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Abstract
Traceability for power measurements at high millimeter-wave and terahertz frequen-
cies presents significant challenges since traditional waveguide micro-calorimetry
systems are only readily available at frequencies up to 110 GHz. There are, however,
different types of commercially available power meters which operate at frequen-
cies above 110 GHz, where a lack of traceability means the accuracy and associated
uncertainty of measurements using these power meters is not well understood. This
paper describes the characterisation and traceable calibration of a commercially
available waveguide power meter (VDI Erickson PM5) which is designed to operate
from 75 GHz to 3 THz, using appropriate waveguide tapers. This includes an assess-
ment of the overall system performance along with an evaluation of the uncertainty
in measurements made using the system. The assessment is carried out at W-band
(75 to 110 GHz) by comparison with micro-calorimeter systems which are used as
primary standard power measurement systems at these frequencies.
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1 Introduction

With the increased utilization of the millimeter-wave (mm-wave) and terahertz (THz)
frequency bands (30 GHz to 3 THz) for commercial and scientific purposes, the
importance of accurate traceable measurements grows [1]. The role of National
Metrology Institutes (NMIs), such as the National Physical Laboratory (NPL) in the
UK, is to provide this traceability and associated confidence in measurement.

There are several different parameters to consider when dealing with the mea-
surement of these electromagnetic waves, one of which is power. Depending on the
frequency range, there are several different methods and techniques available in dif-
ferent propagation media to measure power and to establish traceability. At lower
frequencies, guided wave media such as coaxial lines are used, whilst in the mm-wave
and THz regions rectangular waveguides are often used. Traceability for power mea-
surements above 110 GHz becomes harder to come by with the Bureau International
des Poids et Mesures (BIPM) key comparison database (KCDB) having only one
listing for absolute power in waveguide above 110 GHz, as of the start of 2022 [2].
Higher frequency standards do exist outside of Europe however these are relatively
few [3–6].

Only recently, circa 2022, has the European project TEMMT [7] successfully
extended power measurement traceability in Europe further into mm-wave and THz
frequencies, using guided wave and free space measurement techniques [8]. In the
region up to 170 GHz work involved the design, fabrication and testing of new
primary standard micro-calorimeter systems and transfer standard power sensors
[9–11].

Though there is this growth in primary level mm-wave and THz power systems,
there are already many different commercial instruments designed to operate in this
region, using a variety of free space radiometry and guided wave techniques [12, 13].
This work is aimed at supporting the traceability of measurements of these types of
commercial sensors by characterising and then performing a calibration of one of
theses commercial sensors.

As part of the TEMMT project [7, 9, 10], a large number of experimental setups
and several measurement comparisons, designed to compare new primary level
power systems, utilised one of these commercial power sensor/meter combinations
(the VDI Erickson PM5) as either a reference device or as a stable travelling stan-
dard, with these experiments and comparisons taking place in frequency bands such
as D-band (110 to 170 GHz) and WM-380 band (500 to 750 GHz). For such exper-
iments and comparisons to be efficient and successful, a good understanding of the
reference devices and travelling standards, including their characteristics, operating
principles and typical performances, are essential.

This paper describes the testing and characterisation of a VDI Erickson PM5
power meter shown in Fig. 1. This is a commercially available power meter and sen-
sor which has a W-band (WR10) waveguide interface and can operate from 75 GHz
to 3 THz through the use of suitable waveguide tapers and is stated as having an
accuracy of ±5 % [14]. In this work, the power sensor/meter combination has been
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Fig. 1 Photograph of the VDI
Erickson PM5 power meter (in
the background) and waveguide
sensor (in the foreground)

characterised and then calibrated without any tapers, in its native W-band, from 75 to
110 GHz, to both help eliminate any unwanted effects due to tapers and those char-
acteristics of the PM5 that are not frequency dependent. This characterisation is still
applicable to work involving the use of the PM5 at frequencies above 110 GHz [9].

