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Introduction
RF power sensors and meters are used to add traceability and ensure accurate RF power measurements. The zero and calibration procedure must
often be performed on the sensors and meters to ensure accurate measurements and involves multiple connections to an external calibration source.
This application note introduces the internal zero and calibration approach,
developed by Keysight Technologies, Inc., which helps reduce measurement
uncertainty associated with calibrating an external source.
The primary use of an RF power sensor and RF power meter combination is
to add traceability and accuracy to test systems as well as to make accurate and absolute RF power measurements. The environment may change,
whether a lab test bench or a production line, either on RADAR systems,
mobile phones or base stations. However, in most cases, a power meter
and sensor will be used as the principal route to a traceable absolute power
measurement.
An accurate RF power measurement is the zero and calibration procedure
that the user often must perform on a sensor and meter in order to make the
subsequent measurements accurate. This article will discuss the role that
this process fulfills and consider how it applies to current power-sensing
techniques. In particular, Keysight's 'internal zero and calibration' approach
will be introduced, which eliminates multiple connections with an external
calibration source, with the benefits of reduced measurement uncertainty,
reduced connect wear and faster test times.
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Sensor Technology and Zeroing and Calibration
Commercially available sensors rely on three types of RF detectors- thermistors, thermocouples and diodes. Each sensor type typically consists of an RF connector interface,
possibly including an internal attenuator or direct current (DC) block capacitor, and the
RF detector, followed by signal conditioning/processing circuitry. Figure 1 shows this for
a diode-detector-based sensor.

Figure 1. Diode-based power sensor block diagram

For a thermistor detector, the detection relies on the dissipation of the incident RF power
heating the detector and thus affecting a change in its resistance. By using a bridge
circuit and DC substitution, the detector is making a closed loop measurement of RF
power. So, in measuring the amount of substitute electrical power that must be applied
to balance the RF heating effect, a measure of the power that would be dissipated in a
50 W load is obtained.
To improve the accuracy of this measurement, a calibration factor is applied. This accounts for mismatch loss because the actual thermistor does not provide a perfect 50 W
load. The calibration factor also accounts for the effective efficiency as all the RF power
may not necessarily be dissipated and, therefore, may go unmeasured1. This calibration
factor will vary over the RF frequency range of the sensor and is generated when the
sensor is calibrated either when it is produced, or as part of its periodic calibration cycle.
It is typically constant over power levels and temperature.
So, when making a power measurement with a thermistor power sensor due to the use
of the DC substitution approach, no further user calibration is required. However, a zeroing operation is required to null any offset effects of the measurement instrumentation.
For a thermocouple and diode detector, there is no inherent capability to measure RF
power prior to the devices being calibrated. These detectors are often termed 'openloop' in that they rely on a calibration prior to use. They each output a voltage that is
proportional to the input RF power. However, to make it meaningful, it also requires a
scaling factor. This scaling factor is usually derived when the user connects the sensor
to a known RF source-typically a 50 MHz, 0 dBm calibrator (also known as a reference
oscillator)-thus providing a closed-loop system and allowing the scaling factor to be
calculated. This process will subsequently be referred to as a 'user calibration’.
Consider an output of 2 mV from a thermocouple or diode power sensor. This is the
result of an unknown incident power at 50 MHz being applied. The output value only
becomes meaningful when the sensor is calibrated with 0 dBm, 50 MHz, which yields,
say, a 1 mV output. So, by calculating the scaling factor as 1 watt per volt and applying
it to the output of 2 mV, a measurement of 2 mW is the result. Calibration factors, as introduced for the thermistor power sensor are also applied to transfer this scaling factor
to other frequencies; however, they rely on the closed loop calibration being undertaken
prior to them being applied.
In addition, both diode and thermocouple sensing types must be zeroed prior to making
a power measurement. The zero function removes residual offsets in the instrumentation when no power is applied. Typically, the user calibration and zeroing operation are
performed at the same time and are often referred to as a 'zero and cal'.
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Before the calibration process can be validated, zeroing must take place. Here, when
no RF power is incident on the detector, the power meter measures the output of the
sensor. Furthermore, if the zero measurement yielded 0.2 mV, the postzeroing calibration value (previously 1 mV) should be 1 mV – 0.2 mV = 0.8 mV. This value would then be
used to generate a scaling factor of 0.8 watt per volt.
In the majority of power sensors, the user calibration and zeroing process is applied immediately before a power measurement is made. This is because of a unique characteristic among RF test instrumentation: the power meter and sensor are separate and that
the measurement plane is located away from the meter wherever the sensor is located.
The main reasons to split the system into a meter and sensor are:
–– To locate the measurement reference plane as close to the device under test (DUT)
as possible. To minimize the degradation in accuracy from cabling loss and additional mismatch uncertainty from a degraded impedance match.
–– To facilitate the interchangeability of the RF sensor, providing flexibility in power
range and frequency coverage at a lower cost by allowing part of the system to be
interchanged.
Therefore, the sensor, cable and meter are often being used for the first time together,
or have been disconnected and reconnected while assembling a test station. So for
maximum accuracy, a user calibration and zeroing is carried out on the system prior to a
measurement.

