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Generd Cdibration Requirements

Regardiess of the type of DMM, cdlibration adjustments are performed to reduce ingtability in the offset, gain,
and linearity of the transfer functions of the signd processing circuits. Each of the functiond blocks in a
DMM's measurement section is subject to these sources of varigtion in performance.

Theory of Calibration Adjustment

Assumethat dl of the DMM'ssignal processing blocks have atransfer function of:
y=nmx+b

Where
y = the output
x=theinput
m=thegan
b = the offset from zero

The DMM is designed in such a way that m has an exact nomind vaue such as 10 and b should be zero. For
example, whenmis 10 and b is zero, y will equal 10x.

When m is not equd to its nomind vaue, al vaues of y will deviae from nomina by the same percentage.
When b is not equa to zero, dl vaues of y will be offsat from their correct value by a constant amount. Even
though m and b deviae from ther nomind vaues, the dope of y as a function of mx + bshould be a straight
line. (Departures from a sraight line are refared to
as nonlinearity.)

A DMM operates under this y = mx + b sRul
relationship. It takes an unknown input x (whether Heacing actuni—sfp?
in voltage, resistance, or current), and converts it to 4

y (in volts, ohms, or amperes). This is what is fr 4 leal
displayed by the DMM. Hgure 17-12 depicts the
vaiaions in gan, offsst and linearity for a typica
DMM. Traditiondly, these deviations are referred
to asgain, offset, and linearity errors. .

CHSPLAY
=

Voltmeter pecifications are based primarily on ",
offset, gain, and linearity: the % of reading Ful ’
specification isthe gain uncertainty. T N —
- Full Scale 4} + Full Scale
Zero uncertainty is due to voltage offsets in the adc iNPUT

amplifiers and comparators, gain uncertainty is tied T
to inaccuracies of the dc voltage reference and any Figure 17-12. Offset, Gain and Lineerity Vamiations
gandetermining networks of the adc.  Linearity

uncertainty is due to secondary error sources, such as mismatches in resdive ladders of the dac in R
converters, or dielectric absorption errors by storage capacitors, resulting in adrooping response at full scale.

In addition to these sources of uncertainty, some DMMs have spurious voltage spikes, dc bias currents, and
pump-out currents present at their input terminads. These can introduce errors in the output of the MFC
calibrating the DMM.
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Internal References

Every DMM has a dc voltage reference.  References range from 1 V to 15 V The dc voltage reference is used as
the reference for the adc and is the limiting factor for the DMM's best accuracy for dl voltage and current
measurements. DMMs
may or may not require
sepaate cdibration of the
dc voltage reference.
Often, the DMM design is
such that an  actud
measurement (usng
another DMM) of the dc
voltage reference is  not
required. Ingtead, a known
input voltage is applied to
the unit under test (UUT),
and an adjustment is made
until an accurae
representation of the known
input voltage appears on
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the UUT display. Figure
17-13 is an example of a - —
typical high precision direct Figwre 17-13, Pracision Divecr '5&1[:;15: Refevence

voltage reference.

Also, in any DMM, there are one or more resstor —

references that determine the accuracy of the resistance _
converter. Most DMMs do not require a separate Eﬁm’fmi
measurement  of the reference  resstors  during 5
cdibration. Ingtead, a standard resistor of known vaue
is applied to the DMM, and the DMM is adjusted for
the correct reedout. Figure 1714 illustrates a typicd
res stance reference. |
54.Ek
| NS TR =
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i Akt gll:er:r: Hmawn Aeflarance
Frgure 17-14. Resstence Reference
ADC Adjustment Consderations

Since dl functions use the adc, it must be cdibrated as one of the first steps. Some DMM cdibration schemes
cdl out separate adc and reference cdibrations, other schemes merdy cdl out dc voltage range cdibrations and
do not burden the cdibration technician with the specific details of the adc cdibration. DMMs whose
procedures do not cal out separate adc adjusments do have internal corrections. The cdibration procedure
smply cals for an adjustment in the sraight-in dc voltage range firs. This range, going directly into the adc,
has unity gain and thus has no significant error in scale factor. The cdibration procedure will often cal for a
zero offset adjustment of the dc range, and then the adc is adjusted.
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Integrating ADC

The integrating adc has smpler cdibration adjustments than successive gpproximation adc. The mgor error
source of this type of converter is the dc voltage reference its cdibraion adjustment can be as smple as
gpplying a known dc voltage of about the same megnitude as the dc voltage reference, and then making an
adjustment within the DMM so that the adc's displayed output is the same within an acceptable tolerance, as the
applied input.

