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I. Introduction

This application note, AN64-1A, is a major revision of the 1977 edition 
of  AN64-1, which has served for many years as a key reference for RF 
and microwave power measurement.  It was written for two purposes: 
1) to retain some of the original text of  the fundamentals of RF and
microwave power measurements, which tends to be timeless, and
2) to present more modern power measurement techniques and test 
equipment which represents the current state-of-the-art. 

This note reviews the popular techniques and instruments used for meas-
uring power, discusses error mechanisms, and gives principles for cal-
culating overall measurement uncertainty.  It describes metrology-oriented
issues, such as the basic national standards, round robin intercomparisons
and traceability processes.  These will help users to establish an unbroken
chain of calibration actions from the NIST (U.S. National Institute of
Standards and Technology) or other national standard bodies, down to 
the final measurement setup on a production test line or a communication
tower at a remote mountaintop.  This note also discusses new measure-
ment uncertainty processes such as the new ISO Guide to the Expression 
of Uncertainties in Measurement, and the USA version, ANSI/NCSL 540Z-
2-1996, U.S. Guide for Expression of Uncertainty in Measurement, which
defines new approaches to handling uncertainty calculations.  

This introductory chapter reviews the importance of power quantities.
Chapter II discusses units, defines terms such as average power and 
pulse power, reviews key sensors and their parameters, and overviews 
the hierarchy of power standards and the path of traceability to the 
United States National Reference Standard.  Chapters III, IV, and V 
detail instrumentation for measuring power with the three most popular
power sensing devices: thermistors, thermocouples, and diode detectors.  
Chapter VI covers power transfer, signal flowgraph analysis and mis-
match uncertainty, along with the remaining uncertainties of power 
instrumentation and the calculation of overall uncertainty.  Chapter VII
compares the three popular methods for measuring average power.  
Peak and pulse power measurement and measurement of signals 
with complex modulations are discussed in Chapter VIII.

The Importance of Power
A system’s output power level is frequently the critical factor in the design,
and ultimately the purchase and performance of almost all radio frequency
and microwave equipment.  The first key factor is the concept of equity in
trade.  When a customer purchases a product with specified power perfor-
mance for a negotiated price, the final production-line test results need to
agree with the customer’s incoming inspection data.  These receiving,
installation or commissioning phases, often occur at different locations, 
and sometimes across national borders.  The various measurements must
be consistent within acceptable uncertainties. 

Secondly, measurement uncertainties cause ambiguities in realizable 
performance of a transmitter.  For example, a ten-watt transmitter costs
more than a five-watt transmitter. Twice the power output means twice the 
geographical area is covered or 40 percent more radial range for a commu-
nication system.  Yet, if the overall measurement uncertainty of the final
product test is on the order of ±0.5 dB, the unit actually shipped could have
output power as much as 10% lower than the customer expects, with result-
ing lower headroom in its operating profiles. 
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Because signal power level is so important to the overall system perform-
ance, it is also critical when specifying the components that build up the
system.  Each component of  a signal chain must receive the proper signal
level from the previous component and pass the proper level to the suc-
ceeding component.  Power is so important that it is frequently measured
twice at each level, once by the vendor and again at the incoming inspec-
tion stations before beginning the next assembly level. 

It is at the higher operating power levels where each decibel increase in
power level becomes more costly in terms of complexity of design, expense
of active devices, skill in manufacture, difficulty of testing, and degree of
reliability.  The increased cost per dB of power level is especially true at
microwave frequencies, where the high-power solid state devices are inher-
ently more costly and the guard-bands designed into the circuits to avoid
maximum device stress are also quite costly.

Many systems are continuously monitored for output power during 
ordinary operation. This large number of power measurements and their
importance dictates that the measurement equipment and techniques 
be accurate, repeatable, traceable, and convenient.  The goal of  this  
HP application note, and others, is to guide the reader in making those
measurement qualities routine.

Because many of the examples cited above used the term “signal level,” 
the natural tendency might be to suggest measuring voltage instead of
power.  At low frequencies, below about 100 kHz, power is usually calculat-
ed from voltage measurements across a known impedance. As the frequen-
cy increases, the impedance has large variations, so power measurements
become more popular, and voltage or current are calculated parameters.

At frequencies from about 30 MHz on up through the optical spectrum, 
the direct measurement of power is more accurate and easier.  Another
example of decreased usefulness is in waveguide transmission configura-
tions where voltage and current conditions are more difficult to define.  

A Brief History of Power Measurement
From the earliest design and application of RF and microwave systems, 
it was necessary to determine the level of power output.  Some of the 
techniques were quite primitive by today’s standards.  For example, when
Sigurd and Russell Varian, the inventors of the klystron microwave power
tube in the late 1930s, were in the early experimental stages of their
klystron cavity, the detection diodes of the day were not adequate for those
microwave frequencies. The story is told that Russell cleverly drilled a
small hole at the appropriate position in the klystron cavity wall, and 
positioned a fluorescent screen alongside.  This technique was adequate 
to reveal whether the cavity was in oscillation and to give a gross indica-
tion of power level changes as various drive conditions were adjusted.

Early measurements of high power system signals were accomplished 
by arranging to absorb the bulk of the system power into some sort of ter-
mination and measuring the heat buildup versus time.  A simple example
used for high power radar systems was the water-flow calorimeter.  These
were made by fabricating a glass or low-dielectric-loss tube through the
sidewall of the waveguide at a shallow angle.  Since the water was an
excellent absorber of the microwave energy, the power measurement
required only a measurement of the heat rise of the water from input to
output, and a measure of the volumetric flow versus time.  The useful part
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of that technique was that the water flow also carried off the considerable
heat from the source under test at the same time it was measuring the
desired parameter.

Going into World War II, as detection crystal technology grew from the
early galena cat-whiskers, detectors became more rugged and performed 
to higher RF and microwave frequencies.  They were better matched to
transmission lines, and by using comparison techniques with sensitive
detectors, unknown microwave power could be measured against known
values of power generated by calibrated signal generators.  

Power substitution methods emerged with the advent of sensing elements
which were designed to couple transmission line power into the sensing
element.1 Barretters were positive-temperature-coefficient elements, 
typically metallic fuses, but they were frustratingly fragile and easy to
burn out.  Thermistor sensors exhibited a negative temperature coefficient
and were much more rugged.  By including such sensing elements as one
arm of a 4-arm balanced bridge, DC or low-frequency AC power could be
withdrawn as RF/MW power was applied, maintaining the bridge balance
and yielding a substitution value of power.2

Commercial calorimeters had a place in early measurements.  Dry
calorimeters absorbed system power and by measurement of heat rise 
versus time, were able to determine system power.  The 1960’s HP 434A
power meter was an oil-flow calorimeter, with a 10 watt top range, and
also used a heat comparison between the RF load and another identical
load driven by DC power.3 Water-flow calorimeters were offered for 
medium to high power levels.

This application note will allot most of its space to the more modern, 
convenient and wider dynamic range sensor technologies which have
developed since those early days of RF and microwave.  Yet, it is hoped
that some appreciation will be reserved for those early developers in this
field for having endured the inconvenience and primitive equipment of
those times.
_________

1.  B.P. Hand, “Direct Reading UHF Power Measurement,” 
Hewlett-Packard Journal, Vol. 1, No. 59 (May, 1950).

2. E.L. Ginzton, “Microwave Measurements,” McGraw-Hill, Inc., 1957.

3. B.P. Hand, “An Automatic DC to X-Band Power Meter for the Medium 
Power Range,” Hewlett-Packard Journal, Vol. 9, No. 12 (Aug., 1958).
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Units and Definitions
Watt
The International System of Units (SI) has established the watt (W) as 
the unit of power; one watt is one joule per second.  Interestingly, electrical
quantities do not even enter into this definition of power.  In fact, other 
electrical units are derived from the watt.  A volt is one watt per ampere.  
By the use of appropriate standard prefixes the watt becomes the kilowatt 
(1 kW = 103W), milliwatt (1 mW = 10-3W), microwatt (1 µW = 10-6W),
nanowatt (1 nW = 10-9W), etc.

dB
In many cases, such as when measuring gain or attenuation, the ratio of
two powers, or relative power, is frequently the desired quantity rather than
absolute power.  Relative power is the ratio of one power level, P, to some
other level or reference level, Pref. The ratio is dimensionless because the
units of both the numerator and denominator are watts. Relative power is
usually expressed in decibels (dB)

The dB is defined by 

The use of dB has two advantages.  First, the range of numbers commonly
used is more compact; for example +63 dB to -153 dB is more concise than 
2 x 106 to 0.5 x 10-15. The second advantage is apparent when it is necessary
to find the gain of several cascaded devices.  Multiplication of numeric gain
is then replaced by the addition of the power gain in dB for each device.

dBm
Popular usage has added another convenient unit, dBm.  The formula for
dBm is similar to (2-1) except the denominator, Pref is always one milliwatt:

In this expression,  P is expressed in milliwatts and is the only variable, so
dBm is used as a measure of absolute power. An oscillator, for example, may
be said to have a power output of 13 dBm.  By solving for  P  in (2-2), the
power output can also be expressed as 20 mW.  So dBm means “dB above 
one milliwatt,” (no sign is assumed +) but a negative dBm is to be interpret-
ed as “dB below one milliwatt.”  The advantages of the term dBm parallel
those for dB; it uses compact numbers and aids the use of addition instead 
of multiplication when cascading gains or losses in a transmission system.

Power
The term “average power” is very popular and is used in specifying almost
all RF and microwave systems.  The terms “pulse power” and “peak envelope
power” are more pertinent to radar and navigation systems.  

In elementary theory, power is said to be the product of voltage and current.
But for an AC voltage cycle, this product V x I varies during the cycle as
shown by curve p in Figure 2-1, according to a 2f relationship.  From that
example, a sinusoidal generator produces a sinusoidal current as expected,
but the product of voltage and current has a DC term as well as a component
at twice the generator frequency.  The word “power,” as most commonly
used, refers to that DC component of the power product.  

dBm = 10 log10 ( )P
1 mW

(2-2)

dB = 10 log10 ( )P
Pref

(2-1)

II. Power Measurement
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All the methods of measuring power to be discussed (except for one chap-
ter on peak power measurement) use power sensors which, by averaging,
respond to the DC component.  Peak power instruments and sensors have
time constants in the sub-microsecond region, allowing measurement of
pulsed power waveforms.

The fundamental definition of power is energy per unit time.  This corr-
esponds with the definition of a watt as energy transfer at the rate of one
joule per second.  The important question to resolve is over what time is the
energy transfer rate to be averaged when measuring or computing power?
From Figure 2-1 it is clear that if a narrow time interval is shifted around
within one cycle, varying answers for energy transfer rate are found.  But 
at radio and microwave frequencies, such microscopic views of the voltage-
current product are not common.  For this application note, power is defined
as the energy transfer per unit time averaged over many periods of the low-
est frequency (RF or microwave) involved.

A more mathematical approach to power for a continuous wave (CW) is to
find the average height under the curve of  P  in Figure 2-1.  Averaging is
done by finding the area under the curve, that is by integrating, and then
dividing by the length of time over which that area is taken.  The length of
time should be an exact number of AC periods.  The power of a CW signal 
at frequency (l/T0) is:

where T0 is the AC period,  ep and  ip represent peak values of  e  and  i, φ
is the phase angle between  e  and  i,  and  n  is the number of AC periods.
This yields (for n = 1, 2, 3 . . .):

If the integration time is many AC periods long, then, whether n is a precise
integer or not makes a vanishingly small difference.  This result for large  n
is the basis of power measurement.

For sinusoidal signals, circuit theory shows the relationship between peak
and rms values as:

Using these in (2-4) yields the familiar expression for power:

DC Component

e

P

Am
pl

itu
de

R

e

i

t

i

P = 1
nT0

(2-3)

nT0

e
0

ep sin ( ) • ip sin ( ) dt2π
T0

t 2π
T0

P =             cos φepip
2

(2-4)

+ φ

Figure 2-1.  
The product of volt-
age and current, P,
varies during the
sinusoidal cycle.

ep =  √ 2 Erms and ip = √ 2 Irms (2-5)

P = Erms • Irms cos φ (2-6)
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Average Power
Average power, like the other power terms to be defined, places further
restrictions on the averaging time than just “many periods of the highest
frequency.”  Average power means that the energy transfer rate is to be
averaged over many periods of the lowest frequency involved.  For a CW
signal, the lowest frequency and highest frequency are the same, so aver-
age power and power are  the same.  For an amplitude modulated wave,
the power must be averaged over many periods of the modulation compo-
nent of the signal as well.  

In a more mathematical sense, average power can be written as:

where T, is the period of the lowest frequency component of  e(t) and  i(t).

The averaging time for average power sensors and meters is typically from
several hundredths of a second to several seconds and therefore this pro-
cess obtains the average of most common forms of amplitude modulation.

Pulse Power
For pulse power, the energy transfer rate is averaged over the pulse width,
τ.  Pulse width  τ  is considered to be the time between the 50 percent rise-
time/falltime amplitude points.

Mathematically, pulse power is given by 

By its very definition, pulse power averages out any aberrations in the
pulse envelope such as overshoot or ringing.  For this reason it is called
pulse power and not peak power or peak pulse power as is done in many
radar references.  The terms peak power and peak pulse power are not
used here for that reason.  See Chapter VIII for more explanation of mea-
surements of pulsed power.

The definition of pulse power has been extended since the early days of
microwave to be:

where duty cycle is the pulse width times the repetition frequency. 
This extended definition, which can be derived from (2-7) and (2-8) for 
rectangular pulses, allows calculation of pulse power from an average
power measurement and the duty cycle.

For microwave systems which are designed for a fixed duty cycle, peak
power is often calculated by use of the duty cycle calculation along with 
an average power sensor.  One reason is that the instrumentation is less
expensive, and in a technical sense, the averaging technique integrates all
the pulse imperfections into the average.    

Pp = 1
τ

(2-8)

τ

e
0

e(t) • i(t)dt

Pp = 
Pavg

Duty Cycle
(2-9)

Pavg = 1
nT,

(2-7)
nT,

e
0

e(t) • i(t)dt
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The evolution of highly sophisticated radar, electronic warfare and naviga-
tion systems, often based on complex pulsed and spread spectrum technolo-
gy, has led to more sophisticated instrumentation for characterizing pulsed
RF power.  To present a more inclusive picture of all pulsed power measure-
ments, Chapter VIII Peak Power Instrumentation is presented later in this
note.  Theory and practice and detailed waveform definitions are presented
for those applications.

.
Peak Envelope Power
For certain more sophisticated microwave applications, and because of the
need for greater accuracy, the concept of pulse power is not totally satisfac-
tory.  Difficulties arise when the pulse is intentionally non rectangular or
when aberrations do not allow an accurate determination of pulse width τ.
Figure 2-3 shows an example of a Gaussian pulse shape, used in certain
navigation systems, where pulse power, by either (2-8) or (2-9), does not
give a true picture of power in the pulse.  Peak envelope power is a term 
for describing the maximum power.  Envelope power will first be discussed.

Envelope power is measured by making the averaging time much less than
1/fm where fm is the maximum frequency component of the modulation
waveform.  The averaging time is therefore limited on both ends: (1) it must
be small compared to the period of the highest modulation frequency, and
(2) it must be large enough to be many RF cycles long.

By continuously displaying the envelope power on an oscilloscope, (using a
detector operating in its square-law range), the oscilloscope trace will show
the power profile of the pulse shape.  (Square law means the detected out-
put voltage is proportional to the input RF power, that is the square of the
input voltage.)  Peak envelope power, then, is the maximum value of the
envelope power (see Figure 2-3).  For perfectly rectangular pulses, peak
envelope power is equal to pulse power as defined above.  Peak power ana-
lyzers are specifically designed to completely characterize such waveforms.
See Chapter VIII.
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Average power, pulse power, and peak envelope power all yield the same
answer for a CW signal.  Of all power measurements, average power is the
most frequently measured because of convenient measurement equipment
with highly accurate and traceable specifications.  Pulse power and peak 
envelope power can often be calculated from an average power measurement
by knowing the duty cycle.  Average power measurements therefore occupy
the greatest portion of this application note series.

Other Waveforms and Multiple Signals
The recent explosion of new RF and microwave systems which depend on 
signal formats other than simple pulse or AM/FM modulation has made power
measuring techniques more critical.  Modern systems use fast digital phase-
shift-keyed modulations, wide-channel, multiple carrier signals, and other
complex formats which complicate selection of sensor types. In particular, 
the popular diode sensors are in demand because of their wide dynamic range.
But the sophisticated shaping circuits need careful analysis when used in 
non-CW signal environments.  More explanation is detailed in Chapter V.

Three Methods of Sensing Power
There are three popular devices for sensing and measuring average power at
RF and microwave frequencies.  Each of the methods uses a different kind of
device to convert the RF power to a measurable DC or low frequency signal.
The devices are the thermistor, the thermocouple, and the diode detector.
Each of the next three chapters discusses in detail one of those devices and 
its associated instrumentation.  Each method has some advantages and disad-
vantages over the others.  After the individual measurement sensors are stud-
ied, the overall measurement errors are discussed in Chapter VI.  Then the
results of the three methods are summarized and compared in Chapter VII.

The general measurement technique for average power is to attach a properly
calibrated sensor to the transmission line port at which the unknown power 
is to be measured. The output from the sensor is connected to an appropriate
power meter. The RF power to the sensor is turned off and the power meter
zeroed.  This operation is often referred to as “zero setting” or “zeroing.”
Power is then turned on.  The sensor, reacting to the new input level, sends 
a signal to the power meter and the new meter reading is observed.

Key Power Sensor Parameters
In the ideal measurement case above, the power sensor absorbs all the power
incident upon the sensor.  There are two categories of non-ideal behavior that
are discussed in detail in Chapters VI and VII, but will be introduced here.

First, there is likely an impedance mismatch between the characteristic
impedance of the RF source or transmission line and the RF input impedance
of the sensor.  Thus, some of the power that is incident on the sensor is 
reflected back toward the generator rather than dissipated in the sensor.  
The relationship between incident power Pi, reflected power Pr, and dissipat-
ed power Pd, is:

The relationship between Pi and Pr for a particular sensor is given by the 
sensor reflection coefficient magnitude ρ, .

Pi = Pr + Pd (2-10)

Pr = ρ,
2 Pi (2-11)
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Reflection coefficient magnitude is a very important specification for a
power sensor because it contributes to the most prevalent source of error,
mismatch uncertainty, which is discussed in Chapter VI.  An ideal power
sensor has a reflection coefficient of zero, no mismatch.  While a  ρ, of 0.05
or 5 percent (equivalent to an SWR of approximately 1.11) is preferred for
most situations, a 50 percent reflection coefficient would not be suitable for
most situations due to the large measurement uncertainty it causes.  Some
early waveguide sensors were specified at a reflection coefficient of 0.35.  

The second cause of non-ideal behavior is that RF power is dissipated in
places other than in the power sensing element.  Only the actual power 
dissipated in the sensor element gets metered.  This effect is defined as 
the sensor’s effective efficiency  ηe.  An effective efficiency of 1 (100%) 
means that all the power entering the sensor unit is absorbed by the 
sensing element and metered — no power is dissipated in conductors, 
sidewalls, or other components of the sensor.

The most frequently used specification of a power sensor is called the 
calibration factor,  Kb.  Kb is a combination of reflection coefficient and
effective efficiency according to

If a sensor has a  Kb of  0.90 (90%) the power meter would normally 
indicate a power level that is 10 percent lower than the incident power  Pi.  
Most power meters have the ability to correct the lower-indicated reading
by setting a calibration factor dial (or keyboard or HP-IB on digital meters) 
on the power meter to correspond with the calibration factor of the sensor
at the frequency of measurement.  Calibration factor correction is not capa-
ble of correcting for the total effect of reflection coefficient.  There is still a
mismatch uncertainty that is discussed in Chapter VI.