The Evolution of Zero and Calibration
In modern RF power sensors2, the detector is non-linear over part of its usable range
(i.e., the detected output voltage is not always linearly proportional to input power).
Additional levels of correction beyond frequency calibration factors must, therefore,
be made because the calibration factors are no longer constant over power and
temperature ranges.
For example, extended-dynamic range diode detectors make linearity correction over
power level, which typically comprises a 50 MHz linearity characterization, which is then
applied to all other frequencies. The most convenient way to combine the calibration
factor correction and the linearity correction is to make all corrections relative to the
frequency and power level of the RF source used for the user calibration.
Further linearity correction may also be applied at different frequencies. This correction
has been termed frequencydependent linearity correction or FDLC 3. Also, temperature
changes in linearity have been accounted for by using different linearity corrections at
different temperatures. This overlaying of linearity, calibration factor and FDLC essentially means that for each temperature, frequency and power level, a unique correction
factor must be applied to relate the sensor's output voltage to the input RF power. For
implementation purposes these corrections are made relative to the user calibration reference source and rely on characterization data generated when the sensor is produced,
or as part of its periodic calibration cycle.
The user calibration is akin to taking a global positioning system (GPS) reference for your
position and using it to fix your position on a map. The knowledge of your position at one
point on the map does not ensure you to know your whereabouts when you moves to
other locations. The only way to do this is to trust the details of the map to provide the
answers to what height you are and where you are as you move about. The GPS acts as
the user calibration and the detail on the map represents the sensor characterization,
where your knowledge of your position (the measurement) is only as good as your initial
reference fix and the validity and how up-to-date and accurate the map is.
Traditional sensors operating within their square-law region represent a flat landscape
of restricted area, but modern peak and average sensors with extended dynamic range
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represent large hills and valleys over a greater area. Hence, more recent sensors place
greater importance on the accuracy of the map (the correction factors and characterization), than the initial GPS reading (the user calibration). Figure 2 shows the response
behavior or 'map' for Keysight's P-series power sensor. The periodic calibration of the
sensor is essentially a check or update of the details of the map.

Figure 2. P-Series power sensors 4-D correction factors (characterization of detected voltage over power, temperature and frequency)

During the evolution of this power sensors, a subtle change has occurred where once a
user calibration was performed to provide the power accuracy and traceability of a power
measurement. This has increasingly shifted to a reliance on the factory characterization
and periodic calibration cycle to ensure accuracy.
A common misconception of the user calibration is that it can detect changes in the
response of a sensor and make adjustments. However, because the sensor and meter
combination may also have changed, any conclusions about a change in the RF detector's behavior cannot be made. The closed-loop also contains the connector interface,
amplifier circuitry, cabling and the power meter. So the primary function of the user
calibration is to combine the sensor, meter and cable, but not to detect a change in the
detector's behavior.
In recognition of this, the Keysight P-series N1921/2A wideband power sensors have
taken a new approach to the user calibration. The sensor no longer needs to be disconnected from the DUT and connected to a 50 MHz, 0 dBm reference signal. By introducing a known DC reference signal after the RF to DC detection process, all the functions
of a user calibration can be achieved without inconvenience. Taking this a step further,
transistor switches have been introduced behind the detector to allow a zero to be made
while RF is still incident on the RF detector (see Figure 3). This patent-pending approach
is termed as 'internal zero & cal'.

Figure 3. P-Series power sensor’s ‘internal zero and cal’ block diagram

This capability removes the need for connection and disconnection from the calibration
source, thereby reducing test times, measurement uncertainty, and wear and tear on
connectors. It is especially useful in manufacturing and automated test environments.
The precision voltage reference device starts with accuracy of ±3 ppm, and after
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attenuation and buffering; the stability works out at ±500 ppm (±0.05 %). This compares favorably to the 0 dBm, 50 MHz calibrator found on most power meters. For the
N1911/2A power meter, the accuracy specification is ±0.4 % (25 ±10 ºC) and ±1.2 % (0 to
5 ºC). Therefore, along with eliminating the associated mismatch uncertainty between
the sensor and power reference, there is improved accuracy in the calibration process
with this internal calibration.
The N1921/2A power sensors do not rely on the external calibrator on the N1911/2A
power meter for calibration (this is included in the power meter to calibrate existing
Keysight sensors), so connecting to it offers a means to check the integrity of the
detector circuitry and connector. However, this is limited, as it cannot prove nor
guarantee that the entire operating range of the system is functioning to full accuracy.
What errors can calibration catch? This is best covered with a few examples. A power
sensor may have been exposed to input power that is beyond its absolute maximum
rating (damage level), and this could have several effects:
–– The attenuator that is located within the sensor in front of the detector may have
failed such that no RF power propagates to the detector. A user calibration or, for the
Pseries power sensor, a measurement on a known good source (possibly a calibrator)
will detect this failure.
–– The actual detector may have been stressed, either to the point of a catastrophic
failure, or experiencing accelerated aging. The former effect can be detected by
connection to a known source, but the aging effects may be more subtle and are
difficult to detect immediately- either from a user calibration or using a known
good source.
–– For a thermocouple, if the maximum power is exceeded, the 'scaling factor' for the
sensor may be modified, and although this can be corrected for by repeating the
user calibration, it is likely to reduce the life of the sensor.
The power sensor and meter are used in a variety of situations and environments,
some, like system calibrations and installation testing, require several connections and
disconnections. The effect of multiple connections can be connector wear and tear. The
accuracy impact of this wear and tear manifests itself in two forms:
1.