Some integrating converters have a more complicated cdibration adjustment near zero volts The dew rae of
both the integrator and comparator can cause errors near zero volts, these errors are often polarity senstive.  As
aresult, there may be one or more adjustments near zero voltsto correct for thisanomaly.

Traditiond dud-dope converters often exhibit dielectric absorption in the integrating capacitor. This
phenomenon is caused by the capacitor's memory effect which results in a nat-as-predicted integrator output
voltage over large voltage swings, that is, near fullscale inputs. An uncorrected dua-dope converter will
typically droop by 10 to 50 ppm near both postive and negative full scae. To correct for this, the adc is
adjusted with a known near-full-scae input applied. For more information on dielectric absorption, see Chapter
33, "A Rogues Galery of Parasitics”

R2ADC

The R? converter cdlibration adjustment procedure generdly requires more adjusment points to correct for
mismatches in the resistive ladder networks that make up the dac. And certain steps of the cdibration may need
to be repeated a number of times (iterated) for optimum results. Very specific voltage inputs are required during
the cdibration, forcing the R? converter to use various combinations of the dac ladder. Iteration alows the
matching between the resistors of the ladder to be more accurate. R cdibration is no more demanding than the
cdibration of a smple dua-dope converter. It is easly accomplished with MFCs such as the Fluke 5700A,
which alow quick keyboard entry of any voltage.

DC Voltage Range Cdibration

DMMs usualy have full-scde ranges of 200 V dc, 300 V dc, or 1000 V dc, typicaly divided by factors of 10 to
determire the lower ranges. Norma cdlibration practice limits the testing of ranges to jugt less than full scde
This is because most DMMs are auto ranging,
= and will go to the next higher range if the input is
a certtan pecentage of full sde So the
cdibration voltages for DMMs with full-scde
ranges of 200 V dc usudly follow a 190 mv, 1.9

gLt + 190 k!
i Canpue 19%
g . V,19V, 190V and 1000 V dc sequence.
é” - 8 JArjust for Modern MFCs take advantage of this structure.

Iy il For example, the lower four of the ranges in the
L preceding lis are very quickly calibrated by the
iR Fluke 5700A by setting up its output on the

lowest range and then using its MULTIPLY
OUTPUT BY 10 key to step through the next
threeranges.

Mazsurament Common 57

J"‘I;l{ln't !?-15.1||V';.:'.l‘;'ﬂ.-"‘u.l:f.-:'\-l1'|:u-l.( The zero on each range may dso need to be

adjusted or recorded. This is usually done by

applying an external short to the DMM input and taking the appropriste action. After the zero is adjusted or
recorded, the full-scae input voltage is gpplied and the range gain is adjusted.

For example, assume tha a DMM's adc operates within the range of +20 V Its 200 mV dc range scdes the input
sgnd x 100 to keep the full-scde adc input to within the proper range, as shown in Figure 17-15. The amplifier
usad in the 200 mV dc range has a voltage offset error, and the gain provided by the feedback is not exactly 100.
Thiscausesascaefactor error.
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The calibration procedure is to apply a short circuit to the input to the amplifier and adjust the DMM reading to
exactly O V dc. This would be followed by an input near full scde, in this case, 190 mV dc. The DMM is then
adjusted to display the exact input voltage, In effect, the user is making the gain exactly 100. A DMM
cdibration may also require an input of opposite polarity, -190 mV. This is to correct either for secondary
linearity errors of therange amplifier, or for linearity errorswithin the adc.

AC-DC Converter Calibration

AC-DC converter cdibraion is smilar for dl types of converters. Amplitude adjustments are often made a two
or more frequencies on each range. Zero adjustments are not usualy made.

Average Resgponding AC-DC Converters. Cdibration adjusment of average responding converters corrects
for devidtions in the equation y = nx + b However, the b term is solved not for inputs at zero volts, but
typicaly for inputs at 1/10 th or 1/100 th of full scale. This is because precision rectifiers tend not to work well
a zero volts input. Near zero volts, they rectify noise that would otherwise ride on the input waveform and
average to zero. By moving the b term cdibration off of zero, this problem is avoided. For more information,
see Chapter 33, "A Rogues Gdlery of Parasitics.

