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1. Introduction 

RF&MW Power traceability is established at mW levels using microcalorimeters as 
reference devices. They are used mainly by NMIs to calibrate thermistors, thermal or diode 
power sensors which are then used by calibration laboratories for traceable measurements 
and calibrations of RF&MW power. They operate by converting RF&MW power into DC 
signal which is then measured by an appropriate power meter. Power meter then displays 
the measured values in power units. These sensors are upward limited to power levels which 
can be directly measured, which is typically about up to 100mW or 1W (+20 dBm to 
+30dBm). To be able to measure higher powers up to kW range in a traceable manner, 
additional reference attenuators and/or couplers have to be used to lower the level suitably 
for measurements using traceable mW range power sensors. Those reference attenuators 
and couplers have to be traceably calibrated and their influence considered when measuring 
power and calculating measurement uncertainty. 

This guide will show on how to use mW range power sensors and reference attenuators 
or couplers to measure high power in a traceable manner and show uncertainty calculation 
for different cases. The guide will show how calculations and corrections can be considered if 
complex values are available for reference equipment together with the estimation of 
uncertainty and also for cases when only magnitudes for reference equipment is calibrated or 
known. 

In industry used in EMC testing labs, Radar/Military, Broadcasting, Mobile/WifI/Sat 
COMMs (GSM/3G/4G/5G), the high power is measured either by insertion(thru-line) power 
sensors/meters or coupler/power sensor combination. For this traceability must be 
established by calibration in mW regime and/or characterization of couplers/sensors in a 
traceable manner for high power measurements and to provide advice on how these devices 
should be used and uncertainty calculated for each case. 

This document will show calculations of power and associated uncertainties in linear form 
and also show on how to convert to and from logarithmic values where appropriate. 

 

Fig. 1. An example of high-power attenuator and power sensor for high-power measurement. 
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In this guide, we will mainly focus on the most common measurement configuration of 
three sensors (one levelling sensor, the standard or calibrated sensor and the sensor under 
test). As the first approach, we assume that a calibrated diode sensor is available at the 
laboratory. Later on, we will introduce also the correction by a padding attenuator with which 
the power level incident onto the diode sensor under test is reduced: by doing this, we can 
compare between a diode sensor under test and a calibrated mid-power thermocouple. 

2. Measurement models for high power measurements 

As said in the introduction, the RF&MW power in mW range is measured using a 
reference power sensor and power meter and the measured value is displayed in power 
units at the power meter. The power sensor is calibrated in terms of calibration factor CF, 
which is defined as: 

𝐶𝐹 =
Pdisp

Pinc
  

where: 

𝑃𝑑𝑖𝑠𝑝 Power displayed by the power meter 

𝑃𝑖𝑛𝑐 Power incident to the power sensor input 
 

2.1 Measurement model for power measurement 

 

Fig. 2. Signal flow graph for power sensor connected directly to the source. 

Measurement model for power measurement using power sensor is: 

Eq. 1   PZ0 =
Pdisp+kPM+klin+kres+𝑘𝑧𝑒𝑟𝑜+𝑘𝑛𝑜𝑖𝑠𝑒

CF+dCF
∙ M 

Eq. 2  M = ❘1 − ΓPS · ΓS❘
2
 

where: 
𝑃𝑑𝑖𝑠𝑝 Power displayed by the power meter 

𝑘𝑃𝑀 Correction factor due to the power meter accuracy 

𝑘𝑙𝑖𝑛 Correction factor due to the power sensor linearity 
𝑘𝑟𝑒𝑠 Correction factor due to power meter resolution 

𝑘𝑧𝑒𝑟𝑜 Correction factor due to zero offset 
𝑘𝑛𝑜𝑖𝑠𝑒 Correction factor due to noise 

𝐶𝐹 Calibration factor of the power sensor 
𝑑𝐶𝐹 Drift of power sensor calibration factor 

𝑀 Mismatch factor of the system 

ΓPS Complex voltage reflection coefficient of the power sensor 

ΓS Complex voltage reflection coefficient of the source 
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2.2 Measurement model with a reference high power attenuator 

Signal flow graph for attenuator inserted between the source and the power sensor: 

 

Ref. 

Attenuator 

 

ΓMR 
a1 

b1 

b2 

a2 

aPS 
bPS 

bs 

ΓS 

 
Fig. 3. Signal flow graph for the power sensor connected to the source through reference attenuator. 

When reference high power attenuator is placed in front of the power sensor, the 
measurement model becomes: 

Eq. 3   PZ0 =∙
(Pdisp+kPM+klin+kres+𝑘𝑧𝑒𝑟𝑜+𝑘𝑛𝑜𝑖𝑠𝑒)

(CF+dCF)∙❘S21❘
2 ∙ M𝐴 

 

Eq. 4  M𝐴 = ❘1 − S22ΓPS − S11ΓS − S12S21ΓPSΓS + S11S22ΓPSΓS❘
2 

 
where: 
|𝑆21| Absolute value of reference attenuator S21 parameter (attenuation) 

𝑀𝐴 Mismatch factor of the system with reference attenuator 
𝑆𝑥𝑦 Complex S-parameters of reference attenuator 

ΓPS Complex voltage reflection coefficient of the power sensor 

ΓS Complex voltage reflection coefficient of the source 
 

2.1 Definition of effective calibration factor and voltage reflection coefficient 

Another way to calculate the influence of reference attenuator connected to the input of the 
power sensor is to calculate effective calibration factor CF’ and input reflection coefficient Γ𝑃𝑆

′  

of the attenuator/power sensor combination as a set. This is done by cascading the 
reference attenuator (2-port device) to the power sensor (1-Port device). Equation relating 
voltage waves through 2 port networks using S-parameters are: 

Eq. 5   a1 = bs + b1 ∗ 𝛤𝑆 

Eq. 6   a2 = b2 ∗ 𝛤PS 

Eq. 7   b2 =
bs𝑆21

1−𝑆22𝛤PS−𝑆11𝛤𝑆−𝑆12𝑆21𝛤PS𝛤𝑆+𝑆11𝑆22𝛤PS𝛤𝑆
 

From Eq. 7 voltage wave from the source can be derived: 

Eq. 8   bs =
b2

𝑆21
(1 − 𝑆22𝛤PS − 𝑆11𝛤𝑆 − 𝑆12𝑆21𝛤PS𝛤𝑆 + 𝑆11𝑆22𝛤PS𝛤𝑆) 

After rearranging we get: 

Eq. 9   bs =
b2

𝑆21
((1 − 𝑆22𝛤PS)(1 − 𝑆11𝛤𝑆) − 𝑆12𝑆21𝛤PS𝛤𝑆) 

Eq. 10   bs =
b2

𝑆21
(1 − 𝑆22𝛤PS) (1 − 𝑆11𝛤𝑆 −

𝑆12𝑆21𝛤PS𝛤𝑆

1−𝑆22𝛤PS
) 

Eq. 11   bs =
b2

𝑆21
(1 − 𝑆22𝛤PS) (1 − 𝛤𝑆 (𝑆11 −

𝑆12𝑆21𝛤PS

1−𝑆22𝛤PS
)) 

