
Improved, user-friendly RF&MW 
calibration techniques for calibration calibration techniques for calibration 
laboratories and production environments.

Reducing calibration time & uncertainties by using known, characterized standards.g y g ,
Harald Jaeger

NOTE .  CENAM is not  responsible for the content of this document.  For any question or comment, please contact the author.
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Motivation

l With frequencies getting higher - and specifications to be met 
getting tighter it's time to rethink some measurement 
procedures.

l When it comes to the MW frequency range circuit dimensions 
are getting smaller and smaller - and components very 

iti d isensitive and expensive.

l Also matching of the individual components involved (UUTl Also, matching of the individual components involved (UUT 
as well as the standards used) is "very limited" - and there's 
usually not much choices ... 
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Motivation

l When it comes to calibration in the MW frequency range high 
levels of accuracy often go along with
l cumbersome, time consuming procedures
l very sensitive calibration standards (e g air-lines)l very sensitive calibration standards (e.g. air lines)
l very expensive equipment / calibration standards 

l These are some of the reasons why (too) often less accurate 
procedures are prefered 
l to „save“ some moneyl to „save  some money
l to preserve the costly reference standards in the lab 
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Motivation

l However, reducing measurement uncertainty directly 
improves the throughput in production and/or calibration 
labs.

l We‘re wasting valuable accuracy if appropriate measures are 
not taken. Or – in other words – we can gain margin for our 
UUTUUT.

l The easier the handling of the instruments involvedl The easier the handling of the instruments involved 
l the less faults will occur
l the higher the chance of a good repeatability.
l the higher the chance nothing is damaged while performing the 

measurements.   
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Goals

l Proposing calibration / measurement solutions, 
suitable for daily work in calibration laboratories and in 
production environments.

l Focus is on feasibility, accuracy and costs.
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Agenda

l RF & MW Power Measurement
l Expanding the power measurement range of R&S NRP-Zxx power 

sensors
l NRP-Z27/37 – Power Sensor modules for R&S FSMR Measurementl NRP Z27/37 Power Sensor modules for R&S FSMR Measurement 

Receiver

l Vector Network Analysisl Vector Network Analysis
l Improving measurement accuracy by means of characterized 

calibration standards.
l U i i lib ti lt t il Using previous calibration results to improve accuracy.
l User characterization of R&S ZV-Z5x automatic calibration units
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Expand your possibilites!
Power measurementPower measurement

l It’s common practice to extend the measurement (i.e. level) 
range of power sensors using additional attenuators or 
directional couplers.

l It’s also common practice to adapt “given” power sensors to 
different connector systems / genders or impedances using  
adapters and/or matching padsadapters and/or matching pads.

l These adapters / attenuators are usually either
l considered as “not significant”
l considered as an additional uncertainty contributor only
l considered “scalar” (insertion-loss) onlyl considered scalar  (insertion-loss) only
l considered “scalar” (insertion-loss & mismatch error) only  
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Expand your possibilites!
Power measurementPower measurement

l With frequencies getting higher e.g. the errors due to 
mismatch alone can easily reach orders of some % resp. 
some 0.1 dB.

l Modern Vector Network Analyzers also support measuring
l DUTs with different impedances (e.g. matching pads)

DUT ith diff t t t ( d t )l DUTs with different connectors systems (e.g. adapters)

l However – it’s still a challenge to implement proper 
mathematical measures to correct for the systematic errors 
due to the “black box” between the power – sensor and the 
DUT. 
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Expand your possibilites!
Error due to mismatchError due to mismatch
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Expand your possibilites!
Error due to mismatchError due to mismatch

l The maximum relative error due to mismatch can be determined by 
way of approximation:

rrdB ⋅⋅≈ 78εrr ⋅⋅≈ %200ε

l Example |ΓG|=0.1, |ΓL|=0.1 : 

LG rrdB≈ 7.8dBm,εLG rr ⋅⋅≈ %200m,%ε

a p e | G| 0 , | L| 0

%21010%200 ≈≈ε %21.01.0%200m,% ≈⋅⋅≈ε
dBdB 087.01.01.07.8dB ≈⋅⋅≈ε dBdB 087.01.01.07.8dBm,ε
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Expand your possibilites!
Power measurementPower measurement

l With the power sensor R&S NRP-Zxx, the influence of any 
twoport – e. g. an adapter – between the signal source and 
the sensor input can be considered, allowing the power P 
actually delivered by the signal source to be calculated.y y g

l The twoport‘s S-parameters (in S2P / Touchstone format) can 
be uploaded onto the power sensor and will be taken intobe uploaded onto the power sensor – and will be taken into 
consideration automatically.

