74 x 10r 100M 3.89 x 106 1.25 x 106 3.89 x 105 1.23 x
105 10 1.23 x 106 3.89 x 105 1.23 x 105 3.89 x 104 100 3.89 x 105
1.23 x 105 3.89 x 104 1.23 x 104

charge on diode D3, The gain of the inverting amplifier can be adjusted using a

potentiometer or other suitable electronic component.

[0042]  FIG. 2B is a schematic diagram of an electrometer according to another
embodiment of the invention. In this embodiment, the diode D2 of the electrometer of FIG.
2A is removed and amplifier A2 is replaced with a buffer 240 with a high-impedance input.
As aresult, the level of the output voltage V1 at which the current 12 starts to flow through
R2 is reduced. In other embodiments, diodes D1 and D2 can be replaced with a string of
three or more diodes to increase the output voltage V1 at which the current 12 starts to flow
through R2.

[0043] FIG. 2C is a schematic diagram of an electrometer according to another
embodiment of the invention. In addition to the components of the electrometer of FIG. 2C,
this embodiment further includes resistor R3 (233), diodes D4 (204) and D35 (205) connected
in series, a buffer 241, and resistor Rg2 (216). Resistor R3 is electrically coupled between
the inverting input of amplifier Al and the input of buffer 241. Diodes D4 and D5 are
electrically coupled between the second end 236 of resistor R3 and the cathode 235 of diode
D3. Similar to resistor Rg, resistor Rg2 electrically couples the junction of the cathode of
diode D5 and the anode of dicde D4 to ground. In this embodiment, when the output voltage
V1 is large enough, diodes D4 and D3 conduct, current I3 flows through resistor R3, and a
corresponding output voltage V3 appears at the output of buffer 241. When all diodes are
conducting, a computational unit can compute a current based on the output voltages V1, V2,
and V3 and the resistance values of resistors R1, R2, and R3 (i.e., by computing the currents
flowing through resistors R1, R2, R3, and summing the currents). This embodiment provides
a larger dynamic range than the embodiments of FIGS. 2A and 2B. Other embodiments may

include additional resistors, diodes, and buffers to further increase the dynamic range.

[0044]  FIG. 3 is a block diagram of an electrometer system 300 for measuring current
according to an illustrative embodiment of the invention. The system 300 includes a
temperature controller 320, current measurement circuitry 310, a pair of anti-alias filters
301a-b, a pair of A/D converters 302a-b, and a digital computational unit 330. The current
measurement circuitry 310 may include the analog circuitry for measuring current. This

circuitry can include the circuitry shown in FIGS. 2A-2C.

[0045] The temperature controller 320 is electrically coupled to heater elements that are

located near the critical components of the current measurement circuitry 310. In some
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1000 1.23 x 105 3.89 x 104 1.23 x 104 3.89 x103 Exanpl e enbodi nents
of the invention 50M & 200 9.54 x 107 3.02 x 107 9.54 x 106- 3.02
x 106

embodiments, the temperature controller 320 controls the temperature of the heater elements

to stabilize the temperature of the critical components to around 50 degrees Celsius to reduce

drift. The critical components may include, but are not limited to, the amplifiers Al and A2

and the diodes D1, D2, and D3 of the electrometer circuitry shown in FIG. 2A. The heater

elements may include resistors that are mounted on the surface of the electrometer’s printed

circuit board (PCB) in the vicinity of the critical components and their screening box.

[0046]  Heating the electrometer, however, increases the bias currents to the amplifiers Al
and A2, which in turn increases their noise contribution. This noise can become significant
compared to the noise of the resistors R1 and R2. This resistor noise may also increase
slightly, but since it is proportional to the square root of the absolute temperature, going from
25 degrees Celsius to 50 degrees Celsius only increases the resistor noise by a small factor,

e.g., approximately 4%.

[0047] The electrometer system 300 also includes anti-alias filters 301a-b, which filter
the voltages output from the current measurement circuitry. The electrometer system 300
also includes A/D converters 302a-b, which are electrically coupled to respective anti-alias
filters 301a-b. In some embodiments, the A/D converters may be sampled simultaneously at
a rate of 3750 samples per second (sps). This may be achieved by driving both A/D
converters 302a-b from the same clock and by using an appropriate command (e.g., the
“Synchronization” command for the ADS1256 A/D converter) so that the conversions

performed by the A/D converters 302a-b are triggered at the same time.