TRMS AC-DC Converters. True rms converters need smilar cdibration of ranges a full-scde and a near-
zero input levels.  But true rms circuits have an even greater problem near zero volts than average responding
conveters.  For example, andog log/antilog schemes employ a precison rectifier, resulting in noise rectification
problems like those associated with an average responding converter.  Also, since the displayed output voltage
is:

"'l'll I"'Ilu:-i'.c! + st-
Where
Vhoise =rmsvaue of the noisevoltage
Viig =rmsvaue of thesgnd being measured

Vey smdl input Sgnas cause the noise term to dominate.  Consequently, true rms cdibrations are
accomplished with inputs well above zero volts.

There are additiona adjustments to correct for errors in linearity of rms converters. If the DMM has a dc
coupled ac voltage function, there may be zero input adjusments to correct for offset errors of the scaling
amplifiers.

The ac voltage converter can have a separate cdibration for the true rms converter, but often its cdibration is
combined into the main ac voltage function cdibration. For example, if the true rms module can handle a 2V
full-scde waveform, the 2V ac range should be cdibrated firdt; then adjust the true rms module. The other
ranges are then adjusted to correct for their gain errors.  In some cases, the true rms module needs more than two
different inputs to correct for linearity errors For example, an ac voltage cdibration adjusment may cal for
inputs of 19 mV, 190 mV and 1.9V onthe 2V range.

Scding sections, averaging converters, and true rms converters have resisive and capecitive errors. A maor
condderation when cdibrating ac voltage is frequency response. The generd requirement is to use a congant-
amplitude calibrator that covers the entire frequency range of the DMM. The converson tekes some time, and
dewing through the pass band is time consuming. Because of this, spot frequency checks are usudly made
instead.

Low frequency cdlibration is generdly peformed a 400 Hz to 1 kHz. The high frequency adjusments are done
aterwards.  The frequencies used for high frequency adjustments are largely determined by the capacitive vs.
resgtive characterigtics of the scaing circuitss.  When making a high frequency adjustment, one of two actions is
performed:
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*= The actud frequency response of a scding amplifier or atenuator is physically adjusted. See Figure
17-16.

= The DMM's frequency response a cardinad points is stored in its nonvolatile memory. The DMM
firmware then displays the correct reading at any frequency by interpolating between frequency points.

The second method requires a

DMM with an interna frequency

counter  to  determine  input DM Input Adust 95 ot R
frequency. — [ -
Resistance Converter T °
Calibration — e BV R
Cdlibration of resistance in N
converters  generdly consists  of i
zero and gain adjusments.  For 1 -

e(a‘nplev %h range Of the Moasurement Common AV

DMM's resistance function is first

corrected for proper zero reading.

Then a nea-full-scde input is :
goplied to esch range and Figure 17-16. Preguency Response Adjustment
adjustments are made if necessary.

When cdibrating DMMs with 4wire resstance capability, resstance sources should have remote sensng
capability, as with the Fluke 5450A Resistance Calibrator and the Fluke 5700A MFC.

In the 2wire setup, the sense path and ohms current path are on the same set of terminals. Resistance errors due
to the connecting leads can be dgnificant. In generd, proper connection of 2-wire resstance cdibration for a
meter with even 100 mW resolution can be a problem. Fluke has addressed this problem in the 5700A, which
has its 2wire ohms compensdion festure. The 2-wire ohms compensation feasture of the 5700A virtualy
diminates the effects of lead resistancein a2wire hookup.

Sepaate 2 and 4-wire resstance cdibrations could be specified in cdibration procedures.  Since the 4-wire
sense path is the same as the dc voltage signa conditioning path, dl tha is required is to correct the gain of the
curent source for resstance converters with current  sources. However, second-order effects cause
discrepancies in gpparent gain when the dc voltage amplifiers are configured to sense either a dc voltage input
directly or the voltage across the unknown resstor. Because of this, many of the higher precison DMMs
require calibretion for both 2= and 4-wire resistance. For more information on contact resistance, insulation
resistance, leakage currents, and bias currents, see Chapter 33, "A Rogues Gallery of Parasitics.”

Current ConvertersCalibration

Both ac and dc current converters are cdibrated by applying a known current and adjusting for the correct
reading. Direct current converters correct for zero and gan; aternating current converters correct for down:
scde and full-scde response. Typicdly, thee ae no high frequency adjustments for dternating current,
primarily because current shunts are not inductive enough to cause sgnificant errors reative to the DMM's
specifications.