l This feature does not only correct for the magnitude of the 
twoport‘s loss – but also corrects for the systematic error 
due to mismatch between the twoport and the power sensor. p p
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Expand your possibilites!
Power measurementPower measurement
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Expand your possibilites!
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Expand your possibilites!
S-Parameters of adapter / attenuator S-Parameters of adapter / attenuator …
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Expand your possibilites!
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Expand your possibilites!
Power measurement up to 2 kW Power measurement up to 2 kW …
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Expand your possibilites!
Power measurement up to 50 W Power measurement up to 50 W …
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Expand your possibilites!
Power measurement in 75 Ω systems Power measurement in 75 Ω systems …
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Expand your possibilites!
R&S Sensors up to 23 dBm / 33dBm / 42 dBm / 45 dBmR&S Sensors up to 23 dBm / 33dBm / 42 dBm / 45 dBm
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Expand your possibilites!
Benefits in briefBenefits in brief

l Error due to mismatch between the twoport <> power sensor 
gets very small, i.e. is negligible in most cases.

l The power sensor itself takes care for the correction tables –l The power sensor itself takes care for the correction tables 
and also for interpolation, if needed.

l If th ( l ) fl ti ffi i t f th (UUT) il If the (complex) reflection coefficient of the source (UUT) is 
known – the NRP-Zxx can also correct for this, purely 
systematic, error.
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Agenda

l RF & MW Power Measurement
l Expanding the power measurement range of R&S NRP-Zxx power 

sensors
l NRP-Z27/37 – Power Sensor modules for R&S FSMR Measurementl NRP Z27/37 Power Sensor modules for R&S FSMR Measurement 

Receiver

l Vector Network Analysisl Vector Network Analysis
l Improving measurement accuracy by means of characterized 

calibration standards.
l U i i lib ti lt t il Using previous calibration results to improve accuracy.
l User characterization of R&S ZV-Z5x automatic calibration units
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Expand your possibilites!
Power Sensors NRP-Z27 / 37 for R&S FSMR Measuring ReceiverPower Sensors NRP-Z27 / 37 for R&S FSMR Measuring Receiver
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Expand your possibilites!
Power Sensors NRP-Z27 / 37 for R&S FSMR Measuring ReceiverPower Sensors NRP-Z27 / 37 for R&S FSMR Measuring Receiver
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Expand your possibilites!
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Expand your possibilites!
Power Sensors NRP-Z27 / 37 for R&S FSMR Measuring ReceiverPower Sensors NRP-Z27 / 37 for R&S FSMR Measuring Receiver

High levels („absolute“ reference)
Measured by means of a thermal power sensor 
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Expand your possibilites!
Power Sensors NRP-Z27 / 37 for R&S FSMR Measuring ReceiverPower Sensors NRP-Z27 / 37 for R&S FSMR Measuring Receiver

Low levels
Measured by means of a narrowband receiver 
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Expand your possibilites!
Power Sensors NRP-Z27 / 37 for R&S FSMR Measuring ReceiverPower Sensors NRP-Z27 / 37 for R&S FSMR Measuring Receiver

Residual reflected signal coming from SA 
„Isolated“ from sensor – and further correction performed  

2009-11-19  |  CENAM 2009  |  1.2



NRP-Z27 / NRP-Z37 Power Sensor Modules

l The built-in thermal power-sensor takes care for a high level 
of absolute accuracy (0.067 dB @ 100 MHz)

l By means of a 6 dB attenuator the isolation between thel By means of a 6 dB attenuator the isolation between the 
FSMR and the power-sensor is improved to > 24 dB nominal.

l Th d l i f ll h t i d lll The power-sensor module is fully characterized – as well as 
the (complex) input reflection coefficient of the FSMR is 
stored on the receiver.

