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Why not measure voltage?
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Units and definitions

Instantaneous power p(t)=v(t)i(t)

DC:   i(t)=I; v(t)=V →P=VI=V²/R=I²R

AC: 
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Average power
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Envelope power and

Peak envelope power
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Pulse power
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Instruments
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Power meter and sensor
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Sensor technologies

Thermal Sensors: 

power is measured by estimating the heating (in different ways)

• Calorimeters

• Bolometers (thermistors)

• Thermocouples

Non-linear Sensors:

power is measured through a voltage measurement, after a non-linear 

conversion

• Diode
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Calorimeters

Calorimeters measure the heat produced by incident microwave radiation.

They are typically constructed from a thermally insulating section of 

waveguide, a load and a temperature sensor such as a thermopile. 

They are in most cases the most accurate sensors available and so are 

used in national standards and some other calibration laboratories. 

Their main disadvantage is their extremely long time constant (often 20+ 

minutes) so they are not suitable for use in many measurement situations.

P = power

C = specific heat

R = thermal resistance.

M = fluid mass 

(for water C= 1 kcal/kg °C; J=4.18×10³ J/kcal), 

R

T

dt

dT
JCmP 
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Twin load calorimeters

Twin load calorimeters consist of two identical loads at the end of 

thermally insulating RF line sections within a thermally insulating 

container.

The temperature difference between the two loads is measured with 

temperature sensors. RF power can be applied to one side of the 

calorimeter and DC power to the other. 

When the temperature difference between the two sides is zero the RF 

and DC powers can be considered equivalent.

R→∞

DC   or RF

mCJ
t

TT
P 0
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Flow calorimeters

Flow calorimeters are suitable for higher power measurements. They 

contain a quartz tube carrying flowing water. The power into the 

waveguide can be calculated by measuring the temperature rise of the 

water and the flow rate.

The RF power is given by:        P=qC(T₂-T₁)J

T₂-T₁ = temperature difference between input and output flow

q = fluid mass flow rate

C = specific heat

J = 4.18×10³ J/kcal

The RF heating is compared to DC heating by means of heating wires 

within the quartz tube that provide an identical temperature distribution. 

(substitution technique)
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Bolometers

The bolometers are resistors very sensitive to temperature variations.

They are generally incorporated into a Wheatstone bridge. 

The RF power measurement is generally carried out by substitution, 

thanks to the determination of the equivalent DC power by means of 

the measures of V and R:



The bridge is balanced, therefore R1=R2 and Rb=R3 (=R0 for RF matching)

The power dissipated by the bolometer is:

With RF power, the bolometers heats up and changes the resistance, the

feedback loop acts on the DC voltage in order to keep the bridge balanced.
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Working principle
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Sensing elements

Thermistors (Negative Temperature Coefficient): 

Resistance Temperature Detector 

(RTD, PT100):
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Bolometers mounting
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Measurement Errors
• Error due to the mismatch: 

if the assembly is not adapted, a part of the power to be measured is 

reflected (see next slides: available power). 

• Substitution error: 

DC power and RF power do not give rise to the same thermal effects in the 

bolometer. The differences in behavior in the two cases are attributable 

both to the skin effect  and the different distribution of current along the 

wire which constitutes the sensitive element. To reduce the error of 

replacement is necessary that the resistive element has a length much 

smaller than the wavelength and a sufficiently reduced diameter so as to 

obtaina current distribution as uniform as possible 

• Error due to the efficiency η: 

It takes into account the fact that a small part of the power is dissipated on 

the guide walls and on the supports of the bolometer. 

The total effect of replacing error and η efficiency is conglomerate in 

effective efficiency expression indicated by the symbol K

Power RFInput 

bolometer by the dissipatedPower  RF
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Available Power

For a low frequency circuit, formed by a generator with impedance 

ZG and voltage eS (Thevenin equivalent), the power delivered to a 

load ZL is maximum when ZL = ZG * ( complex conjugate). 

