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Abstract

Implementation of modern requirements for the quality and stability of radio communications, including the required
data rate in industrial and atmospheric jamming, is impossible without accurate measurements of signal power at the
output of transmitting devices in the transmitter-antenna section. Such measurements are performed using power analyzers
that measure both incident and reflected waves. These parameters allow calculating the standing wave ratio, which makes
it possible to ensure optimal coordination of the transmitter with antenna, the required power modes and the efficiency of

the transmitter as a whole.

The paper presents main results of the research on the evaluation of measurement uncertainty when calibrating of the
analyzers of the throughput power of high-frequency signals in coaxial paths.

The structural scheme and equations (model) of measurements, and features of calculating uncertainty budget are
described. The basic principles for obtaining continuous calibration results in the whole range of measurements are revealed.
An example of presenting calibration results in graphical form is given.

The content of quantitative and qualitative indicators of corrections that must be taken into account during calibration to
achieve the highest accuracy of measurements is revealed. It is expedient to use practical results of researches on calibration
of throughput power meters in many areas connected with telecommunications and transmission of radio signals.
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Introduction

BIRD Power Analyzers 5000, Anritsu ML2495A
and similar devices are used to measure the power of
radio frequency signals. Thanks to them, it is possible
to measure the power of both incident and reflected
waves simultaneously, which makes it also possible to
calculate the coefficient of standing wave in automatic
mode [1]. The standing wave ratio affects the efficiency
of the “transmission line — load” system, the maximum
value of the power transmitted by a communication
line, as well as the generator operation mode. These
parameters are determined to ensure the quality and
stability of communication, including the required data
transfer rate in conditions of industrial, atmospheric
interference, etc. Measurements of signal power and
calculations of the standing wave ratio are performed
in the following cases:

* initial commissioning, during which the
transmitter is coordinated with an antenna;
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* optimization of transmitter network and modes
of their operation;

* ensuring sanitary standards of radiation in the
coverage area.

High-frequency signal power measurements
are used in the following areas of science and
technology: telecommunications; analog and digital
radio broadcasting; air, land and sea transport;
defense; the sphere of communal services; safety and
security; fire protection; navigation, radar, telematics,
etc. The power of high-frequency signals is measured
during the development and operation of the
following communication facilities: universal mobile
telecommunication systems of 2G (GSM), 3G (UMTYS)
and 4G, GPRS packet data systems, EDGE high-speed
data transmission systems, high-speed packet data
systems HSDPA, Bluetooth wireless data transmission
system, Tetra digital tracking radio communication
system, APCO / P25 citizen safety communications,
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Fig. 1. Power meters and power sensors of high-frequency signals in coaxial paths

DMR digital mobile radio communication and
MOTOTRBO time-based digital radio communication,
Trunking concept radio communication systems with
access to a wide range of users, communication sys-
tems with multiple code (CDMA, WCDMA) and
time (TDMA) distribution, LMR high-reliability com-
munication systems, GPS global navigation satellite
transmission stations and others, transmitters of radar
stations for various purposes and radio actions, pa-
ging, WiMAX long-distance radio systems, WLAN and
Wi-Fi wireless LAN, etc. Measurements of the power
of high-frequency signals, as a rule, are carried out at
the output of transmitting devices of communication
systems. The means of measuring the power of
high-frequency signals include many such devices
as analyzers and power meters, wattmeters, antenna
testers and antenna analyzers. They differ in frequency
and dynamic ranges, application conditions (laboratory
devices and portable devices for field operation), as
well as construction technology (analog and digital)
(Fig. 1). The general metrological characteristics of
the specified measuring equipment are as follows:
the range of the measured power of radio signals is
from — 67dBm to + 60 dBm, frequency range is from
0 Hz to 110 GHz, accuracy of measurements is from
+ 0.15 % to £ 7 %. The reliability and accuracy of
power measurements is ensured by calibrating these
measuring instruments.

The power analyzer should be understood as a po-
wer meter equipped with a power sensor (Fig. 2).
Calibration of power analyzers by direct comparison
can have four options depending on the standard
equipment, as well as on the measured power:
throughput or absorbed. Below is a summary of main
features of these options.

When calibrating throughput power analyzers, the
following can be used as a standard:

1) standard signal generator as a measure of power;

2) standard absorbed power analyzer connected in
series with a calibrated analyzer.

When calibrating absorbed power analyzers, the
following can be used as a standard:

1) standard signal generator as a measure of power;

2) standard absorbed power analyzer included to
replace the calibrated analyzer.