l Compensation is performed by the intelligent power sensor 
itself: It corrects the effects of mismatch using the storeditself: It corrects the effects of mismatch using the stored 
calibration data of the power splitter and the FSMR reflection 
coefficient.
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NRP-Z27 / NRP-Z37 Power Sensor Modules
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Agenda

l RF & MW Power Measurement
l Expanding the power measurement range of R&S NRP-Zxx power 

sensors
l NRP-Z27/37 – Power Sensor modules for R&S FSMR Measurementl NRP Z27/37 Power Sensor modules for R&S FSMR Measurement 

Receiver

l Vector Network Analysisl Vector Network Analysis
l Improving measurement accuracy by means of characterized 

calibration standards.
l U i i lib ti lt t il Using previous calibration results to improve accuracy.
l User characterization of R&S ZV-Z5x automatic calibration units
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Vector Network Analyzer
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Mechanical Calibration Kit in 3.5mm
Sliding LoadSliding Load
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Calibration Standards of 
mechanical calibration kitmechanical calibration kit
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VNA w/ Electronic Calibration Unit
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VNA Calibration
or better: Performing a system error correctionor better: Performing a system error correction

l Vector Network Analyzers (VNAs) provide high measurement 
accuracy by means of sophisticated error corrections.

l While performing the so called calibration of the VNA thel While performing the, so called, calibration of the VNA, the  
systematic, time-invariant errors of the „system“ (i.e. 
including test cables, adapters, …) are determined and 
corrected forcorrected for.

l In order to solve for the error parameters (e.g. directivity, 
matching, …) calibration standards have to be connected to 
the VNA.
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VNA Calibration
One port error modelOne port error model
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VNA Calibration
or better: Performing a system error correctionor better: Performing a system error correction

l However – the quality of a VNA calibration can only be as 
good as the calibration standards used. Or – better – as 
good as the calibration standards used are known.

l For instance, the traditional model of the MATCH standard is 
usually simply „0“ reflection. I.e. every deviation from „0“ 
leeds to residual errors when determining the directivityleeds to residual errors when determining the directivity 
parameter.

l The approach recommended is to „characterize“ the 
calibration standards (e.g. by means of a reference 
calibration kit OR calibration results from e.g. a NMI) and to g )
use this characterized calibration kit as „transfer standard“.
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Creating a characterized, data based kit …
by means of a reference“ calibration kit

l Perform e.g. a „full one port“ calibration

by means of a „reference  calibration kit

(using the most accurate calibration kit available in the lab)
l Measure the calibration standards from the kit to be 

characterizedcharacterized
l Export the trace data into S1P (Touchstone) format
l Import the trace data – and create a new, characterized kit. 

l Optional:
l Use the (complex) mean value of repeated measurementsl Use the (complex) mean value of repeated measurements.
l Use the (complex) mean value of repeated calibrations – e.g. even with 

different calibration kits.
l U th ( l ) l f diff t lib ti dl Use the (complex) mean value of different calibration procedures 

(OSM,TRL, …)
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Creating a characterized, data based kit …
by measuring the kit with a reference kitby measuring the kit with a reference kit

2 of 1 (Max)Trc1 S11 dB Mag 10 dB / Ref 0 dB Invisible Mem2[Trc1] S11 dB Mag 10 dB / Ref 0 dB 
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Agenda

l RF & MW Power Measurement
l Expanding the power measurement range of R&S NRP-Zxx power 

sensors
l NRP-Z27/37 – Power Sensor modules for R&S FSMR Measurementl NRP Z27/37 Power Sensor modules for R&S FSMR Measurement 

Receiver

l Vector Network Analysisl Vector Network Analysis
l Improving measurement accuracy by means of characterized 

calibration standards.
l U i i lib ti lt t il Using previous calibration results to improve accuracy.
l User characterization of R&S ZV-Z5x automatic calibration units
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Calibration hierarchy
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Creating a characterized, data based kit …
from calibration results  e g  from a NMI or an accredited laboratoryfrom calibration results, e.g. from a NMI or an accredited laboratory

l Calibration Data – provided by
l NMI (e.g. NIST, PTB, NPL, METAS, …)
l Accredited Laboratory (e.g. A2LA, NVLAP, DKD, UKAS, …)
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Example: Improving the accuracy of a N type 
calibration kit by means of characterizationcalibration kit by means of characterization
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Verification of VNA
Estimation of "Effective Source Match"Estimation of Effective Source Match  