From equation Eq. 11 effective reflection coefficient 𝛤PS
′  can be defined: 

Eq. 12   𝛤PS
′ = 𝑆11 −

𝑆12𝑆21𝛤PS

1−𝑆22𝛤PS
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Equation Eq. 11 then becomes: 

Eq. 13   bs =
b2

𝑆21
(1 − 𝑆22𝛤PS)(1 − 𝛤𝑆𝛤PS

′ ) 

To convert from voltage to power square of absolute values must be taken: 

Eq. 14   Ps =
P2

|𝑆21|2
|1 − 𝑆22𝛤PS|2|1 − 𝛤𝑆𝛤PS

′ |2 

P2 is power measured with the power sensor: 

Eq. 15   Ps =
𝑃Disp

CFRef|𝑆21|2 |1 − 𝑆22𝛤PS|2|1 − 𝛤𝑆𝛤PS
′ |2 

Effective calibration factor of the attenuator/power sensor CF′ can then be defined as: 

Eq. 16   CF′ = CF𝑅𝑒𝑓  ∙
❘S21❘

2

❘1−S22·Γ𝑃𝑆❘
2 

And reflection coefficient Γ𝑃𝑆
′  of the set is calculated as: 

Eq. 17   Γ𝑃𝑆
′ = 𝑆11 +

S12·S21·Γ𝑃𝑆

1−𝑆22·Γ𝑃𝑆
 

where: 
𝐶𝐹 Calibration factor of the power sensor 
𝑆𝑥𝑦 Complex S-parameters of reference attenuator 

ΓPS Complex voltage reflection coefficient of the power sensor 

 

This way we can rewrite the measurement model through the attenuator as: 

Eq. 18   Ps =
𝑃Disp

CF′
𝑀′ 

Eq. 19   𝑀′ = |1 − 𝛤𝑆𝛤PS
′ |2 

 

This model is now the same as for general power measurements as shown in paragraph 2.1. 

This procedure moves the calibration plane of the set to the input connector of the 
attenuator. Power measured is a power incident to the input connector of high-power 
attenuator. This is the power which would be delivered to an ideal load connected directly to 
the output connector of the source. 
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2.2 Measurement model with Directional coupler (3 port device) 

 

 

 

COUPLER 

 

ΓL 
a1 

b1 

b2 

a2 

bs 

ΓS 

ΓPS 

J1 J2 

J3 

a3 b3 

 

Fig. 4. Signal flow graph for the power sensor connected to the source through reference coupler. 

Voltage waves for given ports are derived in the following manner: 

 

Eq. 20   a1 = bs + b1 ∗ 𝛤𝑆 

Eq. 21   a2 = b2 ∗ 𝛤𝐿 

Eq. 22   a3 = b3 ∗ 𝛤PS 

Eq. 23   b2 =
bs(𝑆21+𝑆23𝑆31𝛤PS−𝑆21𝑆33𝛤PS)

DENOM
 

Eq. 24   b3 =
bs(𝑆31+𝑆21𝑆32𝛤𝐿−𝑆22𝑆31𝛤𝐿)

DENOM
 

Eq. 25   DENOM = (1 − 𝑆22𝛤𝐿 − 𝑆33𝛤PS − 𝑆23𝑆32𝛤𝐿𝛤PS + 𝑆22𝑆33𝛤𝐿𝛤PS − 𝑆11𝛤𝑆 −
𝑆12𝑆21𝛤𝐿𝛤𝑆 + 𝑆11𝑆22𝛤𝐿𝛤𝑆 − 𝑆13𝑆31𝛤PS𝛤𝑆 + 𝑆11𝑆33𝛤PS𝛤𝑆 + 𝑆13𝑆22𝑆31𝛤𝐿𝛤PS𝛤𝑆 − 𝑆12𝑆23𝑆31𝛤𝐿𝛤PS𝛤𝑆 −
𝑆13𝑆21𝑆32𝛤𝐿𝛤PS𝛤𝑆 + 𝑆11𝑆23𝑆32𝛤𝐿𝛤PS𝛤𝑆 + 𝑆12𝑆21𝑆33𝛤𝐿𝛤PS𝛤𝑆 − 𝑆11𝑆22𝑆33𝛤𝐿𝛤PS𝛤𝑆) 

where: 
𝑆𝑥𝑦 Complex S-parameters of reference directional coupler 

ΓPS Complex voltage reflection coefficient of the power sensor connected to FWD port 
(J3) of the coupler 

ΓS Complex voltage reflection coefficient of the source connected to input port (J1) of the 
coupler 

ΓL Complex voltage reflection coefficient of the load connected to output port (J2) of the 
coupler 

This denominator can be simplified by neglecting products of more than 2 reflections or small 
transmissions, which can be done for good quality coupler. Then this denominator becomes: 

Eq. 26   DENOM ≈ (1 − 𝑆11𝛤𝑆 − 𝑆22𝛤𝐿 − 𝑆33𝛤PS − 𝑆12𝑆21𝛤L𝛤𝑆) 

Dividing b2/b3 (Eq. 24 and Eq. 25) and rearranging we get the ratio of voltages at port 3 and 
2: 

Eq. 27   
b3

b2
=

𝑆31+𝑆21𝑆32𝛤𝐿−𝑆22𝑆31𝛤𝐿

𝑆21+𝑆23𝑆31𝛤PS−𝑆21𝑆33𝛤PS
=

𝑆31(1−𝛤𝐿(𝑆22+
𝑆21𝑆32

𝑆31
))

𝑆21(1−𝛤PS(𝑆33+
𝑆23𝑆31

𝑆21
))

 

We can define equivalent source match for coupler output ports: 

Eq. 28   𝛤eq2 = 𝑆22 +
𝑆21𝑆32

𝑆31
             𝛤eq3 = 𝑆33 +

𝑆23𝑆31

𝑆21
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Equation Eq. 27 then becomes: 

Eq. 29   
b3

b2
=

𝑆31(1−𝛤𝐿𝛤eq2)

𝑆21(1−𝛤PS𝛤eq3)
 

For power ratio square of absolute value has to be calculated: 

Eq. 30   
P3

P2
=

|𝑆31|2|1−𝛤𝐿𝛤eq2|2

|𝑆21|2|1−𝛤PS𝛤eq3|2 

Power at Port 2 calculated from power measured at port 3 is then given as: 

Eq. 31   P2 = P3
|𝑆21|2|1−𝛤PS𝛤eq3|2

|𝑆31|2|1−𝛤𝐿𝛤eq2|2  

P3 is power measured with the power sensor: 

Eq. 32   P2 =
𝑃Disp

CFRef

|𝑆21|2|1−𝛤PS𝛤eq3|2

|𝑆31|2|1−𝛤𝐿𝛤eq2|2  

Calibration factor of the coupler CF𝐶  can then be defined as: 

Eq. 33   CF𝐶 = CFRef
|𝑆31|2

|𝑆21|2|1−𝛤PS𝛤eq3|2 

where: 
𝐶𝐹𝑅𝑒𝑓 Calibration factor of the power sensor 

The equation for power measurement again becomes the same as the basic equation for 
power measurement: 

Eq. 34   P2 =
𝑃Disp

CF𝐶
𝑀𝐶 

Where mismatch factor of the coupler 𝑀𝐶 is defined as: 

Eq. 35   𝑀𝐶 =
1

|1−𝛤𝐿𝛤eq2|2 

This procedure moves the calibration plane of the set to the main line output connector (J2) 
of the coupler. Power measured is power emerging from the output connector of the coupler 
J2 connector. This is the power which would be delivered to an ideal load connected to the 
output connector of the coupler. 