The article analyses and describes the method of
calibrating throughput power analyzers using a standard
power analyzer connected in series.

The problem in carrying out the calibration of
throughput power analyzers is the absence in modern
scientific literature of a specific and detailed descrip-
tion of calibration methods in the full range of measured
power values that would meet the requirements of [2].

The purpose of the article is to present the results
of the development of a methodology for calibrating
throughput power analyzers of high-frequency signals
in the full range of measurements from 30 to 60 dBm
and the frequency range from 2 MHz to 2.7 GHz.

The result of research

It is proposed to consider methods for calibrating
radio signal throughput power analyzers using digital
signal power meter Bird 5000-EX, which is used in a set
with Bird 5014 Directional RF Power Sensor (Fig. 1).
The metrological characteristics of Bird Model 5000-
EX Power Meter and Wideband Bird 5014 Directional
RF Power Sensor are given in [1, 3]. Rohde & Schwarz
NRP Standard Power Meter equipped with Rohde &
Schwarz NRP-Z Power Sensors, HAMEG HMS§&134
RF-Synthesizer and R&S BBA150 Broadband amplifier
are used to implement the measurement scheme. The
metrological characteristics of HAMEG HMS8134 RF-
Synthesizer, the Rohde & Schwarz NRP Standard
Power Meter (Fig. 1) and Rohde & Schwarz NRP-Z
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Fig. 2. Measurement scheme during the calibration of a throughput power analyzer

Power Sensors are given in [4—6]. Rohde & Schwarz
NRP Standard Power Analyzer has a line of power
sensors with a variety of frequency and dynamic ranges.
The scheme of measurements during the calibration
of the throughput power analyzer is shown in Fig. 2.
HAMEG HMS8I134 RF-Synthesizer generates
signals that are fed through Rohde & Schwarz BBA150
Broadband amplifier to Bird 5014 Directional RF Po-
wer Sensor from Bird 5000 Power Analyzer. From one
output of Bird 5014 Directional RF Power Sensor, the
signal is fed to Bird 5000-EX Power Meter, and from
the other to Rohde & Schwarz NRP-Z Power Sensor.
The signal power is measured simultaneously using
Rohde & Schwarz NRP Standard Power Analyzer and
the calibrated Bird 5000-EX Power Analyzer. Thus,
the calibration is carried out by a direct comparison.
In the measurement range above 45 dBm, before
applying the signal to Rohde & Schwarz NRP-Z Power
Sensor, it must be attenuated by 20 dB using Rohde &
Schwarz RBS 1000 Attenuator [7].
According to the measurement scheme, based
on the approaches described in [2], the measurement
model has the form of the following equation (1)

AW, =T, (W, = AW, )+ AWy, + AWy, + AW, +

+AW, + AW, + AW, + AW, — AW, + AW, + (1)

art

+AW. AW, + AW+ AW, + AW,

yatt tatt lerr >

where AW, is the deviation of the readings of the
calibrated Bird 5000 Power Analyzer from the reference
value; W,_ is the value measured by the calibrated Bird
5000 Power Analyzer, which is estimated by averaging
10 readings on the screen of Bird 5000-EX Power
Meter; W, is the value measured by Rohde & Schwarz
NRP Standard Power Analyzer, which is estimated
by averaging 10 readings on the screen of R&S
NRP meter; AW, is the deviation of the readings of
Rohde & Schwarz NRP Standard Power Analyzer
from the reference value specified in the calibration
certifi-cate for this point in the range; AW}, is the
correction of a mismatch in the electrical connector
between Bird 5014 Directional RF Power Sensor and
Rohde & Schwarz NRP-Z Power Sensor; AW, is
the correction of operating attenuation of signal in

Bird 5014 Directional RF Power Sensor; AW, is the
drift correction of Rohde & Schwarz NRP Standard
Power Meter since its last calibration; AW, is the
correction of temperature dependence of Rohde &
Schwarz NRP-Z Power Sensor; AW, is the correction
of temperature dependence of Bird 5014 Directional
RF Power Sensor; AW, is the correction of the
discreteness of the indicator readings of R&S NRP
Standard Power Meter; AW, is the correction of the
discreteness of the indicator readings of Bird 5000-EX
Power Meter; AW, is the attenuation in Rohde &
Schwarz RBS 1000 Attenuator from the calibration
certificate; AW, is the correction of signal attenuation
in the cable between Bird 5000-EX Power Meter
and Rohde & Schwarz RBS 1000; AW,,, is the drift
correction of Rohde & Schwarz RBS 1000 since its
last calibration; AW, is the correction of heating
losses of the measurement circuit elements; AW, is
the correction of parasitic losses due to the variability
of the consistency parameters when connecting the
elements of the measurement circuit; AW,, is the
correction of temperature dependence of Rohde &
Schwarz RBS 1000 Attenuator; AW, is the correction
of nonlinearity of the measuring system.