This result is achieved by maximizing the variable Re(vl×il), as a 

function of ZL= RL+ jXL. 

Such power is defined as the available power of the generator.

Turning to RF, with no longer voltages and currents but traveling 

waves a and b, the condition of maximum delivered power shifts 

on reflection coefficients. 



Available Power
Generator: bs = g as + bg

Load: bL = L aL

Lets consider the transmission line of negligible length:

bs = aL and bL = as.
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Available Power
As for low frequency, we can demonstrate that  PL is maximum 

when the load reflection coefficient is equal to the complex 

conjugate of the reflection coefficient of the generator:

in this case the generator is in "conjugate matching", and the 

power transferred to the load is the maximum power-transferable = 

available power P0 :

In conclusion, the relation between the power really delivered to 

the load and the available power is:

*
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Calibration by microcalorimeter
Microcalorimeters are used to calibrate thermistor type sensors. 

These sensors operate in a bridge circuit such that the power 

dissipated in the sensor should be constant whether or not RF power is 

applied. The microcalorimeter measures the small temperature change 

caused by the extra losses in the input line of the sensor in the RF 

case. 

A microcalorimeter consists of a thin-walled line section connected to 

the thermistor sensor being calibrated. A thermopile measures the 

temperature difference between the thermistor and a dummy sensor or 

temperature reference. By measuring the temperature change due to 

the RF loss in the sensor and the input line, the efficiency of the sensor 

can be calculated.

thermal 

shields

RF input

Bolometers 

mountings

Thermal 

insulation and 

thermopile
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Balanced system
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Thermocouple

Thermocouples are based on the fact that dissimilar metals generate a 

voltage due to temperature differences at a hot and a cold junction of 

the two metals.

Thomson electromotive force

+

Peltier effect 

=

Seebeck electromotive force
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Thermocouple Sensor
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Sensitivity

Thermoelectric power 250 V/°C (Si-Ta2N)

The thermocouple has a thermal resistance 0.4 °C/mW. 

Thus, the overall sensitivity of each thermocouple is 100 μV/mW. 

Two thermocouples in series yield a sensitivity of 160 μV/mW

because of thermal coupling between the thermocouples.

If the hot junction rises to 500 °C, differential thermal expansion 

causes the chip to fracture. 

Thus, the sensor is limited to 300 mW maximum average power.

The thermal resistance combines with the thermal capacity to form 

the thermal time constant of 120 μs.
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Layout – sensitivity to temperature

Zero drift of thermocouple and 

thermistor power sensors due to 

being grasped by a hand.
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Power meter for thermocouple 

sensors



In the case of thermistor sensors, the DC-substitution process keeps the tiny bead of

thermistor, at a constant temperature, backing off bias power as RF power is added.

In the case of thermocouple sensors, as power is added, the detection microcircuit

substrate with its terminating resistor runs at higher temperatures as the RF power

increases. This naturally induces minor deviations in the detection characteristic.

Thermocouple power meters solve the need for sensitivity calibration by

incorporating a 50 MHz power-reference oscillator whose output power is

controlled with great precision (±0.4%).
28

Calibration and linearity
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Diode sensor

I = Is [exp(V/nVT)-1],

VT= kT/e  25 mV 

In order to describe the diode behavior for low voltages, we can develop in 

series the exponential

If we consider an input sinusoidal voltage V, 

due to the input power R0, with V= VRF sin(t) 

and thus
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Diode sensor

The differential resistance RD of the diode is given by:

For a RF diode, the saturation current has value close to 10 A, hence its

differential resistance is equal to some kΩ: being RD >>R0, the diode presence

does not compromise the input line matching.

The current IDC falls on the diode differential resistance RD in parallel with the load

R, whose value is >> RD. In this way we obtain an output DC voltage equal to:

For very-low voltages V<< VT we can stop the series to the second term,

neglecting the contribution of the higher-order terms.

