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Abstract: The power is the most important electromagnetic When HF power enters the absorber, the self-balgnci
guantity from the metrological point of view, anor fthis loop withdraws an equivalent dc-bias power so to
reason the calibration techniques of high frequegmmyer counterbalance the additional temperature increase
meters require a specific attention. Literatur# stfers to  produced by the HF. The result is that to maintainstant
power meters of bolometer type, instruments that arthe total power dissipated in the absorber, butiltye of
mainly used almost only in the primary laboratariesthe principle of equivalence of the thermal effedtd
Definitions, procedures, and calibration techniquegpower is equal to the substituted dc power in thsoeber
elaborated for this instrument type must be adfubfore  [1]. Such an instrument is completely characteribgda
being applied to actual power meters, which work orCalibration Factor given by the following expressio
different principles. Otherwise, inconsistent cediiion K =/7(1_|/_|2 )
results may be produced. This paper is aimed te Hes

work of the laboratories that perform power metenyheres is theeffective efficiencyf the absorber, while™
calibrations from dc to 50 GHz, by elaborating @me s jts reflection coefficient. The parameter has been
technical aspect not well considered in the spee@l gefined as the ratio of théc-substitutedpower to total
literature. dissipatedpower in the absorber [2]. It is measured directly
with a calorimeter technique, while the reflection
coefficient /~ with a Network Analyzer. Bolometric
detectors are virtually free of linearity error bhase they
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1. INTRODUCTION work always in condition of constant power. No othe
Electromagnetic power is very important, becausenf Parameter is therefore necessary for characterthieng.
theoretical point of view, it is always a well dsfe Despite its simplicity, this instrument has techahic

quantity and in practice it is measurable even ighh drawbacks and is used almost only in the National
frequency (HF). Power measurement is a relativelyye Laboratories for realizing the primary power stamidgg].
exercise, particularly if done on coaxial transioisdines.  1he reason of this specific use is that bolomettwa
Anyway, HF power is always converted to dc-voltdge €asily tracing the HF power to the dc current, a
means a sensor-transducer system and then measitied fundamental Sl quantity. Power meter based on betoen
DVM. The simplest power meter scheme is realizetthwi  detection has however a limited dynamic range ¢ to
resistive absorber dc-biased by a self-balancimp,las 10 dBm), does not well support a power overload and
Fig. 1 shows. This circuit maintains constant theaaber ~Mainly is too sensitive at the absolute temperature

resistanceR(T) that is temperature sensitive. Very soon, the bolometric instrumentation will be
replaced everywhere by the more efficient one based

diodes or thermocouples [4]. Almost all modern
commercial power meters are based on these seys t
that may be indifferently accepted by the samerunsént
mainframe. The new instrumentation is however more
sophisticated than old bolometric power meters &ad
calibration process requires additional care. First
definition (1) is not appropriate for them and atsmt too
useful. Furthermore, the linearity of the sensansducer
becomes an important issue and a new coefficierst foel
introduced for obtaining a full effective calibmi of the
instrument. Therefore, the calibration procedusether
with the accuracy assessment must be criticalliseeV

Fig. 1: Scheme of an elementary HF power meter.



2. PURPOSE frequency of the power sensors. Calibrators mafope
the comparison efficiently also, [4].

The second step of a power meter calibration psces
concerns the determination of the frequency respohghe
power sensor, generally named Calibration FadéforAt
the state of actual art, this is known as the aalljbration
factor of a power sensor or power meter. The dédimi
given by (1) for the bolometric power meters is boer
not very useful for all the classes A, B and C,duse now
the sensoreffective efficiencyn may not be in general
measured directly and independently from the réfiac
coefficient /-, at least by a normal operator.

The aim of the paper is to provide technical sutiges
to which performs HF calibrations, because the texjs
references are mainly oriented to consider the rbetdc
power meters, in connection with realization of pinenary
power standard in the National Laboratories. Seldtma
technical documentation provides enough detailsiate
commercial instruments used by the other laboregori

Discussion can go further if an appropriate
classification of the existing instrumentation isnd. We
propose to group the commercial instruments in ethre
classes A, B and C, all being fitted with diode /and

thermocouple power sensors. Bolometric power meters At INRiM, but not only, cqmmerual the.rmoellectrlc
have been considered to introduce in the simplesiner power sensors have been modified to be calibragethst

the technique of the HF power measurement and ége primary power _standard, th_at IS, to use asribbload
historical reference note. In the following, theyilyo In the microcalorimeter. This technique allows the
highlight how different may be the calibration ,pedclre of determination ofn as in the bolometric sensor case, but the
the instruments based on diodes and thermocouptherr ©Peration cannot be easily done outside the primary

than resistors or thermistors, i.e. bolometers. laboratories. »