Based on the measurement model, we obtain
the uncertainty budget [8, 9] when calibrating the
throughput power analyzer at the frequency of
900 MHz at the point of 50 dBm, an example of
which is presented in Table 1. The numerical values
of the quantities and their uncertainties are obtained
experimentally and theoretically by calculation and
analysis of the reference data.

The calibration result at the specified measurement
point is as follows:

AW, (900 MHz, 50 dBm) =

=(0.595+0.029) dB, p=0.95.

Particular attention should be paid to the
correctness of mathematical operations with logarithmic
units.

It should be noted that calibration of throughput
power analyzers must be performed over the entire
range of power values. This calibration is performed
at several points in the range.

(2
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Table 1
Uncertainty budget when calibrating the throughput power analyzer at 900 MHz at 40 dBm
Quantity Estimate ur?zzlrlt(ell?trl(tiy, P.rob.abil.ity 2:[:1};22;{ cS:eni;iltcl:e]:nti c[igir?lrotz;inotz,
X, X, .u(xl.) distribution (A, B) . yjy)
in dB J in dB
w. 50.053 dBm 2.10E-03 normal A 1 2.10E-03
W 30.463 dBm 1.55E-03 normal A -1 —1.55E-03
AW, —-0.024 dB 1.10E-03 normal B 1 1.10E-03
AW, 0.41dB 1.40E-03 U-shaped B 1 1.40E-03
AW, 0.17 dB 4.30E-03 normal B 1 4.30E-03
AW, —-0.014 dB 3.80E-03 normal B 1 3.80E-03
AW, 0dB 7.50E-03 normal B 1 7.50E-03
AW, 0dB 1.00E-02 normal B 1 1.00E-02
AW, 0dB 2.89E-03 rectang B 1 2.89E-03
AW, 0dB 2.89E-03 rectang B 1 2.89E-03
AW 20.014 dB 1.20E-03 normal B -1 —1.20E-03
AW, 0.44 dB 1.30E-03 U-shaped B 1 9.19E-04
AW, 0.011 dB 1.00E-03 normal B 1 1.00E-03
AW, 0.011 dB 1.00E-03 normal B 1 1.00E-03
AW 0.015 dB 1.10E-03 U-shaped B 1 7.78E-04
AW, . 0dB 1.80E-03 normal B 1 1.80E-03
AW, 0dB 1.00E-04 normal B 1 1.00E-04
AW, 0.595 dB Combined standard uncertainty 1.493E-02
Effective degrees of freedom n > 200 k=2

Expanded uncertainty (p > 95%) 2.987E-02

Fig. 3 shows an example where calibration is
performed at 7 points in the measurement range from
30 dBm to 60 dBm within the interval of 5 dBm.
At these points, a calibration result similar to (2) is
obtained.

To obtain a calibration curve (calibration diagram),
an approximation of the tabular data AW, should be
applied. For this purpose, appropriate software is used,
which allows obtaining calibration results in the form
of a set of numerical values, an equation (polynomial)
for constructing a continuous graph, which shows the
dependence of the deviation AW, from the point of
the power range at which measurements are made.

As a result of experimental studies, it was revealed
that obtaining the most accurate calibration diagram,
which gives the smallest distance to the points of the
calibration results with the highest smoothness of the

calibration curve and provides approximation using
polynomials of the 5" and 6" orders. When using
polynomials of the 5™ order, the value of the reliability
of the approximation R? is 0.9963 and 0.996, and when
using polynomials of the 6™ order — R? is 1, i.e. the
error of the approximation is close to zero and equal
to zero, respectively. Therefore, as the order of the
polynomial decreases, the approximation error also
increases.

Similarly, a calibration curve is obtained for the
uncertainty assigned to each point in the measure-
ment range.