The uncertainty involved in the use of this type of power sensor is discussed and
analysed in accordance with the Guide to the expression of Uncertainty in Measure-
ment (GUM) [14] and an example uncertainty budget is produced for a typical user
case.

Measurement results for this sensor are directly compared to those for a traditional
thermistor style sensor, as well as through reference to modern thermoelectric sensors
commonly used for continuous wave (CW) power traceability purposes.

To the best of authors’ knowledge, this is the first comprehensive assessment of a
PM5 sensor at W-band, with respect to an NMI primary standard micro-calorimeter
system, reported in open literature. The PM5 has been widely used by NMIs, aca-
demic and industry labs and the information presented in this paper is intended to
provide additional resources for end-users and colleagues working on mm-wave and
THz CW power measurements and to better aid the understanding of uncertainties
associated with such measurement systems.

Section 2 briefly describes the operational principle of the PM5 power meter and
compares it to other calorimetry techniques. Section 3 outlines the sensor dependent
uncertainty contributions. Section 4 describes the power calibration method and gives
some results including uncertainties. Section 4 also compares the PM5’s response to
a traditional thermistor-type sensor and outlines an uncertainty budget for a typical
source power calibration.

2 VDI Erickson PM5 Power Meter

The PM5 has been described as the “defacto power standard for power measurements
above 100 GHz” [14]. With its waveguide interface and the conceptual similarity to
primary standard instruments, the PM5 is an ideal candidate to be investigated and
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compared to those primary level systems which provide traceability directly to the
International System of units (SI).

The sensor/meter has four operational power ranges 200, 20, 2 and 0.2 mW each
with a built-in DC reference at 100, 10, 1 and 0.1 mW via a nominal 1 kOhm DC
load. The meter also allows for basic adaptor loss compensation through an analogue
switch on the front panel.

The PM5 is described as a calorimetric power sensor [16], meaning that it uses a
load element to dissipate RF power, which causes a change in its temperature pro-
portional to the dissipated power. This change in temperature is then detected using a
temperature sensing element. The temperature change for an unknown RF power can
then be equated to the same temperature change from a known applied DC power—in
this case, through a separate load element.

This technique is very similar to those DC substitution techniques used in many
coaxial and waveguide dry load calorimeter primary standards. However, there are
key differences between the PM5 and those primary standards and components,
which make completely characterising the PM5 a difficult task. These include the
temperature control electronics, the DC load resistance, instrument outputs, and, in
general, the “black box” nature of a commercial product.

When building an RF calorimeter, each component is usually individually charac-
terised and a model for the entire system generated in order to understand the thermal
losses and heat distributions within the system. This is important as losses and so
heating not located at the load element, as well as thermal leakage from the load
element itself can cause a significant change in the overall system efficiency.

All of the measurements in the following sections have been made relative to
the meter indication as opposed to a known DC power, which is common practice
when operating a dry load calorimeter where the resistance of the DC load and input
feed are known. The reason for this is that it is not possible to isolate and calibrate
the DC load’s resistance and measure the voltage across it during operation. With-
out significant modification, to be able to directly access elements such as the DC
and RF loads and to characterise internal components, the PM5 cannot be used as
a traceable primary standard. However, this does not mean that it cannot be used as
a highly accurate secondary standard with its response at traceable frequencies used
to inform estimates of its accuracy characteristics and response in higher frequency
bands where traceable primary standards are less common.