The Hierarchy of Power Measurements, 
National Standards and Traceability
Since power measurement has important commercial ramifications, it is
important that power measurements can be duplicated at different times 
and at different places.  This requires well-behaved equipment, good mea-
surement technique, and common agreement as to what is the standard
watt.  The agreement in the United States is established by the National
Institute of Standards and Technology (NIST) at Boulder, Colorado, which
maintains a National Reference Standard in the form of various microwave
microcalorimeters for different frequency bands. 1, 2 When a power sensor
can be referenced back to that National Reference Standard, the measure-
ment is said to be traceable to NIST.

The usual path of traceability for an ordinary power sensor is shown in
Figure 2-4. At each echelon, at least one power standard is maintained 
for the frequency band of interest.  That power sensor is periodically sent 
to the next higher echelon for recalibration, then returned to its original
level.  Recalibration intervals are established by observing the stability 
of a device between successive recalibrations.  The process might start 
with recalibration every few months.  Then, when the calibration is seen
not to change, the interval can be extended to a year or so. 

Kb = ηe (1 – ρ, 
2) (2-12)

NIST

NIST

Commercial 
Standards 
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Manufacturing
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Standard

General Test
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Figure 2-4.
The traceability path 
of power references
from the United
States National
Reference Standard.
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Each echelon along the traceability path adds some measurement uncer-
tainty.  Rigorous measurement assurance procedures are used at NIST
because any error at that level must be included in the total uncertainty 
at every lower level. As a result, the cost of calibration tends to be greatest
at NIST and reduces at each lower level.  The measurement comparison
technique for calibrating a power sensor against one at a higher echelon 
is discussed in other documents, especially those dealing with round robin
procedures. 3,4

The National Power Reference Standard for the U.S. is a microcalorimeter
maintained at the NIST in Boulder, CO, for the various coaxial and wave-
guide frequency bands offered in their measurement services program.
These measurement services are described in NIST SP-250, available from
NIST on request.5 They cover coaxial mounts from 10 MHz to 26.5 GHz
and waveguide from 8.2 GHz to the high millimeter ranges of 96 GHz. 

A microcalorimeter measures the effective efficiency of a DC substitution
sensor which is then used as the transfer standard.  Microcalorimeters
operate on the principle that after applying an equivalence correction, 
both DC and absorbed microwave power generate the same heat. Comp-
rehensive and exhaustive analysis is required to determine the equivalence
correction and account for all possible thermal and RF errors, such as losses
in the transmission lines and the effect of different thermal paths within
the microcalorimeter and the transfer standard.  The DC-substitution 
technique is used because the fundamental power measurement can then be
based on DC voltage (or current) and resistance standards.  The traceability
path leads through the micro-calorimeter (for effective efficiency, a unit-less
correction factor) and finally back to the national DC standards.

In addition to national measurement services, other industrial organiza-
tions often participate in comparison processes known as round robins (RR).
A round robin provides measurement reference data to a participating lab
at very low cost compared to primary calibration processes. For example,
the National Conference of Standards Laboratories, a non-profit association
of over 1400 world-wide organizations, maintains round robin projects for
many measurement parameters, from dimensional to optical. The NCSL
Measurement Comparison Committee oversees those programs.4

For RF power, a calibrated thermistor mount starts out at a “pivot lab,”
usually one with overall RR responsibility, then travels to many other 
reference labs to be measured, returning to the pivot lab for closure of 
measured data.  Such mobile comparisons are also carried out between
National Laboratories of various countries as a routine procedure to assure
international measurements at the highest level.

Microwave power measurement services are available from many National
Laboratories around the world, such as the NPL in the United Kingdom 
and PTB in Germany.  Calibration service organizations are numerous too,
with names like NAMAS in the United Kingdom.

Figure 2-5.
Schematic cross-
section of the NIST
coaxial microcalori-
meter at Boulder,
CO.  The entire sen-
sor configuration is
maintained under 
a water bath with a
highly-stable tem-
perature so that RF
to DC substitutions
may be made pre-
cisely.  
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A New Sensor for Power Reference Transfer 
Although thermistor sensors have served for decades as the primary 
portable sensor for transferring RF power, they have several drawbacks.
Their frequency range is limited, and thermistor impedance matches 
were never as good as most comparison processes would have preferred.
Except for the most extreme measurement cases requiring highest accuracy,
few modern procedures call for coaxial or waveguide tuners to match out
reflections from mismatched sensors at each frequency. 

A new cooperative research effort between HP and NIST is aimed at produc-
ing a novel resistive sensor designed for the express purpose of transferring
microwave power references.  The element is called a resistive power sensor,
and its DC to 50 GHz frequency range provides for DC substitution tech-
niques in a single sensor in 2.4 mm coax.  The technology is based on micro-
wave microcircuit fabrication of a precise 50 Ω resistive element on Gallium-
Arsenide.  The resistor presents a positive temperature coefficient when
heated, and can be operated by an NIST Type 4 Power Meter.  

Future processes for reference power transfer will likely be based on such 
a new technology because of its wide frequency coverage and excellent SWR.

____________
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Bolometer sensors, especially thermistors, have held an important historical
position in RF/microwave power measurements.  However, in recent years
thermocouple and diode technologies have captured the bulk of those app-
lications because of their increased sensitivities, wider dynamic ranges and
higher power capabilities.  Yet, thermistors are still the sensor of choice for
certain applications, such as transfer standards, because of their power 
substitution capability.  So, although this chapter is shortened from AN64-1, 
the remaining material should be adequate to understand the basic theory
and operation of thermistor sensors and their associated dual-balanced
bridge power meter instruments.  

Bolometers are power sensors that operate by changing resistance due to a
change in temperature. The change in temperature results from converting
RF or microwave energy into heat within the bolometric element.  There are
two principle types of bolometers, barretters and thermistors.  A barretter 
is a thin wire that has a positive temperature coefficient of resistance.
Thermistors are semiconductors with a negative temperature coefficient.

To have a measurable change in resistance for a small amount of dissipated
RF power, a barretter is constructed of a very thin and short piece of wire, 
or alternately, a 10 mA instrument fuse. The maximum power that can be
measured is limited by the burnout level of the barretter, typically just over
10 mW, and they are seldom used anymore.

The thermistor sensor used for RF power measurement is a small bead of
metallic oxides, typically 0.4 mm diameter with 0.03 mm diameter wire
leads.  Thermistor characteristics of resistance vs. power are highly non-
linear, and vary considerably from one thermistor to the next.  Thus the 
balanced-bridge technique always maintains the thermistor element at a
constant resistance, R, by means of DC or low frequency AC bias.  As RF
power is dissipated in the thermistor, tending to lower R, the bias power is
withdrawn by just the proper amount to balance the bridge and keep R the
same value.  The decrease in bias power should be identical to the increase
in RF power.  That decrease in bias power is then displayed on a meter to
indicate RF power. 

Thermistor Sensors
Thermistor elements are mounted in either coaxial or waveguide structures
so they are compatible with common transmission line systems used at
microwave and RF frequencies.  The thermistor and its mounting must be
designed to satisfy several important requirements so that the thermistor
element will absorb as much of the power incident on the mount as possible.
First, the sensor must present a good impedance match to the transmission
line over the specified frequency range. The sensor must also have low resis-
tive and dielectric losses within the mounting structure because only power
that is dissipated in the thermistor element can be registered on the meter.
In addition, mechanical design must provide isolation from thermal and
physical shock and must keep leakage small so that microwave power does
not escape from the mount in a shunt path around the thermistor.  Shielding
is also important to prevent extraneous RF power from entering the mount.

Modern thermistor sensors have a second set of compensating thermistors 
to correct for ambient temperature variations.  These compensating thermis-
tors are matched in their temperature-resistance characteristics to the
detecting thermistors.  The thermistor mount is designed to maintain elec-
trical isolation between the detecting and compensating thermistors 
yet keeping the thermistors in very close thermal contact.

III.  Thermistor Sensors and Instrumentation
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Coaxial Thermistor Sensors
The HP 478A and 8478A thermistor mounts (thermistor mount was the 
earlier name for sensor) contain four matched thermistors, and measure
power from 10 MHz to 10 and 18 GHz. The two RF-detecting thermistors,
bridge-balanced to 100 Ω each, are connected in series (200 Ω) as far as the
DC bridge circuits are concerned.  For the RF circuit, the two thermistors
appear to be connected in parallel, presenting a 50 Ω impedance to the test
signal.  The principle advantage of this connection scheme is that both 
RF thermistor leads to the bridge are at RF ground. See Figure 3-1 (a).

Compensating thermistors, which monitor changes in ambient temperature
but not changes in RF power, are also connected in series.  These therm-
istors are also biased to a total of 200 Ω by a second bridge in the power
meter, called the compensating bridge. The compensating thermistors are
completely enclosed in a cavity for electrical isolation from the RF signal.
But they are mounted on the same thermal conducting block as the detect-
ing thermistors.  The thermal mass of the block is large enough to prevent
sudden temperature gradients between the thermistors.  This isolates the
system from thermal inputs such as human hand effects.

There is a particular error, called dual element error, that is limited to coax-
ial thermistor mounts where the two thermistors are in parallel for the RF
energy, but in series for DC. If the two thermistors are not quite identical in
resistance, then more RF current will flow in the one of least resistance, but
more DC power will be dissipated in the one of greater resistance. The lack
of equivalence in the dissipated DC and RF power is a minor source of error
that is proportional to power level.  For HP thermistor sensors, this error is
less than 0.1 percent at the high power end of their measurement range and
is therefore considered as insignificant in the error analysis of  Chapter VI.

Waveguide Thermistor Sensors
The HP 486A-series of waveguide thermistor mounts covers frequencies
from 8 to 40 GHz.  See Figure 3-1 (b).  Waveguide sensors up to 18 GHz
utilize a post-and-bar mounting arrangement for the detecting thermistor. 
The HP 486A-series sensors covering the K and R waveguide band (18 to
26.5 GHz and 26.5 to 40 GHz) utilize smaller thermistor elements which 
are biased to an operating resistance of 200 Ω, rather than the 100 Ω used
in lower frequency waveguide units.  Power meters provide for selecting the
proper 100 or 200 Ω bridge circuitry to match the thermistor sensor being
used.

Bridges, from Wheatstone to Dual-Compensated DC Types
Over the decades, power bridges for monitoring and regulating power sen-
sing thermistors have gone through a major evolution.  Early bridges such
as the simple Wheatstone type were manually balanced.  Automatically-
balanced bridges, such as the HP 430C of 1952, provided great improve-
ments in convenience but still had limited dynamic range due to thermal
drift on their 30 µW (full scale) range.  In 1966, with the introduction of 
the first temperature-compensated meter, the HP 431A, drift was reduced
so much that meaningful measurements could be made down to 1 µW.1 

The HP 432A power meter, uses DC and not audio frequency power to main-
tain balance in both bridges. This eliminates earlier problems pertaining to
the 10 kHz bridge drive signal applied to the thermistors.  The HP 432A 
has the further convenience of an automatic zero set, eliminating the need
for the operator to precisely reset zero for each measurement.  

Figure 3-1. 
(a) HP 478A coaxial
sensor simplified
diagram. 
(b) HP 486A wave-
guide sensor 
construction.
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The HP 432A features an instrumentation accuracy of 1 percent. It also 
provides the ability to externally measure the internal bridge voltages with
higher accuracy DC voltmeters, thus permitting a higher accuracy level for
power transfer techniques to be used. In earlier bridges, small, thermo-elec-
tric voltages were present within the bridge circuits which ideally should
have cancelled in the overall measurement.  In practice, however, cancellation
was not complete.  In certain kinds of measurements this could cause an error
of 0.3 µW.  In the HP 432A, the thermo-electric voltages are so small, com-
pared to the metered voltages, as to be insignificant.

The principal parts of the HP 432A (Figure 3-2) are two self-balancing
bridges, the meter-logic section, and the auto-zero circuit.  The RF bridge,
which contains the detecting thermistor, is kept in balance by automatically
varying the DC voltage  Vrf, which drives that bridge. The compensating
bridge, which contains the compensating thermistor, is kept in balance by
automatically varying the DC voltage  Vc, which drives that bridge.  

The power meter is initially zero-set (by pushing the zero-set button) with 
no applied RF power by making  Vc equal to  Vrfo (Vrfo means Vrf with zero 
RF power).  After zero-setting, if ambient temperature variations change
thermistor resistance, both bridge circuits respond by applying the same 
new voltage to maintain balance.

If RF power is applied to the detecting thermistor,  Vrf decreases so that

where Prf is the RF power applied and R is the value of the thermistor resis-
tance at balance. But from zero-setting,  Vrfo= Vc so that

Figure 3-2.
Simplified diagram
of the HP 432A
power meter.

Prf = Vrfo 2

4R
(3-1)– Vrf 2

4R

Prf =
1

4R (3-2)(Vc 2 – Vrf 2)
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which can be written

The meter logic circuitry is designed to meter the voltage product shown in
equation (3-3).  Ambient temperature changes cause Vc and Vrf to change
so there is zero change to Vc

2 − Vrf
2 and therefore no change to the indicat-

ed Prf.

As seen in Figure 3-2, some clever analog circuitry is used to accomplish
the multiplication of voltages proportional to (Vc − Vrf) and (Vc + Vrf) by
use of a voltage-to-time converter.  In these days, such simple arithmetic
would be performed by the ubiquitous micro-processor, but the HP 432A
predated that technology, and performs well without it. 

The principal sources of instrumentation uncertainty of the HP 432A lie in
the metering logic circuits. But Vrf and Vc are both available at the rear
panel of the HP 432A. With precision digital voltmeters and proper proce-
dure, those outputs allow the instrumentation uncertainty to be reduced to
±0.2 percent for many measurements. The procedure is described in the
operating manual for the HP 432A.

Thermistors as Power Transfer Standards
For special use as transfer standards, the U.S. National Institute for
Standards and Technology (NIST), Boulder, CO, accepts thermistor
mounts, both coaxial and waveguide, to transfer power parameters such 
as calibration factor, effective efficiency and reflection coefficient in their
measurement services program.  To provide those services below 100 MHz,
NIST instructions require sensors specially designed for that performance.

One example of a special power calibration transfer is the one required 
to precisely calibrate the internal 50 MHz, 1 mW power standard in the 
HP 437B and 438A power meters, which use a family of thermocouple 
sensors.  That internal power reference is needed since thermocouple sen-
sors do not use the power substitution technique. For the power reference, 
a specially-modified HP 478A thermistor sensor with a larger coupling
capacitor is available for operation from 1 MHz to 1 GHz.  It is designated 
the HP H55 478A and features an SWR of 1.35 over its range.  For an 
even lower transfer uncertainty at 50 MHz, the HP H55 478A can be
selected for 1.05 SWR at 50 MHz.  This selected model is designated the 
HP H75 478A. 

HP H76 478A thermistor sensor is the H75 sensor which has been special-
ly calibrated in the HP Microwave Standards Lab with a 50 MHz power
reference traceable to NIST.  

Other coaxial and waveguide thermistor sensors are available for metrolo-
gy use.

Other DC-Substitution Meters
Other self-balancing power meters can also be used to drive HP thermistor
sensors for measurement of power.  In particular, the NIST Type 4 power
meter, designed by the NIST for high-accuracy measurement of microwave
power is well suited for the purpose.  The Type 4 meter uses automatic bal-
ancing, along with a four-terminal connection to the thermistor sensor 
and external high precision DC voltage instrumentation.  This permits 
lower uncertainty than standard power meters are designed to accomplish. 

Prf =
1

4R (3-3)(Vc – Vrf) (Vc + Vrf)
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Conclusions
There are some advantages to thermistor power measurements that have
not been obvious from the above discussion or from data sheet specifica-
tions.  Thermistor mounts are the only present-day sensors which allow
power substitution measurement techniques, and thus retain importance
for traceability and absolute reference to national standards and DC
voltages.

The fundamental premise in using a thermistor for power measurements
is that the RF power absorbed by the thermistor has the same heating
effect on the thermistor as the DC power.  The measurement is said to be
“closed loop,” because the feedback loop corrects for minor device irregular-
ities. 

1. R.F. Pramann, “A Microwave Power Meter with a Hundredfold 
Reduction in Thermal Drift,” Hewlett-Packard Journal, Vol. 12, 
No. 10 (June, 1961).
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“IEEE Standard Application Guide for Bolometric Power Meters,”  IEEE
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“IEEE Standard for Electrothermic Power Meters,” IEEE Std. 544-1976
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Thermocouple sensors have been the detection technology of choice for
sensing RF and microwave power since their introduction in 1974.  The two
main reasons for this evolution are: 1) they exhibit higher sensitivity than
previous thermistor technology, and 2) they feature an inherent square-law
detection characteristic (input RF power is proportional to DC voltage out).  

Since thermocouple are heat-based sensors, they are true “averaging 
detectors.”  This recommends them for all types of signal formats from CW
to complex digital phase modulations. In addition, they are more rugged
than thermistors, make useable power measurements down to 0.3 µW 
(−30 dBm, full scale), and have lower measurement uncertainty because 
of better SWR.

The evolution to thermocouple technology is the result of combining thin-
film and semiconductor technologies to give a thoroughly understood, accu-
rate, rugged, and reproducible power sensor.  This chapter briefly describes
the principles of thermocouples, the construction and design of modern
thermocouple sensors, and the instrumentation used to measure their
rather tiny sensor DC-output levels.

Principles of Thermocouples
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.  As a simple example of the physics involved, imagine a long
metal rod that is heated at the left end as in Figure 4-1.  Because of the
increased thermal agitation at the left end, many additional electrons
become free from their parent atoms.  The increased density of free elec-
trons at the left causes diffusion toward the right.  There is also a force
attempting to diffuse the positive ions to the right but the ions are locked
into the metallic structure and cannot migrate.  So far, this explanation 
has not depended on Coulomb forces.  The migration of electrons toward
the right is by diffusion, the same physical phenomenon that tends to
equalize the partial pressure of a gas throughout a space.       

Each electron that migrates to the right leaves behind a positive ion. 
That ion tends to attract the electron back to the left with a force given 
by Coulomb’s law.  The rod reaches equilibrium when the rightward force 
of heat-induced diffusion is exactly balanced by the leftward force of
Coulomb’s law.  The leftward force can be represented by an electric field
pointing toward the right.  The electric field, summed up along the length
of the rod, gives rise to a voltage source called the Thomson emf.  This
explanation is greatly simplified but indicates the principle. 

Figure 4-1. 
Heat at one end of
a metal rod gives
rise to an electric
field.

IV. Thermocouple Sensors and Instrumentation
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The same principles apply at a junction of dissimilar metals  where differ-
ent free electron densities in the two different metals give rise to diffusion
and an emf.  The name of this phenomenon is the Peltier effect.

A thermocouple is usually a loop or circuit of two different materials as
shown in Figure 4-2.  One junction of the metals is exposed to heat, the
other is not.  If the loop remains closed, current will flow in the loop as
long as the two junctions remain at different temperatures.  If the loop 
is broken to insert a sensitive voltmeter, it will measure the net emf.  
The thermocouple loop uses both the Thomson emf and the Peltier emf 
to produce the net thermoelectric voltage.  The total effect is also known 
as the Seebeck emf.

Sometimes many pairs of  junctions or thermocouples are connected in
series and fabricated in such a way that the first junction of each pair is
exposed to heat and the second is not.  In this way the net emf produced 
by one thermocouple adds to that of the next, and the next, etc., yielding 
a larger thermoelectric output.  Such a series connection of thermocouples
is called a thermopile.

Early thermocouples for sensing RF power were frequently constructed 
of the metals bismuth and antimony.  To heat one junction in the presence
of RF energy, the energy was dissipated in a resistor constructed of the
metals making up the junction.  The metallic resistor needed to be small 
in length and cross section to form a resistance high enough to be a suit-
able termination for a transmission line.  Yet, the junction needed to pro-
duce a measurable change in temperature for the minimum power to 
be detected and measured.  Thin-film techniques were normally used to
build metallic thermocouples.  These small metallic thermocouples tended
to have parasitic reactances and low burnout levels.  Further, larger ther-
mopiles, which did have better sensitivity, tended to be plagued by reactive
effects at microwave frequencies because the device dimensions became
too large for good impedance match at higher microwave frequencies.

The Thermocouple Sensor
The modern thermocouple sensor was introduced in 19741, and is exempli-
fied by the HP 8481A power sensor.  It was designed to take advantage of
both semiconductor and microwave thin-film technologies.  The device,
shown in Figure 4-3, consists of two thermocouples on a single integrated-
circuit chip.  The main mass of material is silicon.

