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Abstract

Microwave frequency power measurement is one of the main types of the measurement for measuring instruments
and systems in the radio frequency range. Therefore, improving the accuracy of measuring the microwave frequency power
requires the establishment of more precise standards, and the development of calibration methods for meters of microwave
frequency power is an urgent task. Microwave frequency power standards that are used to calibrate the relevant measuring
instruments must ensure high accuracy of the unit size reproduction over a wide measurement and frequency range.

The study allowed determining typical calibration schemes for meters of microwave frequency power. For measurements,
the calibration scheme for meters of microwave frequency power by the method of a direct comparison with the help of
a calibrator when measuring the absorbed power of microwave frequencies is substantiated and suggested.

The proposed methodology for evaluating the uncertainty of absorbed power measurements can be used when calibrating
power meters in the frequency range from 30 MHz to 18 GHz. It allows determining the most significant components
of the combined standard uncertainty of the absorbed power measurements of ultrahigh frequencies, as well as to receive
the result of the corresponding calibration. This methodology can also be used to evaluate the uncertainty of microwave

frequency directional measurements.
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Introduction

Modern mobile and wireless technologies require
the use of measuring instruments such as spectrum
analyzers, antenna-feeder analyzers, circuit analyzers,
ultra-high frequency (microwave) signal generators,
watt meters, and power sensors. These measuring
instruments are used for measurements during the
establishment and operation of communication
networks and other systems. Watt meters are used
both for direct measurements of microwave power
and for measurements of such parameters as losses in
transmission paths and reflection coefficient, as well
as for calibration of various measuring instruments in
the frequency range from 30 MHz to 18 GHz [1-5].

Microwave power measurement is one of the main
types of the measurement for devices and systems in
the radio frequency range. Therefore, improving the
accuracy of microwave power measurement requires
the establishment of more precise standards, and the
development of calibration methods for microwave

© HHIL «Inctutyr merpoJorii», 2022

power meters is an urgent task. The microwave power
standards that are used to calibrate the relevant
measuring instruments must ensure high accuracy of
the unit size reproduction over a wide measurement
and frequency range.

Metrological traceability of microwave power
measurements at the national level is provided by
the National Primary Standard of the unit of power
of electromagnetic oscillations in coaxial paths in
the frequency range from 0.03 GHz to 18 GHz
(DETU 09-06-05).

Statement of the problem, aim and objectives of the
study

The purpose of the paper is to define approaches
for the calibration of microwave power meters, in
particular:

* to study basic calibration schemes for mic-
rowave power meters (PMs) in a wide range of fre-
quencies;
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* to evaluate main components of the combined
measurement uncertainty when calibrating microwave
PMs and to make up the uncertainty budget;

* to define calibration features for microwave
PMs according to the suggested method.

Basic calibration schemes for microwave power meters

Typical microwave calibration schemes are well
known. In particular, they are provided in [3—6]. For
absorbed power watt meters and for directional power
watt meters, the direct comparison method and the
comparator comparison method are used. In Fig. 1—4,
calibration schemes for PMs in the frequency range
from 30 MHz to 18 GHz using different methods
are shown. In Fig. 2—4, the calibration schemes
for absorbed microwave power are shown where the
designated RPM is a reference PM, and DUT is
a device to be calibrated.

Using the method of direct comparison (Fig. 1),
the power from the microwave signal generator and

attenuator is measured simultaneously by meters from
the directional and absorbed PMs. If the watt meter to
be calibrated (DUT) measures the power output, then
the absorbed RPM is used. If the DUT measures the
absorbed power, the directional RPM is used. PMs
consist of a detector and a measuring unit or a power
converter and an indicator unit. Frequency control is
performed by a frequency meter.

Using the comparison method with a comparator,
the power from the microwave signal generator and
attenuator is measured alternately by the RPM and
DUT. At the same time, a constant value of the signal
power is maintained on the comparator. As a com-
parator is used the directional PM (Fig. 2) or absorbed
PM (Fig. 3), which together with the power splitter
constitute the transfer standard.

State Enterprise “Ukrmetrteststandard” (Kyiv,
Ukraine) uses the method of a direct comparison
using a calibrator (Fig. 4). A two-way resistive power
divider is used, which is recommended for accurate
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Fig. 1. Direct comparison method
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Fig. 2. Comparison method using a comparator (directional PM)
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Fig. 4. Direct comparison method using a calibrator
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power tracking and providing low values of the
equivalent output standing wave ratio (SWR) [4].
The RPM and the power divider comprises a power
calibrator. This method, in contrast to the method of
a direct comparison with the help of a comparator [3],
allows neglecting the SWR DUT when evaluating the
uncertainty of power measurements. In this case, the
recommended power level from the calibrator output
should be in the range from —10 dBm to 10 dBm,
and the SWR DUT should be commensurate with the
SWR RPM (not more than 1.33) [4].