In order to operate the PM5 above 110 GHz, the power sensor must be used outside
of the usual single electromagnetic mode operating regime in which most other types
of sensor are designed to operate. In the past, calibrations of other types of commer-
cial sensor have been reported operating outside of their designed operational bands,
with these showing significant variation in response due to the sensing method [17].
With the calorimetric sensor design of the PM5, it is expected to be less sensitive to
such problems so long as the losses within the waveguide input and the absorption of
the load element remain nominal, i.e. does not vary significantly with frequency and
the majority of the loss occurs in the load.
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3 Uncertainty Contributions

When considering the uncertainty associated with a power sensor there are sev-
eral different components to consider, including those that are frequency dependent,
power dependent and system dependent. These different uncertainty components can
also be described as being either Type-A or Type-B for a given measurement set-up
[15]. Type-A components are those which are evaluated using statistical techniques
(e.g. during a series of repeated measurements), whilst, Type-B components are
those evaluated by other means (including prior characterisation measurements). This
section focuses on the power and system dependent contributions, which are treated
predominantly as Type-B components for the calibration and uncertainty evaluation
in Section 4.

As the PM5 is a thermal-type power sensor, there are uncertainty contributions
that would not usually need to be considered, or, would be much less significant in
other types of power sensor where they could be assumed to have a negligible effect.
These additional contributions are predominantly from thermal effects and, depend-
ing on the use case and experimental design, these can potentially be mitigated. It
is, however, assumed that these contributions cannot and will not always be com-
pletely mitigated and so they are included in this analysis. Even if the influence of
these effects can be mitigated then this requires them to first be characterised and
well understood.

These additional uncertainty contributions for thermal sensors include:

– Over-/under-shoot, due to thermal settling, temperature compensation, etc.
– Repeatability and specifically repeatability due to sensor orientation, due to

internal thermal properties as well as external thermal effects.

Typical power and system uncertainty contributions are:

– Zero set
– Drift
– Resolution
– Linearity
– Connector and sensor repeatability
– Mismatch
– Source harmonics

The latter two of these contributions are not described in detail here as these are
ubiquitous in the literature. To account for the mismatch the effective source match
of the measurement system and Voltage Reflection Coefficients (VRCs) of the sensor
can be measured with a traditional Vector Network Analyser (VNA) and appropriate
calibration techniques, for the example given in Section 4 these parameters were
measured using a PNA-X with external mm-wave extension modules. For the sources
used in these experiments the harmonic specifications were better than −20 dBc.

There will also be contributions from the ambient laboratory environment and
how the user interacts with the sensor. Again, depending on the experimental set-
up and the laboratory conditions, this can have a greater or lesser impact, and may
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only be visible in the long-term drift of the power sensor. This is discussed in the
manufacturer’s documentation supplied with the PM5 [14]. For the measurements
described in this paper, the laboratory temperature was (23 ± 1)◦ C.

The first series of measurements of the PM5 were designed to evaluate how its
response varies with time and when switching states, i.e. with power incident on
the sensor and power not incident on the sensor. This was achieved by connecting
the PM5 to the output of a signal generator through a mechanical waveguide switch
which was used to alternate the power onto the PM5. The sensor indication was
monitored for a 10-min period with the power switched at fixed intervals to allow
the indication of the sensor time to stabilize whilst also allowing for a reasonable
amount of drift to occur. All four of the sensor power ranges were measured in this
way, at several different incident power levels and frequencies, with Fig. 2 showing
a representative sample of this data.

There are several key features shown in Fig. 2 that highlight the importance of
experimental design and uncertainty analysis when using this type of sensor. Some of
these features are common to these types of sensor; some are unique to this specific
sensor.

One crucial observation is that there is a difference in the indicated power when
measuring a fixed source with the different sensor ranges. The data shown in Fig. 2
having a difference of approximately 0.004 mW (approx. 0.4 % of the applied
power). This clearly indicates that the sensor’s efficiency is range dependent and so
any given calibration will only be applicable to the range used during calibration.

Fig. 2 PM5 response over a 10-min period to a 1 mW constant source at 110 GHz with power alternated
on/off: blue dashed line, 20 mW range; green solid line, 2 mW range. The power off (zero) measurements
use the left vertical scale; power on measurements use the right vertical scale
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3.1 Over- and Under-shoot

The over-/under-shoot and orientation contributions arise from the thermal settling
times, along with other thermal conditions such as internal thermal currents within
the sensor. These effects will also be sensitive to the level of the incident power onto
the sensor element and, as such, need to be well understood before any accurate
measurements can be made.