[0048]  In some embodiments, the anti-alias filters 301a-b may limit the analog bandwidth
to approximately 1.4KHz, which is comfortably below half the 3750 sps sampling rate of the
A/D converters 302a-b. The anti-alias filters 301a-b may also attenuate the voltage output
signals V1 and V2 (e.g., by an attenuation factor of 0.25) to make them compatible with the
A/D converters 302a-b (e.g., an ADS1256 A/D converter). Because of the wide dynamic
range required from the analog voltage output signals V1 and V2, the anti-alias filters 301a-b
may be connected differentially to the A/D converters 302a-b to minimize common mode

noise.

[0049] In some embodiments, the A/D converters 302a-b are disposed on a PCB
assembly that is separate from the PCB assembly of the current measurement circuitry 310.

In some embodiments, the layout of the circuitry surrounding the A/D converters 302a-b is
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cont ai ne ar ges ough resistor d,
full-scale range of the A/D converters 302a-b.

C

[0052]  The digital computational unit 330 may include a processor that executes the
following software instructions for computing the current based on the digital voltage data

output from the A/D converters:
IF ABS(V20G) > 10000H,
THEN I = [{(V20G — V20GZ)/20E+9} + {{V50M — V50MZ)/47E+6}] * 4,
ELSE I = [(V20G ~ V20GZ)/20E+9] * 4,

where V20G is the voltage read from the analog-to-voltage converter 302b associated with
the larger resistor R1, V20GZ is the voltage read from the analog-to-voltage converter 302b
associated with the larger resistor R1 with zero signal input, V50G is the voltage read from
the analog-to-voltage converter 302a associated with the smaller resistor R2, V50GZ is the
voltage read from the analog-to-voltage converter 302a associated with the smaller resistor
R2 with a zero input signal, and “ABS()” is a function that determines the magnitude of a

given input to the function.
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i nver ti ngoiwdptAvittoditherpldrity 6ffa shinaldbyaisiieva papsidf diddebuirédliacRAlbachinades

D4 and D5 are electrically coupl.ed between the cond end 236 of
resistor rﬁ?‘”%fr?dmﬁﬂé’o‘&fcéﬁ"%%% %?glﬁﬁﬁqudtg%ﬁaér %ﬁ%olag ﬁ?’g?ret%m}egg?g]t or Rg,
resi st or fRglleednd atrarigediivity reversgpadsity. (Bimjlatlyctht pair affdiddessRatblaede of

di ode D5 and fhe an f diode. to ground.. Ln .this di ent
whenthe SESI RETBCEoToIees PP e S iER Thahisl SRRRR TR R .
current lie édnassedtiln pasitshandesiasged witR3gveae polaity oftregapooidiicigs Hlibput
vol t age V3,.appear. t the output,.of buffer 241. I o) are
conduct i o8 B ALt R Pt bRt 2P e £L80ER 11 C
out put valXlafite séfond MBstivaribmet 238d t he resi stance val ues of resistors
Rl, R2, and R3 (i.e., by conputing the currents flow ng through

resi st or s[06&5] RZITheR@bodimentofitharisgranteter shomneémkig) S inglhides agatiabéti griant

provi des . ' "% =El6S: . 2A and
2B. O herﬁ‘ééﬁ@{cggﬁ‘?gﬁ%(@%ﬁhe{%@%ﬁagr}gﬁgﬁﬁﬁ%&%s| st O_F@?lﬁgisc;ﬁdgs, and
buf f ers tesnfiggied irethe meunting Sele Sha for the XAFE stantdetfe The mowdinghole 512 is ysed to

bl ock di MR Fhe SHRSR B ANUITR S0STBH: hftHo:GkligNt
accordi ngﬁP@ﬁatgé‘lNF{ﬁégkfg{nl Ve enbodi rren?bof t he I nvent1 on. _Tnet Zystem
300 i ncl uliE®Faf eappqitencstappesrschsiiteenthe entpg 51 ofthy yasiable aein inypréingerpplifier