The principal structural element is the frame made of p-type silicon, which
supports a thin web of n-type silicon.  The smoothly sloped sides of the
frame result from an anisotropic etch acting on the silicon crystal planes.
The thin web is produced by epitaxially growing it on the p-type substrate
and then suitably controlling the etch, which also reveals the surface of
the diffused regions in the web.

Figure 4-2.  
Total thermo-
couple output is
the resultant of
several thermo-
electrical voltages
generated along
the two-metal 
circuit. 

Figure 4-3. 
Photo-micrograph
of the structure of
the HP 8481A ther-
mocouple chip on
a thin silicon web.
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Figure 4-4 is a cross section through one of the thermocouples.  One gold
beam lead terminal penetrates the insulating silicon oxide surface layer 
to contact the web over the edge of the frame.  This portion of the web has
been more heavily doped by diffusing impurities into it.  The connection
between the gold lead and the diffused region is the cold junction of the
thermocouple, and the diffused silicon region is one leg of the thermocouple.

At the end of the diffused region near the center of the web, a second metal
penetration to the web is made by a tantalum nitride film.  This contact is
the hot junction of the thermocouple.  The tantalum nitride, which is
deposited on the silicon oxide surface, continues to the edge of the frame,
where it contacts the opposite beam lead terminal.  This tantalum nitride
forms the other leg of the thermocouple.  

The other edge of the resistor and the far edge of the silicon chip have gold
beam-lead contacts. The beam leads not only make electrical contact to the
external circuits, but also provide mounting surfaces for attaching the chip
to a substrate, and serve as good thermal paths for conducting heat away
from the chip.  This tantalum-nitride resistor is not at all fragile in contrast
to similar terminations constructed of highly conductive metals like 
bismuth/antimony. 

As the resistor converts the RF energy into heat, the center of the chip,
which is very thin, gets hotter than the outside edge for two reasons.  
First, the shape of the resistor causes the current density and the heat 
generated to be largest at the chip center.  Second, the outside edges of the
chip are thick and well cooled by conduction through the beam leads.  Thus,
there is a thermal gradient across the chip which gives rise to the thermo-
electric emf.  The hot junction is the resistor-silicon connection at the center
of the chip.  The cold junction is formed by the outside edges of the silicon
chip between the gold and diffused silicon region.

The thin web is very important, because the thermocouple output is propor-
tional to the temperature difference between the hot and cold junctions.  
In this case the web is fabricated to be 0.005 mm thick.  Silicon is quite a
good thermal conductor, so the web must be very thin if reasonable temper-
ature differences are to be obtained from low power inputs.
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Figure 4-4. 
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The HP 8481A power sensor contains two identical thermocouples on one
chip, electrically connected as in Figure 4-5.  The thermocouples are con-
nected in series as far as the DC voltmeter is concerned.  For the RF input
frequencies, the two thermocouples are in parallel, being driven through 
coupling capacitor Cc.  Half the RF current flows through each thermocouple.
Each thin-film resistor and the silicon in series with it has a total resistance
of 100 Ω.  The two thermocouples in parallel form a 50 Ω termination to the
RF transmission line. 

The lower node of the left thermocouple is directly connected to ground and
the lower node of the right thermocouple is at RF ground through bypass
capacitor Cb.  The DC voltages generated by the separate thermocouples 
add in series to form a higher DC output voltage.  The principal advantage,
however, of the two-thermocouple scheme is that both leads to the voltmeter
are at RF ground; there is no need for an RF choke in the upper lead.  
If a choke were needed it would limit the frequency range of the sensor.

The thermocouple chip is attached to a transmission line deposited on a 
sapphire substrate as shown in Figure 4-6.  A coplanar transmission line
structure allows the typical 50 Ω line dimensions to taper down to the chip
size, while still maintaining the same characteristic impedance in every
cross-sectional plane.  This structure contributes to the very low reflection
coefficient of the HP 8480-series sensors, its biggest contribution, over the
entire 100 kHz to 50 GHz frequency range.

The principal characteristic of a thermocouple sensor for high frequency
power measurement is its sensitivity in microvolts output per milliwatt of 
RF power input.  The sensitivity is equal to the product of two other para-
meters of the thermocouple, the thermoelectric power and the thermal 
resistance.

The thermoelectric power (not really a power but physics texts use that term)
is the thermocouple output in microvolts per degree Celsius of temperature
difference between the hot and cold junction.  In the HP 8481A thermocouple
sensor, the thermoelectric power is designed to be 250µV/° C.  This is man-
aged  by controlling the density of n-type impurities in the silicon chip.

The thickness of the HP 8481A silicon chip was selected so 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, however, yield a
sensitivity of only 160 µV/mW because of thermal coupling between the ther-
mocouples; the cold junction of one thermocouple is heated somewhat by the
resistor of the other thermocouple giving a somewhat smaller temperature
gradient.

Figure 4-5.
Schematic 
diagram of the
HP 8481A thermo-
couple power 
sensor.      

Figure 4-6.
Sketch of the
thermocouple
assembly for the
HP 8481A.
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The thermoelectric voltage is almost constant with external temperature.  
It depends mainly on the temperature gradients and only slightly on the
ambient temperature.  Still, ambient temperature variations must be pre-
vented from establishing gradients.  The chip itself is only 0.8 mm long and
is thermally short-circuited by the relatively massive sapphire sub-strate.
The entire assembly is enclosed in a copper housing. Figure 4-7 depicts the
superior thermal behavior of a thermocouple compared to a thermistor
power sensor.

The thermoelectric output varies somewhat with temperature.  At high
powers, where the average thermocouple temperature is raised, the output
voltage is larger than predicted by extrapolating data from low power levels.
At a power level of 30 mW the output increases 3 percent, at 100 mW, it is
about 10 percent higher.  The circuitry in the HP power meters used with
thermocouples compensates for this effect.  Circuitry in the sensor itself
compensates for changes in its ambient temperature.

The thermal path resistance limits the maximum power that can be 
dissipated.  If the hot junction rises to 500° C, differential thermal expan-
sion causes the chip to fracture.  Thus, the HP 8481A is limited to 300 mW 
maximum average power.

The thermal resistance combines with the thermal capacity to form the
thermal time constant of 120 microseconds.  This means that the thermo-
couple voltage falls to within 37 percent of its final value 120 µs after the 
RF power is removed.  Response time for measurements, however, is usually
much longer because it is limited by noise and filtering considerations in the
voltmeter circuitry.

The only significant aging mechanism is thermal aging of the tantalum
nitride resistors.  A group of devices were stress tested, producing the
results of  Figure 4-8. These curves predict that if a device is stressed 
at 300 mW for one year, the resistance should increase by about 3.5 percent.
Nine days at a half watt would cause an increase in resistance of 2 percent.
Aging accumulates.  On the other hand, aging effects of the tantalum-
nitride termination are compensated by use of the power calibration 
procedure, whereby a precision 1 mW, 50 MHz source is used to set a 
known level on the meter.

Figure 4-7.
Zero drift of ther-
mocouple and ther-
mistor power sen-
sors due to being
grasped by 
a hand. 
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It is relatively easy to adapt this sensor design for other requirements.  
For example, changing each tantalum-nitride resistor to a value of 150 Ω
yields a 75 Ω system.  To enhance low frequency RF performance, larger
blocking and bypass capacitors extend input frequencies down to 100 kHz.
This usually compromises high frequency performance due to increased 
loss and parasitic reactance of the capacitors.  The HP 8482A power sensor
is designed for 100 kHz to 4.2 GHz operation, while the standard 
HP 8481A operates from 10 MHz to 18 GHz.

Power Meters for Thermocouple Sensors
Introduction of thermocouple sensor technology required design of a new
power meter architecture which could take advantage of increased power
sensitivity,  yet be able to deal with the very low output voltages of the sen-
sors.  This led to a family of power meter instrumentation starting with 
the HP 435A analog power meter, to the HP 436A digital power meter.2,3,4,5

Some years later the dual-channel HP 438A was introduced, which pro-
vided for computation of power ratios of channels A and B as well as power
differences of channels A and B.  The most recent HP 437B power meter
offered digital data manipulations with the ability to store and recall sensor
calibration factor data for up to 10 different power sensors.

To understand the principles of the instrument architecture, a very brief
description will be given for the first-introduced thermocouple meter, the
HP 435A analog power meter.  This will be followed by an introduction 
of HP’s  newest power meters, HP E4418A (single channel) and HP E4419A
(dual channel) power meters.  They will be completely described in Chapter
V, after a new wide-dynamic-range diode sensor is introduced.  

Thermocouple sensor DC output is very low-level (approximately 160 nV 
for 1 microwatt applied power), so it is difficult to transmit in an ordinary
flexible connection cable.  This problem is multiplied if the user wants a
long cable (25 feet and more) between the sensor and power meter. For this
reason it was decided to include some low-level AC amplification circuitry
in the power sensor, so only relatively high-level signals appear on the
cable.

One practical way to handle such tiny DC voltages is to “chop” them to 
form a square wave, then  amplify with an AC-coupled system.  After
appropriate amplification (some gain in the sensor, some in the meter), 
the signal is synchronously detected at the high-level AC.  This produces 
a high-level DC signal which is then further processed to provide the 
measurement result. Figure 4-9 shows a simplified block diagram of the
sensor/meter architecture.  

Cabling considerations led to the decision to include the chopper and part 
of the first AC amplifier inside the power sensor.  The chopper itself
(Figure 4-10) uses FET switches that are in intimate thermal contact. 
This is essential to keep the two FET’s at exactly the same temperature to
minimize drift.  To eliminate undesired thermocouples only one metal, gold,
is used throughout the entire DC path.  All these contributions were neces-
sary to help achieve the low drift already shown in Figure 4-7.
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The chopping frequency of 220 Hz was chosen as a result of several factors.
Factors that dictate a high chopping frequency include lower 1/f noise and
a larger possible bandwidth, and thereby faster step response.  Limiting
the chopping to a low frequency is the fact that small transition spikes
from chopping inevitably get included with the main signal.  These spikes
are at just the proper rate to be integrated by the synchronous detector and
masquerade as valid signals.  The fewer spikes per second, the smaller this
masquerading signal.  However, since the spikes are also present during
the zero-setting operation, and remain the same value during the measure-
ment of a signal, the spikes are essentially removed from the meter indica-
tion by zerosetting and cause no error.  The spikes do, however, use up
dynamic range of the amplifiers.

One way to minimize noise while amplifying small signals is to limit the 
channel bandwidth.  Since the noise generating mechanisms are broad-
band, limiting the amplifier bandwidth reduces the total noise power.
The narrowest bandwidth is chosen for the weakest signals and the most
sensitive range.  As the power meter is switched to higher ranges, the
bandwidth increases so that measurements can be made more rapidly. 
On the most sensitive range, the time constant is roughly 2 seconds, while
on the higher ranges, the time constant is 0.1 seconds.  A 2-second time
constant corresponds to a 0 to 99 percent rise time of about 10 seconds.

HP 435A Power MeterHP 8481A Power Sensor
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Reference Oscillator
A frequent, sometimes well-directed criticism of thermocouple power measure-
ments is that such measurements are open-loop, and thus thermistor power
measurements are inherently more accurate because of their DC-substitution,
closed-loop process.  The bridge feedback of substituted DC power compen-
sates for differences between thermistor mounts and for drift in the thermistor
resistance-power characteristic without recalibration.  

With thermocouples, where there is no direct power substitution, sensitivity
differences between sensors or drift in the sensitivity due to aging or temp-
erature can result in a different DC output voltage for the same RF power.
Because there is no feedback to correct for different sensitivities, measure-
ments with thermocouple sensors are said to be open-loop.

HP thermocouple power meters solve this limitation by incorporating a
50 MHz power-reference oscillator whose output power is controlled with 
great precision (±0.7 %).  To verify the accuracy of the system, or adjust for 
a sensor of different sensitivity, the user connects the thermocouple sensor to
the power reference output and, using a calibration adjustment, sets the meter
to read 1.00 mW.  By applying the 1 mW reference oscillator to the sensor’s
input port just like the RF to be measured, the same capacitors, conductors
and amplifier chain are used in the same way for measurement as for the ref-
erence calibration.  This feature effectively transforms the system to a closed-
loop, substitution-type system, and provides confidence in a traceability back
to company and NIST standards.

HP EPM Series Power Meters

The two-decade industry acceptance of HP thermocouple (and diode) sensor
technology for RF power measurements has resulted in tens of thousands of
units in the installed base around the world.  Yet new technologies now allow
for design of diode sensors with far larger dynamic range and new power
meters with dramatically-expanded user features. 

Figure 4-11.  
HP E4418A features
many user-conve-
niences and a 90 dB
dynamic measure-
ment range. 
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The HP E4418A (single channel) and E4419A (dual channel) power meters offer
some significant user features:

• Menu-driven user interface, with softkeys for flexibility
• Large LCD display for ease of reading
• Sensor EEPROM which stores sensor calibration factors and other 

correction data (HP E series wide-dynamic-range CW sensors)
• Dedicated hardkeys for frequently-used functions
• Faster measurement speed, faster throughput
• Backward compatibility with all previous HP 8480-series sensors  
• Form, fit, function replacement with HP 437B and 438A power meters 

(preserves automation software code)
• Built for wide-dynamic-range CW sensors from −70 to +20 dBm.

Since the meters provide more powerful measurement capability when teamed
with the HP E series wide-dynamic range diode sensors, the detailed descrip-
tion of the meters will be presented in Chapter V. This will first allow for a 
presentation of the technology for the new diode sensors with the range from 
−70 to +20 dBm, and then the meters which take advantage of that increased
capability.   

Conclusions
Because of their inherent ability to sense power with true square-law character-
istics, thermocouple sensors will always be best for handling signals with com-
plex modulations or multiple tones. They always respond to the true average
power of a signal, modulation, multiple signals and all. They are rugged and
stable and reliable.

The large installed worldwide base of HP thermocouple and diode sensors 
and their compatible power meters argues that any new HP power meters be
designed to be backward compatible with older sensors. All old HP 8480-series
sensors will work with new HP EPM series meters, with the only limitation
being the performance of the old sensors.  The new HP E series sensors are not
backwards-compatible with HP’s older meters due to a modified interface
design, which allows for download of EEPROM-stored constants.

Thermocouple sensors are based on a stable technology that will be used to
measure RF power in many applications for a long time in the future.  
___________
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V. Diode Sensors and Instrumentation

Rectifying diodes have long been used as detectors and for relative power
measurements at microwave frequencies. The earliest diodes were used
mostly for envelope detection and as nonlinear mixer components in super-
heterodyne receivers. For absolute power measurement, however, diode tech-
nology had been limited mainly to RF and low microwave frequencies.

High-frequency diodes began with point-contact technology which evolved
from the galena crystal and cat-whisker types of early radio, and found
application as early as 1904.1 Point-contact diodes were extremely fragile,
not very repeatable, and subject to change with time. It was the low-barrier
Schottky (LBS) diode technology which made it possible to construct diodes
with metal-semiconductor junctions for microwave frequencies that were
very rugged and consistent from diode to diode. These diodes, introduced 
as power sensors in 1974, were able to detect and measure power as low 
as −70 dBm (100 pW) at frequencies up to 18 GHz. 

This chapter will review the semiconductor principles as they apply to
microwave detection, briefly review low-barrier Schottky technology and
then describe the latest planar-doped-barrier (PDB) diode technology. 
It will describe how such devices are designed into power sensor configura-
tions, and introduce a new CW-diode sensor with an impressive 90 dB
dynamic power range using digital-detection-curve correction techniques.
Signal and waveform effects for non-CW signals operating above the square-
law range will also be examined.

The generic HP power meter family (HP 435, 436, 437, 438) was introduced
in Chapter IV. This family has gained considerable importance because of
the large installed base of HP meters and power sensors worldwide, all
interoperable. In this chapter, two power meters will be described, which
exploit the advantages of the new 90-dB-range sensors and offers major
user-conveniences as well. 

Diode Detector Principles
Diodes convert high frequency energy to DC by way of their rectification
properties, which arise from their nonlinear current-voltage (i-v) character-
istic. It might seem that an ordinary silicon p-n junction diode would, when
suitably packaged, be a sensitive RF detector. However, p-n junctions have
limited bandwidth. In addition, the silicon p-n junction, without bias, has an
extremely high impedance and will supply little detected power to a load. An
RF signal would have to be quite large to drive the junction voltage up to 0.7
volts where significant current begins to flow. One alternative is to bias the
diode to 0.7 volts, at which point it only takes a small RF signal to cause sig-
nificant rectified current. This effort turns out to be fruitless, however,
because the forward current bias gives rise to large amounts of noise and
thermal drift. There is little, if any, improvement in the minimum power
that can be metered. 

Metal-semiconductor junctions, exemplified by point-contact technology,
exhibit a low potential barrier across their junction, with a forward voltage
of about 0.3 volts. They have superior RF and microwave performance, 
and were popular in earlier decades. Low-barrier Schottky diodes, which 
are metal-semiconductor junctions, succeeded point-contacts, and vastly
improved the repeatability and reliability. Figure 5-1 shows a typical diode
i-v characteristic of a low-barrier Schottky junction, expanded around the
zero-axis to show the square-law region.

Figure 5-1.  
The junction rec-
tifying character-
istic of a low-
barrier Schottky
diode, showing
the small-signal,
square-law char-
acteristic around
the origin.
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Mathematically, a detecting diode obeys the diode equation

where α = q/nKT,

and i is the diode current, v is the net voltage across the diode, Is is 
the saturation current and is constant at a given temperature. K is
Boltzmann’s constant, T is absolute temperature, q is the charge of an elec-
tron and n is a correction constant to fit experimental data (n equals
approximately 1.1 for the devices used here for sensing power). The value
of  α is typically a little under 40 (volts−1). 

Equation (5-1) is often written as a power series to better analyze the 
rectifying action,

It is the second and other even-order terms of this series which provide 
the rectification. For small signals, only the second-order term is signifi-
cant so the diode is said to be operating in the square-law region. In that
region, output i (and output v) is proportional to RF input voltage squared.
When v is so high that the fourth and higher order terms become signifi-
cant the diode response is no longer in the square law region. It then recti-
fies according to a quasi-square-law i-v region which is sometimes called
the transition region. Above that range it moves into the linear detection
region (output v proportional to input v). 

For a typical packaged diode, the square-law detection region exists from
the noise level up to approximately −20 dBm. The transition region ranges
from approximately −20 to 0 dBm input power, while the linear detection
region extends above approximately 0 dBm. Zero dBm RF input voltage is
equivalent to approximately 220 mV (rms) in a 50 Ω system. For wide-
dynamic-range power sensors, it is crucial to have a well-characterized
expression of the transition and linear detection range. 

Figure 5-2 shows a typical detection curve, starting near the noise level 
of −70 dBm and extending up to +20 dBm. It is divided up into the square
law, transition and linear regions. (Noise is assumed to be zero to show 
the square-law curve extends theoretically to infinitely small power.)
Detection diodes can now be fabricated which exhibit transfer character-
istics that are highly stable with time and temperature. Building on those
features, data correction and compensation techniques can take advantage
of the entire 90 dB of power detection range. 

Figure 5-2. 
The diode detection
characteristic ranges
from square law
through a transition
region to linear
detection. 
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The simplified circuit of Figure 5-3 represents an unbiased diode device
for detecting low level RF signals. Detection occurs because the diode has a
nonlinear i-v characteristic; the RF voltage across the diode is rectified and
a DC output voltage results. 

If the diode resistance for RF signals were matched to the generator source
resistance, maximum RF power would be delivered to the diode. However,
as long as the RF voltage is impressed across the diode, it will detect RF
voltage efficiently. For reasons explained below, diode resistance for small
RF signals is typically much larger than 50 Ω and a separate matching
resistor is used to set the power sensor’s input termination impedance.
Maximum power transfers to the diode when the diode resistance for small
RF voltages is matched to the source resistance. The diode resistance at the
origin, found by differentiating (5-1), is:

Resistance Ro is a strong function of temperature which means the diode
sensitivity and the reflection coefficient are also strong functions of temper-
ature. To achieve less temperature dependence, Ro is much larger than the
source resistance and a 50 Ω matching resistor serves as the primary ter-
mination of the generator. If Ro of the diode of Figure 5-3 were made too
large, however, there would be poor power conversion from RF to DC; thus,
a larger Ro decreases sensitivity. A compromise between good sensitivity 
to small signals and good temperature performance results from making Is
about 10 microamps and Ro between 1 to 2k Ω.