All sensors have different reaction characteristics to changes in incident power. In
the case of thermal-type sensors, where there is some form of control element, it is
common to see this manifest as a short-term overestimate of the incident power. It
is also worth noting that this parameter should be frequency independent and so can
potentially be characterised at DC.

Looking at the general shape of the curves in Fig. 2, there is a consistent over- and
under-shoot in the sensor response, after the power applied is changed from “on”, to
“off”, and back to “on”. The magnitude of the over- and under-shoot was seen to be
consistent for measurements at 0.1, 0.5, 1, 5, 10 and 40 mW on the 2, 20 and 200 mW
ranges and has an average magnitude of approximately 0.22 % of the applied power.

The period for the sensor output to reach a stable state was observed to range from
40 to more than 60 s for the 2, 20 and 200 mW ranges. For the 0.2 mW range, this
settling time was observed to be more than 90 s.

The effect of the over-/under-shoot can be mitigated with good experimental
design, and by ensuring that the sensor has reached a stable output before extract-
ing any data. However, this is not described in the supporting documentation for this
power sensor and so this will be included later in a “typical” uncertainty budget.

3.2 Repeatability

The repeatability of a sensor is a metric which indicates how consistently a device
reports results for fixed input conditions. This is traditionally assessed via repeat
measurements which are statistically analysed. However, if the repeatability of a
device is well known, the repeatability can be assumed to be known a priori, thereby
avoiding the need to make multiple repeat measurements an any given occasion.

In the manufacturer’s supporting documentation for the PM5, the connection ori-
entation of the sensor is identified as a source of error, due to thermal transients that
exist within the sensor itself. During the calibration in Section 4, this effect (along
with the waveguide connector repeatability) was measured through multiple repeats
and re-connections at various frequencies and for both orientations of the waveguide
flange.

The variation observed through assessment of the standard deviation of the mea-
surements, due to orientation and device repeatability, was 0.39 % of the applied
power.

3.3 Drift

The drift of a sensor is an indication of its long-term stability. This is very impor-
tant when taking measurements over long periods of time, when it is not possible
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to repeatably measure a reference source during a measurement to facilitate a
compensation.

For the 2 mW measurement range, a drift in the sensor output was also observed.
The approximate magnitude of this drift was found to be 0.001 mW (or 0.05 % of
the range) over the total period. This can be seen in both the zero and power-on
measurement data in Fig. 2. This relative 0.05 % of range drift was observed for the
2, 20 and 200 mW ranges, along with a slightly larger drift of around 0.1 % for the
0.2 mW range.

Depending on the period of the measurement, the magnitude of this drift may
change, with the period of 10 min used in this experiment considered to be repre-
sentative of a typical measurement period. The drift is expected to be affected by the
ambient laboratory conditions as well as any local temperature changes such as the
user interacting with the sensor.

This drift contribution can be negated through good experimental design and pro-
cesses. For instance, by properly accounting for the zero set during measurements,
by measuring both pre and post measurement and using the average or by further
thermally isolating the sensor from the wider laboratory environment.

It is also worth noting that the sensor drift will be correlated with any drift in the
applied power from the source.

3.4 Resolution

It is important to understand the resolution of a sensor as this gives a clear indication
of the lowest power that an instrument is capable of measuring.

When comparing the response of the PM5, as observed via USB and the GUI
interface for each measurement range, the digital resolution of the meter becomes
very apparent. Figure 3 shows the behaviour of this resolution uncertainty for the
four ranges of the PM5. This applies to the digital readout for the PM5 however,
if monitoring the sensor via the analogue recorder output accessed using the BNC
connector on the rear of the meter it is expected that the uncertainty will be dominated
by the specification and accuracy of the DVM used to monitor it.