Ci T cui 1 Y5133 1 cRfbde 501 ofifidde 508, 38 ofkd dufbodin M 31y neRtokpalilive D
converters 302a-b, and a digital conputational unit "330. The current
measur emetAMpenanEsArG Jopnested bevigen the pulpls St thervarielle galn ivertingampbiier
measur i Ngs@uhd &8 tathdddists 6 dicde! shEY toGrtvide BChdiElEeqhill Gnd bifokticlh Yae SN 11
FIGS. 2A-2C _0045&The ten‘Perat ure controller 320 is electrical

coupl ed t o thedipdss SBiacmeltesleptrmetesobFip ovaltoderitieat petprsiopeier § Pgpnnected
conponent g 1of oulddes G Yr e VhridBRASH ifVERH: afblifidtis1d. YT HBtentidhn A 35 allows
enbodi nents, the tenperature controll'er 320 controls the tenperature
of the heater elenments to stabilize tifze tenperature of the critical




[0048] I n sone enbodi nents, the anti-alias filters 30la-b may limt
t he anal og bandwi dth to approxi mately 1.4KHz, which is confortably
bel ow hal f the 3750 sps sanpling rate of the AID converters 302a-b.
The anti-alias filters 30 la-b may al so attenuate the vol tage out put
signal s Vismeflllchdjdﬂm(eﬂt ifithe gbiyioafheampﬁmmam torohpantade foodliffereRtchpdchantek e

conver  of Jovetn B AL IOEs O TG A PR P e om the
3010, b VR cofibtal-HRRy Bpita ity °\‘%1 Byl 503,

t o m ni m thendsrmm thenegensnoflSe 6 qmq@plmtr&meembgmrfmmrs:e ofthe AID
t t
oot e AedTRBES £ PRI MR AR Yol B RORAA,
sone enbodithestVS valod) éromnmbeodf readimgedtdifterant iptegratiorolimesi vmjl ZetpssighRID
! . . _
conver era}pg%g Bleﬁerﬁﬁ%kﬂ%ﬁpmttg%ég&ﬁ%ﬁld BEndiQies fhe! n'Bls% i?x%ﬁ%ﬁpr ovi ded

converter OW Nnol se r rence vol tag n'ay al so
to the AllDrigontalaxis 69%sindionesthe hapdwidihin Hext: endibe Bght verood efiTHE indicates

el ectr O”Ethgfnt AR b IS BlnilsSQpid) Glinkdg e regreqérﬂdl th@ﬁqe&arwmo?se Lomakaplnh t

330, wh orms conputations on g} vol tage data out put
fromthe rmlmdblnw@m@ﬁlgtargegﬁ%glg@h@bmlﬁleé %@ﬁ%enwmww dat a.

Because th&Lﬁsthé@Lﬁ&esfs% ﬁstdegaesmahs&s Mete dRHPIRRpNorPANR iPwéEd O
of fset associated with them the digital conputational unit 330 may

apply a zbpghe heereticel I&ﬁfoﬁﬁél%lpa&ﬁ’ hegatias Pfhe SeHH 1t PPt veinber s

taken W tl nRe bitRdMigtiet gﬁﬁhennhmm&mnﬂ@sia%mnmme &2 16 Beffing RO Se
fromresistor R on small nal's (when current is not flow n

t hrough rtBesleyagsy temperatyrpel S gesC Hithg SlsHapetEy e %eat?deﬂéagwf%e
raw di gi txﬁa'nnm%ﬁﬁ%réiam defr@ER AMIRSCAD NG RFforaRAR AREDI vayasbseid the
resi st or (i the digital vol tage data corresponding to output
vol t age \iﬁ?orﬁtﬁcfl‘?‘hé absol ute value of the voltage data is |ess than

L0000 (e, G S M DO S Lol B

0.25 att emmﬁitarma of alohépaolahs dnhl dinabitli repabseints the ndtbad ndiye conhibntidnhie theudelt

vol t age V2 ssqci ated w er resistor R2 n In
sore enboaT R eEmP oS sRRTE caRBT o i el oh Areb O RERS o) |
dat a by &aTrHuaahegraphof CiGBahewd tkatftiernoisa amﬁl:meahle&ch resistofs&dtand R imctdages as

anti-ali ilt s301a . rrultlply by a factor of four to
conpensa?tg ;’ @Pb‘ eIy relﬁgjéﬁall%nn reas)es) whi ch may be needed to

adapt the r b e
g tal | cubdl, L HBSA-PEHEs f%é%%eé%#s%ﬁ%‘g ebthiier J6R0%s, ORHASGORSS .
the foll qnwﬁlgnae;mnawmeeeruatb& mu@teqmrpsl td @ttleé@nqy@tor aicplashito itafris eampabils ed