It is better to give the result of the calibration in
a graphical form using a calibration curve (Fig. 3),
which will make it more convenient to make neces-
sary corrections when performing measurements by
users.
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Fig. 3. Graphical way of presenting calibration results (a calibration curve)

In the case when the calibration result (deviation
and associated uncertainty) needs to be calculated
more accurately, it is advisable to use the mathematical
expressions of the polynomials obtained during the
approximation (the equation in Fig. 3).

Throughput power analyzers must be calibrated at
the frequency at which the user will measure the signal
power. If there are several such frequencies, calibration
should be performed at all frequencies separately. The
standard power analyzer must be calibrated at all
required points in the dynamic and frequency ranges
with the appropriate metrological traceability. In the
absence of a reference generator and amplifier with
necessary signal parameters (power, modulation type,
duty cycle, coding, etc.), it is advisable to carry out
calibration at the customer’s facilities.

Conclusion
1. The developed methodology allows to evaluate
uncertainty of measurements during the calibration of

throughput power analyzers of high frequency signals
in the full range.

2. To calibrate power analyzers over the full range
of values, it is necessary to measure and calculate
measurement uncertainty at several points in the
range.

3. To obtain continuous calibration results of
power analyzers in the measurement range, it is neces-
sary to approximate the calibration results at indivi-
dual points using the polynomials of the 6™ and 5%
order.

4. It is convenient to present the calibration result
(deviation and associated uncertainty) in a graphical
form (calibration curve), which will ensure that all the
necessary corrections are made when performing power
measurements by users.

5. In the case when the calibration result should
be calculated more accurately, it is advisable to use the
mathematical expressions of the polynomials obtained
during the approximation.
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AHoTauis

Peanizaniisa cyyacHuUX BUMOT 10 SIKOCTi Ta CTIMKOCTi pamio3B’si3Ky, B TOMY YHMCJIi HEOOXiIHOI IIBUAKOCTI MepenaBaHHS
JIaHWX B YMOBax iHIyCTpiaJIbHUX i aTMOC(EepHUX 3aBajl, HEMOXJIMBa 0€3 TOYHMUX BUMIpIOBaHb MOTYXXHOCTI CUTHAJIiB Ha BUXOIi
rnepenaBaJbHUX TPUCTPOIB Ha IiISIHLI mepenaBay-aHTeHa. Taki BUMipIOBaHHSI BUKOHYIOTHCSI 3a JOIOMOTOIO aHajli3aTopiB
MOTYXHOCTi, $IKi 3[idCHIOIOTh BUMIPIOBaHHS SIK MaJaloyoi, Tak i BiAOUTOI XBWJi. 3a3HauyeHi MapamMeTpu I03BOJISIOTh
po3paxoByBaTH KOe(illiEHT CTOSYOI XBWJIi, IO HAJA€ MOXJIMBICTH 3a0€3MEUUTH ONTHUMAaJbHE Y3TOIKEHHS IepeaaBaya
3 aHTEHO0, HEOOXiHi eHepreTUUHi peXXUMU Ta KoedilieHT KOpMCHOI il mepenaBaya B IiJIOMY.

Jlnst 3a0e3rneyeHHs] TOYHOCTI Ta JAOCTOBIPHOCTI BUMIipIOBaHb aHaji3aTOpXM MOTYKHOCTI IMOTPeOYyIOTh MEPiOANYHOIO
kaniopyBanHs. I1in yac kaniOpyBaHHSI HEOOXiTHO BpaxOByBaTM YMOBM HaBKOJMUIIHBOTO CEPENOBUINA, B SIKMX €KCIUTYaTYETHCS
aHaJi3aTop IOTYXKHOCTi, a TaKOX XapaKTepUCTUKM CUTHaIy (BUI MOAYJSALIl, CKBaXHiCTb, KOAYBaHHS TOILO), IJIsI
BUMIpPIOBaHHS TTOTY>KHOCTI SIKOTO BiH MpPU3HAYEHUIA.

Y poboTi HaBeAeHO OCHOBHI Pe3yJbTaTU AOCHIMKEHb 1IOM0 OLIIHKM HEBU3HAYEHOCTI MpHU KajliOpyBaHHi aHali3aTopiB
MPOXiTHOI TOTYXXKHOCTi CUTHAJiB BHUCOKMX 4acTOT. OmMMcaHO CTPYKTYpHY CXeMy Ta PiBHSIHHS BUMipIOBaHb, a TaKOX
0COOJIMBOCTI pO3paxyHKy OIOJKETY HEBU3HAYEHOCTI NMpU KayliOpyBaHHi. PO3KpUTO OCHOBHI MPUHLMIIM 1IOAO OTPUMAHHS
Oe3rnepepBHUX pe3yJIbTaTiB KajJiOpyBaHHS B yChOMY Jialia30Hi BUMIpIOBaHb 3a JIOMOMOIOI0 anpoKcuMallii 3 BUKOPUCTAHHSIM
MOJIIHOMY IT’SITOrO Ta IIOCTOro mopsiaky. HaBemeHo mpukian momaHHs pe3y/bTaTiB KaniOpyBaHHs y rpadiuHiii opmi.