When power incident to port J1 of the coupler (power emerging from the source) needs to be 
calculated, the following equation is derived from Eq. 24: 

Eq. 36   Ps =
P3|DENOM|2

|𝑆31|2|1−𝛤𝐿𝛤eq2|2 

Calibration factor for power at the input port from power measured at port 3 is given as: 

Eq. 37   CF𝐶1 = CFRef
|𝑆31|2

|DENOM|2 

This procedure moves the calibration plane of the set to the main line INPUT connector (J1) 
of the coupler. Power measured is power emerging from the source. This is power which 
would be delivered to an ideal load connected directly to the output connector of the source. 
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2.3 Conversion between logarithmic and linear units 

Power can be given also in logarithmic values and is most commonly given in dBm which 
provides power level relative to 1mW. To convert from linear units (W) to dBm, the following 
equation is used: 

Eq. 38   P[dBm] = 10 log10(
𝑃[𝑊]

0.001𝑊
) 

Uncertainty conversion from linear uncertainty in W to logarithmic uncertainty in dB: 

Eq. 39   𝑈_𝑃[𝑑𝐵] =
10

𝑙𝑛(10)
∙  

𝑈_𝑃[𝑊]

𝑃[𝑊]
 

To calculate W from dBm: 

Eq. 40   P[W] =
10

(
𝑃[𝑑𝐵𝑚]

10
)

1000
 

Uncertainty: 

Eq. 41   𝑈_𝑃[𝑊] =
𝑙𝑛(10)

10
∙ 𝑃[𝑊]  ∙ 𝑈_𝑃[𝑑𝐵] 

Calibration certificates often also provide attenuation A[dB] and reflection coefficient (return 
loss RL[dB]) with their associated uncertainties in logarithmic values. Attenuation is defined 
as a positive value. Attenuation in linear form 𝑎𝑙𝑖𝑛 in this document is related to 𝑆21 parameter 
of 2-port device as: 

Eq. 42   𝑎𝑙𝑖𝑛 = |𝑆21𝐴| 

To convert from linear attenuation 𝑎𝑙𝑖𝑛  to logarithmic attenuation A[dB] following relation is 
used: 

Eq. 43   𝐴[𝑑𝐵] = −20 log10(𝑎𝑙𝑖𝑛) 

Logarithmic attenuation uncertainty 𝑈_𝐴[𝑑𝐵] calculation from linear attenuation uncertainty 

𝑈_𝑎𝑙𝑖𝑛: 

Eq. 44   𝑈_𝐴[𝑑𝐵] =
20

𝑙𝑛(10)
∙  

𝑈_𝑎𝑙𝑖𝑛

𝑎𝑙𝑖𝑛
 

To convert from logarithmic attenuation A[dB] to linear attenuation 𝑎𝑙𝑖𝑛 following relation is 
used: 

Eq. 45   𝑎𝑙𝑖𝑛 = 10
(
−𝐴[𝑑𝐵]

20
)
 

Linear attenuation uncertainty 𝑈_𝑎𝑙𝑖𝑛 calculation from logarithmic attenuation (or insertion 

loss) uncertainty 𝑈_𝐴[𝑑𝐵]: 

 

Eq. 46   𝑈_𝑎𝑙𝑖𝑛 =
𝑙𝑛(10)

20
∙ 𝑎𝑙𝑖𝑛  ∙ 𝑈_𝐴[𝑑𝐵] 

 

2.4 Explanation of uncertainty contributions 

Power displayed by the power meter (𝑷𝒅𝒊𝒔𝒑) 

This value is calculated as a mean of power meter readings noted during calibration. This 
quantity has a standard uncertainty calculated as the standard deviation of the mean of all 
the readings that have been used for calculation of the mean. This uncertainty contribution is 
assumed to have a normal probability distribution. 

Correction factor due to the power meter accuracy (𝒌𝑷𝑴) 
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The value of this correction is taken to be 0 W with associated uncertainty taken from power 
meters manufacturer specifications. This uncertainty contribution is assumed to have a 
rectangular probability distribution. 

Correction factor due to the power sensor linearity(𝒌𝒍𝒊𝒏) 

Value of this correction is estimated to be 0 W with associated uncertainty taken from the 
power sensors manufacturer’s specifications. This uncertainty is assumed to have a 
rectangular probability distribution. 

Correction factor due to power meter resolution (𝒌𝒓𝒆𝒔) 

The quantity corresponding to the least significant digit if the power meter display equals the 
finite resolution of the display. The correction is estimated to be 0 W with associated 
uncertainty ±half the resolution (half the magnitude of the least significant digit) with the 
rectangular distribution. If the power meter has analogue display the resolution is estimated 
according to the ability to read the value from the display but it must not be less than one-fifth 
of the value between two minor lines on the display. 
 

Eq. 47   U(kres) =
PM_Resolution

2
 

where: 
𝑃𝑀_𝑅𝑒𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 Resolution of power meter 
 

Correction factor due to zero offset (𝒌𝒛𝒆𝒓𝒐) 

Value of this correction is estimated to be 0 W with associated uncertainty taken from the 
power sensors manufacturer’s specifications for zero offset. This uncertainty accounts for 
zero correction drift since last zero correction was made. Zero drift or offset is not taken into 
account if zero correction is done before each measurement. This uncertainty is assumed to 
have a rectangular probability distribution. 

Correction factor due to noise (𝒌𝒏𝒐𝒊𝒔𝒆) 

Value of this correction is estimated to be 0 W with associated uncertainty taken from the 
power sensors manufacturer’s specifications for residual noise. This uncertainty is assumed 
to have a normal probability distribution. 

Calibration factor of the power sensor (𝑪𝑭) 

The value of the calibration factor is taken from power sensors calibration certificate together 
with its associated uncertainty. This uncertainty usually has a coverage factor of k = 2. This 
uncertainty is assumed to have a normal probability distribution. 

Drift of power sensor calibration factor since its last calibration (𝐝𝐂𝐅) 

This value is taken to be 0. Its associated uncertainty is estimated from analysis of calibration 
certificates for the power sensor. This value is estimated from the CF drifts from previous 
years between calibration intervals. 