Evaluation of the uncertainty of absorbed power mea-
surements when calibrating power meters

The evaluation of the uncertainty of absorbed
power measurements when calibrating PMs in the
frequency range from 30 MHz to 18 GHz is carried
out using the guidelines and recommendations on the
measurement uncertainty [6—8].

The nominal value of power P (f) at frequency f
is obtained by multiplying the measured value of the
absorbed power P(f) by the frequency calibration fac-
tor K(f):

P(f)=P(f)-K(f) (1)

If the power is measured in relative units, the
nominal value of the absorbed power is calculated by
the formula:

B, (f)=P(f)+k(f), 2)

where k(f) is the calibration factor expressed in dB:

k(f)=10-1g(K(f)). (3)

The model equation for determining the calibra-
tion factor of the watt meter k_for measuring the
absorbed power at one frequency f has the following
form (in dB):

k. = (Pe +0P, +k, +5kdrffr)_(Px +OP, +8F, +3F,), (4)

where P, is the measured value of the absorbed power
of the RPM;

OP, is the correction of the measured value of
the absorbed power for a certain scale resolution of
the RPM;

k, is the calibration factor of the RPM;

ok i is the correction caused by the drift of the
calibration factor of the RPM;

P_is the measured value of the absorbed power
of the DUT;

dP is the correction of the measured value of
the absorbed power for a certain scale resolution of
the DUT;

dP, is the correction of the measured value of
the absorbed power of the DUT at the deviation of
ambient temperature from 23 °C;

OP , is the correction by other factors.

The average values of the absorbed power,
measured respectively using the RPM and DUT, are
determined by the formulas (in dB), respectively:

_ 1 &
P =10-1g| =) '10" |, (&)
ni-

_ 1&, B
P =10-1g| =) 10" |, (6)
nigy

where P is the i-th measured value of the absorbed
power of the RPM; P_ is the i-th measured value of
the absorbed power of the DUT; n is the number of
measurements.

The standard uncertainty for type A of the
measured value of the absorbed power of the RPM
u,, is determined by the formula:

1 4l —\2
%ﬁkaJ;E:BEX%—E), (7

i=1

where k,_is the coefficient for the number of mea-
surements less than 10 [9], which is determined by
the formula:

P Ly
n-3
The standard uncertainty for type A of the

measured value of the absorbed power of DUT u, ,
is similarly determined by the formula:

®)

1 S =2
=k - |—> (P,-P.) . 9
UA,P): n \/n(n—l) iZI( xi x) ( )

For taking into account the correlation in the
couple of measurements of the absorbed power of
the RPM and DUT, the correlation coefficient is
determined by the following formula:

n

2. (P ~F)(R~P.)

bl , (10)

o=
n

TS )

i=1 i=1

The correlation coefficient is taken into account
when evaluating the uncertainty, if the following
condition is met:

n—2
21,45(n—2),

(1

1-r

ex

where f,,(n—2) is the Student’s coefficient for the

probability of 0.95 and the effective number of the
freedom degrees is n—2.

The combined standard uncertainty u, of the
measured value of the absorbed power is determined
by the formula:

_ [2 2 2 2
uA - \/cPeuA,Pe + CquA,Px + 2raxcPeuA,Pechu (12)

A,Px
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The standard uncertainty for type B of the RPM
calibration factor Uy ke is obtained from the RPM
calibration certificate.

The standard uncertainty due to the final reso-
lution of the RPM and DUT impressions complies
with a uniform distribution law and is determined by
the formula:

107
Usp, = Ugp, = m’

where rd is the number of the last significant digit of
the measurement result.

To evaluate the calibration uncertainty from
the drift of the RPM calibration factor, one should
determine the limits of instability for the intercalibration
period © i defined as the maximum deviation value
during the observation of the calibration factors K, year
and K for two consecutive years:

e,year-1

13)

®a’riﬁ = max|10 . lg(Ke,year ) -10- lg(Ke,year—l )| (14)

Taking into account the uniform distribution law,
the corresponding standard uncertainty is evaluated by
the formula: 0. .

u, =—1 (15)
3

The standard uncertainty due to the deviation of
the ambient temperature from 23 °C when calibrating
DUT in the temperature range from 20 °C to 25 °C
is determined by the formula:

up, = o, (T —296.15), (16)

Tx

where T is the ambient temperature (Kelvin); o, is
the standard deviation of the temperature coefficient

remaining for DUT after the correction of internal
temperature.