The desired value of saturation current, Is, can be achieved by constructing
the diode of suitable materials that have a low potential barrier across the
junction. Schottky metal-semiconductor junctions can be designed for such
a low-barrier potential. 

Using Diodes for Sensing Power
Precision semiconductor fabrication processes for silicon allowed the
Schottky diodes to achieve excellent repeatability, and, because the junc-
tion area was larger, they were more rugged.  HP’s first use of such a low-
barrier Schottky diode (LBSD) for power sensing was introduced in 1975 as
the HP 8484A power sensor.2 It achieved an exceptional power range from -
70 dBm (100 pW) to -20 dBm (10 µW) from 10 MHz to 18 GHz. 

As Gallium-Arsenide (GaAs) semiconductor material technology advanced
in the 1980s, such devices exhibited superior performance over silicon in
the microwave frequencies. A sophisticated diode fabrication process
known as planar-doped-barrier (PDB) technology offered real advantages
for power detection.3 It relied on a materials preparation process called
molecular beam epitaxy for growing very thin epitaxial layers. 
Figure 5-4 shows the device cross sections of the two types of diode junc-
tions, low-barrier Schottky (Figure 5-4 a) and planar-doped barrier

Figure 5-3. 
Circuit diagram 
of a source and a
diode detector
with matching
resistor.

R
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(5-3)
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(Figure 5-4 b) diodes. The doping profile of the PDB device is
n+—I—p+—I—n+, with intrinsic layers spaced between the n+ and p+

regions. The i/v characteristic has a high degree of symmetry which is related
to the symmetry of the dopants. 

The p+ region is fabricated between the two intrinsic layers of unequal thick-
ness. This asymmetry is necessary to give the PDB device the characteristics
of a rectifying diode. An important feature of the PDB diode is that the device
can be designed to give a junction capacitance, Co, that is both extremely
small (20 fF or less) (fem to Farad) and nearly independent of the bias volt-
age. Co is also independent of the size of the metal contact pad. 

As a result of the very stable Co vs bias voltage, the square-law character-
istics of this device vs. frequency are significantly more constant than those
of metal-to-semiconductor devices. Low capacitance coupled with low junction
resistance allows excellent microwave signal performance since the low junc-
tion resistance lowers the RC time constant of the junction and raises 
the diode cutoff frequency. 

A PDB diode is far less frequency-sensitive than a normal pn junction diode
because of the intrinsic layer at the junction.4 In a pn junction diode the
equivalent capacitance of the junction changes with power level, but in the
planar-doped-barrier diode, junction capacitance is determined by the intrin-
sic layer, which remains almost constant as a function of power.

HP uses a specialized integrated circuit process which allows custom tailor-
ing of the doping to control the height of the Schottky barrier. This controlled
doping makes it practical to operate the detector diode in the current mode,
while keeping the video resistance low enough to maintain high sensitivity.

The first power sensor application for PDB diodes was the HP 8481/85/87D-
series power sensors, introduced in 1987.4 The HP 8481D functionally
replaced the low-barrier-Schottky HP 8484A sensor. The new PDB sensor
employed two diodes, fabricated on the same chip using MMIC (microwave
monolithic integrated circuit) chip technology. The two diodes were deposited
symmetrically about the center of a coplanar transmission line, and driven 
in a push-pull manner, for improved signal detection and cancellation of 
common-mode noise and thermal effects. This configuration features several
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.

• PDB devices also have higher resistance to electrostatic discharge, and 
are more rugged than Schottky’s.

• 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.

PDB diode technology provides some 3000 times (35 dB) more efficient 
RF-to-DC conversion compared to the thermocouple sensors of Chapter IV.
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Figure 5-5 shows two regions of the i-v characteristic of a typical PDB
diode. Figure 5-5 (a) shows the small signal region, while Figure 5-5 (b)
shows the larger signal characteristics to include the linear region as well
as the breakdown region on the left.

They also provide accurate square-law performance from −70 to −20 dBm.
Diode sensor technology excels in sensitivity, although realistically, thermo-
couple sensors maintain their one primary advantage as pure square-law
detectors for the higher power ranges of −30 to +20 dBm. Hence neither
technology replaces the other, and the user’s measuring application deter-
mines the choice of sensors. 

In detecting power levels of 100 picowatts (−70 dBm) the diode detector 
output is about 50 nanovolts. This low signal level requires sophisticated
amplifier and chopper circuit design to prevent leakage signals and thermo-
couple effects from dominating the desired signal. Earlier HP diode power
sensors required additional size and weight to achieve controlled thermal
isolation of the diode. The dual-diode configuration balances many of the
temperature effects of those highly-sensitive circuits, and achieves superior
drift characteristics in a smaller, lower-cost structure. 

New Wide-Dynamic-Range CW-only Power Sensors 
Digital signal processing and microwave semiconductor technology have
now advanced to the point where dramatically-improved performance and
capabilities are available for diode power sensing and metering. New diode
power sensors are now capable of measuring over a dynamic power range of
−70 to +20 dBm, an impressive range of 90 dB. This permits the new sen-
sors to be used for CW applications which previously required two separate
sensors.

The new HP E4412A power sensor features a frequency range from 
10 MHz to 18 GHz. HP E4413A power sensor operates to 26.5 GHz. 
Both provide the same −70 to +20 dBm power range. A simplified schematic
of the new sensors is shown in Figure 5-6. The front end construction is
based on MMIC technology and combines the matching input pad, balanced
PDB diodes, FET choppers, integrated RF filter capacitors, and the line-
driving pre-amplifier. All of those components operate at such low signal
levels that it was necessary to integrate them into a single thermal space
on a surface-mount-technology PC board.
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To achieve the expanded dynamic range of 90 dB, the sensor/meter architec-
ture depends on a data compensation algorithm which 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 tempera-
ture for the range 10 MHz to 18 or 26.5 GHz and −70 to +20 dBm and 0 to
55° C. 

At the time of sensor power-up, the power meter interrogates the attached
sensor, using an industry-standard serial bus format, and in turn, receives
the upload of sensor calibration data. An internal temperature sensor 
supplies the diode’s temperature data for the temperature-compensation
algorithm in the power meter. 

Since the calibration factor correction data will seldom be used manually, 
it is no longer listed on the sensor label of the HP E series sensors. The data
is always uploaded into the power meter on power-up or when a new sensor
is connected. The new sensors store cal factor tables for two different input
power levels to improve accuracy of the correction routines. If the cal factor
changes upon repair or recalibration, the new values are loaded into the 
sensor EEPROM. For system users who need the cal factor for program 
writing, the data is furnished on a calibration certificate.

A Versatile Power Meter to Exploit 90 dB Range Sensors

Two power meters, HP E4418A (single channel) and HP E4419A 
(dual channel) take advantage of the sensor’s 90 dB power measuring range.
More importantly, advances in digital signal processing (DSP) technology
now provide significant increases in measurement speeds. Digital processing
permits functional conveniences resulting in a dramatically more versatile
power meter.

Figure 5-7 shows a front-panel view of the single-channel model. The main
readout is an easy-to-read liquid crystal display with softkeys for utility 
and hardkeys for the main functional operation. Logical calibration and 
measurement sequences are grouped in the series of softkeys on the right 
of the display panel. The required 50 MHz power reference source is shown
on the right top. The meter provides three measurement speeds, normal, 
x2 and fast mode. The speed is 20/40 readings per second for normal and 
x2 use, and 200 readings per second for automated system use. In the fast
mode, the power range below −50 dBm is not available because the noise 
filtering necessary in those ranges would slow the response to signal
changes.

Figure 5-7. 
HP E4419A dual-
channel power meter
measures insertion
loss of a 11.245 GHz
waveguide bandpass
filter, using its power
ratio mode, plus a
sweeper and power
splitter. HP’s 90-dB
dynamic-range sen-
sors are ideal for
such high-attenua-
tion measurements.
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The basic meter architecture is based on DSP technology which improves
performance by removing meter range switching and their delays (except 
for a single range-switching transition point). It also provides faster signal
detection. The DSP module performs several other functions, synchronous
detection (de-chopping), matches up the two analog-to-digital converter
(ADC) channels, and does the programmable filtering. It provides a 32-bit
digital number which is proportional to the detected diode voltage over a 
50 dB power range.

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.  

The calibration routine requiring connection to the 50 MHz power reference
furnishes the traceable link for the sensor connected. The operator then keys
in the frequency of the RF signal under test so that the meter corrects for the
sensor calibration factor. Mismatch uncertainty must still be externally cal-
culated because the reflection coefficient of the unknown power source is
usually not available. 

Figure 5-8 shows a simplified schematic of the HP E4418A meter. 
The pre-amplified sensor output signal receives some early amplification, 
followed by some signal conditioning and filtering. The signal is then split,
with one path receiving amplification. Both low and high-level chopped 
signals are applied to a dual ADC. A serial output from the ADC takes the
sampled signals to the digital signal processor which is controlled by the
main microprocessor. A differential drive signal, synchronized to the ADC
sampling clock, is output to the sensor for its chopping function.

The ADC provides a 20-bit data stream to the digital signal processor, which
is under control of the main micro-processor. There is no range switching as
in traditional power meters which maintain an analog signal path. Even the
synchronous detection is performed by the ADC and DSP rather than use of
a traditional synchronous detector. 

Computation power permits the user to manipulate the basic measurement
data to get desired units or format. Power reads out in watts or dBm, and
inputs may be keyed in to compensate for attenuators or directional coupler
losses to the unknown signal in front of the power sensor. Cabling losses can
be compensated by entering the loss as a digital offset value. 
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For the two-channel power meter, either input power or both may be 
displayed. Or power ratio A/B or B/A might be useful for certain applica-
tions. For example, if the two power sensors are sampling forward and
reverse power in a transmission using a dual directional coupler, these
ratios would yield power reflection coefficient. The power difference, A−B
or B−A, can be used for other applications. For example, using a dual 
directional coupler to sample forward and reverse power in a line, the
power difference is a measure of net forward power being absorbed by a
device under test. This is quite important in testing devices with very 
high reflections.

Power changes are displayed with the relative power function. And
although the main display is all digital, a simple “peaking” display 
simulates an analog meter pointer and allows a user to adjust a unit 
under test for maximizing power output. 

In system applications, the new single-channel power meter, when used
with the wide-dynamic-range sensors can achieve 200 measurements per
second. The programming code is also designed to be backward compatible
with the previous HP 437B, (the E4419A is code compatible with the 
HP 438A). Of course, the new meter offers far more versatile programming
functions too, to handle modern complex test procedures. But old software
can be re-used to make programming projects more efficient.

When old sensors are utilized with the new meter, the calibration factor 
vs. frequency table printed on the label of the sensor must be keyed into
the new power meters to take fullest advantage of the measurement 
accuracy. A table of frequencies vs. cal factor is displayed, and the routine
prompted by the softkey display to ease editing.

Potential users of the new power meters will find that specification listings
for this DSP-architecture meter without range switching will not follow
traditional power meter range specs. Yet the meter meets the same range
performance as the HP 43X- series meters.

Traceable Power Reference
All thermocouple and diode power sensors require a power reference to
absolute power, traceable to the manufacturer or national standards. 
HP power meters accomplish this power traceability by use of a highly 
stable, internal 50 MHz power reference oscillator. When used together, 
the 50 MHz reference and the sensor calibration factor data supplied with
each sensor yields the lowest measurement uncertainty. All HP sensors are
supplied with calibration factor vs. frequency data. This includes both the
value and uncertainty of each point. 

For HP 435−438-series meters, the 50 MHz sensitivity adjustment is made
using the 1 mW, 50 MHz internal power reference. The calibration factor
dial should then be adjusted to the proper value for the frequency of the
signal under test. The calibration factor is marked on each HP 8480-series
power sensor label or included data table. The HP 437B has a provision for
user-storage of cal factor tables for up to 20 different sensors, allowing for
quick change of sensors. Naturally, for each power measurement, the sig-
nal frequency must still be adjusted or keyed in.
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The 1 mW reference power output is near the center of the dynamic range 
of thermocouple power sensors, but outside the range of the sensitive diode
sensor series. A special 30 dB calibration attenuator, designed for excellent
precision at 50 MHz, is supplied with each HP 8481D-series diode power
sensor. When that attenuator is attached to the power reference output on
the power meter, the emerging power is 1 µW (−30 dBm). The attenuator
design is such that a maximum error of 1 percent is added to the calibration
step. Basic uncertainty of the reference output is factory adjusted to an accu-
racy of ±0.7% and is traceable to NIST. For 1 year, accuracy is ±1.2% worst
case, ±0.9% rss.

Signal Waveform Effects on the Measurement Uncertainty 
of Diode Sensors
Along with the great increase in measurement flexibility of the E-series
power sensor, comes several new applications guidelines. These must be
understood and followed to obtain valid measurement results when dealing
with complex and non-CW signals. 

These guidelines distinguish between earlier diode sensors of the HP 8481D
vintage and the E series CW-only diode sensors.

The power range from approximately −20 to +20 dBm is above the square-
law region, and one in which the EPM series power meters uses digital-
diode-curve correction to provide accurate power measurement for pure CW
signals all the way from −70 to +20 dBm. The EPM meters and companion E
series sensors provide fully specified performance over that entire dynamic
range of −70 to +20 dBm. 

The following explanation reviews the effects of complex signals on existing
HP 8481D-type diode sensors for non-CW or complex modulation signals. 

Some examples of complex (non-CW) signals are as follows: 1) Pulsed RF
such as radar or navigation formats, 2) Two-tone or multiple-tone signals
such as those which might be present in a telecommunications channel with
multiple sub-channels, 3) AM signals which have modulation frequencies
higher than the bandwidth of the power meter detection filtering, (in the
kHz range for the HP E4418A 4) Digital-phase-shift-keyed (PSK) modula-
tions, 5) QAM modulated signals, 6) Pulse-burst formats. 

Here is a summary of the measurement guidelines:

1) Using the HP 8481D type diode power sensors, any complex signal will
yield highly-accurate measurement results as long as the peak power levels
of the unknown signal are maintained below −20 dBm. In addition, the 
lowest-frequency-component of any modulation frequency must be above
approximately 500 Hz. Since the power range of the HP 8481D-type diode
sensors are automatically restricted by HP power meters to a top level of 
−20 dBm, the user need only see that no peak power levels go above −20
dBm.

When peak power levels exceed approximately -20 dBm, accurate measure-
ments can be accomplished by the simple expedient of attenuating the
unknown signal through an external precise fixed or step attenuator, such
that the complex signal peak power does not exceed -20 dBm. If pulse 
modulation frequencies are near the HP power meter chopping rate of 
220 Hz or multiples thereof, some meter “beats” may be observed. 
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2) Using the new HP E series power sensors, CW signals will yield accurate
results across their entire −70 to +20 dBm dynamic range. One reason 
HP E series sensors may not be used for pulse power within their square-
law range is that their output circuit filters are optimized for fast response
to aid high data-rate automation.

3) For non-CW signals with average powers between −20 and +20 dBm, 
use the HP thermocouple sensors for true average power sensing.

4) For complex signals and high rate modulation frequencies, such as
pulsed radar or high-data-rate PSK modulations, the recommended 
measurement solution is the HP peak power analyzer, which is explained 
in detail in Chapter VIII.  

It is quite easy to realize that thermal sensors such as the thermocouple 
are pure square law because they convert the unknown RF power to heat
and detect that heat transfer. Conversely, it is less easy to understand how
diode sensors can perform the square-law function without the heat trans-
fer step in the middle. Diode detectors do deliver pure square-law perfor-
mance in their lower power ranges below −20 dBm, due to their mathemati-
cal detection transfer function, as described by the power series equation 
of (5-2).

A two-tone example might clarify the measurement example. Consider two
CW signals, f1 and f2, of power level 0 dBm (1 mW) each, and separated 
by 1 MHz. In a 50 Ω system, each carrier would have voltage magnitudes 
of v1 = v2 = 0.223 volts. If the two-tone signal were measured by an 
HP 8481A thermocouple sensor, each carrier would convert the 1 mW 
into heat for a total of 2 mW.

Using a voltage vector analysis, these two-tone signals would be represent-
ed by a voltage minimum of zero and a voltage maximum of 0.446 volts,
occurring at a frequency of 1 MHz. The problem then becomes evident when
one realizes that 2 times voltage represents 4 times power. 
A shaped diode detector then interprets the 2V maximum as 4 times power,
and averages it out to the wrong power reading.

Another example shows how subtle signal imperfections can cause errors.
Consider a CW signal with a harmonic signal −20 dBc (20 dB below the 
carrier amplitude or with a voltage equal to 10% of the carrier). Figure 5-9
shows a mathematical model of the increasing maximum error caused by a 
−20 dBc harmonic signal, as the carrier power level ranges from −30 to +20
dBm. While actual deviation from true power is a function of the phase 
difference between the carrier and harmonic, the error limits are shown to
be as high as 0.9 dB. If the harmonic was measured in the true square-law
region, a −20 dBc harmonic represents only 1/100 th of the power of the 
carrier or 1% added power to the carrier.

It might also be observed that the design architecture of the PDB sensors
utilizes a balanced, push-pull-diode configuration. This structure inherently
rejects even-number harmonics of the RF input signal, therefore will pro-
vide 15 to 20 dB rejection of even-number harmonics above the square-law
region. 
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Conclusion

The HP EPM series meters and E series sensors using detector-shaping
compensation to deliver dynamic range above square law should only be
used for CW signals. 

Average power measurements on pulsed and complex modulation signals
may be measured using HP thermocouple sensors and the HP EPM series
power meters. HP 8480D-type diode sensors may be used below −20 dBm. 

Comprehensive characterization of signals with pulsed power and complex
modulations should be made with a true peak power analyzer as reviewed
in Chapter VIII. 

_______________
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VI. Measurement Uncertainty

In RF and microwave measurements there are many sources of measure-
ment uncertainty. In power measurements, the largest errors are almost
always caused by sensor and source mismatch. Mismatch uncertainties,
which have several aspects, are somewhat complicated and are seldom 
completely understood or properly evaluated. This chapter begins with a
description of uncertainties associated with mismatch. The concept of signal
flowgraphs is introduced to aid in the visualization needed for understand-
ing the mismatch process. Other sensor uncertainties such as effective effi-
ciency and calibration factor are then considered. This is followed by an
analysis of the various instrumentation uncertainties of the power meter.
Finally, the chapter treats the combining of all errors for a total uncertainty
number. 

With regard to general treatment of uncertainty analysis, this chapter also
briefly introduces the ISO Guide to the Expression of Uncertainty in
Measurement. ISO is the International Organization for Standardization 
in Geneva, Switzerland. Recently, the National Conference of Standards
Laboratories cooperated with the American National Standards Institute 
to adapt the ISO document to U.S. terminology. It is presently being intro-
duced as the metrology industry document ANSI/NCSL Z540-2-1996, U.S.
Guide to the Expression of Uncertainty in Measurement. HP has established
a policy to transition to these new processes for determining measurement
uncertainties.

Power Transfer, Generators and Loads
The goal of an absolute power measurement is to characterize the unknown
power output from some source (generator). Sometimes the generator is an
actual signal generator or oscillator where the power sensor can be attached
directly to that generator. On other occasions, however, the “generator” is
actually an equivalent generator. For example, if the power source is sepa-
rated from the measurement point by such components as transmission
lines, directional couplers, amplifiers, mixers, etc, then all those components
may be considered as parts of the generator. The port that the power sensor
connects to, would be considered the output port of the equivalent generator.