Looking at Fig. 3 in more detail, the digital resolution uncertainty below−25 dBm
starts to become very large. This is an important consideration when using the PM5
at frequencies above W-band as available power levels are likely to be lower and
more losses due to the use of waveguide tapers will also be present. For example,
currently some of the highest output power sources in the WM380 waveguide band
(500 to 750 GHz) produce less than −10 dBm across the band, with other sources
being typically less than −20 dBm. After the inclusion of any additional components
such as couplers, switches, attenuators and the appropriate waveguide taper to W-
band, specified at 0.65 dB loss for the VDI taper [14], the available power can be less
than -25 dBm.

The percentage uncertainty, U (%), associated with the digital resolution of the
sensor has been calculated using Eq. 1.

U = 25 ∗ Rng ∗ Res

P
(1)
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Fig. 3 Resolution uncertainty expressed as a % of the applied power from -30 dBm to +23 dBm using all
four ranges of the PM5

where Rng is the range (which is a unitless scaling factor), Res is the resolution, and P
is the applied power. For the sensor investigated in this work, a resolution of 6.8×10-
5 mW was observed on the 2 mW range, the same approximately 51

2 digit resolution
was observed for each of the other ranges. The scaling factor has been derived from
a combination of the resolution distribution type as well as the appropriate range
scaling for this value and has the units mW-1. Figure 3 also suggests that the effective
power bandwidth for each of the meter ranges, before the digital resolution starts
to become a significant uncertainty contribution, is approximately −15 dB from the
maximum power for a given range.

3.5 Linearity

Operating a receiver in its linear region is desirable since there is potential for large
errors to be introduced when operating outside the linear region. This is because
small variations in the incident power can cause significant variations that are not
representative of the true incident power. Therefore, a good understanding of the
linearity of any sensor is key to understanding its potential dynamic range.

The sensor linearity was assessed by comparing the sensor indication to a known
change in the source power level. A known change in source power was established
using a calibrated W-band waveguide rotary vane attenuator (RVA). The difference
in the indicated power compared to the applied power was then used to generate
the error curves shown in Fig. 4. The associated uncertainty in this measurement is
relatively high, due to the lack of high accuracy traceability for attenuation at these
frequencies and it is expected to be between approximately 0.1 dB and 0.2 dB (using
a coverage factor (k), of k = 1).

Looking at the overall trends in linearity shown in Fig. 4, it is clear that the PM5
has a very linear response within the upper 15 dB of each of the measurement ranges.
Fig. 4 also shows that, below −25 dBm, the 0.2 mW range output varies significantly
with the sensor indication. At −26 dBm the variation is greater than 0.15 dB with
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Fig. 4 Linearity of the PM5 at 110 GHz on all four ranges, as measured against a calibrated RVA

the measurement data at −28 dBm (not shown) indicating a variation of more than
0.5 dB from the nominal applied power.

Since the sensor response has been shown to be highly linear, this will only have
a very small impact when considered as part of the uncertainty budget presented in
Section 4, the standard deviation of the measured error in the upper 15 dB of the
applicable range has been used for the linearity contribution in the PM5 uncertainty
budget.

3.6 DC Reference

As there is no easy way to directly access the DC reference load within the PM5 it is
difficult to assess the accuracy of that data point. If it were possible, then this could be
used to better assess the linearity of the sensor through the application of an accurate
DC power, as well as providing a traceable reference point during measurement.

The contributions discussed so far have predominantly been Type-B contributions
which can be assessed prior to measurement. Other Type-A contributions, such as
the stability of the sensor indication for a zero measurement and an incident power
measurement, would need to be assessed at the time of the measurement.