The VSWR of the sensor will be degraded, causing greater mismatch uncertainty.

2.

The coupling of RF into the detector circuit will be modified, potentially
invalidating the applied correction factors. So although the measurement may
appear accurate at 50 MHz, with a calibrator, the effect at another frequency may
be quite significant.

A calibration kit for a network analyzer is used to transfer connector standards to a reference plane, and care must be taken, not only to not over tighten a connection, but also
to ensure that the gauge of the DUT connector is in good shape and will not damage the
instrument's connector. The same care needs to be applied with a power sensor in its use
to transfer power accuracy to a DUT.
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Conclusion
Keysight's internal zero and calibration capability for the power sensor and meter
eliminates multiple connections with an external calibration source, with the benefits of
reduced measurement uncertainty, reduced connect wear and faster test times. All RF
power-sensing technologies rely on some form of correction to achieve optimal accuracy for a power measurement. Whether using an internal or external source of sensor
calibration, neither guarantees the validity of the applied corrections, nor the accuracy
of the overall measurement. This is achieved when the calibration is used in conjunction
with an accurate characterization (when the correction factors are generated) and careful use as well as handling of the sensor and its RF interface.

References
1.

The terms in italics are common power measurement specific terms, which are
given in a more complete definition in Fundamentals of RF and Microwave Power
Measurements (Part 3), Power Measurement Uncertainty per International Guides
- Application Note, 5988-9215EN, Keysight Technologies, 2014

2.

Modern RF sensors are considered as sensors with internal memory (EEPROM) in
order to retain Calibration and Correction Factor data, with an extended operating
range.

3.

Refer to Measuring Power Levels in Modern Communication Systems (Microwaves
& RF, October 2000)

4.

This application note can be obtained in the RF Design webpage.

08 | Keysight | P-Series Wideband Power Sensors, Internal Zeroing and Calibration for RF Power Sensors – Application Note

Evolving Since 1939
Our unique combination of hardware, software, services, and people can help you
reach your next breakthrough. We are unlocking the future of technology.
From Hewlett-Packard to Agilent to Keysight.

myKeysight
www.keysight.com/find/mykeysight
A personalized view into the information most relevant to you.
www.keysight.com/find/emt_product_registration
Register your products to get up-to-date product information and
find warranty information.
Keysight Services
www.keysight.com/find/service
Keysight Services can help from acquisition to renewal across your
instrument’s lifecycle. Our comprehensive service offerings—onestop calibration, repair, asset management, technology refresh,
consulting, training and more—helps you improve product quality
and lower costs.
Keysight Assurance Plans
www.keysight.com/find/AssurancePlans
Up to ten years of protection and no budgetary surprises to ensure
your instruments are operating to specification, so you can rely on
accurate measurements.
Keysight Channel Partners
www.keysight.com/find/channelpartners
Get the best of both worlds: Keysight’s measurement expertise and
product breadth, combined with channel partner convenience.

For more information on Keysight
Technologies’ products, applications or
services, please contact your local Keysight
office. The complete list is available at:
www.keysight.com/find/contactus
Americas
Canada
Brazil
Mexico
United States

(877) 894 4414
55 11 3351 7010
001 800 254 2440
(800) 829 4444

Asia Pacific
Australia
China
Hong Kong
India
Japan
Korea
Malaysia
Singapore
Taiwan
Other AP Countries

1 800 629 485
800 810 0189
800 938 693
1 800 11 2626
0120 (421) 345
080 769 0800
1 800 888 848
1 800 375 8100
0800 047 866
(65) 6375 8100

Europe & Middle East
Austria
Belgium
Finland
France
Germany
Ireland
Israel
Italy
Luxembourg
Netherlands
Russia
Spain
Sweden
Switzerland

United Kingdom

0800 001122
0800 58580
0800 523252
0805 980333
0800 6270999
1800 832700
1 809 343051
800 599100
+32 800 58580
0800 0233200
8800 5009286
800 000154
0200 882255
0800 805353
Opt. 1 (DE)
Opt. 2 (FR)
Opt. 3 (IT)
0800 0260637

For other unlisted countries:
www.keysight.com/find/contactus
(BP-9-7-17)

DEKRA Certified
ISO9001 Quality Management System

www.keysight.com/go/quality
Keysight Technologies, Inc.
DEKRA Certified ISO 9001:2015
Quality Management System

This information is subject to change without notice.
© Keysight Technologies, 2017
Published in USA, December 1, 2017
5989-6509EN
www.keysight.com