For diode sensors o, is 0.0015 dB/K, and for
thermal sensors it is 0.0005 dB/K.

For all components of the type B uncertainty
the sensitivity coefficients ¢, are calculated as partial
derivatives for all input values.

The total standard uncertainty of the calibration
factor u, _is evaluated by the formula:

Uy, :,Iuj-i-Zcizuf, 17)

where u, are the values of the standard measurement
uncertainties for type B.

Uncertainty budget of absorbed power measurements
when calibrating power meters

The evaluation of the uncertainty budget of
the microwave absorbed power measurements when
calibrating PMs can be considered through the example
of the calibration results of the R&S®NRP-Z22 power
converter at the frequency of 18 GHz (Table 1).

The value of the calibration factor at 18 GHz from
the calibration certificate is 0.0131 dB with 0.0261 dB
of standard uncertainty.

The value of the calibration factor at 18 GHz
from the calibration certificate of the NSC “Institute
of Metrology” of the KPK-18 calibrator with the
R&S®NRP-Z51 power converter is 0.0131 dB with
0.0261 dB of standard uncertainty. The calibration
is performed using the National Primary Standard
DETU 09-06-05.

The correlation coefficient is equal to 0.9026, i.e.
the conditions of expression (11) are met: 3.63>3.18.
The resolution of the R&S®NRP2 indicator unit for

Table 1
The evaluation of the uncertainty budget of the microwave absorbed power
measurements when calibrating PMs
) Estimation of the Standard . Sensitivity Uncertainty
Quantity . ] ) Probability ] o
input quantity uncertainty, o coefficients, contribution,
X, distribution
! x,, dBm u(x,), dB c, u(y),dB
P, 8.2678 0.0248 normal 1 0.0248
oP, 0 0.0029 rectangular 1 0.0029
k, 0.0131 0.0261 normal 1 0.0261
Uy 0 0.0200 rectangular 1 0.0200
P 8.2453 0.0293 normal -1 -0.0293
oP 0 0.0029 rectangular -1 -0.0029
oP,, 0 0.0045 rectangular -1 -0.0045
opP 0 0.0200 rectangular -1 -0.0200
k. 0.0356 - - - 0.0406
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measurements of absorbed power is 0.01dBm, and
the standard uncertainties u,,, and u,, are 0.0029dB.
In the temperature range from 20 °C to 25 °C the
maximum temperature deviation is 3 °C, and since the
R&S®NRP-Z22 converter is a diode, the value of u,,
is 0.0045 dB. The value of the standard uncertainty
u,, due to the influence of other factors, such as
inconsistencies in the path, zero offset, noise, and
repeatability of the connection, is taken as 0.02 dB.

The expanded uncertainty of the calibration factor
is evaluated by the formula:

R&S®NRP-Z22 power converter at 18 MHz is
recorded as: (0.0356 = 0.0812) dB, or (1.0082 =+
0.0189) units.

Conclusion

The conducted research makes it possible
to determine the typical calibration schemes for
microwave PMs and to choose the calibration scheme
for use in the laboratory of State Enterprise “Ukr-
metrteststandard”. The suggested methodology for
evaluating the uncertainty of microwave absorbed

power measurements is used to calibrate PMs in
the frequency range from 30 MHz to 18 GHz.
This methodology can also be used to evaluate the
uncertainty of microwave directional power mea-
surements.

U=2-u,. (18)

is 0.0812dB or
result of the

The expanded uncertainty
0.0189 units, so the calibration

Oco0mBoCTI KaJIiOpyBaHHSA BHMIipIOBa4iB MOTYKHOCTI
BUCOKMX i HAJJBUCOKHMX YaCTOT

O.M. Benuyko, B.B. lamaH, C.M. KypciH

HepxasHe nidnpuemcmeo “YkpmempmecmcemaHOapm”, 8yn. MempornoziyHa, 4, 03143, Kuie, YkpaiHa
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AHoTanis