Mismatch factor of the system (M) 

Mismatch factor is calculated from reflection coefficients of the source ΓS and the power 
sensor ΓPS, where ΓS and ΓPS are complex, with the following formula: 
 

Eq. 48  M = ❘1 − ΓPS · ΓS❘
2
 

 
Where: 

ΓPS Complex voltage reflection coefficient of the power sensor 

ΓS Complex voltage reflection coefficient of the source 

Absolute value of reference attenuator S21 parameter (attenuation) ( |𝐒𝟐𝟏𝐀|) 
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This value is taken from reference attenuators last calibration certificate together with its 
associated uncertainty. This uncertainty contribution is assumed to have a normal probability 
distribution with a coverage factor k=2. 

Mismatch factor of the system with reference attenuator (𝐌𝐀) 

Mismatch factor of the system is modelled with the following equation: 
 

Eq. 49  M𝐴 = ❘1 − S22AΓPS − S11AΓS − S12AS21AΓPSΓS + S11AS22AΓPSΓS❘
2 

 
where: 
𝑆𝑥𝑦𝐴 Complex S-parameters of reference attenuator 

ΓPS Complex voltage reflection coefficient of the power sensor 

ΓS Complex voltage reflection coefficient of the source 
 
Because attenuation of reference attenuator is in the order of 30 dB, and only second-order 
reflections are taken into account, equation Eq. 49 can be simplified to: 
 

Eq. 50   M𝐴 = ❘1 − S22AΓPS − S11AΓS❘
2 

 
This equation assumes that products of more than two parameters of reflection coefficients 
can be neglected so only second order terms were taken into account. This is true if quality 
devices are used with low reflection coefficients. 
 

3. Calculation of mismatch factors and associated uncertainties 

3.1 Mismatch factor models 

Mismatch factor for power-related measurements is calculated from complex reflection 
coefficients and S-parameters of the devices used during calibration and measurements. The 

basic equation for power measurement mismatch factor MPM when measuring device, such 
as power sensor is connected directly to the output of the source is: 
 

Eq. 51   MPM = ❘1 − ΓPM · ΓS❘
2
 

 
where: 

𝛤𝑃𝑀 Complex reflection coefficient of measuring device 
𝛤𝑆 Complex effective source match of the source 
 
This equation can be rewritten in polar form: 
 

Eq. 52 MPM = ❘1 − ΓPM · ΓS❘
2 = 1 − 2 ∙ |ΓPM| ∙ |ΓS| ∙ Cos(φPM + φS) + ❘ΓPM❘

2 ∙ ❘ΓS❘
2
 

 
where: 
𝛤𝑃𝑀 Complex reflection coefficient of measuring device 

𝛤𝑆 Complex effective source match of the source 
|𝛤𝑃𝑀| Magnitude of voltage reflection coefficient of measuring device 
𝜑𝑃𝑀  Phase of the voltage reflection coefficient of measuring device 
|𝛤𝑆| Magnitude of voltage reflection coefficient of the source 
𝜑𝑆  Phase of the voltage reflection coefficient of the source 
 

The equation for power measurement mismatch factor MPM when measuring device, such as 

power sensor is connected to the output of the source through an adapter, cable, attenuator 
or other 2 port device is: 
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Eq. 53  MPM = ❘1 − S22ΓPM − S11ΓS − S12S21ΓPMΓS + S11S22ΓPMΓS❘
2
 

 
where: 
𝑆𝑥𝑦  Complex S-parameters of 2 port device (adapter, cable, attenuator) 

 

3.2 Calculation of mismatch factors and associated uncertainties 

For a direct connection, equation Eq. 52 can be used to determine the average value of the 
mismatch factor and its associated uncertainty also when only magnitudes of reflection 
coefficients are available. There are two ways this value can be calculated along with its 
uncertainty estimate. First one is to calculate the biggest limits of the mismatch factor and its 
average value. The average value is estimated so that the product of squares of the 

coefficients (❘ΓPM❘2 ∙ ❘ΓS❘
2) in equation Eq. 52 is taken to be 0: 

 

Eq. 54  MPM = ❘1 − ΓPM · ΓS❘
2 ≅ 1 − 2 ∙ |ΓPM| ∙ |ΓS| ∙ Cos(φPM + φS) 

 
Then sum of both phases is taken to be such that cosine of it is 0. This leads us to the 
average value for the mismatch factor to be 1. The limits for the value of the mismatch factor 
are then calculated so that in one case cosine of the sum of phases is taken to be 1 and in 
other cases it is taken to be –1. This leads to the mismatch limits for the uncertainty of the 

mismatch factor 𝑈(𝑀𝑃𝑀), which can be shown, with the following formula: 

 

Eq. 55   U(MPM) = ±2 ∙ |ΓPM| ∙ |ΓS| 
 
So the final calculated mismatch factor is: 
 

Eq. 56   MPM = 1 ± 2 ∙ |ΓPM| ∙ |ΓS| 
 

Because |𝛤𝑃𝑀| is measured value with associated uncertainty the value for calculation of 
uncertainty limits is taken to be: 
 

Eq. 57   |ΓPM| = √|ΓPM|meas
2 + U(|ΓPM|meas)2 

 
Where: 
|ΓPM|𝑚𝑒𝑎𝑠 measured value of voltage reflection coefficient magnitude 
𝑈(|ΓPM|𝑚𝑒𝑎𝑠) Uncertainty of measured voltage reflection coefficient magnitude 
 
Mismatch factor uncertainty is calculated this way, is assumed to have U-shaped probability 
distribution. 
 
A similar approach can also be used for calculation of uncertainty of mismatch factors given 
with equation Eq. 53 where each product in the chain has uncertainty in the form of equation 
Eq. 55. Complete uncertainty of the mismatch factor is then RSS sum of uncertainties of all 
the products. 
 

𝑈MPM

= √(2 |S22||ΓPM|)2 + (2 |S11||ΓS|)2 − (2 |S12||S21||ΓPM|ΓS|)2 + (2|S11||S22||ΓPM|ΓS|)2 
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3.3 Monte Carlo mismatch factor uncertainty estimation 

The other way for calculating mismatch factor using only reflection coefficient magnitudes 
and its associated uncertainty is by use of Monte Carlo simulation. This is done by randomly 
generating samples for input quantities for equation Eq. 54 and by statistical analysis mean 
value of mismatch factor and its standard deviation is calculated. Both phases are generated 
between 0 and 2π radians and because there is no information about the actual phase they 
are generated so that their probability distribution is rectangular. The value for the reflection 
coefficient of the measuring device is generated with measured value as mean using its 
associated standard uncertainty as standard deviation. The value for the source reflection 
coefficient is also generated with the same procedure. This is done by means of appropriate 
software, which calculates assigned number of samples of the mismatch factor and returns 
its mean value and standard deviation of the sample which is taken to be uncertainty 
associated with mismatch factor. In practical work average value of mismatch factor is 
always taken to be 1 and Monte Carlo is only used for uncertainty calculation. 
 