As(vo0q Tl At AIGRERY B BUhREbH AR {5 aﬁg Bk Jffﬁfu% e
V50MZ) 147@@9 the sigup] cuFte8Fhal been[lqrgex@ch thatipolow)lga %ﬁg]de )has Wlier e V206
is the VO ﬁg ;ﬁﬁ%c %B\Llh%eé}f‘te'b%mto@ed/sﬁa'tﬁa@ﬂl@ oGBINEES Letle 139443

associ ate er resistor RI, V200Z is the voltage read
fromthe Wl)@g t o-vol tage converter 3026 associated with the |arger

resistor RL wwth_zero S|f%nal input, V50G s the voltage read fromthe

anal og- t o039 t agie EERATFESS. Jao K meluded vertisal apistR Lovhichgpdipatesithe esi st or

R2, V5 CEZméa%urEJ‘ﬁm\éHﬂ 1&@9@. Aepladdra0idtitdheu @n@memaT Meichiedfe GROYEHHET
302a associated with the smaller resistor a zero input

si gnal , adnilligeeseyds. H‘%ralpl}h‘tftl: % TnHt showiths W%‘W%"é‘“ﬁﬁﬂﬁ@t‘]ﬁde of a
gi ven i npyhontRatidh The! et @ lines represent input current signals ranging from 6.10E-13

Amps to 6.91E-10 Amps. In particular, the graphs show that a current signal of 6.91E-10
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[ 0053] I n other enbodi ments, the digital conputational unit 330 may
convert the raw digital voltage data to a deci mal nunber and use that
nunber to determ ne whether the voltage VI is greater than 156nV or
ot her predeternm ned voltage value. For exanple, FIG 4 is a flowhart
of a procgmps @0in ABI 710) saﬂgd todess thippd EivbhAmgs indeselthgi 2@uns.Cinrother tvoids,iin

based on UL B8 daP 290k B FeBAY tie " D conver ters of the system o
TG 3 Moh SLALLLAL. d@é%ilibfidg}rugﬁogg%an%&%a%%ﬂeﬂ@%{gﬂlt ROl BB P!

is read f conver dat a
is converarendcmqnutd:eharmare fanwers, shft@areNentt gombunah@m@étl@nm'fhed whet her

assbo at ctiepionsin i Eahithuc DRt 0L Aol IEEarflLhREE | PV
series ( eengzodled)m, an[Defprngatidn G@riesf e.6l iGa mag)ihe-eadphle storage dgviceotor Fy@gutxon

vol t age I S ated
accorgl ng "t ?E&ﬁ?o@ é\#ﬁﬂnéggg%{agkg&"ﬁnégb?&% e%}ta IJ{(%Tro I nput))/R1)
+ {(V2 - NQC(CZS@h@GDmpUQr)9r/r$@t)plf(¢m?83)ltef5€1 herwi se, the current is

cal cul ated according to the follow ng equation: |I = (V1 - Vi (zero

i nput ) ) / AE0§1316)A contpufer prog@NAap be WEttenin apygun afposrqubing j3gedses s a

schemat i Ci,di, @8 @Mphta &nm@%?e@erdriﬁﬁﬁég%i afkCi€ EinGhe AEb16yRd & ¥l B, including as
illustrative enbodi nent of the invention. The el ectronet ger11 e<t51§corcll ng

to this exfRsdiaiAnmProp@mQsas @@eﬁhéa CPBPRRERtiSURiONeefrOffigE uHiuLRhl 10F Be iny

si gnal by, dsipihelAPirdd@iehs Ofo P‘Bgﬂnrc&dbdl&ﬁ@yécno baelecited én dnever se
par al | el confpl guration. Speci of di oqes 50 la-b are

air
connect e&omutﬁfa?réplnéﬂltlpé%@“‘&ﬂeﬁﬁb%‘lfsﬁf?‘Hﬂttr 2erossanuliinle sites &dy | o | y,
the pair gfercdhReesbpPdsmbuniatorcepiekt ed in parallel and arranged with
reverse polarity. Finally, the pair of diodes 503a- b are connected in
paral | el [aost]ar rl\aétm:&rktaps tdn h:e(pmécrrﬁled pobriror In}bre mexmnabﬂeSprodesxdrsodes