CyyacHi TexHOJIOTii MOOUIBHOTO Ta 0e3ApOTOBOTO 3B’3Ky IMOTPEOYIOTh 3aCTOCYBaHHSI Pi3HOMAHITHUX 3ac00iB
BUMIpIOBaHHSI HaABUCOKMX YacTOT. BUMiploBaHHSI MOTYKHOCTI HAJBUCOKHUX YaCTOT € OAHUM 3 OCHOBHUX BUJiB BUMipIOBaHHS
JIJI 3ac00iB i cucTeM pajaioyactoTHoro fianazoHy. [ligBUILIEHHSI TOYHOCTI BUMipIOBaHHS IOTYXKHOCTI HAJBUCOKMX YacTOT
BUMMara€ CTBOPEHHSI TOUHILIMX €TaJIOHIB, a po3po0OKa METO/IB KaliOpyBaHHS BUMipIOBayiB MOTYXXHOCTI HaJABUCOKMX YaCTOT
€ aKTyaJIbHUM 3aBHaHHSIM. ETaoHM MOTYXKHOCTI HaABUCOKUX YACTOT, SIKi BUKOPUCTOBYIOTLCS ISl KajliOpyBaHHS BiAIOBiTHUX
3ac00iB BUMipIOBaHHsI, MOBUMHHI 3a0e3IeuyBaTi BUCOKY TOUHICTh Yy HIMPOKOMY Jiala30Hi BUMiplOBaHb Ta 4acToOT.

IIpoBeneHi AOCHiIKEHHS Aau 3MOTY BU3HAUMTH TUIIOBI CXeMM KajiOpyBaHHSI BUMIipIOBauiB MOTYXXKHOCTI HaJABUCOKHUX
yacTtoT. JJid BUMiploBaHHSI OOIPYHTOBAHO i 3alpOMOHOBAHO CXeMy KasiOpyBaHHSI BMMiploBayiB MOTYXKHOCTi HaJABHUCOKUX
YacTOT METOIOM Oe3MOCepeHbOTO TMOPIBHSIHHS 3a JOMOMOIOl0 KajibpaTopa MpM BUMIipHOBaHHI MOMIMHEHOI MOTYXKHOCTI
HaJBUCOKUX YacTOT. Y Wil cXeMi BUKOPUCTOBYETbCS MOMITBHUK IMOTYXXHOCTI Ha JBOX PE3UCTOpPAX, SIKUII PEKOMEHAOBAHO
3aCTOCOBYBATH JIsi TOUHOTO Bi[CTEXEHHSI MOTYXHOCTI Ta 3a0e3MeYeHHs] HU3bKOTO 3HAUYEHHSI €KBiBaJEHTHOIO BUXiTHOTO
KoedillieHTa CTOSAYOT XBWJIi.

3anmporoHoBaHa METONOJOrisl OliHIOBaHHSI HEBU3HAYEHOCTI MOTY>XXKHOCTI
BUKOPHMCTOBYBATHCSI MPHU KaliOpyBaHHI BHUMipiOBauiB MOTYXXHOCTI B miama3oni wactor Bim 30 MIu mo 18 I'Tu. Bohna
BPaxXOBY€E i [O3BOJISIE BM3HAUUTU HAMOIAbII CYTTEBI CKJIAJOBi 3arajbHOi CTaHIAPTHOI HEBM3HAYEHOCTI BUMipHOBaHb

BHUMIipIOBaHb MOMIMHEHOI MOXe

MOTJIMHEHOI TOTY>XKHOCTI HAJABUCOKMX YacTOT i OTpUMATU pe3yjabTaT BiAIMOBIZHOTO KaiiOpyBaHHs. Bu3HaueHO ymMOBU
BpaxyBaHHsI KoedillieHTa KopeJisilii BUMipIOBaHb €TaJOHHMM BUMIipIOBauyeM IMOTYKHOCTI Ta BUMIipIOBaYeM MOTYXKHOCTI,
SKUI KaliOpyeThcsl. 3a3HaueHa METOMOJIOTiSI MoXe OyTM BUKOPHMCTAaHA i IS OIliHIOBAaHHSI HEBM3HAUEHOCTI BMMipIOBaHb
MPOXiMHOI MOTYXXHOCTI HaABUCOKHUX YacTOT.

KniouoBi cioBa: BUMiplOBaHHSI; HEBM3HAUYEHICTb BUMIpIOBaHHSI; BUMIiplOBau IOTYXXHOCTi; MPOXilHA TMOTYXHICTh;
MOMIMHYTA MOTYXXHiCTh; MiIKPOXBWJIbOBA 4acTOTA.
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OCo00eHHOCTH KAJHOPOBKH M3MepHUTEeNeii MOIIHOCTH
BBICOKHX M CBEPXBBICOKMX YACTOT

O.H. Benunuko, B.B. 'amaH, C.H. KypcuH

locydapcmeeHHoe npednpusmue “YkpmempmecmcmaHOapm”, yn. Memponoauyeckas, 4, 03143, Kues, YkpauHa
velychko@ukrcsm.kiev.ua

AHHOTAIMSA

H3MmepeHre MOITHOCTH CBEPXBBICOKUX YaCTOT SIBJISIETCSI OJHUM W3 OCHOBHBIX BUIOB WM3MEPEeHUI I TpubOpOB
U CUCTEM DaaMOYyacTOTHOro nuaras3oHa. [103ToMy MOBBIIIEHWE TOYHOCTH M3MEPEHMS] MOLIHOCTUA CBEPXBBICOKHX YacTOT
TpeOyeT co3maHusi Oojiee TOYHBIX STAJIOHOB, a Pa3paboTKa METONOB KaTMOPOBKU M3MEPUTENTEl MOIIHOCTU CBEPXBBICOKMX
YaCTOT SIBJISIETCS aKTyaJIbHOW 3alayei.