In this approximation, the DC component of the current, equal to the average

value of I is given by:
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Diode sensor

We get a sensitivity between 0.5 mV/W 

and 1 mV/W.

Considering a noise floor equal to 100 nV, 

for example, the minimum RF input power 

is about -70 dBm, which is the noise 

background of this type of detectors. 

This discussion does not consider the 

non-ideality of the circuit and of the diode 

itself, and is mathematically valid only for 

input powers below -20 dBm, power level 

corresponding to the condition V < VT.

RF
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Power sensor and 

Meter signal path
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Differential scheme
Advantages:

• Thermoelectric voltages resulting from the joining of 

dissimilar metals, a serious problem below –60 dBm, are 

cancelled.

• Measurement errors caused by even-order harmonics in 

the input signal are suppressed due to the balanced 

configuration.

• A signal-to-noise improvement of 1 to 2 dB is realized by 

having two diodes.

• The detected output signal is doubled in voltage 

(quadrupled in power) while the noise output is doubled 

in power since the dominant noise sources are  

uncorrelated.

• Common-mode noise or interference riding on the ground 

plane is cancelled at the detector output. This is not RF 

noise but metallic connection noises on the meter side.

Diode technology provides some 3000 times (35 dB) more efficient RF-to-DC 

conversion compared to the thermocouple sensors
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CW Power Sensor

To achieve the expanded dynamic range of 90 dB, the sensor/meter architecture 

depends on a data compensation algorithm that is calibrated and stored in

an individual EEPROM in each sensor. The data algorithm stores information

of three parameters, input power level vs frequency vs temperature for the

range 10 MHz to 18 or 26.5 GHz and –70 to +20 dBm and 0 to 55 °C.
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CW Power Sensor

The power meter uses the uploaded calibration data from each connected

sensor to compensate for the three critical sensor parameters, power from

–70 to +20 dBm, frequency for its specified band, and operating temperature
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Diodes in series
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The generated DC current 

is the same for each diode: 

The resistance of the series is: 

The voltage DC is: 

The sensitivity is divided by N the noise power level grows of 10log10(N) 

but the maximum power for the quadratic region is increased by N2 [20log10(N)]

The dynamic range is improved by 10log10(N) 
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Wide-dynamic-range power 

sensors
The Agilent E-Series E9300 power sensors are implemented as a modified 

barrier integrated diode (MBID) with a two diode stack pair for the low power 

path (–60 to –10 dBm), a resistive divider attenuator and a five diode stack pair 

for the high power path (–10 to +20 dBm),
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Linearity and calibration

All thermocouple and diode power

sensors require a power reference

to absolute power, traceable to the

manufacturer or national standards.

Power meters accomplish this

power traceability by use of a

highly stable, internal 50 MHz

power reference oscillator.

The 1 mW reference power output

is near the center of the dynamic

range of thermocouple power

sensors, but above the range of the

sensitive diode sensor series.

Therefore, a special 30 dB

calibration attenuator, designed for

excellent precision at 50 MHz (1%),

is supplied with each diode power

sensor.
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Problems with non-CW signals
If the instantaneous power is much higher than the average power, the non 

linearity in the diode characteristic can induce measurement error.

Problem with high crest factor signals     (crest factor = peak value / rms value)

For non-CW signals with average powers between –20 and +20 dBm, use the

thermocouple sensors for true average power sensing.

Average            Peak
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Peak and average power sensing
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Peak and average power sensing
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Limits in Frequency
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The non-linear effect expires with time constant                          BUT

the sensor is no more matched before!! (When the diode impedance is close to R0)

Example: for Cd=0.1 pF, |ZD|100Ω at f  16 GHz
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Power ranges 

of different sensors
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Mismatch of different power 

sensors
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The Chain of Power Traceability
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Bolometers (synthesis)
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Thermocouples (synthesis)
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Diode sensors (synthesis)
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Diode sensor example
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Diode sensor example
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Diode sensor example
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Diode sensor example
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Diode sensor example