Economy TOSM Calibration - Kit with GENERAL data - OSM calibration performed
[30cm airline terminated with SHORT standard]
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Verification of VNA
"Eff Source Match" "Eff Directivity"0 030 Eff. Source Match , Eff. Directivity   

Economy TOSM Calibration - Kit with GENERAL data - OSM calibration performed
[calculated data]
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Verification of VNA
Estimation of "Effective Source Match" 1 00

Economy TOSM Calibration - Kit with INDIVIDUAL data - OSM calibration performed
[30cm airline terminated with SHORT standard]
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Verification of VNA
"Eff. Source Match", "Eff. Directivity"  0.030 y

Economy TOSM Calibration - Kit with INDIVIDUAL data - OSM calibration performed
[calculated data]
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Verification of VNA
Estimation of "Effective Source Match" 

Slidi l d TOSM C lib ti Kit ith GENERAL d t OSM lib ti f d
1.00

Sliding load TOSM Calibration - Kit with GENERAL data - OSM calibration performed
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Verification of VNA
"Eff. Source Match", "Eff. Directivity"0.030 Eff. Source Match , Eff. Directivity   

Sliding load TOSM Calibration - Kit with GENERAL data - OSM calibration performed
[calculated data]
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Verification of VNA
E ti ti f "Eff ti S M t h"Estimation of "Effective Source Match" 

Sliding load TOSM Calibration - Kit with INDIVIDUAL data - OSM calibration performed
[30cm airline terminated with SHORT standard]
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Verification of VNA
"Eff. Source Match", "Eff. Directivity"  

Sliding load TOSM Calibration - Kit with INDIVIDUAL data - OSM calibration performed
[calculated data]
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Verification of VNA
Estimation of "Effective Source Match" 1 02

Economy TOSM Calibration Kit 
CHARACTERIZED WITH SLIDING LOAD KIT w/ INDIVIDUAL data 

OSM calibration performed 
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Verification of VNA
"Eff. Source Match", "Eff. Directivity"  0.030

Economy TOSM Calibration Kit 
CHARACTERIZED WITH SLIDING LOAD KIT w/ INDIVIDUAL data 
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Verification of VNA
Estimation of "Effective Source Match" 1 00

Economy TOSM Calibration Kit 
CHARACTERIZED WITH SLIDING LOAD KIT w/ GENERAL data 
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Verification of VNA
"Eff. Source Match", "Eff. Directivity"  0.030

Economy TOSM Calibration Kit 
CHARACTERIZED WITH SLIDING LOAD KIT w/ GENERAL data 
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Comparison I:
Performance of Economy – KitPerformance of Economy – Kit
Performance of CalKit the Economy – Kit has been calibrated / characterized with!
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Comparison II:
Performance of Economy – KitPerformance of Economy – Kit
Performance of CalKit the Economy – Kit has been calibrated / characterized with!
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Comparison III:
Performance of Economy – Kit (initial  blue)Performance of Economy – Kit (initial, blue)
Performance of same Economy – Kit after characterization! (red)
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Performance of „Sliding Load Calibration Kit“

ff S

Eff. Directivity

Eff. Source Match
Data Sheet

Eff. Directivity

Eff. Source Match
General Coefficients

Eff. Directivity

Eff. Source Match
Individual Coefficients
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Performance of „Economy Calibration Kit“

Eff Source Match

Eff. Directivity

Eff. Source Match

Eff. Source Match

General Coefficients

Data Sheet

Eff. Directivity

Eff. Directivity

Eff. Source Match
Individual Coefficients

General Coefficients

Eff. Directivity

Eff. Source Match
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Performance of „Economy Calibration Kit“
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Performance of „Economy Calibration Kit“
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Measurement uncertainties in brief

l According EURAMET/cg-12/v.01 the uncertainty model for measuring 
S11, S22 can be approximated as follows:

U 2

VRCVRC RMTDU +Γ⋅+Γ⋅+=
2

l where
l Γ is the Measured Voltage Reflection Coefficientg
l D is the Measured Effective Directivity
l T is the Estimated Overall Effect of Tracking and Non-linearity
l M is the Measured Effective Test Port Matchl M is the Measured Effective Test Port Match
l RVRC represents all the Random contributions
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Measurement uncertainties in brief

l For demonstration reasons this model is furthermore simplified to the 
dominating terms :