Po3KkpuTO 3MiCT KiJIbKiICHUX Ta SIKICHMX TTOKA3HUMKIB IONPaBOK, sIKi HEOOXiZHO BpaxOBYBaTH IIiJ 4yac KayJiOpyBaHHS
IJIS. TOCSITHEHHSI HAWBMIIOI TOYHOCTI BUMiptoBaHb. [IpakTWuHi pe3yabTaTv MOCHIIXEHb AOLIBHO BUKOPUCTOBYBAaTU IpU
KaJIiopyBaHHI BUMIpIOBaviB MPOXiIHOI MOTYKHOCTI y Oaratbox rajy3sx, MoB sI3aHUX i3 TeJIEKOMYHIKaLlisSIMU Ta repeJaBaHHSIM
paaiocUrHaIiB.

Kirowosi ciioBa: aHatizatop moTy>KHOCTI; BUMIpIOBay MOTYKHOCTI; KaliOpyBaHHS; HEBU3HAYEHICTh BUMiPIOBaHb; OIOKET
HEBU3HAYEHOCTI; Jiara30H BUMipIOBaHb.
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AHHOTaIUSA
Peanuzanus coBpeMeHHbIX TPEOOBAHUM K KayeCTBY M YCTOMUYMBOCTH PaAMOCBSI3M HEBO3MOXHa 0€3 TOYHBIX M3Mepe-
HUII MOIITHOCTU CUTHAJIOB TIEPENAloIINX YCTPOMCTB Ha ydacTKe TepenaTuMK-aHTeHHa. Takue M3MEpeHMS] TTPOM3BOISTCS
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C TIOMOIIBIO aHAJIM3aTOPOB MOIIHOCTH, OCYIIECTBISIONMIMX M3MEpPEeHME KaK Malalolleil, TaKk M OTPaKeHHON BOJIHBI, YTO
MO3BOJISIET PACCYUTHIBATh KOA(M(MUIIMEHT CTOSTUC BOJHBI JUISI OOECIieUYeHUs] ONTUMAJIbHOTO COIJIaCOBaHUS TepeaaTyuka
C AQHTEHHOM, HEOOXOMMMBIX dHEPTETUIYECKUX PEXUMOB M KO3(D(UIIMEHTa TOJIe3HOro NEUCTBUS TeperaTunka B 1LIEJIOM.

B pabote mpencraBiaeHbl pe3yabTaThl UCCIEIOBAHUI MO OLEHKE HEOINpEeAe]EHHOCTU MpU KalUuOpPOBKE aHAIU3aTOPOB
MPOXOTHOM MOIITHOCTU CUTHAJIOB BBICOKMX YacTOT B KOAaKCHAJbHBIX TpakTaX. OmucaHbl CTPYKTypHasl cXema, ypaBHEHME
U3MEpeHUit, pacyeT OlokeTa HEeOMpeaeJIeHHOCTU TpU KaauOpoBKe. PacKpbITbl NMPUHIIMIMBI MMOJYYEHUST HETPepbIBHBIX
pe3yJbTaTOB KaJduMOPOBKM BO BCceM aMamna3oHe maMmepeHuii. [IpuBeneH npumep MpeacTaBieHUs Pe3yJbTaTOB KalMOPOBKHU
B rpauueckoii hopMe. PackpbIThl KOJMUYECTBEHHBIE M KAYECTBEHHbBIE MOKAa3aTesIM MOIMpPaBOK ISl JOCTUKEHUST HaUBBICIIEH
TOYHOCTU M3MEPEHUIA.

KioueBble ciioBa: aHaJiu3aTop MOIIHOCTU; U3MEPUTECIIb MOIIHOCTH; KaJ'II/I6pOBKa; HEOINPEIEIEHHOCTh U3MEPEHUIA;

OI0/IKEeT HCOIIPCACICHHOCTHU, Ouara3oH H3MepeHHI71.
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