501a-b, 502a-b, and 503a-b nne Series t :
oo T o Bt fore” SREBRP B TR I el 87 bESaBELRTEN
232. [ 00hiakne gaizhddg omptt. Methbh etepslcerclsoirrieeormsh bywand appeiag:s c& be

| ud i 1 of
the var i ABPERstERes roRR bRk PP BP b b EP QA el G A G gd 1 ©
mount i ng dhﬂb{)&)rEﬁASi@(ﬂpblb&tlﬂTSEEﬁlﬁilahgmifGﬂ circhitp Urnita nan mfgr teglogiobd of thes

dt t th d
ggg b Sg tSﬁLﬁIJ Otrglb%'?%rel V#a{/%rlq é‘%%és%g%?gltc?rgm%? htah‘ran i%ﬂa%ﬁ't? %%t ﬁgé’noﬂ;m?' ode

capa anc appears between the

out put 5

cat hode. 2098%; 3%%%@%%%%‘@%% e Uich b Sk AIFRl] b i BLAENG 81
capaci t i vexawplephothgeneralzngé speoiahaEnosmisEAPIRsessors 1#8d By gHa Pr HATE PETESPE
vari abl e i ode
503b (0 p%%b?ﬁgﬁ"éf%%tsi‘%eﬂ%e%taﬁ’}*rﬁfa“?%%5%2%?%‘“?5&?“29%%@5% a2

di odes 50fBem pread-hely slemont B gsndpm@pcers memasy af both. The pysendial gements of a

pot ent i ong teISéIréa BI%Q&?&?@QX&CQH&&ES@%&Q bndohe onfnoFe %n%?}r de@masefog ain

|nvert|ng a frer he potent|orreter 515 al a smal
adj ust nerﬁtorina ntsﬁectlgaa fﬂlddﬁfat Fenezatiy! 3 fopppteswitl alsg "&Mﬁéﬁ %ﬂaﬂ%ﬁly

di f f er ent . GARALIERRE Afta @@h"éﬁ ﬁ’%sfe‘? dary lod%othd biRds %10%3 Bolgs @t R8s of

manuf act uring vari ances. [0056] The performance of enbodi nents of the
i nvent i orsiering dpe, eJeagneiisgmagnetopiigal disks, preopHenl disksa Alatartpaspisigngnd e

FIG 6 isSjz@n@dfié@Rbad alléoLb%&Lﬁ'%@ér@&o&ﬂﬁm@&ioﬁsene%rf(Or mance of the
el ectrometer of FIG 5. The noi se was neasured by taking the standard

devi ati onpogegui vmfoﬂﬂatuoh @arh&e sﬁwev@lem@bdyfﬂg%mautwmm Qfstrmoﬁa@lu angs at
di fferent |ntegrat|on ti.nes vm h zero scé_(r:;qnal &%Q ged The |

vertical %43 eclagsellifprmseEncyupiat Eo‘?“”'mrﬁ"‘ iy %y 8 e"taﬁlélerfﬁl?‘%" UHonps,
the hori zgé}h@}/ dévides, 00 FPRON, EBEPROM, Aed P eheindiylieliBestRndrgtic dind, d.he
right vertical axis 602 indicates the i ntegration tinme in

mlliseconds. Line 614 represents thggtheoretical noise attributable




Anps (705 in FIG 7C) settled to less than 2E-14 Anps in less than 20
ms. In other words, it settled to less than 29ppmin |l ess than 20 ns.
[ 0060] The above-descri bed net hods can be inplenented in digital

el ectronic circuitry, or in conputer hardware, firmwvare, software, or
i n conbi niatetmahisarddisiislveramoVitde disks] reageeib-apiicahdiganand € DaR Obhgud tDAFD-BOdYr am
product, rogr t mat i on
carrier, &mk% The 0 rgce%% i %é;m?’g% g%’lt_’%qgéplgér%ngggg\% %gm’p ?rgggédxsggcq l| on
by, or tcpmmmak@kchhmnoperatlon of, a data processing apparatus,

e.g., a progranmmabl e processor, a conputer, or nultiple conputers.