4 Efficiency and VRC Calibration

During a power sensor calibration, it is usual to measure two frequency depen-
dent quantities: the sensor’s VRC (�) and efficiency (η). The VRC can be directly
measured using a VNA and the appropriate mm-wave extension modules, whilst
the efficiency can be measured using a technique known as the Direct Comparison
Transfer Method (DCTM), as described in [18].

These two quantities can be used to derive another quantity of interest, the Cali-
bration Factor (CF). Where (η) is an indication of how the sensor indication relates
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Table 1 Calibration factor and VRC of the PM5 power sensor measured at a nominal 5 mW using the
20 mW range

Frequency (GHz) 75 80 85 90 95 100 105 110

Calibration Factor (CF) 0.936 0.940 0.937 0.957 0.947 0.959 0.959 0.963

Uncertainty (k=2) 0.027 0.025 0.030 0.025 0.030 0.026 0.029 0.034

VRC Magnitude (dB) −23.4 −34.4 −24.9 −29.6 −29.7 −33.6 −30.7 −35.2

to the absorbed power, the CF is an indication of how the indicated power relates to
the incident power. This can be expressed as per Eq. 2, where |�| is given in linear
units. The conversion from logarithmic units (mostly known as return loss in dB) (as
shown in Table 1 and Fig. 6) to linear units is given by Eq. 3. The CF of a sensor is
a useful quantity as it relates directly to the sensor indication relative to the power
incident on the sensor.

CF = η(1 − |�|2) (2)

|�| = 10
dB
20 (3)

4.1 DCTM Calibration System

The DCTM is used to transfer the traceable calibration of sensors CF or η from
a known standard power sensor (STD) to an unknown Device Under Test (DUT),
the PM5, using a waveguide coupler with known effective source match, calculated
using the method laid out in [19]. The basic layout of this set-up can be seen in
Fig. 5. In this case, a set of Hughes 45776H-1100 waveguide thermistors which have
been previously calibrated using NPL’s primary micro-calorimeter system inW-band,
were used as the known power sensors.

The basic form of the DCTM equation is given by Eq. 4:

CFDUT = CFST D · PrST D

PST D

· PDUT

PrDUT

·
∣
∣
∣
∣

1 − �DUT �c

1 − �ST D�c

∣
∣
∣
∣

2

(4)

where CFx is the Calibration Factor, �x is the complex VRC, �c is the effective
source match of the coupler, Prx is the reference sensor indication and Px is the
sensor indication (where x indicates either STD or DUT) [18].

There are other implementations of this method, which allow the effects of adap-
tors/tapers or even attenuators to be removed from the measurement data. This is
useful when trying to assess and accurately calibrate the different power ranges of
the PM5 sensor whilst using a single reference sensor, which are commonly only
calibrated at a few reference power levels (commonly between 1 and 10 mW for pri-
mary standard micro-calorimeter measurements). For these types of measurement,
the inserted device, which is assumed to have known S-parameters, can be inserted
between the directional coupler and either the STD or DUT.
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Fig. 5 (Top) Block diagram of the general configuration for a DCTM system; (bottom) Photograph of a
DCTM system using a Gunn diode as the source (left), 10 dB coupler and reference power sensor (middle)
PM5 including meter and measurement software (right)

4.2 Results

The results, from a calibration of the PM5 using the DCTM system at 5 GHz inter-
vals from 75 to 110 GHz at a nominal 5 mW on the 20 mW range, are reported in
Table 1. This shows the PM5 to have a CF between 0.936 and 0.963 for the measured
frequency points. When considering this calibration factor, along with the associated
measurement uncertainty, the lower observed value is just within the quoted 95 %
accuracy stated in the manufacturer’s documentation for the sensor.