Other DMM Calibrations

There are other characteristics of a DMM that require cdibration. The DMM must not only measure dc voltage
to a high degree of precision; it must dso have a minima loading effect on the source voltage. One aspect of
circuit loading is the biss current error of the DMM's dc voltage amplifiers -- how much current does it draw
from the circuit under test? Many high end DMMs, with bias currents in the 10 pA region, require a bias current
adjusment of the dc voltage scaling section. These adjusments are made by comparing the DMM reading with
a low impedance zero input againgt a high impedance zero input. The adjustment itsdf adds or subtracts an
actud bias current into the main dc voltage amplifiers.
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Simplified DMM Cadlibrations
Closed-Case Calibration

The cdibration of microprocessor controlled, IEEE-488 bus or RS232 communicating DMMs has been
simplified by automation. The DMM itsdf may provide a grest ded of the automated capabilities. However,
externd software, running in a PC, provides even more advanced cdlibration automation.

DMM manufacturers dl redize the benefit of smplifying the calibration task. The HP 3455A had a removable
module containing the direct voltage and resstance references that could be sent to the cdibration laboratory
separately. However, this also required manua adjustments for complete dternating voltage calibration.

The Fuke 8500A was the firss DMM with digitally-stored cdibration constants. An optiond cdibration
memory stored various offsets and gain corrections for each range and function in non-volatile memory. This
dlowed it to be calibrated quickly with the covers on for most functions The 8500A was not yet a fully
digitdly-cdibrated instrument, because periodicdly some opencover high-frequency calibration adjustments
wererequired.

An early DMM to offer full closed-case, digitaly-stored cdibrations was the Datron® 1061, which extended the
concept introduced by the Fluke 8500A to include high frequency adjustments by dac programming of varactor
diodes to replace trimmer capacitors. The limitations which older instrument designs had placed on cdlibration
time and reguirements for human intervention could now be circumvented.

Since then, the Fluke 8840A has dmplified the closedcase cdibration process even further: a cdlibration
procedure built into the instrument firmware prompts the user through the exact cdibration steps.  Average
cdibration time is approximatdy 12 minutes in an automated system. Furthemore, the 8840A was one of the
firg precison DMMs with no potentiometer adjusments a al, eiminating even the socdled onetime-only
factory adjustments. This DMM, from the date of manufacture or after any repair, could be calibrated with al
coverson.

Closd-case cdibration, dong with the advent of IEEE488 bus controllers and cdibration instruments
controlled by the IEEE488 bus, revolutionized the traditiond DMM cdlibration by fully automating it. This
automated process is often referred to as closed-loop calibration.

Closed-L oop Calibration

Closed-loop cdibration is one of the most Significant instrumentation developments in recent years. The loop is
the connection between the messurement of an insrument's performance and the actuad readjusment of its
operating characterigtics.

For example, in a manua calibration of an andog voltmeter, the operator first applies a short circuit to the UUT
and adjudts the zeroing screw on the face of the meter; then removes the short and applies a known voltage,
adjusting a potentiometer for the correct reading a full scde The loop begins with the technician's
interpretation of the reading, goes through the hand that turns the screwdriver, and to the screw being turned.
The changein instrument response asthe screw is turned is monitored by the technician to complete the loop.

With a programmable source and UUT connected by a suitable digitd interface (such as the IEEE-488), the
computer can set the source and UUT to the right range and value, then interpret the WT performance. But if
performance is modified by turning a screw on the UUT, ether a complex robot am or a human am is needed
to makethe adjustment.

Closd-loop cdlibration eiminates the need for any kind of arm in the loop. New digita techniques use a
microprocessor to store zero and gain corrections into nonvolatile memory. These are then gpplied in red time
to modify the displayed reading. Ingead of solving the y = mx + b equation by trimming resistor values or dc
voltage references, the eguation is solved and corrected in software.  Electricd parameters of the dc voltage
scding circuits, for instance, are no longer changed; the DMM displays the correct reading y by using its
internal microprocessor to apply calibration constants m and b to the digitized value of input x.

Closed-loop cdlibration is adso possble for those circuits that do require a change in dec, trical performance.
For example, high frequency ac voltage adjusments can condst of dac reprogramming of varector diodes. Or a
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dac can be reprogrammed to physicdly readjust the dc voltage sense amplifier bias current. The programming
information isthen stored in nornrvol atile memory.