HpOBO,E[I/IMbIe UCCICA0BaHMA IIO3BOJIMIIM OIIPECACIUTbL TUIIOBLIC CXEMBbI KEUII/I6pOBKI/I I/I3MCpHT6IICI71 MOIIIHOCTHU

CBEPXBBICOKMX 4YacTOT. s mM3MepeHUs OOOCHOBaHa M MpEIJIOoXKeHa cXeMa KaauOpOBKU H3MepUTesieil MOIIHOCTU
CBEPXBBICOKMX YACTOT METOIOM HEMOCPENCTBEHHOTO CPAaBHEHMS C MOMOIIBIO KaJnbpaTtopa Mpy U3MEPEHUU TMOTIOIEHHOMN
MOILIHOCTUA CBEPXBBICOKMX YaCTOT.
[Ipennaraemasi METOOIOTUS OLIEHKU HEOMpPEIeeHHOCTU U3MEPEHUI MOTTIOLIEHHO MOIIHOCTA MOXKET HCIIO0Ib30BaThCs
npu KaauOpoBKe U3MepuTesieil MOIHOCTU B auana3oHe yactoT or 30 MI'n mo 18 I'Tu. OnHa yuyutbiBaer Haubosee
CYLLIECTBEHHbIE COCTABISIIOLIME OOILel CTaHAAPTHON HEONpPeAeIeHHOCTU U3MEPEeHUit. YKa3aHHasi METOIOJIOTUSI MOXET ObITh
WCTIONb30BaHA U TSI OLEHKU HEOIPeNeIEeHHOCT! M3MEPEHMIl TTPOXOMHONW MOIIHOCTH CBEPXBBICOKUX YaCTOT.

KiroueBbie cjoBa: U3MEPCHUE, HCOIPECACICHHOCTb M3MCPECHUA, MU3MCPUTCIIb MOIIHOCTU, ITPOXOAHAsA MOIIHOCTD,
rnorjonaeMasd MOIIHOCTb; MUKPOBOJIHOBas 4acToTa.

References

L.

Zhang Z., Liao X. A Microwave Power Sensor.
Huang QA. (Ed.). Micro Electro Mechanical
Systems. Micro/Nano Technologies. Springer,
Singapore, 2018, pp. 1077—1115. doi: https://doi.
org/10.1007/978-981-10-5945-2_32

Cui X., Meng Y.S., Shan Y., Li Y. Microwave
Power Measurements: Standards and Transfer
Techniques. New Trends and Developments in
Metrology. Luigi Cocco (Ed.). IntechOpen, 2016,
pp. 3—20. doi: 10.5772/60442

Shan Y., Cui X. RF and Microwave Power Sen-
sor Calibration by Direct Comparison Transfer.
Modern Metrology Concerns. Luigi Cocco (Ed.).
IntechOpen, 2012, pp. 175-200. doi: 10.5772/
34553

Meng Y.S., Shan Y. Measurement and Calibration
of a High-Sensitivity Microwave Power Sensor

with an Attenuator. Radioengineering, 2014, vol. 23,
no. 4, pp. 1055—1060.

. Rodriguez M., Celep M., Hudlicka M. et al.

Calibration of power sensors for low-power
measurement: Best practice guide. EMPIR
15RPTO01, RFMicrowave, 2019. 18 p.

. EA-04/02 M. Evaluation of the Uncertainty of

Measurement in calibration. EA, 2021. 78 p.

. JCGM 100:2008. Evaluation of measurement

data — Guide to the expression of uncertainty in
measurement (GUM 1995 with minor corrections).
JCGM, 2008. 138 p.

. M3003. The Expression of Uncertainty and Confi-

dence in Measurement. Edition 4. UKAS, 2019. 81 p.

. COOMET R/GM/32:2017. Calibration of mea-

suring instruments. Algorithms of processing mea-
surement results and uncertainty evaluation.
COOMET, 2017. 39 p.

14

Ukrainian Metrological Journal, 2022, No 2, 9-14