To analyze the effects of impedance mismatch, this chapter explains math-
ematical models which describe loads, including power sensors, and generat-
ors, which apply to the RF and microwave frequency ranges. The microwave
descriptions begin by relating back to the equivalent low-frequency concepts
for those familiar with those frequencies. Signal flowgraph concepts aid in
analyzing power flow between an arbitrary generator and load. From that
analysis, the terms mismatch loss and mismatch uncertainty are defined.

RF Circuit Descriptions
At low frequencies, methods for describing a generator include the Thevenin
and Norton equivalent circuits. The Thevenin equivalent circuit of a gen-
erator, for example, has a voltage generator es in series with an impedance
Zg as shown in Figure 6-1. For a generator, even if composed of many com-
ponents, es is defined as the voltage across the output port when the load is
an open circuit. Zg is defined as the impedance seen looking back into the
generator when all the sources inside the generator are reduced to zero.
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The power delivered by a generator to a load is a function of the load
impedance. If the load is a perfect open or short circuit, the power delivered
is zero. Analysis of Figure 6-1 would show that the power delivered to the
load is a maximum when load impedance Z, is the complex conjugate of the
generator impedance Zg. This power level is called the “power available
from a generator,” or “maximum available power,” or “available power.”
When Z, = (R, + jX, ) and Zg = (Rg + jXg), are complex conjugates of each
other, their resistive parts are equal and their imaginary parts are identical
in magnitude but of opposite sign; thus R, = Rg and X, = −Xg. Complex con-
jugate is written with an * so that Z, = Zg* is the required relationship for
maximum power transfer.

The Thevenin equivalent circuit is not very useful at microwave frequencies
for a number of reasons. First, the open circuit voltage is difficult to meas-
ure because of fringing capacitance and the loading effect of a voltmeter
probe. Further, the concept of voltage loses usefulness at microwave fre-
quencies where it is desired to define the voltage between two points along 
a transmission path, separated by a significant fraction of a wavelength.
Also, there are problems involved in discussing voltage in rectangular
waveguide. As a result, the concept of power is much more frequently 
used than voltage for characterizing generators at RF and microwave 
frequencies.

The open circuit which defines the Thevenin equivalent voltage generator 
is useless for measuring power because the power dissipated in an open 
termination is always zero. The reference impedance used for characterizing
RF generators is almost always 50 Ω. The reason for this is that 50 Ω is
easy to realize over the entire frequency range of interest with a trans-
mission line of 50 Ω characteristic impedance and with a reflection-less 
termination. 

The standard symbol for characteristic impedance, Zo, is also the standard
symbol for reference impedance. In some cases, for example, where, 75 Ω
transmission lines are used in systems with a 50 Ω reference impedance,
another symbol, such as Zr, should be used for reference impedance. Zo will
be used in this application note to mean reference impedance. A generator is
characterized, therefore, by the power it delivers to a reference load 
Zo,= 50 Ω. In general, that power is not equal to the maximum available
power from the generator; they are equal only if Zg = Zo.

As frequencies exceed 300 MHz, the concept of impedance loses usefulness
and is replaced by the concept of reflection coefficient. The impedance seen
looking down a transmission line toward a mismatched load, varies continu-
ously with the position along the line. The magnitude, and the phase of
impedance are functions of line position. Reflection coefficient is well-
behaved; it has a magnitude that is constant and a phase angle that 
varies linearly with distance from the load.

Figure 6-1. 
A Thevenin equiva-
lent generator 
connected to an
arbitrary load.



Reflection Coefficient
At microwave frequencies where power typically is delivered to a load by 
a transmission line that is many wavelengths long, it is very convenient to
replace the impedance description of the load, involving voltage and current
and their ratio (Ohm’s law), with a reflection coefficient description involv-
ing incident and reflected traveling waves, and their ratio. To characterize 
a passive load, Ohm’s law is replaced by:

where a, is proportional to the voltage of the incident wave, b, is propor-
tional to the voltage of the reflected wave, and Γ, is defined to be the reflec-
tion coefficient of the load. All three quantities are, in general, complex num-
bers and change with frequency. The quantities a, and b, are normalized1 in
such a way that the following equations hold:

where Pi is power incident on the load and Pr is power reflected by it. 
The net power dissipated by the load, Pd, is given by:

This power is the total power obtained from the source; it includes not only
power converted to heat, but also power radiated to space, and power that
leaks through accessory cables to other pieces of equipment.

Transmission line theory relates the reflection coefficient, Γ, , of a load to its
impedance, Z, , as follows:

where Zo is the characteristic impedance of the system. Further, the load
voltage, v, , and load current i, are given by

i, = Incident current – reflected current

=           (a, – b, )
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1. If the transmission line characteristic impedance is Zo, the normalization factor is
√ Zo; that is, a, is obtained from the voltage of the incident wave by dividing by √ Zo.
Similarly, b, is obtained from the voltage of the reflected wave by dividing by √ Zo.

 a,  2 = Pi (6-2)

Pd = Pi – Pr =  a,  2 –  b,  2 (6-4)

Γ, = 
Z, – Zo
Z, + Zo

(6-5)

V, = Incident voltage + reflected voltage

= √ Zo (a, + b, )

(6-6)

1 

√Zo

(6-7)

= Γ,
b,
a,

(6-1)

(6-3) b,  2 = Pr



Figure 6-2. 
Signal-flow graph
for a load.
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since current in a traveling wave is obtained from the voltage by dividing
by Zo. Solving for a, and b, , results in:

These equations are used in much of the literature to define a, and b, (see
the reference by Kurakawa.)2 The aim here, however, is to introduce 
a, and b, more intuitively. Although (6-8) and (6-9) appear complicated, the
relationships to power (equations 6-2, 6-3, and 6-4) are very simple. The
Superposition Theorem, used extensively for network analysis, 
applies to a, and b, ; the Superposition Theorem does not apply to power.

Reflection coefficient Γ, is frequently expressed in terms of its magnitude
ρ, and phase φ, . Thus ρ, gives the magnitude of b, with respect to a, and
φ, gives the phase of b, with respect to a, .

The most common methods of measuring reflection coefficient Γ, involve
observing a, and b, separately and then taking the ratio. Sometimes it is
difficult to observe a, and b, separately, but it is possible to observe the
interference pattern of the counter-travelling waves formed by a, and b, on
a transmission line. This pattern is called the standing wave pattern. The
interference pattern has regions of maximum and of minimum signal
strength. The maximums are formed by constructive interference between
a, and b, and have amplitude | a, | + |b, |. The minimums are formed 
by destructive interference and have amplitude | a, | − | b, |. The ratio 
of the maximum to the minimum is called the standing-wave ratio (SWR,
sometimes referred to as voltage-standing-wave-ratio, VSWR) and can be
measured with a slotted line and moveable probe, or more commonly with
network analyzers. SWR is related to the magnitude of reflection coefficient
ρ, by:

Signal Flowgraph Visualization
A popular method of visualizing the flow of power through a component 
or among various components is by means of a flow diagram called a signal
flowgraph.1,2 This method of signal flow analysis was popularized in the
mid-1960’s, at the time that network analyzers were introduced, as a
means of describing wave travel in networks.

The signal-flow graph for a load (Figure 6-2) has two nodes, one to repre-
sent the incident wave a, and the other to represent the reflected wave b, .
They are connected by branch Γ, which shows how a, gets changed to
become b, .

1 

2√Zo

a, =              (v, + Zoi, )1 

2√Zo

(6-8)

b, =              (v, − Zoi, ) (6-9)

SWR = 
 a,  +  b, 

 a,  –  b,  (6-10)= 
1 + b, / a, 

1 –  b, / a,  = 
1 + ρ,
1 – ρ,
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Just as the Thevenin equivalent had two quantities for characterizing a
generator, generator impedance and open circuit voltage, the microwave
equivalent has two quantities for characterizing a microwave or RF gen-
erator, Γg and bs. The equation for a generator is:

where:
bg is the wave emerging from the generator
ag is the wave incident upon the generator from other components
Γg is the reflection coefficient looking back into the generator

bs is the internally generated wave 

Γg is related to Zg by

which is very similar to (6-5). bs is related to the power to a reference load
from the generator, PgZo, by

bs is related to the Thevenin voltage es by:

The signal-flow graph of a generator has two nodes representing the 
incident wave ag and reflected wave bg. The generator also has an 
internal node bs that represents the ability of the generator to produce
power. It contributes to output wave bg by means of a branch of value one. 
The other component of bg is that portion of the incident wave ag, that 
is reflected off the generator.

Now that equivalent circuits for a load and generator have been covered,
the flow of power from the generator to the load may be analyzed. When the
load is connected to the generator, the emerging wave from the generator
becomes the incident wave to the load and the reflected wave from the load
becomes the incident wave to the generator. The complete signal-flow graph
(Figure 6-4) shows the identity of those waves by connecting node 
bg to a, and node b, to ag with branches of value one.

Figure 6-4 shows the effect of mismatch or reflection. First, power from the
generator is reflected by the load. That reflected power is re-reflected from
the generator and combines with the power then being created by the gen-
erator, generating a new incident wave. The new incident wave reflects and
the process continues on and on. It does converge, however, to the same
result that will now be found by algebra.

The equation of the load (6-1) is rewritten with the identity of ag to b,
added as:

bg = bs + Γgag (6-11)

Γg = 
Zg – Zo
Zg + Zo

(6-12)

PgZo =  bs 2 (6-13)

bs = 
es √Zo
Zo + Zg (6-14)

Figure 6-3. 
Signal-flow graph
of a microwave 
generator.

Figure 6-4. 
The complete sig-
nal-flow graph of
a generator con-
nected to a load. b, = Γ, a, = ag (6-15)
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The equation of the generator (6-11) is also rewritten with the identity of
a, to bg added as:

Equations (6-15) and (6-16) may be solved for a, and b, in terms of bs, Γ,
and Γg:

From these solutions the incident and reflected powers can be calculated:

Equation (6-19) yields the somewhat surprising fact that power flowing
toward the load depends only on the load characteristics.

The power dissipated, Pd, is equal to the net power delivered by the gener-
ator to the load, Pgl

Two particular cases of equation (6-21) are of interest. First, if Γ, were
zero, that is if the load impedance were Zo, equation (6-21) would give the
power delivered by the generator to a Zo load

This case is used to define bs as the generated wave of the source.

The second case of interest occurs when:

where * indicates the complex conjugate. Interpreting (6-23) means that
the reflection coefficient looking toward the load from the generator is the
complex conjugate of the reflection coefficient looking back toward the
generator. It is also true that the impedances looking in the two directions
are complex conjugates of each other. The generator is said to be “conju-
gately matched.” If Γ, is somehow adjusted so that (6-23) holds, the 
generator puts out its “maximum available power,” Pav, which can be
expressed as:

bg = bs + Γgag = a, (6-16)

a, = 
bs

1 – ΓgΓ,
(6-17)

b, = 
bsΓ,

1 – ΓgΓ,
(6-18)

Pi =  a,  2 =  bs 2 (6-19)
1

 1 – ΓgΓ,  2

Pr =  b,  2 =  bs 2 (6-20)

Pd = Pg, = Pi – Pr =  bs 2 (6-21)
1 – Γ ,  2

 1 – ΓgΓ,  2

Pg,  Z, = Zo
= PgZo =  bs 2 (6-22)

Γg = Γ, * (6-23)

Pav = (6-24)
 bs 2

1 – Γ g 2

Γ ,  2

 1 – ΓgΓ,  2
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Comparing (6-22) and (6-24) shows that Pav ≥ PgZo.

Unfortunately, the term “match” is popularly used to describe both con-
ditions, Z, = Zo and Z, = Zg*. The use of the single word “match” should 
be dropped in favor of “Zo match” to describe a load of zero reflection coeffi-
cient, and in favor of “conjugate match” to describe the load that provides
maximum power transfer.

Now the differences can be plainly seen. When a power sensor is attached to
a generator, the measured power which results is Pg, , of equation 
(6-21). But the proper power for characterizing the generator is PgZo
of equation (6-22). The ratio of equations (6-22) to (6-21) is:

or, in dB:

This ratio (in dB) is called the “Zo mismatch loss.” It is quite possible that
(6-25) could yield a number less than one. Then (6-26) would yield a nega-
tive number of dB.

In that case more power would be transferred to the particular load being
used than to a Zo load, where the Zo mismatch loss is actually a gain. 
An example of such a case occurs when the load and generator are 
conjugately matched.

A similar difference exists for the case of conjugate match; the measure-
ment of Pg, from (6-21) differs from Pav of (6-24). The ratio of those 
equations is:

or, in dB:

This ratio in dB is called the conjugate mismatch loss.

If Γ, and Γg were completely known, there would be no difficulty. 
The power meter reading of Pg, would be combined with the proper values
of Γ, and Γg in (6-25) or (6-27) to calculate PgZo or Pav. The mismatch
would be corrected and there would be no uncertainty.

(6-25)
 1 – ΓgΓ,  2

1 – Γ ,  2

PgZo
Pg, 

=

dB = 10 log (6-26)
PgZo
Pg,

dB = 10 log  1 – ΓgΓ,  2 – 10 log (1 – Γ ,  2)

(6-27)
 1 – ΓgΓ,  2

(1 – Γ g 2)(1 – Γ ,  2)

Pav
Pg, 

=

dB = 10 log

(6-28)

Pav
Pg,

dB = 10 log  1 – Γ, Γg 2 – 10 log (1 – Γ g 2) – 10 log (1 – Γ ,  2)
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Mismatch Uncertainty
Γ, and Γg are seldom completely known. Only the magnitudes ρ, and ρg are
usually measured or specified. In these cases, the first term of the right side
of equations (6-26) and (6-28) cannot be exactly calculated because of the
lack of phase information, but the maximum and minimum values can be
found. The maximum and minimum values of 10 log|1 − Γg Γ , | 2 are called
“mismatch uncertainty limits” and are given the symbol Mu. The maximum
occurs when Γ, Γg combines with “one” in phase to yield:

This maximum limit will always be a positive number but it cannot be larg-
er than 6 dB (this occurs when ρ, = ρg = 1). The minimum value of the mis-
match uncertainty occurs when Γ, Γg combines with “one” exactly out of
phase to yield:

The minimum limit will always be a negative number. It is also true that the
magnitude of the minimum limit will be greater than the magnitude of the
maximum limit, but usually by a very small amount.

Sometimes the mismatch uncertainty limits are given in percent deviation
from “one” rather than in dB. In this case:

Mismatch uncertainty limits can be calculated by substituting the values 
of ρ, and ρg into equations (6-29), (6-30), and (6-31). 

The mismatch uncertainty limits can also be easily found by using the 
HP Reflectometer/ Mismatch Error Limits Calculator.6 This calculator 
also has slide rule scales for converting between SWR and ρ as well as other
scales. Instructions and examples are printed on the calculator.

Figure 6-5.
Reflectometer
calculator and
slide rule quickly
determines lim-
its of maximum
and minimum
mismatch uncer-
tainty, if given
the reflection
coefficients of
the generator
and load. It is
available from
HP at nominal
cost.

Mu max = 10 log (1 + ρgρ, )2 (6-29)

Mu min = 10 log (1 – ρgρ, )2 (6-30)

%Mu = 100 [(1 ± ρgρ, )2 – 1] (6-31)
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Modern engineering electronic calculators have a series of programs avail-
able especially suited for electrical engineering problems. One of the pro-
grams is intended for calculating mismatch uncertainty limits, either in
terms of SWR or of ρ. Computer-aided engineering models often contain
routines for transmission line calculations.

Mismatch Loss and Mismatch Gain
Traditionally, the transmission power loss due to signal reflection was
termed mismatch loss. This was done in spite of the fact that occasionally
the two reflection coefficient terms would align in a phase that produced a
small “gain.” More recent usage finds the term mismatch gain more popu-
lar because it is a more inclusive term and can mean either gain (positive
number) or loss (negative number). Similarly, it is more difficult to think 
of a negative mismatch loss as a gain. In this note, we use the terms inter-
changeably, with due consideration to the algebraic sign. 

The second term on the right side of equation (6-26), −10 log (1 − |Γ, | 2), 
is called mismatch loss. It accounts for the power reflected from the load. In
power measurements, mismatch loss is usually taken into account when
correcting for the calibration factor of the sensor, to be covered below.

The conjugate mismatch loss of equation (6-28) can be calculated, if needed.
The uncertainty term is the same as the Zo mismatch loss uncertainty term
and the remaining terms are mismatch loss terms, one at the generator and
one at the load. The term conjugate mismatch loss is not used much any-
more. It was used when reflections were tuned out by adjusting for maxi-
mum power (corresponding to conjugate match). Now the various mismatch
errors have been reduced to the point where the tedious tuning at each 
frequency is not worth the effort. In fact, modern techniques without tuning
might possibly be more accurate because the tuners used to introduce their
own errors that could not always be accounted for accurately.

Mismatch in power measurements generally causes the indicated power 
to be different from that absorbed by a reflection-less power sensor. 
The reflection from the power sensor is partially accounted for by the 
calibration factor of the sensor which is considered in the next chapter. 
The interaction of the sensor with the generator (the re-reflected waves)
could be corrected only by knowledge of phase and amplitude of both reflec-
tion coefficients, Γ, and Γg. If only the standing wave ratios or reflection
coefficient magnitudes ρ, and ρg are known, then only the mismatch uncer-
tainty limits can be calculated. The mismatch uncertainty is combined with
all the other uncertainty terms later where an example for a 
typical measurement system is analyzed.

Other Sensor Uncertainties
After mismatch uncertainty, the second source of error is the imperfect 
efficiency of the power sensor. There are two parameters which define the
design efficiency of a sensor, effective efficiency and calibration factor.
Although HP now furnishes only calibration factor with its sensors, since
both parameters are still available as measurement services for thermistor
sensors from the National Institute of Standards and Technology, they will
be reviewed here.

For a power sensor, the power input is the net power delivered to the sen-
sor; it is the incident power minus the reflected power (Pi − Pr). But not all
that net input power is dissipated in the sensing element. Some might be
radiated outside the transmission system or leaked into the instrumen-
tation, some dissipated in the conducting walls of the structure, or in a
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capacitor component of the sensor, or a number of other places that are not
metered by the instrumentation. The metered power indicates only the
power which is dissipated into the power sensing element itself.

For metering, the dissipated high frequency power must go through a con-
version process to an equivalent DC or low frequency level. The DC or low
frequency equivalent is called Psub, for substituted power. There are errors
associated with the substitution process. In thermistor sensors, for example,
errors result from the fact that the spatial distributions of current, power
and resistance within the thermistor element are different for DC and RF
power.

To accommodate both the usual parasitic losses as well as the DC or low fre-
quency substitution problem mentioned, a special term, effective efficiency
ηe, has been adopted for power sensors. Effective efficiency is defined by:

Pg, is the net power absorbed by the sensor during measurement. Psub is
the substituted low frequency equivalent for the RF power being measured.
For thermistor sensors Psub is the change in bias power required to bring
the thermistor back to the same resistance as before the application of RF
power. For thermocouple and diode sensors, Psub is the amount of power
from a reference power source, at a specified frequency, that yields the same
voltage to the metering circuits as Pg, . ηe normally changes with frequen-
cy, but changes with power level are usually negligible. 

Effective efficiency is sometimes measured by the manufacturer when cali-
brating the sensor, and furnished in a calibration chart with the product.
Sometimes the data is printed on the label of the sensor, or delineated with
dots on a label plot of efficiency. It is expressed in percentage, and that 
factor is entered into the power meter by adjusting the analog dial to the
appropriate number or entered digitally into digital power meters.

Calibration Factor
There is another more frequently used term that has been defined for power
measurements. It combines effective efficiency and mismatch loss and is
called the calibration factor Kb. Kb is defined by:

where Pi is the incident power to the sensor. The accurate measurement of
calibration factor Kb is quite involved and performed mainly by standards
laboratories and manufacturers. 

The definitions of Kb and ηe can be combined to yield

where ρ, is the sensor reflection coefficient. The relationship on the right,
which is found by substituting for Pi and Pg, from equations (6-19) and 
(6-21), shows that Kb is a combination of effective efficiency and mis-
match loss.