For a DMM cdibrator, the system can send the correct range and function over the IEEE488 bus, apply the
desred gimulus to the anadlog inputs, take the resultant reading back over the bus, and command a change in the
digitdly-stored correction.  The loop is closed by the sysem CPU, and the hand on the screwdriver is
eliminated. The operata is necessary only to connect leads and initiate the process.

ClosdHloop cdlibration has resulted in faster, more repeatable, higher qudity cdibrations. ClosedHoop
cdibration has other benefits as well. Customer demand for it has forced DMM manufecturers to actudly
design a higher quality product. Many DMMs today do not have mechanica potentiometers that wear out.
Secondary error sources, such as integrator capacitor didlectric absorption, which are not easily correctable by
software, have been diminated by design.

For more information on closed-case and closedHloop cdibration, see Chapter 19, "Automated Cdibration.”
Artifact Calibration

Ancther recent development in cdibration is artifact cdibration and automaed internd cd, ibration.  This
method involves applying a few cdibration standards (for example, a 10 V dc voltage standard and a 10 RV
gandard), and designing the means insde the DMM to cdibrate al of its other ranges and functions using these
sdlected input values. For this purpose, the DMM contains voltage- and resstanceratio and ac-dc voltage
transfer circuitry to determine appropriate range congtants for voltage, current, and resistance, and to derive ac
voltage range constants from dc voltage ranges. The internd calibration techniques are functiondly identica to
those ordinarily used in a cdibration facility.

In order to take advantage of dability performance that is much better than uncertainty or resolution, it is
important that the resolution of the cdibration constants be dgnificantly greater than the resolution or
uncertainty.  Otherwise, recdibration of the instrument will result in noticesble discontinuities in the results,
making the instrument unusable for monitoring accurate sgna sources with highresolution.

Artifact calibration istreated in detail in Chapter 16, "Artifact Calibration.”

Laboratory DMM Cdibration

The cdibration of laboratory DMMs raises interesting issues because, as their accuracy approaches that of the
cdibrator, the test uncertainty ratio (TUR) approaches 1:1. In these cases, the metrologiss must analyze the
uncertaintiesin his measurements to support using TURS of lessthan 4: 1.

Figure 17-17 is a dmplified block diagram of the
i dc voltage function of a laboratory DMM. Figure
17-18 is a dmilar block diagram for a precison

P E— DA Cuilput Apier multifunction calibrator (MFC).

As ingpection shows, the circuit elements of
Figures 17-17 and 17-18 are identicd but appear in

W:D > reverse order. As a matter of fact, it is easer to
T

Yral T

! manufacture the DMM because it uses smple
auT reSdive atenuators to reduce high voltage ac
voltage inputs to the 10 V levd a which it
= processes the attenuated signal.

= — = Because the best cdibrators and the best DMMs

Figiore 17-18. MFC Direcr Virldtzge Funcpion will have a 1:1 TUR for the dc voltage function,

users may wish to use additiond test equipment,

such as precision voltage dividers and secondary standards of voltage, to enhance the accuracy of the cdibrator's
direct voltage output (see Figure 17-19).
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It is ds0 possble to evduae the cdibraion results datisticaly. For example, if the test limits are set at 1.414
(sgquare root of 2) times the performance specifications for the DMM or cdibrator, the distribution of variance in
performance for a population of DMMs and calibrators will follow the curvein Figure 17-20.
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A modern cdibrator that uses atifact cdibration can collect a record of changes in its peformance usng
internd circuits. A personal  computer running data andyds software can andyze this record and assgn
accurate correction factors to the cdibrator's
output, thereby improving its TUR a each

cdibration point. [
|
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References  for this chepter are in  the _/\ _’/\
Resources Appendix. \ g
A
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Fegrere 17-20. Distrbupion --.I' L'::q_._-r:._u'n.!}- |':'n
s-Merrher DMM Poynalmiion

Table17-1. DMM Summary

Type Example Functions Comment

Fluke 8506A voltage, current, and |highly accurate, true rms ac voltage
Laboratory resistance sensor

Hewleft Packard 3458A | voltage,  current, and |artifact cdlibrated, |EEE-488 or
resistance manually operated

IEEE-488 bus and front-pane

Bench/ Systems Fluke 8842A voltage, current, and |controls. Evolved from early bench
resistance and systems DMMs of the 1960s and
1970s, such as the Fluke 8300A
voltage, current, | evolved from early bench DMMs of
Handheld Fluke 87 resistance, frequency, | the 1970s,such as the Fluke 8120A
time, capacitance, diode | and 8000A
tests, and more
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