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Abstract. In the last decade, waveguide thermoelectric
power sensors have been established as an alternative to
thermistor mounts for millimeter wave power standards, and
due to the detection principle and the nature of waveguides,
the generalized efficiency is used as calibration quantity in-
stead of the effective efficiency. In this paper, the general-
ized efficiency and the measurement uncertainty of waveg-
uide thermoelectric sensors are presented and applied to cal-
ibrate other types of power sensors in a measurement set-
up for frequency up to 170 GHz. Results for commercially
available waveguide power sensors are discussed for the in-
terfaces R 900 and R 1.4k.

1 Introduction

Telecommunication devices have grown rapidly in the last
decade. Millimeter wave power is one of the fundamental
measurement quantities in telecommunication devices. Mil-
limeter wave power standards and systems are needed to
ensure quality. Bolometric sensors are utilized by most of
the National Metrology Institutes (NMIs) as transfer stan-
dard to establish measurement traceability of the millimeter
wave power to the primary standard, namely microcalorime-
ter. The effective efficiency of bolometric set-ups, often a
thermistor mount, is measured in the microcalorimeter mea-
surement system (Brunetti et al., 2013). Subsequently, the
calibrated thermistor mount is used as reference standard in
a direct transfer system to calibrate power sensors, power
meters, and other radio frequency (RF) instruments for cali-

bration laboratories and industries (Fantom, 1990; Weidman,
1994).

Since at least two decades, waveguide thermistor mounts
in the millimeter wave range are not commercially avail-
able anymore, and thermoelectric power sensors are used
more and more as transfer standards to establish the measure-
ment traceability for these high frequencies (Judaschke et al.,
2015). Originally, the effective efficiency was used as mea-
surement quantity for the thermistor mount in compliance
with the ratio of direct current (DC) power substitution and
RF power. Moreover, the effective efficiency has been cal-
culated also for the thermoelectric sensor by modifying the
microcalorimeter measurement, particularly for the coaxial
type (Vollmer et al., 1994). Nevertheless, due to the thermo-
electric principle and the nature of waveguides, the effective
efficiency cannot easily be applied (Chung et al., 1989; Ju-
daschke et al., 2015).

The generalized efficiency is a modified calibration quan-
tity introduced in 2014 for power transfer standards (Ju-
daschke et al., 2014). Recently, more RF power laboratories
apply waveguide thermoelectric sensor as a standard to cal-
ibrate commercial power sensors in direct transfer systems,
thus this measurement quantity becomes more important in
RF power measurement systems and is the focus of this work.

This paper describes the determination and application
of the generalized efficiency of waveguide thermoelectric
power sensors in the direct transfer system for the frequency
range up to 170 GHz (R 1.4k). The waveguide thermoelec-
tric sensor as millimeter wave power standard has been de-
termined with a microcalorimeter system first, and the gen-
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eralized efficiency is subsequently utilized to calibrate com-
mercial power sensors used by calibration laboratories or
industries as millimeter wave power standard. The R 1.4k
waveguide thermoelectric power sensors in combination with
a waveguide taper is also used to calibrate an R 900 power
sensors at certain frequencies above 110 GHz.

2 Study of the Generalized Efficiency in the Direct
Transfer System

The generalized efficiency of thermoelectric sensors is math-
ematically not too different from effective efficiency of
thermistor mounts. In previous works (Judaschke et al.,
2014), the generalized efficiency has been discussed for mi-
crocalorimeter set-ups. To establish millimeter wave power
calibration services, the generalized efficiency must be ap-
plied in the direct transfer system.

2.1 Theory

The effective efficiency 7.t is defined as the ratio of the DC
substituted power Ppc and the absorbed RF power Prpabs
within the bolometer element (Fantom, 1990) as shown in
Eq. (D).

Ppc
PRFabs

Nett = (1)

It’s based on one absorber, while for the generalized effi-
ciency two absorbers are used (Judaschke et al., 2015). The
generalized efficiency of waveguide thermoelectric power
sensors is the ratio of the DC substituted power in the DC
heater and the RF power in the RF absorber for the same out-
put voltage of a sensor thermopile (Judaschke et al., 2014).

The determination of the effective efficiency of thermis-
tor mounts is done by the power substitution principle, often
implemented by suitable measurement bridge circuitry (Wei-
dman, 1994; Celep and Stokes, 2021). The DC substituted
power is calculated by using Eq. (2),

VE-V3

R @

Ppc =
where V| is the DC voltage across the thermistor mount with-
out RF power, V, is the DC voltage across the thermistor
mount with applied RF power, and R is the operating resis-
tance of the thermistor mount which is usually 100 or 200 2
(Cui et al., 2016). The principle of DC substitution cannot be
easily applied for waveguide thermoelectric sensors. Here,
the RF power enters the waveguide interface, and it is dis-
sipated into an absorber. However, the DC power is dissi-
pated into a DC heater, and a thermopile is used to indicate
the same power absorbed between the DC power and the RF
power (Reichel, 2013).