Kb = 
Psub

Pi
(6-33)

Kb = ηe
Pg,
Pi

(6-34)= ηe (1 – ρ,
2)

ηe = Psub
Pg,

(6-32)
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Most modern power meters have the ability to correct their meter reading 
by setting a dial to the proper value of Kb. Then Pi is actually read off the
meter. Values of Kb for various frequencies are indicated on each Hewlett-
Packard power sensor (except for the E series sensors which have the data
stored on EEPROM). When this feature is used, the indicated or metered
power Pm is (using equation 6-19):

But the desired quantity is usually not Pi to the sensor but PgZo, the 
power that would be dissipated in a Zo load. Since PgZo is by definition 
| bs |2, the ratio of PgZo to the meter indication is:

The right side of (6-36) is the mismatch uncertainty. Since the use of Kb
corrects for efficiency and mismatch loss, only the mismatch uncertainty
remains. It should be pointed out that there is an additional, unavoidable
uncertainty associated with Kb. That uncertainty is due to inaccuracies in
the measurement of Kb by the manufacturer, NIST or standards laborato-
ries, and thus the uncertainty of Kb is specified by the calibration supplier.

Power Meter Instrumentation Uncertainties
There are a number of uncertainties associated within the electronics of the
power meter. The effect of these errors is to create a difference between Pm
and Psub/Kb.

Reference Oscillator Uncertainty
Open-loop power measurements, such as those that use thermocouples or
semiconductor diode sensors, require a known source of power to verify 
and adjust for the sensitivity of the sensor. Many power meters, such as the
HP 435A and 436A, have a stable power reference built in. No matter what
power reference is used, if it deviates from the expected power output, the
calibration adjustment is in error. The uncertainty in the power output
from the reference oscillator is specified by the manufacturer. Thermistor
power measurements, being closed-loop and having no need for a reference
oscillator, are free of this error.

Reference Oscillator Mismatch Uncertainty
The reference oscillator has its own reflection coefficient at the operating
frequency. This source reflection coefficient, together with that from the
power sensor, creates its own mismatch uncertainty. Because the reference
oscillator frequency is low, where the reflection coefficients are small, this
uncertainty is small (approximately ±0.01 dB or ±0.2%).

Instrumentation Uncertainty
Instrumentation uncertainty is the combination of such factors as meter
tracking errors, circuit nonlinearities, range-changing attenuator inaccura-
cy, and amplifier gain errors. The accumulated uncertainty is guaranteed
by the instrument manufacturer to be within a certain limit.

There are other possible sources of uncertainty that are, by nature or
design, so small as to be included within the instrumentation uncertainty.

Pm =
PgZo
Kb

(6-35)= Pi =
 bs 2

 1 – ΓgΓ,  2

PgZo
Pm

(6-36)=  1 – Γ, Γg 2
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An example of one such error is the thermoelectric voltage that may be
introduced by temperature gradients within the electronic circuits and
interconnecting cables. Proper design can minimize such effects by avoiding
junctions of dissimilar metals at the most sensitive levels. Another example
is the small uncertainty which might result from the operator’s interpola-
tion of the meter indication.

±1 Count
On meters with digital output, there is an ambiguity in the least significant
digit of ± one-half count. On some power meters, such as the HP 436A, this
uncertainty is so small that it is absorbed in the instrumentation uncer-
tainty. In some applications, such as relative power measurements or the
ratio of two power measurements where most of the causes of instrumenta-
tion uncertainty do not affect the final result, this uncertainty is still appli-
cable. In the case of relative power measurements, the uncertainty applies
twice, once during the measurement of each power, for a total uncertainty
of ± one count. One way of expressing the error is 1/Pmant where Pmant
is the mantissa only of the meter indication. Another way is to find the 
relative power value of the least significant digit (lsd); the uncertainty is
±Plsd/Pind. This uncertainty can be reduced by using an external digital
voltmeter of greater resolution.

Zero Set
In any power measurement, the meter must initially be set to “0” with no
RF power applied to the sensor. Zero-setting is usually accomplished within
the power meter by introducing an offset voltage that forces the meter 
to read zero, by either analog or digital means. The offset voltage is 
contaminated by several sources including sensor and circuit noise and
setability of the zero set. The zero-set error is specified by the manufactur-
er, especially for the most sensitive range. On higher power ranges, error 
in zero setting is small in comparison to the signal being measured.

Zero Carryover
Most modern power meters, as a matter of convenience, have internal 
circuitry that eliminates the need to zero-set the power meter every time
the power measurement range is changed. If the user zero-sets on the 
most sensitive range, they are then able to measure power on whatever
range is of interest without re-zeroing. The circuitry that allows the zero-
set to “carryover” to the other ranges may have slight offsets. 

In principle, zero carryover uncertainty can be eliminated by zero-setting
the power meter on the specific range of measurement. This practice is 
not recommended, however, for the HP 432A, 435A, 436A, 437B and 438A
power meters. The EPM series meters do not have zero carryover. The zero
carryover for these meters is typically much less than the data-sheet speci-
fication and the automatic zero-setting circuits operate more satisfactorily
on the most sensitive range.

Noise
Noise is also known as short-term stability and it arises from sources with-
in both the power sensor and circuitry. One cause of noise is the random
motion of free electrons due to the finite temperature of the components.
The power observation might be made at a time when this random fluctua-
tion produces a maximum indication, or perhaps a minimum. Noise is spec-
ified as the change in meter indication over a short time interval 
(usually one minute) for a constant input power, constant temperature, 
and constant line voltage.
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Drift
This is also called long-term stability, and is mostly sensor induced. It is
the change in meter indication over a long time (usually one hour) for a
constant input power, constant temperature, and constant line voltage. The
manufacturer may state a required warm-up interval. In most cases the
drift is actually a drift in the zero-setting. This means that for measure-
ments on the upper ranges, drift contributes a very small amount to the
total uncertainty. On the more sensitive ranges, drift can be reduced 
to a negligible level by zero-setting immediately prior to making a reading.

Power Linearity
Power measurement linearity is mostly a characteristic of the sensor.
Deviation from perfect linearity usually occurs in the higher power range 
of the sensor. For thermocouple sensors, linearity is negligible except for
the top power range of +10 to +20 dBm, where the deviation is specified at
+2, −4%. 

For a typical HP 8481D-series diode sensor, the upper power range of −30 
to −20 dBm exhibits a specified linearity deviation of ±1%.

With their much wider dynamic power range, the new HP E series sensors
exhibit somewhat higher deviations from perfect linearity. It is mostly tem-
perature-driven effect, and specifications are given for several ranges of
temperature. For example, in the 25 ±5° C temperature range and the 
−70 to −10 dBm power range, the typical deviation from linearity is ±2%
RSS. 

Calculating Total Uncertainty
So far, only the individual errors have been discussed; now a total uncer-
tainty must be found. This first description will use the traditional analysis
for considering the individual uncertainties. It will be shortened 
to allow for later presentation of the recommended method for expressing
uncertainties according to the ISO-based and U.S.-adapted considerations. 

In some measurement applications, certain sources of error do not enter
into the final uncertainty. An example of this is relative power measure-
ment where the ratio of two power measurements is to be found. With
proper procedure, the reference oscillator uncertainty affects the num-
erator and denominator in exactly the same way and therefore cancels out
in the final result. In this same application, however, other errors might
accumulate such as the ± half-count error. 
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Power Measurement Equation
The purpose of this section is to develop an equation that shows how a
power meter reading Pm is related to the power a generator would deliver
to a Zo load, Pgzo (Figure 6-6). The equation will show how the individual
uncertainties contribute to the difference between Pm and Pgzo.

Starting from the generator in lower part of Figure 6-6, the first distinc-
tion is that the generator dissipates power Pg, in the power sensor instead
of PgZo because of mismatch effects. That relationship, repeated from
Chapter 5, is:

The next distinction in Figure 6-6 is that the power sensor converts Pgl to
the DC or low frequency equivalent, Psub, for eventual metering. But this
conversion is not perfect due to the fact that effective efficiency, ηe, is less
than 100%. If Pgl is replaced by Psub/ηe from equation (6-32), then (6-37)
becomes:

The first factor on the right is the mismatch uncertainty term, Mu, dis-
cussed previously. Mu is also referred to as “gain due to mismatch”. The
denominator of the second factor is the calibration factor Kb from equation
(6-34). Now (6-38) can be written:

The last distinguishing feature of Figure 6-6 is that the meter indication
Pm, differs from Psub. There are many possible sources of error in the
power meter electronics that act like improper amplifier gain to the input
signal Psub. These include uncertainty in range changing attenuators 
and calibration-factor amplifiers, imperfections in the metering circuit and
other sources totaled as instrumentation uncertainty. For open-loop power
measurements this also includes those uncertainties associated with the
calibration of amplifier gain with a power-reference oscillator. These errors
are included in the symbol m for magnification.

(6-37) 1 – Γ, Γg 2

1 – Γ ,  2PgZo =
Pg, 

(6-38)1
ηe (1 – ρ,

2 )
PgZo =  1 – Γ, Γg 2 Psub

(6-39)1
Kb

PgZo = Mu Psub

Figure 6-6.
Desired power
output to be mea-
sured is PgZo, 
but measurement
results in the
reading Pm.



Table 1. Chart of Uncertainties For a Typical Absolute Power Measurement

Measurement Conditions: Pm = 50 µ W Full Scale (F.S.) = 100 µ W

ρ, ≤ 0.091 (SWR, ≤1.2) ρg ≤ 0.2 (SWRg ≤1.5)

Kb = 93% ± 3% (worst case), ±1.5% (RSS)

51

There are other uncertainties associated with the electronics that cause
deviation between Pm and Psub. When Psub is zero, then Pm should be
zero. Improper zero-setting, zero carryover, drift and noise are likely con-
tributors to Pm not being zero. The meter reading is offset or translated
from mPsub by a total amount t. A general linear equation gives Pm in
terms of Psub:

Substituting (6-40) into (6-39) gives the power measurement equation:

In the ideal measurement situation, Mu has the value of one, the mKb
product is one, and t is zero. Under ideal conditions, meter reading Pm
gives the proper value of PgZo.

(6-40)Pm = mPsub + t

(6-41)
Mu (Pm – t)

Kbm
PgZo =

Error Description Worst Case Values RSS Component 
PgZo max PgZo min (∆X/X)2

Mu (1 ± pgp, )2 1.0367 0.9639 (0.0367)2

Kb Uncertainty ±3% (w.c.), ±1.5% (RSS) 0.97 1.03 (0.015)2

Components of m:
Ref. Osc. Unc. ±1.2% 0.988 1.012 (0.012)2

Ref. Osc. Mu SWRg = 1.05, SWR, = 1.1 0.998 1.002 (0.002)2

Instrumentation ±0.5% of F.S. 0.99 1.01 (1.01)2

Total m 0.9762 1.0242

Components of t:
Zero Set ±0.5% F.S. (low range) −0.05 µ W +0.05 µ W (0.001)2

Zero Carryover ±0.2% of F.S −0.2 µ W +0.2 µ W (0.004)2

Noise ±0.025 µ W −0.025 µ W +0.025 µ W (0.0005)2

Total t −0.275, µ W +0.275 µ W

Expressions of
total uncertainty:

PgZo max equation (6-44) 55.0421 µ W
PgZo min equation (6-45) 45.4344 µ W
∆PgZo 5.0421 µ W −4.5656 µ W
∆PgZo /Pm +10.08% −9.13% [0.001837) 1/2

= ±4.3%
+0.1823 dB

dB 0.4171 dB −0.4159 dB -0.1903 dB
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Worst-Case Uncertainty
One method of combining uncertainties for power measurements in a worst-
case manner is to add them linearly. This situation occurs if all the possible
sources of error were at their extreme values and in such a direction as to
add together constructively and therefore achieve the maximum possible
deviation between Pm, and PgZo. Table 1 is a chart of the various error
terms for the power measurement of Figure 6-6. The measurement condi-
tions listed at the top of Table 1 are taken as an example. The conditions
and uncertainties listed are typical and the calculations are for illustration
only. The calculations do not indicate what is possible using the most accu-
rate technique. The description of most of the errors is from a manufactur-
er’s data sheet. Calculations are carried out to four decimal places because
of calculation difficulties with several numbers of almost 
the same size.

Instrumentation uncertainty, i, is frequently specified in percent of full scale
(full scale = Pfs). The contribution to magnification uncertainty is:

The several uncertainties that contribute to the total magnification uncer-
tainty, m, combine like the gain of amplifiers in cascade. The minimum 
possible value of m occurs when each of the contributions to m is a mini-
mum. The minimum value of m (0.9762) is the product of the individual fac-
tors (0.988 * 0.998 * 0.99).

The factors that contribute to the total offset uncertainty, t, combine like
voltage generators in series; that is, they add. Once t is found, the contribu-
tion in dB is calculated from:

The maximum possible value PgZo, using (6-41) and substituting the values
of Table 1, is

In (6-44), the deviation of Kbm from the ideal value of one is used to calcu-
late PgZo max. In the same way, the minimum value of PgZo is:

(6-43)t

Pm
tdB = 10 log (1 ± )

(6-44)
Mu max (Pm – tmin)

Kb min mmin
PgZo max =

= 1.0367 (50 µW + 0.275 µW)

(0.97) (0.9762)
= 55.0421 µW = 1.1008 Pm

(6-45)
Mu min (Pm – tmax)

Kb max mmax
PgZo min =

=
0.9639 (50 µW – 0.275 µW)

(1.03) (1.0242)

= 45.4344 µW = 0.9087 Pm

(6-42)
(1 + i) Pfs

Pm
mi =
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The uncertainty in PgZo may be stated in several other ways:

(1) As an absolute differential in power:

(2) As a fractional deviation:

(3) As a percent of the meter reading:

(4) As dB deviation from the meter reading:

An advantage to this last method of expressing uncertainty is that this
number can also be found by summing the individual error factors
expressed in dB.

Figure 6-7 is a graph of contributions to worst-case uncertainty shows
that mismatch uncertainty is the largest single component of total uncer-
tainty. This is typical of most power measurements. Magnification and 
offset uncertainties, the easiest to evaluate from specifications and often
the only uncertainties evaluated, contribute less than one-third of the total
uncertainty.

RSS Uncertainty
The worst-case uncertainty is a very conservative approach. A more realis-
tic method of combining uncertainties is the root-sum-of-the-squares (RSS)
method. The RSS uncertainty is based on the fact that most of the errors of
power measurement, although systematic and not random, are indepen-
dent of each other. Since they are independent, it is reasonable to combine
the individual uncertainties in an RSS manner.

(6-46)∆PgZo = PgZo    –Pm =    µW
max
min 

+5.0421
–4.5656

∆PgZo
Pm

=

+5.0421
–4.5656

50

+0.1008
–0.0913= (6-47)

∆PgZo
Pm

+10.08
–9.13

= (6-48)%

+0.4171
–0.4159= (6-49)dB(   )1.1008

0.9087
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Figure 6-7. 
Graph of individ-
ual contributions
to the total worst-
case uncertainty.

100 ×

dB = 10 log
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Finding the RSS uncertainty requires that each individual uncertainty 
be expressed in fractional form. The RSS uncertainty for the power 
measurement equation (6-41) is:

Each of the factors of (6-50), if not known directly, is also found by taking
the RSS of its several components. Thus:

Where m1, m2, and so forth are the reference oscillator uncertainty, the
instrumentation uncertainty, and so forth of Table 1.

The extreme right hand column of Table 1 shows the components used to
find the total RSS uncertainty. The result is ±4.3%, which is much less
than the worst case uncertainty of +10.1%, −9.1%. One characteristic of
the RSS method is that the final result is always larger than the largest
single component of uncertainty.

New Method of Combining Power Meter Uncertainties
This section will describe a new method of combining uncertainties for
HP power measurements. It is extended from the traditional uncertainty
model, to follow a new guideline published by the American National
Standards Institute and the National Conference of Standards Lab-
oratories. The methods described in this document, ANSI/NCSL 540Z-2-
1996, U.S. Guide to the Expression of Uncertainty in Measurement, are
now being implemented for many metrology applications in industry and
government.4

Generally, the impact of the ANSI\NCSL 540Z-2 guide is to inject a little
more rigor and standardization into the metrology analysis. Traditionally,
an uncertainty was viewed as having two components, namely, a random
component and a systematic component. Random uncertainty presum-
ably arises from unpredictable or stochastic temporal and spatial varia-
tions of influence quantities. Systematic uncertainty arises from a recog-
nized effect or an influence which can be quantified.

The 540Z-2 guide groups uncertainty components into two categories
based on their method of evaluation, Type “A” and Type “B.” These cate-
gories apply to uncertainty, and are not substitutes for the words “ran-
dom” and “systematic.” Some systematic effects may be obtained by a
Type A evaluation while in other cases by a Type B evaluation. Both
types of evaluation are based on probability distributions. The uncertain-
ty components resulting from either type are quantified by variances or
standard deviations.

Briefly, the estimated variance characterizing an uncertainty component
obtained from a Type A evaluation is calculated from a series of repeated
measurements and is the familiar statistically estimated variances2 .
Since standards laboratories regularly maintain measured variables 
data on their standards, such data would usually conform to the 
Type A definition.

∆PgZo
PgZo

= [( )2
+ ( )2

+ ( )2
+ ( )2]

1/2∆Mu
Mu

∆Kb
Kb

∆m

m

∆t

Pm

(6-50)

∆m

m
= [( )2

+ ( )2
+ • • •]

1/2∆m1
m1

∆m2
m2

(6-51)
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For an uncertainty component obtained from a Type B evaluation, the esti-
mated variance u2 is evaluated using available knowledge. Type B evalua-
tion is obtained from an assumed probability density function based on the
belief that an event will occur, and is often called subjective probability,
and is usually based on a pool of comparatively reliable information.
Others might call it “measurement experience.” Published data sheet speci-
fications from a manufacturer would commonly fit the Type B definition. 

Power Measurement Model for ISO Process
Beginning with the measurement equation of (6-41),

The determination of m is through the calibration process. During calibra-
tion, PgZo is set to the known power, Pcal. Substituting Pcal for PgZo and
rearranging equation (6-52), equation for m is:

where: 

m = power meter gain term
Muc = gain due to the mismatch between the sensor and the internal 

calibration power source
Pmc = power level indicated by the power meter during calibration
t  = power meter zero offset
Kc = power sensor calibration factor at the calibration frequency
Pcal = power delivered to a Zo load by the power meter calibration output

In equations (6-52) and (6-53), t represents the power meter zero offset. 
In AN64-1, t is described as the sum of the zero set value, Zs, zero carry-
over, Zc, Noise, N, and Drift, D. However, assuming the zero procedure
occurs just prior to calibration, D is zero during calibration, whereas D 
is non-zero during power meter measurements. To allow t to represent the
same quantity in the equation for PgZo and m, the equation for t is defined
as:

where,
Zs = power meter zero set value
Zc = power meter zero carryover value
N = power meter noise

and the equation for PgZo is redefined as

where D = power meter drift.

(6-52)Mu (Pm – t)
Kbm

PgZo =

(6-53)Muc (Pmc – t)
KcPcal

m =

(6-54)t = Zs + Zc + N

(6-55)
Mu (Pm – (t+D))

Kbm
PgZo =
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Equation (6-55) is the measurement equation for a power meter measure-
ment. There are eleven input quantities which ultimately determine the
estimated value of PgZo. These are Mu, Pm, D, Kb from equation (6-55);
Zs, Zc, N from equation (6-54); and Muc, Pmc, Kc and Pcal from equation
(6-53). It is possible to combine equations in order to represent PgZo in
terms of the eleven defined input quantities. This is a relatively complicat-
ed derivation, but the result is the uncertainty in terms of the eleven quan-
tities:

Solving with some nominal values of several input quantities simplifies
equation (6-56),

Mu = 1
Muc = 1
Pmc = Pcal
Zs = 0
Zc = 0
N = 0
D = 0
t = 0
m = 1/Kc

Table 2 summarizes the various uncertainties shown in 6-57.