In the class A, we group all the power meters trat Anyway, for A and C cases{ may be most efficiently
fitted with smart power sensors, i.e., sensors tua defined as:
automatically and completely recognized by therimsent . )
main frame. Basically all new products appearedtien The ratio of the poweR, measured by the uncalibrated
market in the last years may be classified of #pe instrument to the pow®; measured by a standard when

In the class B, we put the instruments acceptinly o both are alternatively connected to a matched gatioer
sensors that require some manual setting befoneor
properly with the main frame. The so defined coefficient applies as correctionth®
Finally, in the class C, we put all tidack boxedor  meter reading only externally, because instrumehtdass
which HF power enters in and a dc-voltage is tlspoase, A and C do not generally accept updates of therriate
proportional in a same way to the HF input. The OEMcalibration factor list, if any.

instruments belong to this class, e.g. Class B power meters need another specific defmiti
for K. The reason comes from the instrument architecture
3. POWER METER CALIBRATION which requires the use of 1 mW at 50 MHz reference

. source and the definition ofraference calibration factor

In general, the power meter calibration consists i ; : o .
N~ ; or performing the instrument initial adjustment3].[
finding two parameters that may be consideredq, . . , )

riefly, now K is defined as [6]:

independently. The first one is the transfer cogdfit
input power - output voltageof the sensor versus power . .
I(evlzel. SIT’his coeﬁicriJent accgunts for the sensoredir:ity The ratio of the incident poweF, at the reference
versus power level and its determination, withoutrequency to the incident powelR, at the calibration
signification in bolometric power meters, for whatfrequency under condition that both powers prodtive
mentioned at section 1, is now mandatory for alBAand same sensor response, all still multiplied for th&erence
C instrument classes. The technical documentaties dot calibration factor kg:

stress on this particular. It simply addresses lithearity
- N —| Br

versus amplitude as an uncertainty issue rathen the K _(_JKR 3)
correction. P

Indeed, all commercial instruments are provideth \a&i
list of calibration factors that are function onbf the Very often, this complicated definition is the reasof
frequency. This is not trivial because the lingasiersus ~Misunderstandings and troubles for the users.
power gi\/es a huge contribution to the uncertah'usjget' It must be hlghllghted that theeference calibration
up to 5% and more, [3]. Anyway, we propose to defin factorkg is a number decided primarily by the instrument
dimensional coefficient as: manufacturer to set properly the instrument scelen

a= (dc otuput voltag)/ (HF input poweb (2) though it may be changed as convenience of theatper
anytime he performs the instrument calibration.

Conventionally it has zero uncertainty and it most be
confused with the calibration factor at the refeeen
frequencyKpg, that differs in value fromkg only slightly,
but is a real measured coefficient and as sucletafieby an
uncertainty.

We propose also to include the values of this cdefit
a in the calibration report of each power sensoteid of
a typical linearity error that is only useful fohet
calculation of the uncertainty level of the instemh
Measurement ofr may be done for comparison with a
precision step attenuator calibrated at the lowestking



4. CALIBRATION METHOD AND SET-UP

The calibration of the power meters is usually dbge
comparison to similar instruments, but which rarahe
primary standards. The most used experimental msasu

type of power meter under calibration, providechéglect
the non-relevant terms, when it is appropriate:

(4)

KUX ) ( M SRIE)( MUX IPU_X KSX )KJR
MUR PUR M SX PSX KSR

The meaning of the symbols is the following:

based on a resistive power splitter, whose menitslianits
are illustrated in the literature [7]. The basibesme of such
a set-up is reported in the following Fig. 2.

Kux Unknown Calibration Factor at generic frequency.
k,r Reference Calibration factor.

Ksx Standard Calibration Factor at generic frequency.

Reference Charnel

Gengralor Is Standard Ksr Standard Calibration Factor at reference frequency
- E— SR Rx Measured power by Unknown at generic frequency.
Rr Measured power by Unknown at reference frequency.
Sensa = P,, Measured power by Standard at generic frequency.
Psr Measured power by Standard at reference frequency.
Test Channel

Myx Mismatch generator—unknown at generic frequency.
Myr Mismatch generator—unknown at reference frequency.
M s Mismatch generator—standard at generic frequency.
(Mg Mismatch generator—standard at reference frequency.

Fig. 2: Scheme of a basic calibration set-up for peer meters.