When assessing the PM5 performance, it is worth comparing this to a traditional
thermistor sensor that is commonly used in this waveguide band as well as to a ther-
moelectric sensor, the performance of which can be seen in detail in [20]. Figure 6
shows a comparison of the VRC, in dB, for the PM5 and a thermistor sensor. The
difference in the relative magnitude of the VRC between the two sensors is appar-
ent, especially at higher frequencies with the PM5 being less than −24 dB (i.e. a
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Fig. 6 VRC of the PM5 and a conventional thermistor sensor (for comparison)

VSWR of less than 1.14, where the specification limit is less than 1.15) across the
band, compared to the thermistor sensor which can have a VRC as high as −7 dB at
110 GHz. The VRC of the PM5 is comparable to that reported for the thermoelectric
sensor which are nominally better than −25 dB.

Using the VRC, CF and the previously discussed uncertainty contributions an esti-
mate for a typical sensor response curve, including the associated uncertainties for
the “uncorrected” sensor indication when measuring a nominal 1 mW ideal source
for both the PM5 and the thermistor sensor have been generated. This is shown in
Fig. 7. and the uncertainty budget for the PM5 data is shown in Table 2. The expanded
uncertainty given in this table has a coverage factor of (k=2) and is expected to have
a confidence level of 95 %, with the uncertainty being dominated by the calibration
factor uncertainty for the standard sensor. The typical expanded uncertainty for a ther-
mistor calibration using the NPLW-band micro-calorimeter is 0.020 with calibration
factors typically ranging between 0.4 and 0.8.

Due to the low VRC and high CF, the PM5 output is very stable across the full
waveguide band (W-band) and only requires a small correction. When comparing the
uncertainty for the PM5 sensor and the thermistor sensor, it is clear that the uncer-
tainties in the PM5 are larger. However, this is in part due to the calibration method
(i.e. the thermistor was calibrated directly using a primary standard micro-calorimeter
which is not possible with the PM5). In addition, the uncertainty budget for the PM5

Fig. 7 Estimated uncorrected sensor reading for a nominal 1 mW reference signal, corrected for mismatch
between source and sensor
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is populated with non-idealized values for some contributions that could be reduced
subsequently through good experimental design. The Zero set and Measured power
Type A contributions are based on a typical response from a real measurement with
an integration time of not less than 5 s. In comparison, the thermoelectric sensors can
vary between 1.1 and 0.9 as per [20].

5 Conclusion

Through investigation of the sensors operational principle and the analysis of the
sensor response, it has been shown that the PM5 is a versatile calorimetric power
sensor which can be calibrated such that it is traceable to the SI units in W-band
through the use of conventional micro-calorimeter systems and direct comparison
transfer systems.

It has been shown that in order to achieve high levels of accuracy, extra care should
be taken when designing the measurement set-up and whilst analyzing data, in order
to reduce the impact of thermal effects from a variety of sources, including the fol-
lowing: (i) variations in the laboratory environment; (ii) handling of the sensor; (iii)
not allowing sufficient time for the sensor to thermally stabilize before measuring.

It has also been shown that the sensor (using the GUI interface) has an effective
operational range from at least −25 dBm to + 23 dBm, whilst utilizing the upper
15 dB of each of the power measurement ranges. In this upper region the PM5 has a
linear response with respect to variations in the applied power, with deviations of less
than 0.3 % on all four ranges. Below −25 dBm, uncertainties increase rapidly, which
could present significant challenges when operating the sensor at higher frequencies
where much less power is available from conventional RF sources.

From the calibration data and the example uncertainty analysis that has been pre-
sented, it is clear that the VDI Erickson PM5 power meter and sensor is an accurate
measuring instrument for this millimeter-wave band with better efficiencies, more
uniform frequency response and better match, compared with conventional thermis-
tor sensors and thermoelectric sensors. This PM5’s un-corrected accuracy has been
verified as nominally 95 % in W-band with a measurement uncertainty of less than
3 %. An uncertainty budget for the PM5 as a reference standard to disseminate this
traceable calibration has also been calculated and shows an uncertainty of less than
4 % with this being dominated by the calibration standard uncertainties as opposed
to any sensor characteristics.
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