2U 2
Γ⋅+≈ MDVRCU

l where
l Γ is the Measured Voltage Reflection Coefficientg
l D is the Measured Effective Directivity
l M is the Measured Effective Test Port Match
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Uncertainty using the „Economy Calibration Kit“
R t  l  f DUT  10 dBReturn loss of DUT: 10 dB

UVRC (dB)

0.94 dB0.94 dB

0.55 dB

0.53 dB

0.15 dB
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Uncertainty using the „Economy Calibration Kit“
R t  l  f DUT  20 dBReturn loss of DUT: 20 dB

UVRC (dB)

2.42 dB2.42 dB

1.44 dB

1.44 dB

0.43 dB
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Uncertainty using the „Economy Calibration Kit“
R t  l  f DUT  30 dBReturn loss of DUT: 30 dB

UVRC (dB)

6.03 dB6.03 dB

3.88 dB

3.88 dB

1.28 dB
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Benefits of using characterized, 
data based standards
l Improved accuracy

data based standards

l as e.g. the mean value of several calibrations, 
e.g. even of several calibration kits 
and / or different calibration procedures (sliding load, TRL, …) ( g )
can be transfered to a „fixed load“ calibration kit.

l Improved precision in production linesl Improved precision in production lines 
l as several calibration kits can be derived from one „reference“ source

l Improved repeatability as a significant error sourcel Improved repeatability – as a significant error source 
(human errors) is minimized.

l Reducing the complexity of the calibration process saves 
time and helps keeping the numbers of errors low
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Benefits 
if calibration data are used- if calibration data are used

l Increased accuracy @ no additional costs !
l If calibration results of the individual standards are available in 

electronic form (e.g. in touchstone S1P format) this major improvement 
in accuracy is „for free“.

l „Improved traceability“ – result is shifted closer to the 
„true“ value (e.g. the reference values provided by a NMI) 
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Agenda

l RF & MW Power Measurement
l Expanding the power measurement range of R&S NRP-Zxx power 

sensors
l NRP-Z27/37 – Power Sensor modules for R&S FSMR Measurementl NRP Z27/37 Power Sensor modules for R&S FSMR Measurement 

Receiver

l Vector Network Analysisl Vector Network Analysis
l Improving measurement accuracy by means of characterized 

calibration standards.
l U i i lib ti lt t il Using previous calibration results to improve accuracy.
l User characterization of R&S ZV-Z5x automatic calibration units
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USER – characterization of automatic 
calibration units ZV Z5xcalibration units ZV-Z5x
l Automatic calibration units provide high levels of accuracy –

and reduce the calibration time (especially when it comes to 
multiport calibrations) dramatically.

l Also, operation errors are reduced to a minimum.
(e.g. there‘s an automatic detection of connectoed ports)

l However – even offering a high number of different types of 
such calibration units still does not solve all customer 
application problems.
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USER – characterization of electronic 
calibration units ZV Z5xcalibration units ZV-Z5x
l Simplified spoken a calibration unit can be considered as 

transfer standard only.

l I e if a VNA is calibrated (by means of a mechanicall I.e. if a VNA is calibrated (by means of a mechanical 
calibration kit or a suitable Calibration Unit) – this calibration 
can be used to characterize a Calibration Unit including e.g. 
adapters or matching pads etc !adapters or matching pads etc. !

l This way a user can simply create the Cal Unit which is ideal 
for the application / purposes.
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USER – characterization of electronic 
calibration units ZV Z5xcalibration units ZV-Z5x
l The „USER – characterziation(s)“ is/are stored in addition to the (write 

- protected)  factory – characterization 
and is fully supported by a wizard guiding the user.

2009-11-19  |  CENAM 2009  |  1.2



USER – characterization of electronic 
calibration units ZV Z5xcalibration units ZV-Z5x
l Example: Customized Cal Unit serving a goals:

- support of N and 3.5mm in a „one box solution“
- includes „port savers“
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Summary

l When aiming for smaller measurement uncertainties 
identifying (and removing) systematic error sources should 
be one of the first steps to be performed.

l Using calibration data in mathematical corrections can help 
to significantly reducing measurement uncertainties in RF & 
MW measurements while keeping associated costs lowMW measurements - while keeping associated costs low.

l If already integrated in the FW of smart T&M instruments 
even sophisticated mathematical corrections are very easy to 
be implemented.   
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End of presentation.

Muchas Gracias.
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