When calibrated complex values of reflection coefficients are known with their associated 
uncertainties, then mismatch factors can be calculated using complex values. This is also 
done by means of Monte Carlo simulation which provides associated uncertainties of 
calculated mismatch factors. In this case, real and imaginary component of calibrated value 
is randomly generated and standard deviation of output quantity is considered as the 
uncertainty associated with output quantity. This procedure can be used for any mismatch 
factor calculation using equation Eq. 51 for direct connection and equation Eq. 53 for 
connection through 2 port device. 
With previous analysis, it was found that the probability distribution of mismatch factors 
obtained using Monte Carlo samples is U-shaped.  
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3.4 Uncertainty contributions due to high-power and elevated thermal conditions 

 

Characterization of equipment should also include investigation of high power and thermal 
effects which high power has on the measuring equipment.  

Correction factor due to large signal and thermal attenuation stability(𝒌𝒕𝒉𝒆𝒓𝒎𝑨) 

High power attenuators get heated by the power dissipated in them and this effect is also 
present in couplers but it is much smaller. Those large signal and thermal effects can 
influence the characteristics of those devices. They are usually calibrated in low signal 
regime using VNAs or other similar equipment which does not take into account those 
effects. Therefore equipment needs to be characterized in terms of thermal and large signal 
effects. During projects and practical work many attenuators have been characterized and it 
was found that large signal effects and thermal effects can influence the attenuators in the 
range of ±0.02 dB or ±0.5% of power in linear terms with rectangular distribution. This is the 
uncertainty that should be added to all high-power measurements using the equipment for 
which no characterization has been made. If the equipment used is characterized for those 
effects, results of the characterization can be used for uncertainty evaluation. 

Correction factor due to thermal stability of the power sensor (𝒌𝒕𝒉𝒆𝒓𝒎𝑷𝑺) 

Power sensors are connected to heated output connectors of attenuators and couplers which 
can further affect the performance of power sensors especially thermal kind of power 
sensors. Some manufacturers provide special thermally insulated inputs for power sensors 
but normally this is not the case. Effects of heating the power sensor input have also been 
investigated and it was found that to avoid zero drifts and noise conditions measurements 
should be made at least 27 dB above the noise floor of the sensor and 3 dB below full scale. 
This way errors due to zero drift and thermal effects are minimized and overload conditions 
of the power sensor are avoided. Thermal changes/effects on power sensors and complete 
equipment have also been studied and characterized and it was found that those effects can 
produce changes in the order of ±0.3% in linear power terms. This is recommended 
additional uncertainty that should be used to take into account thermal effects on power 

sensors. 

 

Fig. 5. Power sensor with regular and thermally insulated input connector connected to high-power 
attenuator 
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4. Practical measurement and calibration setups 

4.1 Measurement of source output power using attenuator/power sensor 
combination 

Fig. 6. Calibration setup for high-power source measurement using attenuator/power sensor 
combination 

High power attenuator input is connected directly to the power source output connector. This 
way measurement plane is at the output connector of the DUT source. If the high power 
attenuator cannot be connected directly to the output connector, characterized reference 
cables can be used to connect high power attenuator to the output of the source. If cable is 
used then its effect has to be taken into account in the same manner as if additional 
attenuator is added to the input of the high-power attenuator/power sensor set.  

Calibration factor and reflection coefficient of the complete set for this setup is calculated 
using Eq. 16 and Eq. 17. If cable is used then it is cascaded/added to the set of high power 
and power sensor. If high power is measured, additional attenuators can also be used at the 
output of high-power attenuator. Attenuators and cables must always be cascaded to the 
power sensor in order in which they are connected to the sensor. The first attenuator 
connected to the sensor is cascaded first and then each added one is cascaded to the 
previous set. This way effective calibration factor and reflection coefficient of any 
combination of attenuators and cables connected to the sensor can be calculated using Eq. 
16 and Eq. 17. In practice, it is however not advisable to use more than 3 cascaded 
cables/attenuators as the uncertainty of the measurement which is mainly affected by the 
uncertainty of the calibration factor of the complete set and is increased by each 
attenuator/cable added to the chain. Attenuation uncertainty of each device in the chain is 
directly added to the uncertainty of effective calibration factor. 

The power sensor is connected directly to the output of the attenuator and attached to an 
appropriate power meter. 

Fig. 7. Calibration setup for high-power source measurement using attenuator/power sensor 
combination 

 

High Power 

Attenuator 

High power generator 

or power amplifier Power 

sensor 

Power meter 
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Fig. 8. Calibration setup for high-power source measurement with big high power attenuator and 
reference cable used for connection of the source 

 

4.2 Measurement of source output power using coupler/power sensor combination 

 

 

Load 
Coupler

DUT 

Signal generator 
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Fig. 9. Calibration setup for high-power source measurement using coupler/power sensor combination 

Coupler input is connected directly to a power source output connector. This way 
measurement plane is at the output connector of the DUT source. Reference characterized 
high power load is connected directly to the output connector (J2) of the coupler main line. 
Calibration factor and reflection coefficient/mismatch factor of the complete set for this setup 
is calculated using Eq. 37, Eq. 35 and Eq. 26. If high power is measured, additional 
attenuators can also be used at the coupled output (J3) of the coupler. Attenuators must 
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always be cascaded to the power sensor in the order in which they are connected to the 
sensor. The first attenuator connected to the sensor is cascaded first and then each added 
one is cascaded to the pervious set. This way effective calibration factor and reflection 
coefficient of any combination of attenuators and couplers connected to the sensor can be 
calculated using Eq. 16 and Eq. 17, Eq. 37, Eq. 35 and Eq. 26. 

The power sensor is connected directly to the coupled output (J3) of the coupler and 
attached to an appropriate power meter. 

Connecting coupler to the output connector of the source using a cable, in this case, is not 
advised, because correction due to input cable cannot be done using simple cascading as in 
the case of an attenuator. If the cable has to be used at the input of the coupler for source 
measurement purposes, it should be characterized together with the coupler or the coupler is 
calibrated together with the cable connected to the input of the coupler. 

Fig. 10. Calibration setup for high-power source measurement using coupler/power sensor 
combination 

4.3 Calibration of insertion (thru-line) power meter using attenuator/power sensor 
combination 
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Fig. 11. Calibration setup for high-power source measurement using coupler/power sensor 
combination 

DUT Input connector is connected directly to the power source output connector. The cable 
can be used here without additional corrections. High power attenuator input is connected 
directly to DUT power meter Thru line output connector. This way measurement plane is at 
the OUTPUT connector of the DUT power meter. If high power attenuator cannot be 
connected directly to the DUT output connector, characterized reference cables can be used 
to connect high power attenuator to the output of the DUT. If a cable is used then its effect 
has to be taken into account in the same manner as if additional attenuator is added to the 
input of the high-power attenuator/power sensor set. Calibration factor and reflection 
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coefficient of the complete set for this setup is calculated using Eq. 16 and Eq. 17. If a cable 
is used then it is cascaded/added to the set of high power and power sensor. If high power is 
measured, additional attenuators can also be used at the output of high-power attenuator. 
Attenuators and cables must always be cascaded to the power sensor in order in which they 
are connected to the sensor. The first attenuator connected to the sensor is cascaded first 
and then each added one is cascaded to the pervious set. This way effective calibration 
factor and reflection coefficient of any combination of attenuators and cables connected to 
the sensor can be calculated using Eq. 16 and Eq. 17. 