(6-57)

u2 (Mu)u2(PgZo )

PgZo 2
+ u2 (Pm)

Pm2
+ + u2 (Kb)

K2b

+ u2 (Pmc)

Pmc2

+ u2 (Kc)

Kc
2 +

u2 (Pcal)

Pcal2
( 1

Pm
–

1

Pcal
)2

(u2(Zs) + u2(Zc) + u2(N))

u2 (D)

Pm2
u2 (Muc)

+

+

(6-56)

u2 (Mu)

M2u
u2(PgZo ) = P2gZo[ +

u2 (Pm)

(Pm– (t + D))2
+

u2 (D)

(Pm– (t + D))2
+ u2 (Kb)

K2b
+

u2 (Muc)

Muc2

+
u2 (Pmc)

(Pmc– t)2
+

u2 (Kc)

Kc2
+ u2 (Pcal)

Pcal2

+ ( 1

(Pm – (t+D))2
+ 1

(Pmc – t)2
-

2

KcPcalm(Pm – (t+D))
) u2(Zs) + u2(Zc) + u2(N))]

u2 (Pl)

Pl2

=

+
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Table 2. Standard Uncertainties

Standard Uncertainty Source

u(Mu) Mismatch gain uncertainty between the sensor and the generator. The standard uncertainty is 
dependent upon the reflection coefficients of the sensor and the generator. Refer to the mis-
match model. Reflection coefficients may have different distributions as shown in Figure 6-9.

u(Muc) Mismatch gain uncertainty between the sensor and the calibrator output of the power meter. 
The standard uncertainty is dependent upon the reflection coefficients of the sensor and the 
calibrator output. Refer to the mismatch model. Note: The calibrator output reflection coefficient 
is not a specified parameter of the HP E4418A power meter. AN64-1 suggests ρg = 0.024.

u(Pm) Power meter instrumentation uncertainty.

u(Pmc) Power meter instrumentation uncertainty (during calibration)

u(D) Power meter drift uncertainty.

u(Kb) Sensor calibration factor uncertainty. Typically, the value of the uncertainty is reported along 
with the calibration factor by the calibration laboratory or the manufacturer. 

u(Kc) Sensor calibration factor uncertainty at the frequency of the power meter calibrator output. 
If the sensor is calibrated relative to the associated calibrator output frequency, Kc = 1 and 
u(Kc) = 0.

u(Pl) Power sensor linearity which is related to power range. Generally negligible on lower ranges 
but has higher uncertainty at high power levels.

u(Pcal) Calibrator output power level uncertainty.

u(Zs) Power meter zero set uncertainty.

u(Zc) Power meter zero carryover uncertainty.

u(N) Power meter and sensor noise uncertainty.

Standard Uncertainty of the Mismatch Model
The standard uncertainty of the mismatch expression, u(Mu), assuming no
knowledge of the phase, depends upon the statistical distribution that best
represents the moduli of Γg and Γ, . 

Combining equation (6-21) and (6-22), the power dissipated in a load when
Γ, is not 0 is:

The denominator in (6-58) is known as mismatch loss. And the numerator
represents the mismatch uncertainty:

Mu is the gain or loss due to multiple reflections between the generator
and the load. If both the moduli and phase angles of Γg and Γ, are known,
Mu can be precisely determined from equation (6-59). Generally, an esti-
mate of the moduli exists, but the phase angles of Γg and Γ, are not
known. 

Pd = PgZo (6-58)
 1 – Γg Γ,  2

 1 – Γ,  2

(6-59) 1 – ΓgΓ,  2Mu =
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Consider two cases:

Case (a): Uniform Γ, uniform phase distribution.
See Figure 6-8 (a). The moduli of Γg and Γ, are each less than a specified value;
Γg and Γ, each lie within a circle of radius, Γ. Assuming Γg and Γ, have equal
probability of lying anywhere within the circle, the standard uncertainty of Mu
is: (This results in uniform density.)

u(Mu) = 1√ 2 x maximum |Γg| x maximum |Γ, |

Case (b): Constant ρ, uniform phase distribution.
See Figure 6-8 (b). An estimate of the moduli of Γg and Γ, are known; Γg and Γ,
each lie on a circle of radius Γ. Assuming Γg and Γ, have equal probability of
lying anywhere on the circle, (equal probability of any phase), the standard
uncertainty of Mu is:9

u(Mu) = √ 2 x Γg x Γ,

Example of Calculation of Uncertainty Using ISO Model
Recognizing that each uncertainty calculation must meet a particular measuring
requirement, the user will need to structure their calculations for appropriate
conditions. This following measurement situation reflects some assumed and
stated conditions for each of the parameters. The power meter is assumed to 
be the HP E4418A power meter, and the power sensor is assumed to be the 
HP E4412A power sensor.

Measurement conditions for calculation: Unknown CW power, 2 GHz, 
50 microwatt level (−13 dBm). 

Calculation comments for each parameter:

u(Mu) Uncertainty of mismatch gain between sensor and generator at 
2 GHz. Use case (a) and assume generator reflection coefficient 
specification (from data sheet) is |Γg| = 0.1 (uniform density 
distribution). Assume the HP E4412A sensor cal data shows a 
measured value of |Γ, | = 0.1 (uniform distribution of phase.)

Use mismatch gain equation of Mu = |1 ± Γg Γ, | 2
Since each Γ has a different distribution, use a Monte Carlo 
simulation.

u(Muc) Uncertainty of mismatch gain between sensor and 50 MHz calibra-
tor source. Use case (a) and assume source reflection coefficient 
specification (from data sheet) is |Γg| = 0.024. HP E4412A 
sensor cal data shows a measured value of |Γ, | = 0.1 (uniform 
distribution of phase.) Use mismatch gain equation as above.

u(Muc)
 Muc

= =0.024 x 0.1 x 1
2

0.17% (1−sigma)

u(Mu)
 Mu

= =0.1 x 0.1 x 
1
2

0.7% (1−sigma)

Figure 6-8. 
When the reflec-
tion coefficients
of the generator
and load are not
known, the user
may estimate
probabilities of
the mismatch
uncertainty
according to
these two cases;
(a) both Γ lie
inside the circle
with uniform
density. (b) both
Γ lie on the circle
with uniform
phase density. 
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u(Pm) HP E4418A power meter instrumentation uncertainty is 
specified at ± 0.5%. (rectangular distribution) Use √ 3 for divisor.

u(Pmc) HP E4418A power meter uncertainty during calibration. 
Specified at ±0.5%. (rectangular distribution)

u(D) HP E4418A power meter drift uncertainty. Due to sensor drift. 
Assume constant temperature, measurement taken one hour after 
calibration. From data sheet E series sensors are ±15pW. 
(rectangular distribution)

u(Kb) HP E4412A power sensor calibration factor uncertainty at 
2 GHz. From the calibration certificate, spec is ±2%. (Gaussian 
distribution, 2-sigma) 

(For power levels from 0 to +20 dBm, an additional term u(Kb) 
should be RSSed (as a rectangular distribution) to account for 
high-power uKb uncertainty. For HP E-series sensors only.)

u(Kc) HP E4412A power sensor cal factor uncertainty at 50 MHz is 
assumed to be 0 since it is referred to the internal calibration 
source.

u(Pl) HP E4412A power sensor linearity uncertainty. For the 
100 µW assumed range, this is specified for 25 ±5° C as ±4%. 
Assume cal lab temperatures within 5° C. Assume Gaussian 
distribution, 2−sigma.

u(Pcal) 50 MHz calibrator power reference output uncertainty is 
specified at 0.9%, RSS, for 1 year. Guassian distribution, 
2−sigma.

u(Zs) HP E4418A power meter zero set uncertainty is specified at 
±50pW. (rectangular distribution)

1
Pm

=– =x– 0.00005% (1–sigma)u (Zs)
1

Pcal

50 x 10–12

50 x 10–6 3
1

 10–3

1

u(Pcal)
Pcal

= = 0.45% (1–sigma)0.009
2

u(P1)
P1

= = 2% (1–sigma)0.04
2

u(Kc)
Kc

= 0

u(Kb)
Kb

= = 1% (1–sigma)0.02
2

u(D)
Pm

= =x 0.0017% (1–sigma)15 x 10–12

50 x 10–6 3
1

u(Pmc)
Pmc

= = 0.3% (1–sigma)0.005
3

u(Pm)
Pm

= = 0.3% (1–sigma)0.005
3
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u(Zc) HP E4418A power meter zero carryover is included in the 
overall instrument uncertainty specification, since there are no 
ranges as such in this meter. For other power meters this would 
need to be considered.

u(N) HP E4418A power meter noise uncertainty is ±70pW and 
negligible at the 50 mW power level. 

Using the above comments, Table 3 summarizes the various uncertainty
factors. Each factor is normalized to a 1 sigma value. In the case of a data
sheet specification, the divisor factor used to convert to 1 sigma is square
root of 3. These sigma values are added in RSS fashion, and then multiplied
with the coverage factor. The coverage factor is a guard band number, 
typically 2 is used, but experience and knowledge of the measurement 
process allows for the user to establish any other value.

Symbol Source of Uncertainty Value ±% Probability Distribution Divisor ∆(Kx)

Mu Mismatch gain between |Γg| = 0.1 |Γg| − uniform density (1) 0.7%
generator and sensor |Γs| = 0.1 |Γs| − uniform phase 

Muc Mismatch gain between |Γg| = 0.024 |Γg| − uniform density (1) 0.17%
calibration source and sensor |Γs|= 0.1 |Γs| − uniform phase 

Pm Power meter instrumentation 0.5% rectangular √ 3 0.29% 

Pmc Power meter instrumentation 0.5% rectangular √ 3   0.29% 
during calibration

D Power meter drift ±15pW rectangular √ 3    0.0017% 

Kb Sensor calibration factor 2.0% Gaussian 2   1.0%

Kc Sensor calibration factor at 50 MHz 0 rectangular — 0

Pl Power sensor linearity 4.0% Gaussian 2   2.0% 

Pcal Calibrator output power 0.9% Gaussian 2   0.45% 

Zs Power meter zero set ±50pW rectangular √ 3 0.00005% 

Zc Power meter zero carryover 0 rectangular √ 3 0 

N Power meter and sensor noise ±70pW rectangular √ 3 0.00007%

Combined uncertainty—RSSed 2.43% 

Expanded uncertainty Coverage factor K = 2 4.86% 

(1) Monte Carlo simulation

1
Pm

=– =x– 0.00007% (1–sigma)u (N) 1
Pcal

70 x 10–12

50 x 10–6 3
1

 10–3

1

1
Pm

=– 0u (Zc)
1

Pcal
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All the previous discussion about power measurement equipment still
leaves the important question: which power meter and sensor technology
should be used for a particular power measurement? Each method of mea-
suring average power has some advantages over the others, so the answer
to that question becomes dependent on the particular measurement situa-
tion. Factors such as cost, frequency range, the range of power levels to be
measured, the importance of processing and capturing data, accuracy, speed
of measurement, and the skill of the personnel involved take on varying
degrees of importance in different situations. This chapter compares the
measurement systems from several aspects to aid in the decision-making
process for any application.

Accuracy vs. Power Level
The first comparison of power measuring systems demonstrates the mea-
surement uncertainty and power range of several equipment selections.
The HP EPM series power meters and HP E series sensors were empha-
sized, although several existing sensors were included. Figure 7-1 shows
plots of the RSS uncertainty when measuring power at various levels from
−70 to +20 dBm. The measurement conditions were assumed for a CW sig-
nal at 2 GHz and a source SWR of 1.15, and data sheet specifications.

The three parts of this figure are divided to show a comparison of three
common combinations of power meter and sensor:

a) HP 432A analog power meter plus HP 8478B thermistor sensor. 

b) HP E4418A digital power meter plus exsisting HP 8481A thermocouple
and HP 8484D diode sensor. 

c) HP E4418A digital power meter plus HP E4412A extended 
dynamic range power sensor.

The data for Figure 7-1 were computed using a commercially-available
mathematics simulation software product called MathCad. To present these
operating performances under typical present-day conditions, the ISO
uncertainty combining process of Chapter VI was used for the MathCad cal-
culations. Results are approximate, although they are entirely suitable for
these comparison purposes. 

The reason for presenting these overall measurement uncertainties in this
format is that, as far as the user is concerned, there is little need to know
whether the sensor works on the diode principle or on the thermocouple
principle. And, with the introduction of the new extended-range PDB 
diode sensors, a single HP E4412A sensor can achieve the−70 to +20 dBm
power range which previously required a combination of diode and thermo-
couple sensors.

The top graph of Figure 7-1 describes the thermistor sensor/meter combi-
nation and is shown mostly for reference. With the decreasing applications
of thermistor-type sensors, the primary need for understanding their theory
and practice is that they are used as power transfer devices for metrology
round robins or for transferring a power reference from a higher-accuracy
echelon or national standards labs to operating labs. 

A comparison of the top two graphs of Figure 7-1 (A) and (B), shows that
the uncertainties of the thermocouple and diode-based systems (B) are
somewhat less than the thermistor-based systems (A). At this 2 GHz
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calculation frequency, the thermocouple and diode sensors have the better
SWR (See Figure 7-2), but the thermistor system, being a DC substitution 
system, does not require a power reference oscillator and its small added
uncertainty. These two effects tend to offset each other for this application.
The significant advantage of the HP E4418A power meter measurement is
the flexibility of being able to use the installed base of all the other 
HP family of thermocouple and diode sensors.

The third graph of Figure 7-1 (C), for the HP E4418A power meter and 
HP E4412A extended dynamic range sensor, immediately shows that even
with its wide dynamic measurement range from −70 to +20 dBm, it pro-
vides approximately equivalent uncertainties. The dashed portion of the 
E-series sensor curve (0 to +20 dBm) represents nominal high-power cal
factor uncertainty limitations imposed by the sensor, meter, and the cali-
bration system. Refer to the latest sensor technical specifications (literature
number 5965-6382E) to determine actual uncertainties for your particular
application.

While most modern power meter designs have utilized digital architectures,
analog-based meters, such as the HP 432A and HP 435A, are still available.
Analog meter measurements are limited by the mechanical meter move-
ment of the instrument which requires uncertainty to be stated in percent
of full scale. Thus, at the low end of each range, the uncertainty becomes
quite large when expressed as a percent of the reading. Digital systems 
are free of those problems and, with proper design and an adequate digital
display resolution, provide better accuracy. 

Figure 7-1. 
RSS uncertainty 
vs. dynamic power
range from data
sheet specs for
source SWR = 1.15
(ρs =0.07) and 
f = 2 GHz. 
(A) Analog thermis-
tor mount system.
(B) HP E4418A 
digital power meter
system using 
HP 8481D diode
and HP 8481A ther-
mocouple sensors.
(C) HP E4418A 
digital power meter
and HP E4412A
PDB extended-
range sensor. RSS-
combining method
is the same as used
in Chapter VI.
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The instrumentation accuracy for a digital meter is specified as a percent 
of the reading instead of as a percent of full scale. This means that at the
point of each range change, there is not a big change in accuracy for the
digital meter. This effect can be seen in the max-min excursions of the 
sawtooth-like curves of the analog meter shown in Figure 7-1 (A). For this
reason, the digital power meter does not need as many ranges; each digital
range covers 10 dB with little change in accuracy across the range. Thus
the HP 437B digital power meter is more accurate than the HP 435A 
analog power meter. 

One application’s advantage attributed to analog meters is for use in
“tweaking” functions where an operator must adjust some test component
for optimum or maximum power. Digital displays are notoriously difficult to
interpret for “maximum” readings, so modern digital meters usually con-
tain a simple “peaker” analog meter. The display of the new HP E4418A
power meter features an analog scale in graphic display format which pro-
vides that “virtual-peaking” function. 

It should be recognized that the accuracy calculations of Figure 7-1 are
based on specification values. Such specifications are strongly dependent on
the manufacturers’ strategy for setting up their specification budget 
process. Some published specifications are conservative, some are less so.
Manufacturers need to have a good production yield of instruments for the
whole family of specifications, so this often leads to a policy of writing 
specifications which have generous “guard bands” and thus are more 
conservative. 

Further, a particular measurement configuration is likely to be close to 
one spec limit but meet another spec easily; a second system might reverse
the roles. By using the new ISO RSS-uncertainty-combining method, this
takes advantage of the random relationship among specifications, and the
uncertainties tend to be smaller, yet realistic. 

A second reason to observe is that the Figure 7-1 calculations are done 
for one particular frequency (2 GHz) and one particular source SWR (1.15). 
A different frequency and different source match would give a different
overall uncertainty. Sources frequently have larger reflection coefficient
values which would raise the overall uncertainty due to usually-dominant
mismatch effects.

Frequency Range and SWR (Reflection Coefficient)
All three types of HP power sensors have models that cover a frequency
range from 10 MHz to 18 GHz, some higher, with coaxial inputs. A special
version of the HP thermistor mount operates down to 1 MHz (see Chapter
III) and the HP 8482A/H thermocouple power sensors operate down to 
100 kHz. The effective efficiency at each frequency is correctable with the
Calibration Factor dial or keyboard of the power meter, so that parameter
is not particularly critical in deciding on a measurement system.

The sensor’s SWR performance is most important because mismatch uncer-
tainty is usually the largest source of error, as described in Chapter VI.
Figure 7-2 shows a comparison of the specification limits for the SWR of 
a thermistor mount, a thermocouple power sensor, an HP 8481D PDB diode
power sensor, as well as the HP E series power sensors. It should be 
recognized that published SWR specifications are usually conservative 
and that actual performance is often substantially better, yielding lower
uncertainty in practice. That fact argues for a measurement process which 
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measures actual source SWR for situations where highest accuracy is impor-
tant. These graphs indicate that over the bulk of the frequency range, the
thermocouple and diode sensors have a considerably-lower SWR than the
thermistor sensor. It also shows that the HP E4412A sensor, even with its
superior dynamic range, still provides a satisfactory SWR.

Waveguide Sensor Calibration
Power measurements in rectangular waveguide present several special 
considerations. HP waveguide thermistor sensors (8.2 to 40 GHz) have one
advantage. Since thermistor sensors are closed loop there is no need for a 
50 MHz power reference oscillator, although this advantage is somewhat 
offset by their higher SWR performance. 

Waveguide thermocouple and diode sensors must have the usual 50 MHz 
reference oscillator to adjust for calibration factor from one sensor to another.
Such a low-frequency signal cannot propagate in a waveguide mode. 
HP waveguide thermocouple sensors (26.5 to 50.0 GHz) and waveguide diode
sensors (26.5 to 50.0 GHz and 75 to 110 GHz) all utilize a special 50 MHz
injection port which applies the reference oscillator output to the sensor 
element in parallel to the usual waveguide input.

Speed of Response
To measure the lowest power ranges with optimum accuracy, power meters
are designed with a highly-filtered, narrow bandwidth compared to most
other electronic circuits. Narrow band circuits are necessary to pass the
desired power-indicating signal but reject the noise that would obscure a
weak signal. Narrow bandwidth leads to the long response time. For heat
responding power sensors, like the thermistor and thermocouple, response
time is also limited by the heating and cooling time constants of the heat

Figure 7-2. 
A comparison of
specified SWR
limits for the 
HP 8478B ther-
mistor mount, 
HP 8481A thermo-
couple power 
sensor, HP 8481D
PDB power 
sensor, and 
HP E4412A PDB
sensor.
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sensing element. The typical thermistor power measurement has a 
35 millisecond time constant and 0 to 99 percent response time of about 
five time constants or 0.175 seconds. The power meters for thermocouple
and PDB sensors have 0 to 99 percent response times of 0.1 to 10 seconds,
depending on the range of the power meter. The more sensitive ranges
require more averaging and hence longer settling times.

For manual measurements, the speed of response is seldom a problem. 
By the time the observer turns on the RF power and is ready to take data,
the power meter has almost always reached a steady reading.

For analog systems applications, where rapid data acquisition is required, 
or where the power meter output is being used to control other instruments,
the power meter acts like a low pass filter. The equivalent cutoff frequency
of the filter has a period roughly the same as the 0 to 99 percent response
time. For signals where the power changes too rapidly for the power meter
to respond, the power meter averages the changing power. When a power
meter is being used to level the output of a signal generator whose frequency
is being swept, the speed of the frequency sweep may have to be reduced to
allow the power meter time to respond to the power level changes.

There is no clear-cut advantage with regard to speed of one power measure-
ment system over another. In some power ranges one system is faster, and
in other ranges another system is faster. If response time is important, man-
ufacturers’ data sheets should be compared for the particular application.