The calibration factor K of a thermistor sensor is defined
as the ratio of the DC substituted power to the incident RF
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power Prrin as shown in Eq. (3) (Fantom, 1990).

Ppc

K= 3)

PRFin
While the effective efficiency is independent of the reflection
coefficient I', the calibration factor includes both: the effec-
tive efficiency and the reflection coefficient, see Eq. (4).

K=’7eff<1 —|F|2) “)

2.2 Derivation of Incident RF Power of Waveguide
Thermoelectric Sensor

Equation (5) shows how the incident RF power is obtained
from the calibration factor and the DC substituted power, and
the dependency of the calibration factor on the generalized
efficiency ngen of the waveguide thermoelectric sensors can
be seen in Eq. (6), where eTrp is the output voltage of the
thermopile in the RF measurement and etpc is the output
voltage of the thermopile in the DC measurement. The ngen
is identical to the effective efficiency for thermistor mounts.

Prin = 22€ )

K
K = ngen (1 - |F|2) (6)

E€TRF=€TDC

A commercial power sensor usually shows the indicated
power directly on a power meter display, while the output
quantity of waveguide thermoelectric sensors is DC voltage
Vbc, measured with a precision multimeter. The indicated
power is:

VZ
Ppc = 2¢ (7)
Rpc
where Rpc is the resistance of the DC heater of the waveg-
uide thermoelectric sensor. Combining Egs. (5) to (7) results
in Eq. (8), the incident power.
Vic 1
RDC Ngen (] - |F|2)

®)

Prrin =
€TRF=€TDC

Note: the thermopile voltage eTrp is equal to the voltage
eTDC-

2.3 Determination of Generalized Efficiency of
Waveguide Thermoelectric Sensor

Equation (9) is used to calculate the calibration factor of the
device under test (DUT) power sensor Kp in the conven-
tional direct transfer system:

Pp Pys |1-— Teelpl?

Kp=Kg-—
Ps  Pwvp |1—FGEF5|2

€))

where K is the calibration factor of the transfer standard, Pp
is the indicated RF power of the DUT power sensor, and Ps
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is the indicated RF power of the transfer standard. The quan-
tities I'p, I's, and I'gg are the reflection coefficients of the
DUT power sensor, the transfer standard, and the RF source,
respectively. A directional coupler and a monitoring power
sensor are used to compensate for the thermal drift of the RF
source. Pyis indicates the monitored power reading when the
reference standard is connected, and Pyp the DUT reading.
Using Egs. (5), (8), and (9) it follows:

Ppc = Prrin - K
V2 1
Ppc = -2<. :
Rpc ngen (1 —IT?)
V2 1
Ppcp = 22 -Kp (10)
Rpcp NgenD (1 - |FD|2)
V2 1
Ppcs = 255 -Ks (11)

Rocs  ngens (1—Ts]?)

where neenp is the generalized efficiency of the waveg-
uide thermoelectric DUT sensor, Ppcp is the DC substi-
tuted power of the waveguide thermoelectric DUT sensor,
and Ppcs the DC substituted power of the transfer standard.
The voltages Vpcp and Vpcs are readings of the waveguide
thermoelectric DUT sensor and of the resistive heater of the
transfer standard, and Rpcp and Rpcs indicate the DC re-
sistances of the waveguide thermoelectric DUT sensor and
the transfer standard. The generalized efficiency of the trans-
fer standard ngens has been determined in a microcalorime-
ter measurement. In this case, the transfer standard is also a
waveguide thermoelectric sensor. Finally, the generalized ef-
ficiency of the waveguide thermoelectric DUT sensor in the
direct transfer system is shown in Eq. (12).

Pocp  Pus |1 - Teelpl?

Kp = Ks -

Pocs Pup |1 —ggls|?
VDZCD 1
1 K
Kp = Ks - RpeD  ngenp (1-ITp?) b ) Pyms
VI%CS . 1 -Kg Pvp
RS ngens (1-ITs|?)
11 =Tgelpl?
|l — Tgels|?
Kp = Ks - Kp  7gens Vo Rpcs  Puis

Ks ngenp Vics Rpep  Pmp
(1—1Ts?) |1 =Tgelpl?

(1-ITpP) |1—TelsP

Ve ~Rpcs  Pus (1—1Tsl?)