If DUT power meters have to be calibrated in the sense of power incident to the INPUT 
connector of the DUT, measurement plane is moved to the input of the DUT by cascading 
the DUT to the effective calibration factor of the reference attenuator/power sensor set using 
the same procedure as is additional attenuator or cable is added to the attenuator/power 
sensor set. For this purpose, the full 2 port calibration of the DUT thru line has to be 
performed which is in practice done with every calibration of the power meter. 

Fig. 12. Calibration setup for high-power source measurement using coupler/power sensor 
combination 

4.4 Calibration of insertion (thru-line) power meter using coupler/power sensor 
combination 
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Fig. 13. Calibration setup for high-power source measurement using coupler/power sensor 
combination 
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Coupler input is connected directly to the power source output connector. The cable can be 
used here without additional corrections. DUT Input connector is connected directly to the 
output connector (J2) of the coupler main line. This way reference plane is established at the 
INPUT connector of the DUT power meter. Reference characterized high power load is 
connected directly to DUT power meter Thru line output connector.  

The power sensor is connected directly to the coupled output (J3) of the coupler and 
attached to an appropriate power meter. 

Calibration factor and reflection coefficient/mismatch factor of the complete set for this setup 
is calculated using Eq. 33 and Eq. 35. 

To obtain effective reflection coefficient of the load (DUT cascaded to the reference load) 
connected to J2 connector of the coupler, measured DUT 2-port S-parameters and reflection 
coefficient of reference load can be used in equation Eq. 17 and effective reflection 
coefficient of the DUT cascaded to the load can be obtained. This reflection coefficient can 
also be measured directly using 1-port measurement and used for the calculation of 
mismatch factors. 

Moving calibration plane to the OUTPUT connector of the DUT in this setup cannot be 
achieved by simple cascading as is the case when using attenuator/power sensor 
combination, where calibration plane is already at the OUTPUT connector of the DUT. If this 
is the case attenuator/power sensor combination should be used to obtain the most accurate 
results with the lowest uncertainties. 

Fig. 14. Calibration setup for high-power source measurement using coupler/power sensor 
combination 

4.5 Calibration of terminating power meter using coupler/power sensor 
combination 
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Fig. 15. Calibration setup for high-power source measurement using coupler/power sensor 
combination 
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Coupler input is connected directly to the power source output connector. The cable can be 
used here without additional corrections. DUT Input connector is connected directly to the 
output connector (J2) of the coupler main line. This way reference plane is established at the 
INPUT connector of the DUT power meter. No additional load is needed in this case as DUT 
provides the termination for high power. 

The power sensor is connected directly to the coupled output (J3) of the coupler and 
attached to an appropriate power meter. 

Calibration factor and reflection coefficient/mismatch factor of the complete set for this setup 
is calculated using Eq. 33 and Eq. 35. 

The reflection coefficient of the load in this setup is the input reflection coefficient of the DUT. 
This reflection coefficient is measured directly using 1-port measurement and used for the 
calculation of mismatch factors. 

 

4.6 Practical considerations for high-power measurements 

For source power measurements lower uncertainty is obtained using attenuator/power 
sensor combination where calibration plane is connected directly to the output connector of 
the source. Even if the cable has to be used the uncertainty is smaller than in case of using 
the coupler and calculating the effective calibration factor using equation Eq. 37, where the 
denominator factor has big uncertainty and is difficult to calculate. 

For calibration of insertion (thru) power meters in sense of power at the OUTPUT connector 
using attenuator/power sensor combination is better because the calibration plane is at the 
output connector of the DUT. Moving the calibration plane to the input connector is possible 
in this case but additional uncertainty is introduced. So, in this case, it is better to use 
coupler/power sensor method which provides the smallest uncertainty for calibration plane at 
the INPUT connector of the DUT. Calibration of terminating power meters is only possible 
using coupler/power sensor combination as shown in paragraph 4.5. 

With all high-power measurements, one of the biggest sources of uncertainty is due to the 
output reflection coefficient of the sources and amplifiers. Those reflection coefficients can be 
quite big and are very really measured and available for calculations. In many cases, those 
reflection coefficients are only given or measured as scalar quantities and can therefore not 
be used for any corrections. Their magnitudes can only be used to estimate the uncertainty 
due to source mismatch. Adding additional padding attenuators to the output of high-power 
equipment is also not being used as it lowers the power available to the measuring system. 

A significant source of uncertainty for high power measurements is also the characterization 
of reference attenuators, couplers and cables. Transmission magnitude uncertainty of those 
devices directly affects the uncertainty of power measurements. 

In many cases, those sources are so significant that making accurate vector corrections is 
not really practical except in the case of coupler measurements where source reflection 
coefficient is not being used for corrections, but in this case calibration of other coupler 
parameters has to be very accurate for this to have any influence on overall uncertainty. 

This means that calculations of effective calibration factors can be done using only 
magnitudes of attenuation values or coupling factors and directivities. Then any mismatches 
can be estimated from magnitudes of reflection coefficients as shown in paragraph 3.2. 

In practice, it is however not advisable to use more than 3 cascaded cables/attenuators as 
the uncertainty of the measurement which is mainly affected by the uncertainty of the 
calibration factor of the complete set and is increased by each attenuator/cable added to the 
chain. Attenuation uncertainty of each device in the chain is directly added to the uncertainty 
of effective calibration factor. 
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Before calibration is carried out, equipment is connected, turned on and left to stabilize as 
recommended by the manufacturer. For power sensor/power meter it is advisable to be 
connected and turned on at least 1 hour before the calibration. After adequate time nominal 
power at which the calibration is going to be carried out is applied to the system at any 
calibration frequency. Then this condition is maintained at least half an hour so that reference 
attenuator/power sensor is thermally stabilized. For power amplifiers, it is also advised to 
allow the output level to stabilize at the level being measured so that there are no level 
variations during measurements due to gain variations of the amplifier. Then power is turned 
off and the power sensor is zeroed at those thermal conditions. If calibration is to be carried 
out at several levels then the lowest level is being measured first and then power is raised. 
After each power level change at least 10 minutes is allowed for thermal equilibrium to be 
established again. 

High power measurements are often also made at different connector families in coaxial and 
very often also waveguides are used which provide smaller attenuations which is very 
important for high power applications. Reference equipment is traceably calibrated on the 
connectors which are generally used on test equipment (BNC, N-Type). If measurements 
have to be made on different connectors or waveguides where additional adapters are 
required, the influence of the adapters should be taken into account either by correcting for 
their effect or they are taken into account within the uncertainty. 

Selection of appropriate attenuation values depending on the power sensor and ranges to be 
measured is given in the following table. Data in the table is calculated by using the range of 
power sensor from 27dB above the noise level and 3 dB below the overload of the power 
sensor. The table assumes that power sensor which is used has noise level at -30 dBm and 
the highest level that can be measured is +20 dBm. 