Automated Power Measurement
Recognizing that a large percentage of digital power meters are used in 
production test and in automated systems, it is reasonable to assume that
digitizing measurement speed is critical in at least some of those applica-
tions. Digital power meters programmed for automatic operation gather
data rapidly and with minimum errors. The data can be processed and 
analyzed according to programmed instructions, and the system can be 
operated with little process attention. Even in a manual mode, digital 
indications are less prone to the human error of misinterpreting the meter
scale and using wrong range multipliers. In the case of power measurement,
there are additional advantages to automatic systems. Successive data
points can be compared mathematically to assure that the power 
measurement has reached steady state and multiple successive readings 
can be averaged to statistically reduce the effects of noise.

Measurement speed for data acquisition often becomes a determing factor
between competing products, whereas the realizable digitizing speed is usu-
ally limited by the response time of the sensor and the need to heavily filter
the analog amplified signal on the most sensitive power ranges. For exam-
ple, the HP 437B specifies a data output of 20 readings per second with a
free-running trigger, which simply operates the analog-to-digital circuits at
their maximum speed. This recognizes that the analog input to the digitizer
is slower in response than the maximum speed of the data output. For
example, the HP 437B specifies a 7.0 sec settling time on the most sensitive
range, assuming 0.01 dB resolution. This function allows the engineer to
take the raw digital data and perform other digital signal processing 
functions on that data. This method is often accurate enough for particular
applications and indeed is faster than waiting for the sensor to respond in
an analog sense. 
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The HP E4418A power meter has been optimized for maximum digitizing
speed. Since its architecture is totally DSP-based, and it is married to a 
new HP E series diode sensors, circuit decisions were made to increase the
digitizing speed to maximum. For example, output filtering on the sensor is
smaller, which provides faster response. On the lower power ranges, this
smaller filtering might cause an increase in measurement noise, but the
power meter itself provides for digital averaging up to 1,024 readings to min-
imize noise effects. The meter is specified to provide up to 20 readings per
second and 40 per second in the X2 mode. 200 readings per second are speci-
fied for the FAST range in the free-run trigger mode, using the binary output
format. For that function, circuit settling times are 5 mS for the top 70 dB
power ranges.

Susceptibility to Overload
The maximum RF power that may be applied to any power sensor is limited
in three ways. The first limit is an average power rating. Too much average
power usually causes damage because of excessive accumulated heat. The
second limit is the total energy in a pulse. If the pulse power is too high for
even a very short time, in spite of the average power being low, the pulses
cause a temporary hot spot somewhere in the sensor. Damage occurs before
the heat has time to disperse to the rest of the sensor. The third limit is peak
envelope power. This limit is usually determined by voltage breakdown phe-
nomena that damages sensor components. The limits are usually stated on
the manufacturer’s data sheet. None of the three limits should be exceeded.
The power limits of any sensor may be moved upward by adding an attenua-
tor to pre-absorb the bulk of the power. Then the power limits are likely to be
dictated by the attenuator characteristics, which, being a passive compo-
nent, are often fairly rugged and forgiving.

A chart of power limits (Figure 7-3) shows that the HP 8481H power sensor,
which consists of a 20-dB attenuator integrated with a thermocouple sensor
element, excels in all respects, except for peak envelope power where the
thermistor mount is better. One characteristic, that might be important but
not obvious from the chart, is the ratio of maximum average power to the
largest measurable power. The HP 8481D PDB sensor can absorb 100 mW
(+20 dBm) of average power, while the high end of its measurement range is
10 µW (−20 dBm). This means that the PDB is forgiving in situations where
the power level is accidentally set too high. A mistake of 10 dB in setting a
source output attenuator, during a measuring routine, will merely cause an

HP 8478B HP 8481A  HP 8481H HP 8481D   HP E4412A
Thermistor Thermocouple Thermocouple Diode Extended-range
Sensor Sensor   Sensor Sensor Diode Sensor

Maximum Average Power 30 mW 300 mW 3.5 W 100 mW 200 mW 

Maximum Energy per Pulse 10 W • µ S 30 W • µ S 100 W • µ S (1) (1) 

Peak Envelope Power 200 mW 15 W 100 W 100 mW 200 mW

Figure 7-3. 
Maximum power
limits of various
power sensors.

(1) Diode device response is so fast, device cannot average out high-energy pulses.
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off-scale reading for the HP 8481D. The same mistake might damage the
other sensors. Excessive power is, by far, the primary cause of power sensor
failure.

In most situations the decision about which measurement system to use 
will probably come to be one of flexibility compared to cost. The flexibility
comes in the form of the possibility for automatic measurement and of a
large dynamic range of measurement. Accuracy and speed of response are
substantially the same in the systems discussed, with the advantage going
to a digital power meter. Specifications are likely to change with time, as is
cost, so current data sheets should be consulted. The HP EPM power meter
series and HP E series sensors are optimized for high speed data acquisition.
Yet, with the flexibility offered by the DSP architecture, the meters  can 
easily perform extensive data averaging to minimize noise.

Signal Waveform Effects
While the waveform considerations were fully covered in Chapter V, it is
well to consider the waveform factor as a differentiator for the various
meters and sensor technology. Briefly, the thermistor is a totally heat-based
sensor, and therefore the thermistor sensors handle any input waveform
with any arbitrary crest factor, that is, they are true square law sensing 
elements. Thermocouple sensors are full square law sensing for the same 
reason, but HP thermocouples operate beyond the thermistor high limit of 
10 mW, all the way to 100 mW and 3 watts for the HP 848X H-models which
have the integrated fixed pads. The HP 8481B features a 25-watt internal
attenuator, and operates from 10 MHz to 18 GHz for medium power applica-
tions.

PDB-diode-based sensors of the HP 8481D family feature full square-law
performance because their operating power range is limited to a top level 
of −20 dBm, thus restricting their meter indications to the square-law range
of diodes. The user should assure that peak power excursions do not 
exceed −20 dBm.

The HP E series diode sensors require simple attention to their input signal
characteristics. CW signals may be applied all the way from −70 to +20 dBm
with confidence and accuracy.
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VIII Peak Power Instrumentation

A Brief History of Peak Power Measurements
Historically, the development of radar and navigation systems in the late
1930s led to the application of pulsed RF and microwave power. Magnetrons
and klystrons were invented to provide the pulsed power, and peak power
measurement methods developed concurrently. Since the basic performance
of those systems depended primarily on the peak power radiated, it was
important to have reliable measurements.1

Early approaches to pulse power measurement have included the following
techniques: (1) average power-duty cycle; (2) notch wattmeter; 3) DC-pulse
power comparison; (4) barretter integration. Most straightforward is the
method of measuring power with a typical averaging sensor, and dividing
the result by the duty cycle measured with a video detector and an oscillo-
scope. 

The notch wattmeter method arranged to combine the unknown pulsed 
signal with another comparison signal usually from a calibrated signal 
generator. By appropriate video synchronization, the generator signal 
was “notched out” to zero power at the precise time the unknown RF pulse
occurred. A microwave detector responded to the combined power, and
allowed the user to set the two power levels to be equal on an oscilloscope
trace. The unknown microwave pulse was equal to the known signal genera-
tor level, corrected for the signal attenuation in the two paths.

The DC-power comparison method involved calibrating a stable microwave
detector with known power levels across its dynamic range, up into its lin-
ear detection region. Then, unknown pulsed power could be related to the
calibration chart. The early HP 8900A peak power meter was an example 
of that method. 

Finally, barretter integration instrumentation was an innovative solution
which depended on measuring the fast temperature rise in a tiny metal 
wire sensor which absorbed the unknown peak power.2 By determining 
the slope of the temperature rise in the sensor, the peak power could be
measured, the higher the peak, the faster the heat rise and greater the heat
slope. The measurement was quite valid and independent of pulse width,
but unfortunately, barretters were fragile and lacked great dynamic range.
Other peak power meters were offered to industry in the intervening years.

Peak Power Analyzers

Figure 8-1. 
The HP 8990A peak
power analyzer has
two 500 MHz to 
40 GHz microwave
sensor channels and
two video channels
which provide for
comprehensive
characterization 
of RF/microwave
pulsed power.
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As stable PDB diodes came onto the power measurement scene, and com-
bined with powerful data processing technology of the late 1980’s, HP intro-
duced the first complete solution to peak power measurement in 1990. 
The HP 8990A peak power analyzer represented a comprehensive solution
to pulsed power characterization because it was able to measure or compute
13 different parameters of microwave pulsed power.3, 4

Amplitude parameters     Time parameters 
1. Pulse-top amplitude    1. Rise time
2. Pulse-base amplitude    2. Fall time
3. Peak power       3. Pulse width
4. Overshoot         4. Off time
5. Average power     5. Duty cycle

6. PRI (pulse repitetion interval)
7. PRF (pulse repetition frequency)
8. Pulse delay

The HP peak power analyzer features dual sensors, with frequency cover-
age from 500 MHz up to 40 GHz (3 different models), and with a dynamic
power range from −32 to +20 dBm. The dual channels allow the measure-
ment of power ratios, or detection of power at different points in a power
transmission or amplification chain. The new GaAs dual-diode sensors were
implemented as MMIC components to optimize frequency and temp-erature
performance. 

Since the balanced diode detectors were operated from the square-law
range up through the transition and linear range, each sensor contains an
individual EEPROM to store the detection calibration information, and a
thermistor sensor to measure and feedback the temperature environment.
The PDB sensors are capable of video outputs of 100 MHz bandwidth and
thus faithfully preserves the pulse envelope to provide accurate characteri-
zation of modern fast rise/fall time pulses. 

A three-dimensional calibration scheme is used to completely characterize
the sensor performance across its nonlinear detection range vs. frequency
response vs temperature. On the production line, sensors are calibrated
across a temperature range of 0 to +55° C, and the specified limits of the
power and frequency. In operation, the user simply keys in the operating
frequency of the unknown input power for lowest uncertainty. As in other
HP power meters, a reference power source is available on the front panel
with an output of 10 mW at 1.05 GHz, square-wave modulated. This 
provides the power traceability needed in most production measurement 
situations.

Figure 8-2.
Typical envelope
of pulsed system
with overshoot
and pulse ringing,
shown with 13
pulse parameters
which character-
ize time and
amplitude.
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The analyzer itself is essentially a dual channel sampling oscilloscope, fully
customized for pulsed power. In addition to the two power channels, there
are also two video channels which are primarily used for amplifying trigger-
ing signals. But they can also display radar video control signals, and thus
provide system time delay measurements. The dual amplification of the
power channels is followed by 8-bit ADC and extensive data processing.
Random repetitive sampling is used since it can sample at less than the
Nyquist rate and still avoid aliasing. 

IEEE Video Pulse Standards Adapted for Microwave Pulses
With the envelopes of the two peak power channels amplified and converted
to digital form, the processing of such data is limited only by the creativity 
of the designers. And the digital properties also permit the statistical evalu-
ation of the various pulse parameters. For example, the IEEE standard for
determining pulse top characteristics recommends the use of a histogram
technique for the pulse top and pulse base, as shown in Figure 8-3. 

One reason that pulsed power is more difficult to measure is that waveform
envelopes under test may need many different parameters to characterize
the power flow as shown in Figure 8-2. Interestingly, some parameters are
measured directly, while others are computed from those direct measure-
ments. Further, while industry-accepted terminology for pulsed RF carriers
have been in common use for decades for a few of the key parameters, no
nationally-written standard was available. HP chose to adapt the IEEE
standards for video pulse characterization and measurement. These are
shown in Figure 8-4, which adapts some IEEE definitions to the HP wave-
form envelope terminology. Two standards are applicable:

1) ANSI/IEEE STD 181-1977, “IEEE Standard on Pulse Measurement and
Analysis by Objective Techniques,” July 22, 1977. (Revised from 181-1955,
“Methods of Measurement of Pulse Qualtities.” [5]

2) IEEE STD 194-1977, “IEEE Standard Pulse Terms and Definitions,” 
July 26, 1977. [6]

Figure 8-3. 
IEEE method for
determining pulse
top and pulse base
with the histogram
method. The HP
peak power analyz-
er digital-sampling
statistics process
makes this mea-
surement using his-
togram data pro-
cessing. ANSI/IEEE
Std 181-1977,
Copyright © 1977,
IEEE, all rights
reserved.
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It was recognized that while terms and graphics from both those standards
were written for video pulse characteristics, most of the measurement theo-
ry and intent of the definitions can be applied to the waveform envelopes of
pulse-modulated RF and microwave carriers. Several obvious exceptions
would be parameters such as pre-shoot, which is the negative-going under-
shoot that precedes a pulse risetime. Negative power would be meaningless.
The same reasoning would apply to the undershoot following the fall time
of a pulse.

For measurements of pulse parameters such as risetime or overshoot to be
meaningful, the points on the waveform that are used in the measurement
must be defined unambiguously. Since all the time parameters are mea-
sured between specific amplitude points on the pulse, and since all the
amplitude points are referenced to the two levels named “top” and “base,”
Figure 8-4 shows how they are defined.

Peak Power Waveform Definitions
The following are the definitions for the 13 RF pulse parameters as adapted 
by HP from IEEE video definitions:

Rise time  The time difference between the proximal and distal first 
transition points, usually 10 and 90 percent of pulse-top 
amplitude (vertical display is linear power).

Fall time  Same as risetime measured on the last transition.

Pulse width The pulse duration measured at the mesial level; 
normally taken as the 50% power level.

Off time   Measured on the mesial (50%) power line; pulse separa-
tion, the interval between the pulse stop time of a first 
pulse waveform and the pulse start time of the imme-

diately following pulse waveform in a pulse train.

Duty cycle  The previously measured pulse duration divided by the 
pulse repetition period.

Figure 8-4. 
IEEE pulse defini-
tions and standards
for video parame-
ters applied to
micro-wave pulse
envelopes.
ANSI/IEEE Std 194-
1977, Copyright ©
1977, IEEE all
rights reserved.
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PRI    (Pulse Repetition Interval) The interval between the pulse 
start time of a first pulse waveform and the pulse start 
time of the immediately following pulse waveform in a 
periodic pulse train. 

PRF    (Pulse Repetition Frequency) The reciprocal of PRI.

Pulse delay  The occurance in time of one pulse waveform before (after) 
another pulse waveform; usually the reference time would 
be a video system timing or clock pulse.

Pulse-top Pulse amplitude, defined as the algebraic difference 
amplitude between the top magnitude and the base magnitude; 

calls for a specific procedure or algorithm, such as 
the histogram method. 

Pulse-base  The pulse waveform baseline specified to be obtained by 
amplitude the histogram algorithm.

Peak power The highest point of power in the waveform, usually at 
the first overshoot; it might also occur elsewhere across 
the pulse top if parasitic oscillations or large amplitude 
ringing occurs; peak power is not the pulse-top amplitude 
which is the primary measurement of pulse amplitude.

Overshoot A distortion that follows a major transition; the difference 
between the peak power point and the pulse-top ampli-
tude computed as a percentage of the pulse-top amplitude.

Average   Computed by using the statistical data from amplitude power 
and time measurements; should have been called 

pulse-average power.

Measuring Complex Waveforms other than Pulsed Power
The peak power analyzer can also make meaningful measurements on 
non-pulsed signals which have high-data-rate or other complex modulation
formats. For example, setting infinite persistence on the display, the ampli-
tude transitions can be recorded for a 16QAM (quadrature-amplitude-modu-
lated) communications signal. The constellation diagram of 16QAM has
three circles of constant amplitude, and system designers often wish to
examine the compression effects of their components by looking at the ampli-
tude of the corner states of the constellation diagram. Using power markers
of the analyzer, these relative compression measurements can easily be
made, while an average power meter would be useless for such discrimina-
tion. 

The peak power analyzer can also be used for pulsed component tests, such
as amplifiers. By using the ratio process and two sensors, one at the input
and one at the output of the pulsed component under test, the 1 dB compres-
sion point may be determined. As the input power is increased, the analyzer
monitors the component gain, and when the reference gain value drops by 
1 dB, that indicates the point of compression desired.

Complex signals with modulation bandwidths within the 100 MHz band-
width of the HP 8990A and 8992A sensors can be measured and displayed.
For example, two-tone tests which are used to determine intermodulation
can be characterized as long as the separation of the two tones is less than
100 MHz. 
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The HP 8992A digital video power analyzer is customized for digital transmis-
sion applications. Its ability to detect random peak power events make it 
possible to monitor receiver headroom and digital modulation quality. 

____________
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Glossary and List of Symbols
ADC analog-digital converter
ag incident wave upon a generator
ANSI American National Standards Institute
AM amplitude modulation
a, incident wave upon a load
bg emerging wave from a generator
b, reflected wave from a load
bs generated wave of a source
Cb bypass capacitance
Cc coupling capacitance
Co diode junction capacitance
CW continuous wave
C, C1, C2 capacitors
dB decibel
dBm decibels referenced to 1 mW
D power meter drift
DSP digital signal processor
e instantaneous voltage
emf electromotive force
ep peak voltage
Erms root mean-square of a voltage waveform
es source voltage
fm maximum modulation frequency component
fr repetition frequency
FET field effect transistor
FM frequency modulation
GaAs Gallium arsenide
i instantaneous current
i instrumentation uncertainty
i, load current
ip peak current
Irms root mean-square of a current waveform
Is diode saturation current
ISO International Standards Organization
K Boltzmann’s constant
Kb calibration factor
Kc sensor cal factor at cal frequency
L inductance
Lw wire lead inductance
m power meter magnification (gain)
mi instrument magnification uncertainty
MMIC microwave monolithic integrated circuit
Mu gain due to mismatch between unknown generator and sensor 
Muc gain due to mismatch between sensor and cal source
n a diode correction constant
N power meter noise
NAMAS National Measurement Accreditation Scheme (UK)
NBS National Bureau of Standards (now NIST)
NCSL National Conference of Standards Laboratories
NIST U.S. National Institute of Standards & Technology (formerly NBS)
NPL National Physics Laboratory
P product of voltage and current
P power
Pav available generator power
Pavg average power
Pcal power delivered to Zo load by meter cal source
Pd dissipated power
Pfs power at full scale
Pg, net power transferred to load from generator
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PgZo power delivered to Zo load from generator
Pi incident power
Pm meter indication of power
Pmc power level indicated during calibration
Pp pulse power
Pr reflected power
Pref reference power
Prf radio frequency power
Psub substituted power, DC or low frequency equivalent of an RF power
PDB planar-doped-barrier (diode)
PTB Physikalisch-Technische Bundesanstalt
Pl power sensor linearity
q charge of electron
R resistance
RF radio frequency
RSS root-sum-of-the-squares
Rc resistance of compensating thermistor
Rd resistance of detecting thermistor
Ro diode origin resistance
R, R1, R2, RL resistor
Rb bulk resistance of silicon
RR round robin
Rs source resistance
RT thermistor resistance
t time as a variable
t power meter translation (offset) error
T temperature in Kelvins
T time lapse
To period of a waveform
T, period of the lowest frequency
Tr period of the repetition frequency
SWR1 voltage standing wave ratio
SI International System of Units
u standard uncertainty
U expanded uncertainty (for example catalog spec)
v instantaneous voltage
v, voltage across a load
vo output voltage
V0, V1, V2, VT Voltages
Vc Voltage driving the compensating bridge
Vh Peltier emf at a hot junction
Vrf voltage driving the rf thermistor bridge
Vrfo voltage driving the rf thermistor bridge when no rf power is applied
W watt
Zc power meter zero carryover value
Zr reference impedance
Zs power meter zero set value
Zo reference impedance
Zg generator impedance
Z, load impedance
α q/nKT
Γg complex reflection coefficient looking back into a generator
Γ, complex reflection coefficient of a load
ηe effective efficiency
ρ, reflection coefficient magnitude of a load
ρg reflection coefficient magnitude of a generator
τ pulse width
φ phase angle between a sinusoidal waveform and a reference waveform
φg reflection coefficient angle of a generator
φ, reflection coefficient angle of a load
Ω ohms

1. Due to infrequent use of the term power standing wave ratio, common usage in the U.S.A. has shortened VSWR to SWR. 
Some parts of the world continue to use VSWR to refer to voltage standing wave ratio.