Vics Roco Pvp  (1—1Ipf?)
|1 -Tgelpl?

1 —Tggls

NgenD = T]genS *

12)

The calibration factor of other power sensor types can be
calculated in a similar manner by using the generalized effi-
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ciency of the waveguide thermoelectric sensor. In the mea-
surements discussed in the following, a calorimeter-style
power meter PMS5B and a thermistor mount were used as
DUT sensors. The indicated power Pp is given directly by
both power meters. Thus, the calibration factor of the DUT
sensor is:

Kp = K - Pp Pms
Vics 1 Ky Pyvip
Rpcs ﬂgenS(l_|FS|2)
= Teelpl?
|1 — Tgels|?
Ks Rpcs 5\ Pwms
ko= K5y B0 (1 ). P
Ks VI%CS sen Pyvip
= Tgelpl?
|1 —TGeT's|?
Rpcs  Pwms
KDzngenS'PD'2_'_’<1_|FS|2)
Vies Pvmp
|1 -Tgelp|? 13
|1 — Tgel's|?

3 Measurement Setups

The actual determination of the generalized efficiency of the
millimeter wave power standard consists of two main steps:
RF power and DC power measurements are performed for
the same thermopile output voltage. Both results are required
to determine the generalized efficiency.

3.1 Measurement Setup of RF Power

The direct transfer system measurement set-up is shown in
Fig. 1. The DUT power sensor and the transfer standard
utilize waveguide interfaces. For calibration of commercial
power sensors, the DUT power sensor is usually directly con-
nected to a power meter. The direct transfer system is based
on alternate connection between the transfer standard (refer-
ence) and the DUT power sensor at the measuring port (ref-
erence plane) while the monitoring power sensor is contin-
uously connected to the coupled port of a 10 dB directional
coupler (Weidman, 1994).

While measurement of RF power is conducted, the DC
heater is unbiased and the DC circuitry is disconnected
from the measurement system. The thermopile voltage of the
transfer standard and the RF power of the monitoring power
sensor Pyis are measured first, and subsequently the ther-
mopile voltage of the DUT power sensor and the RF power
of the monitoring power sensor Pyip are measured.

A combination of a signal generator and a multiplier with
multiplication factor of six generates the RF signal. A ro-
tary vane attenuator is utilized to set the power level of ap-
proximately 1 mW at the measuring port and 0.1 mW at the
monitoring port. A filter is used to minimize harmonic signal
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Figure 2. Measurement setup of the DC Power.

content. Some tapers are required to match different waveg-
uide apertures. The output voltage of the sensor thermopile
of the RF load eTrFp is measured by a nanovoltmeter.

3.2 Measurement Setup of DC Power

Figure 2 shows the DC power measurement setup, used to
determine the DC substituted power. The RF devices are not
connected to the measurement set-up when the DC power
measurements are performed. A precision resistance temper-
ature detector (RTD) simulator is utilized to adjust the out-
put of a DC source. The adjustment can be conducted au-
tomatically by using a measurement program with Labview.
A nanovoltmeter measures the output voltage of the sensor
thermopile in the DC case etpc. The DC source is adjusted
until erpc is (nearly) identical to eTrp.

The voltages of the resistive heater of both the trans-
fer standard and the DUT power sensor are measured by a
digital multimeter. The DC substituted powers of the DUT
power sensor and the transfer standard are calculated using
Egs. (10) and (11), respectively. The DC substituted powers
are proportional to the RF powers in the previous measure-
ments (Fantom, 1990).
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Figure 3. Generalized efficiency with measurement repeatability

(standard deviation) of the NTS170TWG waveguide thermoelectric
DUT sensor in the direct transfer system.
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Figure 4. Comparison of the generalized efficiency of the waveg-
uide thermoelectric DUT sensor between two measurement meth-
ods.

4 Measurement Results

Measurement result of the generalized efficiency of the
waveguide thermoelectric DUT sensors NTS170TWG man-
ufactured by Rohde and Schwarz in the direct transfer system
is shown in Fig. 3. The measurement repeatability, five mea-
surements were averages and analyzed, is better than 0.0045.

For verification, the generalized efficiency of the millime-
ter wave power sensor in the direct transfer system is com-
pared with a microcalorimeter result, shown in Fig. 4. An
agreement of better than 0.013 is observed across the entire
measurement range.