Though the scheme of Fig. 2 is very popular in al
laboratories because it is easy to implement asy &arun o ] o
by computer, we suggest performing power meter Formula (4) is given assuming t.he readers are famil
comparisons on amplitude-leveled generators, astwrb With the basic concepts and terminology relevantto
alternative. This reduces the error due to the iapee POWer transmission. They are recalled in a previeork
mismatches more efficiently. Figure 2 shows an eparof [6], together with an explanation of (4), but soadglitional

a leveled generator obtained by means of the sawerp Commentis hereby necessary. .
splitter. The explicit expression of the mismatch factorsfithe

To obtain a good impedance matching, a directionaype M« =|1_ /-L/-G|2_ It depends on the complex product
coupler should implement the T-junction instead aof

resistive power splitter, becauskits higher directivity and of the reflection coefficient of the power sensprand the
insulation between the reference and test chafiihéd. has ~ reflection coefficient of the text porfs. A test port is
however a cost in term of frequency agility. Indeedusually referred as an equivalent generator, becaaser
directional couplers, even of the coaxial type, &ss the power sensors see the real generator portgUkim
broadband than a resistive power splitter that,, epy Scheme of Fig. 2, the operator should alternatively
works from dc to 50 GHz. exchange the standard with the unknown so to cogsgten

However, it has been evaluated that the residudhe asymmetry of the T-junction, at least partially this
mismatch condition obtained both with the solutioh case for the equivalent generat@ the worst value should
Fig. 2 and Fig. 3 is good enough for the all tHeofatories  be considered of the two output ports of the posysitter.
that have to produce calibration certificates, [7]. This is however only a technical suggestion and aot

mandatory step of a calibration process.
Due to the impossibility of measuring; the mismatch

"_<} factors are considered only as error terms andnae$un

Leveling loor practice equal the unit. Consequently, the knowdealigthe
reflection coefficient of the test ports is relevamly for
the accuracy assessment of the calibration reaalisany
self-consistent criteria of estimation may be ategpAt
INRIM, e.g., it is used to evaluatg&; through the measured
scattering parameters (S) of the T-junction, anratjen
that is not difficult if a vector Network Analyzeis
available, [7].

Formula (4) allows an easy uncertainty evaluatiba o
power meter calibration, because it includes a8l énror
sources that are relevant for the process. Thel tota
systematic uncertainty of the calibration processype B
uncertainty, according to international metrology

Independently by the mentioned measurement set-Upgpcabulary [8], is obtained by applying the error
we can write a measurement equation that applieanyo propagation classic law at (4). Because this istomal

Standard
Power Meter

H=1
Test Port
H=0

Fig. 3: Improved basic set-up for power meter comgrison.

Unknown
Power Meter




fractional formula, a very simple expression isaitd for the comparison is made at relatively low frequer®@g0
type B uncertainty if each error term is conside@d kHz at maximum, mismatch contributions may be
relative term. The type B total uncertainty neglected, at least in a first approximation.

Ug = 4, results in the square root of a square sum: The concepts presented apply mainly from dc to 50
GHz, a frequency band covered by commercial coaxial
power sensors. Beyond 50 GHz it is very difficatfind
coaxial devices that need to be calibrated. Atdfage of

where each square term expresses an uncertairﬂq actual art, it is_ necessary still to _realizeve@Jide
contribution relevant to quantities previously defi. We POWer sensor for which, of course, (4) still holds.
point out that the reference calibration factgy does not
enter in the expression of the uncertainty for thason
mentioned in section 3. Although power meter calibration seems a simple
Now we want to highlight the contribution to the operation, authors observed that many errors agpdhe
uncertainty of the initial setting, an operationatthis comparisons and in the proficiency tests perfornbgd
requested by class B instruments. In our experigndeed, accredited laboratories.
operators find it very often difficult identifyinghis The main sources of these errors are insufficient
contribution and simply neglect it or do wrong ettion. clearness in the definition of the measurand, togewith
Provided to use the reference generator of the poweot properly right interpretations of the caliboatiprocess.
meter under test for measurements at the referendde proposed power meters classification should emak
frequency, the uncertainty contribution due to thiial  possible a reduction of the misunderstandingsneé avith

\/AZKSX +A2KSR+AZPUX +A2pUR +A2PS>< +A2PSR+A2MUX +A2MUR +A2MS>< +A2MSR

5. CONCLUSION

adjusting results only related the expression: a commented calibration model that is inclusiveabfthe
M P 1 significant error terms.
™M = f Ko (5) We also propose to introduce a dimensional coefiici
UR UR SR

that account for the nonlinearity of the power sess
where Py, R are measured terms affected by a statisticajersus the power amplitude, so to be able to p@aureal
uncertainty, Kz comes with its uncertainty from a complete calibration of the devices. Up to now,sthi
certificate andM g, My, are terms assumed equal 1 withParticular has been neglected mainly for histonieason.

] The Primary Laboratories are indeed still usecetdize
an uncertainty 0fﬂ/§|/_ L||/— e|- and to maintain the HF primary power standard bymse

Class A instruments and in some sense also class B of bolometric detectors, which do not require to be

not need the troublesome manual setting, before eharacterized with such a coefficient. The evolutid the
measurement can be performed. Therefore, formu)a (4echnique and instrumentation will request it, esguby
reduces to: inside the National Laboratories.

Mux | Rx
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