[ 0061] A cl8hgslit erThetasyanit capseddenini meaap binhis aphfintitgd t, afofpyragiranmi ng

| anguage, . HEt U gneapmu}l egfoﬂﬁs SRR KL UCh AG0ER0 R0 YT can be
depl oyed I'n any I'n as a stand-al one program or as a
modul e, cenfizsmestio] ressiebn@dﬁrftss@le smrag@mwéwmmnﬂporéiguqeém xequironpseof n g
conput | n%&@g}&&@&? Nk unﬁnﬁ?ﬂ@ﬁiflﬂir pgﬁfaﬂﬁ ﬁm}&%teg%lﬂ%%la&}’ﬁ HupGseb®

execut ed ne co ers at” one site or
di st ri butisigsrated ets%utrﬂﬂ)iﬁﬁﬂ%b 0§AS% ’%bﬁ%l avﬁlﬁ @ﬁk@ﬁh@%tbwabyf ggample,

COMUNI CaloldhnddR WBK & sofRRE 2dHRInBAY o%E&Bﬁerﬁ&f‘soh@ar@%ﬁqﬂfn@ﬁg chys one or

nore progranmabl e processors executing a conputer %gran1to per f or m
f unct i onsCOBIPOREHES apGiAEROMPANGSF: IPEERtitHgteNs alt'ﬁ‘BEPE’S gropedursn FURRHEESt | ng
out put. Nethaek W@&e,ains&s,bﬁmﬂ%f@rcfw@hel Roait, ARPadiates, daaAn be

i mpl emented as eci al purpaose |19 circurtr an FPGA (field
progr am’raﬁl‘?ﬂ‘@?“rgétt"’é’ﬁéﬁ"é% a‘&\'vaﬁi’Plf?-‘\SlT%e ﬁ'ﬁﬁﬁ’f’?!l%l’m}é/‘ﬁ ‘g%g‘é"lﬂ?q CMPAREGr at ed
Ci rcuit) . anhitsndaR co@bigéd h M toBpmeds addhQitCQTtHeLfepiraegmeon and/ or
the processor/special circujtry that inplenents that functionality.

[0063]Prd@é@gﬁﬂgxgﬁPPﬁﬁ?@‘mEﬁ the execution of a conputer progr am
| ud f t h | d
i or opr oddishy & Vain et i e Rl RELaF RS 8 RS erei

di gi tal owillpuiue to thése pesordinhiy,skitl irpmeene%tmmtmﬁaftmg domitheespirit sod the sdopns
and data fron1a ead- onl not. Lo Bl aR cC or h
The esserftii¥] "“@P{é P@"‘b’%’j' g%%"&&%%}? &pe lgveél %1“ %nrtog% eaggl%erd nf)ggte?%rgctﬁa’? ?‘hg

i nst ruct i itessrativediesriptior bubinsteadiyriinr spirid evd sceys of dhe fatoinggimsst ruct i ons
and data. Generally, a conputer will also include, or be operatively
coupled to receive data fromor transfer data to, or both, one or
nore mass storage devices for storing data, e.g., magnetic,
magnet o- opti cal disks, or optical disks. Data transm ssion and
instructions can al so occur over a conmuni cations networKk.

[0064] Information carriers suitable for enbodyi ng conputer program
instructions and data include all fornms of non-volatile nenory,

i ncl udi ng by way of exanple sem conductor nenory devices, e.g.,
EPROM EEPROM and flash nmenory devi ces; magnetic di sks, e.g.,
internal hard di sks or renovabl e di sks; nagneto-optical disks; and
CD- ROM and DVD- ROM di sks. The processor and the nenory can be

suppl enented by, or incorporated in special purpose logic circuitry.
[ 0065] The term "unit" as used herein, nmeans, but is not limted to, a
sof tware or hardware conponent which perforns certain tasks. A unit
may advant ageously be configured to reside on addressabl e storage
medi um and configured to execute on one or nore processors. A unit
may be fully or partially inplenented with a general purpose
integrated circuit (1C, FPGA, or ASIC. Thus, a unit may include, by
way of exanple, conponents, such as software conponents,

obj ect-oriented software conponents, class conponents and task
conponents, processes, functions, attributes, procedures,
subroutines, segnents of program code, drivers, firmwvare, m crocode,
circuitry, data, databases, data structures, tables, arrays, and
vari abl es. The functionality provided;for in the conponents and units