The generalized efficiency of the waveguide thermoelec-
tric sensor has been applied to calibrate the other types of
power sensor, i.e. PM5B power meter and 45776H thermis-
tor mount. Figure 5 shows the measurement of the calibration
factor of the PM5B power meter with a repeatability better
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Figure 5. The calibration factor of the power meter PM5B with
repeatability (standard deviation) in the direct transfer system.

than 0.0055. The calibration factor has been calculated us-
ing Eq. (13). In the conventional direct transfer system us-
ing the thermistor mount as transfer standard, the calibration
factor of the DUT sensor Kp is calculated by applying the
calibration factor of the transfer standard Kg, as shown in
Eq. (9). On the other hand, the calibration factor of the PM5B
power meter is directly calculated by using the generalized
efficiency of the waveguide thermoelectric transfer standard
TNgenS-

Usually, a DUT power sensor is calibrated by a reference
power sensor for the same frequency band (same waveguide
apertures). E.g., an R 900 DUT power sensor is measured
with an R 900 transfer standard. However, extending the fre-
quency range is possible if a suitable adapter (taper) is used.
Here, an R 1.4k thermoelectric sensor is applied as standard
to determine the calibration factor of an R 900 thermistor
mount above the usual band limits. The R 900 power sensor
has a recommended frequency range from 75 to 110 GHz,
and the cut-off frequency for the first higher mode is approx-
imately 118 GHz (EverythingRF, 2022). R 1.4k sensors usu-
ally work within the frequency range of 110 to 170 GHz. Fig-
ure 6 shows the measurement of the calibration factor with its
repeatability of the R 900 thermistor mount 45776H by us-
ing the R 1.4k thermoelectric standard in the direct transfer
system. The measurement repeatability is better than 0.0061.

The calibration factor of the R 900 thermistor mount in-
cluding measurement uncertainties is shown in Fig. 7, both
from calibration with a microcalorimeter set-up and a direct
transfer system. A good agreement between both methods,
with differences around 0.012 is observed.

5 Evaluation of Measurement Uncertainty

The measurement uncertainty for the generalized efficiency
of the waveguide thermoelectric DUT sensor obtained with
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T T T T
0.76 g
\—-— Calibration Factor

0.72 4 .

o o

3 o

IS &
1 L
I

Calibration Factor
&
o
1
L

0.56 E

0.52 4 E

110 112 114 116
Frequency / GHz
Figure 6. Calibration factor of the R 900 thermistor mount 45776H

and measurement repeatability (standard deviation) in the direct
transfer system.
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Figure 7. Comparison of the calibration factor with the uncertainty
of the thermistor mount.

the direct transfer system in the frequency range of 110 to
170 GHz is 0.052. The significant uncertainty sources are:

uncertainty of the transfer standard

mismatch factors

measurement repeatability

resolution of multimeters

harmonic content of the RF source

The mismatch factors consist of uncertainty due to mismatch
of the transfer standard with the signal source and mismatch
of the DUT sensor with the signal source at the measurement
port (EA Laboratory Committee, 2022). The uncertainty has
been evaluated based on the Guide to the Expression of Un-
certainty in Measurement (GUM:1995) (JCGM, 2008).
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Figure 9. Comparison of the measurement uncertainty of the cali-
bration factor of the R 900 thermistor mount.

Both the direct transfer system and the microcalorimeter
set-up are methods to calibrate millimeter wave power sen-
sors. Microcalorimeter measurements require long measure-
ment times (weeks to months), while the uncertainty is quite
low. The calibration with a direct transfer system is much
faster (hours to days), but the uncertainty is somewhat higher
when compared to the microcalorimeter set-up. Figures 8
and 9 show the expanded measurement uncertainty (k = 2)
for both methods. The measurement uncertainty of the gen-
eralized efficiency of the waveguide thermoelectric sensor is
quite comparable with the calibration factor of the thermistor
mount.

6 Conclusions
The generalized efficiency of the waveguide thermoelectric

sensor has been calculated and the sensor was used as trans-
fer standard in the millimeter wave frequency of 110 to
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170 GHz. The measurement uncertainty at the direct trans-
fer system was 0.052 in the operating frequency range. The
generalized efficiency in the direct transfer system has been
verified with the microcalorimeter system, and a good agree-
ment can be observed. The generalized efficiency was used
directly to determine the calibration factor of the other types
of power sensor, i.e., calorimeter-style power meter and ther-
mistor mount. Accordingly, the waveguide thermoelectric
sensor with its generalized efficiency can be used as a trans-
fer standard to calibrate different types of power sensors in
the direct transfer system to determine both the generalized
efficiency and the calibration factor. Using suitable adapters
(tapers) offers the possibility to extend the frequency range
as long as single mode operation is guaranteed.

Code and data availability. Software codes and research data are
not available for the presented work, but all results can be repro-
duced with the parameters and equations given here.
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