 

Pnoise Pnoise Povld Povld Psens_Min Psens_Min Psens_Max Psens_Max 

[µW] [dBm] [mW] [dBm] [mW] [dBm] [mW] [dBm] 

1,0 -30 100,0 20 0,50 -3 50 17 

        

        A_Att P_Min P_Min P_Max P_Max 
   [dB] [W] [dBm] [W] [dBm] 
   

20 0,05 17 5 37 
   30 0,5 27 50 47 
   40 5 37 501 57 
   50 50 47 5012 67 
   60 501 57 50119 77 
   

Table 1: High Power ranges with different attenuators for -30 dBm to +20 dBm range power sensor 

 

A_Att is attenuation of high power attenuator or combination of them, P_Min is minimal 
power that can be measured with given combination and P_Max is maximum power that can 
be measured to satisfy the conditions of being 27 dB above the noise floor and 3 dB below 
overload. 
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5. Measurement results and uncertainties 

 

5.1 Uncertainty calculation examples 

For calibration factor of mid power sensors, general uncertainties provided by NMIs or 
calibration laboratories are in the order of 0,5% to 2%, depending on frequency. All additional 
attenuators and cables inserted in the measurement chain will increase this uncertainty. 
Typical for reference attenuator calibrated with about 0.05 dB uncertainty for attenuation and 
relatively low reflection coefficients, adds approximately 1,2% to the overall uncertainty. This 
means the uncertainty of the resulting effective calibration factor is in the order of 1,5%. 
0,1dB attenuation uncertainty already gives additional 2,3% of power uncertainty. Scalar 
attenuation measurements of the attenuators can also provide attenuation values with low 
uncertainties which can be used for calculations of effective calibration factors. 

In following tables, three uncertainty calculation examples are given for the same 
measurement. The nominal output power of 1 W from the amplifier was measured using R&S 
NRV-Z51 power sensor and reference 30 dB 150 W Weinschel high power attenuator.  

The first case (Table 2) is where procedure according to the model given in paragraph 2.2 is 
used, and mismatch was taken to be 1 with uncertainty limits calculated from reflection 
coefficient magnitudes. 

f = 1000 MHz Pnom = 30 dBm = 1 W u_kpm 0,12% S11_A 0,018

Mathematical model of measurement: ΓL 0,020 ΓL_eff 0,020 u_klin 0,60% S22_A 0,039

U_ΓL 0,002 Filter 9 2*S11_A*ΓS 0,0054

ΓS 0,150 ΓS_eff 0,158 Noise 22 nW 2*S22_A*ΓL 0,0015

U_ΓS 0,050 Noise Mult. 2

Quantity Estimate

Estimate 

uncertainty

Probability 

distribution Div.

Standard 

uncertainty

Sensitivity 

coefficient

Uncertainty 

contribution

Eff. 

degs.of 

freedom

Xi xi u(xi) ci ui(y) vi ui^4(y)/vi

Pdisp 1,278 mW 0,002 mW normal 1 0,0020 mW 0,871 W/mW 0,002 W 4 2,3E-12

kPM 0 mW 0,002 mW rectangular 1,73 0,0009 mW 0,871 W/mW 0,001 W 1E+99 3,5E-112

k lin 0 mW 0,008 mW rectangular 1,73 0,0044 mW 0,871 W/mW 0,004 W 1E+99 2,2E-109

kres 0 mW 0,001 mW rectangular 1,73 0,0006 mW 0,871 W/mW 0,001 W 1E+99 6,4E-113

kzero 0 mW 0,000060 mW rectangular 1,73 0,0000 mW 0,871 W/mW 0,000 W 1E+99 8,3E-118

knoise 0 mW 0,000044 mW normal 1 0,0000 mW 0,871 W/mW 0,000 W 1E+99 2,2E-117

kthermPS 0 mW 0,003834 mW rectangular 1,73 0,0022 mW 0,871 W/mW 0,002 W 1E+99 1,4E-110

|S_21A | 0,03384 0,00025 normal 2 0,0001 -65,8 W -0,008 W 1E+99 4,3E-108

kthermA 0,00000 0,00008 rectangular 1,73 0,0000 -65,8 W -0,003 W 1E+99 1,1E-109

M 1 0,0056 U-shaped 1,41 0,0040 1,113 W 0,004 W 1E+99 3,8E-109

CF 1,0030 0,0080 normal 2 0,0040 -1,109 W -0,004 W 1E+99 3,9E-109

dCF 0 0,0010 rectangular 1,73 0,0006 -1,109 W -0,001 W 1E+99 1,7E-112

Pz0 1,113 W Standard Uncertainty of measurement: 0,012 W 8,E+03 2,3E-12

Pz0(log) 30,463 dBm Expanded uncertainty of measurement: 0,023 W

Relative expanded uncertainty of measurement: 2,11 %

Expanded uncertainty of measurement(log): 0,092 dB

Table 2: Uncertainty calculation example with mismatch uncertainty limits 

 

The second case (Table 3) is where mismatch factor has been calculated using Monte Carlo 
method from complex values of reflection coefficients except for source reflection coefficient 
which was simulated with known magnitude and given uncertainty and its phase was varied 
from 0 to 2pi. 
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f = 1000 MHz Pnom = 30 dBm = 1 W u_kpm 0,12% S11_A 0,018

Mathematical model of measurement: ΓL 0,020 ΓL_eff 0,020 u_klin 0,60% S22_A 0,039

U_ΓL 0,002 Filter 9 S11_A*ΓS 0,0054

ΓS 0,150 ΓS_eff 0,158 Noise 22 nW S22_A*ΓL 0,0015

U_ΓS 0,050 Noise Mult. 2

Quantity Estimate

Estimate 

uncertainty

Probability 

distribution Div.

Standard 

uncertainty

Sensitivity 

coefficient

Uncertainty 

contribution

Eff. 

degs.of 

freedom

Xi xi u(xi) ci ui(y) vi ui^4(y)/vi

Pdisp 1,278 mW 0,002 mW normal 1 0,0020 mW 0,870 W/mW 0,002 W 4 2,29E-12

kPM 0 mW 0,002 mW rectangular 1,73 0,0009 mW 0,870 W/mW 0,001 W 1E+99 3,5E-112

k lin 0 mW 0,008 mW rectangular 1,73 0,0044 mW 0,870 W/mW 0,004 W 1E+99 2,2E-109

kres 0 mW 0,001 mW rectangular 1,73 0,0006 mW 0,870 W/mW 0,001 W 1E+99 6,4E-113

kzero 0 mW 0,000060 mW rectangular 1,73 0,0000 mW 0,870 W/mW 0,000 W 1E+99 8,2E-118

knoise 0 mW 0,000044 mW normal 1 0,0000 mW 0,870 W/mW 0,000 W 1E+99 2,1E-117

kthermPS 0 mW 0,003834 mW rectangular 1,73 0,0022 mW 0,870 W/mW 0,002 W 1E+99 1,4E-110

|S_21A | 0,03384 0,00025 normal 2 0,0001 -65,7 W -0,008 W 1E+99 4,2E-108

kthermA 0,00000 0,00008 rectangular 1,73 0,0000 -65,7 W -0,003 W 1E+99 1,1E-109

M 0,99889 0,0036 normal 1,00 0,0036 1,113 W 0,004 W 1E+99 2,5E-109

CF 1,0030 0,0080 normal 2 0,0040 -1,108 W -0,004 W 1E+99 3,9E-109

dCF 0 0,0010 rectangular 1,73 0,0006 -1,108 W -0,001 W 1E+99 1,7E-112

Pz0 1,111 W Standard Uncertainty of measurement: 0,012 W 8,E+03 2,29E-12

Pz0(log) 30,459 dBm Expanded uncertainty of measurement: 0,023 W

Relative expanded uncertainty of measurement: 2,08 %

Expanded uncertainty of measurement(log): 0,090 dB

Table 3: Uncertainty calculation example with mismatch correction calculated using Monte Carlo 