[ 0066] Vari ations, nodifications, and other inplenentations of what is
described herein will occur to those of ordinary skill in the art

w t hout departing fromthe spirit and the scope of the invention as
cl ai med. Accordingly, the invention is to be defined not by the
preceding illustrative description but instead by the spirit and
scope of the following clains. CLAIMS 1. An electroneter,
conprising: an anplifier having an ¢&pXefdd Ng i nput, a non-inverting

i nput, and an out put; first and second resistive el enents each
having a first end and a second end, the first ends of the first and

second re isti%eepuenqﬂts(Flectrlcally coupled to the inverting input
of the an%lifi I CSREPRNE LR end of the first resistive el enent

electrically cou d to the out put a
et b ,

f th [ifi : buf f
havi ng a hi gh 1 ViR YRS PR, ¢ Bot e g, A7d R QUBHE  ho

second resistiye el.enent electrjcall upl ed to the input of e

ot rer | epbr ol SR RERD o et Yol g adir vl ot hend a1
a subst anfiks@dndy oP@Y kst GhARLEEnd Rsidiveldlémstts Medthiads @lipled® Beffefingand

at | east one diode electrically coupling the output of the anpllgler

to the sdepH®!diwamydifiehendtbe sasand end oftthe/drseregisiiyn clement elppically coupled
electronq qﬁ66Q§nﬁbfﬁghﬁgm?g;ein the at | east one diode conprises a
a lowlea

first diode an ade and | ow capaci tance second di ode havi ng

a first end a . P f S d_di
electrically gﬂ%%%g§£$§§%ﬁ%g?%%%ﬁm%%m@ﬁgﬁgg?ggppbteﬁgég@gﬁgogﬁ1 of

t he secomdcatidaddstk ebdmentekbdtyicatipuephgiad tootht bpuf off thé balfergehereid.a chirgae
electrometer .of claim2 furfher conpriging.g third resistive elenent
ol ect 11 cdb Ry LS Fegof e PhE TSR b PRETLL A R BS o BegRbunG.

4. The elwuhioimh&burtd; £ldai m 2 wherein the first diode is a small
signal silicon diode. 5. The electrometer of claim2 further
conprising a teRalat dode 6RBEEAl Qupaaihk Sipatot iRe Shaidritd e sb&nd
tenperature of at |east the second diode, t he amplifier, and the
buf f er. engof figsceandaesiviveclement clai m | wherein the at | east one

di ode conprises pairs of diodes, each pair being electrically coupled
in parallel and arranged with reverse polarity. 7. A nethod for
measur i n@. cur rlbetlecromper of adgm Isehagtinghaatfleassenevbddeagepaisestanfersiodidgeut
of an amplifi.er; onput i a current, based the fjrst voltage
and the  FRd pdeeakegsyand 16 eapaciidhe spcpd dindg havpe iy ep el ¢ Seenigided
bet ween ake fiRveld dfig: icodnd diede dlargri@p|cblipled toaRdlinphito Ak Biter Qhe td26nd

anplifier if the first voltage_ is below a predeterm ned | evel; and
end of the second diode electrically coupled to the first diode.

3. The electrometer of claim 2 further comprising a third resistive element

electrically coupling the second end of the second diode to ground.

4, The electrometer of claim 2 wherein the first diode is a small signal silicon diode.

5. The electrometer of claim 2 further comprising a temperature controller
configured to stabilize the temperature of at least the second diode, the amplifier, and the
buffer.
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sensing a second voltage at the output of a buffer, the buffer
configured such that a change to an input voltage of the buffer
results in a substantially equal change to an out put voltage of the
buf f er; conputing a current based on the first and second

vol tages and the resistances of the first resistive elenent and a
second resistive elenent, the second resistive el enent being

electricajly ofnh&s BRIPMELAADE whBLE! the BdedsPBEE 4iBd lifslogr and
an input of the bu%g(e)r, el\l\? tﬁle vg?lt aget out Bust ﬁém?%@aﬁp%dflqseo? S
above t hedipdesdetck pair heidg Elevigically coupled in parallel and arranged with reverse polarity.

7. A method for measuring current, comprising:
sensing a first voltage at the output of an amplifier;

computing a current based on the first voltage and the resistance of a first resistive
element electrically coupled between an inverting input of the amplifier and the output of

the amplifier if the first voltage is below a predetermined level; and

sensing a second voltage at the output of a buffer, the buffer configured such that
a change to an input voltage of the buffer results in a substantially equal change to an

output voltage of the buffer;

computing a current based on the first and second voltages and the resistances of
the first resistive element and a second resistive element, the second resistive element
being electrically coupled between the inverting input of the amplifier and an input of the

buffer, if the voltage output from the amplifier is above the predetermined level.
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