 

The third case (Table 4) is where effective calibration factor and reflection coefficient of the 
set are calculated using the Monte Carlo method from calibrated values of the power sensor 
and complex values of attenuator S-parameters. Mismatch factor of the measurement was 
taken to be 1 with uncertainty limits calculated from effective reflection coefficient magnitude 
and source reflection magnitude. 
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f = 1000 MHz Pnom = 30 dBm = 1 W u_kpm 0,12% S11_A 0,000

Mathematical model of measurement: ΓL 0,018 ΓL_eff 0,018 u_klin 0,60% S22_A 0,000

U_ΓL 0,002 Filter 9 S11_A*ΓS 0,0000

ΓS 0,150 ΓS_eff 0,158 Noise 22 nW S22_A*ΓL 0,0000

U_ΓS 0,050 Noise Mult. 2

Quantity Estimate

Estimate 

uncertainty

Probability 

distribution Div.

Standard 

uncertainty

Sensitivity 

coefficient

Uncertainty 

contribution

Eff. 

degs.of 

freedom

Xi xi u(xi) ci ui(y) vi ui^4(y)/vi

Pdisp 1,278 mW 0,002 mW normal 1 0,0020 mW 0,872 W/mW 0,002 W 4 2,31E-12

kPM 0 mW 0,002 mW rectangular 1,73 0,0009 mW 0,872 W/mW 0,001 W 1E+99 3,6E-112

k lin 0 mW 0,008 mW rectangular 1,73 0,0044 mW 0,872 W/mW 0,004 W 1E+99 2,2E-109

kres 0 mW 0,001 mW rectangular 1,73 0,0006 mW 0,872 W/mW 0,001 W 1E+99 6,4E-113

kzero 0 mW 0,000060 mW rectangular 1,73 0,0000 mW 0,872 W/mW 0,000 W 1E+99 8,3E-118

knoise 0 mW 0,000044 mW normal 1 0,0000 mW 0,872 W/mW 0,000 W 1E+99 2,2E-117

kthermPS 0 mW 0,003834 mW rectangular 1,73 0,0022 mW 0,872 W/mW 0,002 W 1E+99 1,4E-110

kthermA 0 5,73E-06 rectangular 1,73 0,0000 -971,6 W -0,003 W 1E+99 1,1E-109

M 1 0,0057 U-shaped 1,41 0,0040 1,114 W 0,004 W 1E+99 4,1E-109

CF 1,15E-03 1,894E-05 normal 2 0,0000 -971,6 W -0,009 W 1E+99 7,2E-108

dCF 0,0E+00 1,1E-06 rectangular 1,73 0,0000 -971,6 W -0,001 W 1E+99 1,7E-112

Pz0 1,114 W Standard Uncertainty of measurement: 0,012 W 8,E+03 2,31E-12

Pz0(log) 30,470 dBm Expanded uncertainty of measurement: 0,024 W

Relative expanded uncertainty of measurement: 2,11 %

Expanded uncertainty of measurement(log): 0,092 dB

Expanded uncertainty of measurement(log): 0,092 dB

Table 4: Uncertainty calculation example with the calculation of effective calibration factor and 
reflection coefficient 

As can be seen from previous examples uncertainty is not improved much by doing 
mismatch corrections as other sources of uncertainty dominate the final result. Most 
important is small uncertainty of reference equipment. 
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5.2 Comparison of attenuator and coupler method 

Results of comparison calibration of both methods (attenuator and coupler) is shown. In this 
experiment, setup using both arrangements was established. 

 

Attenuator 

30 dB Coupler

DUT 

Signal generator 

RF Power 

Amplifier 
Power 

sensor 

Power 

sensor 

 

Fig. 16. Calibration setup for comparison of attenuator and coupler method 

Effective calibration factors have been calculated from power sensors, attenuator and 
coupler calibration data. All S-parameters were given in complex form and calculations have 
been made using Monte Carlo simulation. In this case, even the attenuator/power sensor 
combination is connected to the output port of the coupler where reflection coefficients are 
known in complex form and all corrections could be made. 

 

Fig. 17. Calibration setup for comparison of attenuator and coupler method 
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f P_Nom P_Coupler N_Coupler P_Attenuator N_Attenuator E e

[MHz] [W] [W] [W] [W] [W] [%]

100 20 20,00 0,28 19,98 0,25 -0,02 -0,08

150 20 19,97 0,28 19,97 0,24 -0,01 -0,04

200 20 19,92 0,27 19,98 0,24 0,05 0,27

250 20 19,91 0,28 19,86 0,24 -0,04 -0,22

300 20 20,05 0,29 20,07 0,24 0,02 0,09

350 20 20,16 0,29 20,11 0,24 -0,05 -0,25

400 20 19,94 0,28 19,97 0,24 0,04 0,18

450 20 19,97 0,29 19,99 0,24 0,02 0,10

500 20 19,93 0,28 19,92 0,24 -0,01 -0,06

550 20 19,89 0,29 19,86 0,24 -0,03 -0,17

600 20 19,93 0,28 19,90 0,24 -0,03 -0,14

650 20 19,94 0,29 19,91 0,24 -0,03 -0,16

700 20 19,96 0,28 19,91 0,24 -0,05 -0,28

750 20 19,90 0,27 19,82 0,24 -0,08 -0,42

800 20 20,01 0,29 19,90 0,24 -0,11 -0,55

850 20 19,95 0,29 19,80 0,24 -0,14 -0,73

900 20 20,05 0,28 19,94 0,24 -0,12 -0,57

950 20 20,05 0,29 19,93 0,24 -0,13 -0,64

1000 20 20,07 0,29 19,93 0,24 -0,13 -0,66

 Table 5: Comparison measurement results for coupler and attenuator measurements 

 

This comparison of methods shows that both methods provide the same results with 

comparable uncertainties.  
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6. Conclusions 

Traceable high-power measurements are possible using combinations of reference high 
power attenuators and couplers and reference mid or low power sensors. To obtain best 
measurement uncertainties it is however very important that the equipment being used is 
very accurately characterised. 

During high-power measurements equipment is being heated by the dissipated power 
which gives rise to additional errors in measurements due to changes in attenuation or drift of 
power sensor reading under elevated temperatures. These effects have to be investigated 
for different measurement and calibration setups. Any deviations should be added to the 
overall uncertainty. 
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