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ABSTRACT Calorimetric sensors that incorporate a rectangular waveguide interface facilitate absolute and
precise power measurements. Moreover, by using a waveguide taper that transitions to a smaller, single-
mode waveguide feed, the bandwidth limitation of a standard waveguide band can be extended to higher
frequencies, enabling accurate power measurements across a wide portion of the electromagnetic spectrum.
For aligned waveguide apertures without discontinuities, the incident field remains in the fundamental
mode, thereby enabling broadband power measurements. In this work, we present a systematic study of
intentionally misaligned waveguide junctions, specifically symmetrical H-plane or E-plane displacements
at the WR-10 input flange of a PM5B power sensor, and their overall impact on the mismatch. The return
loss was measured and simulated over a frequency span of 75 GHz to 1100 GHz, exceeding a decade.
Electromagnetic simulations agree well with the experimental results, showing an excellent return loss for the
aligned junction and a degradation attributed to the onset of higher-order parasitic modes in the misaligned
case. In particular, it is found that the onset of a propagating TM{; mode due to E-plane displacement is
the primary concern, while H-plane displacements have a negligible effect. However, a return loss better
than 20 dB can be maintained if this offset is kept below 4% of the waveguide height. Hence, broadband,
precise, and absolute power measurements are feasible provided that waveguide feed junctions are aligned
and fabricated with high tolerances.

INDEX TERMS Calorimetry, electromagnetic propagation, metrology, millimeter wave measurements,
power measurements, rectangular waveguides, sensors, submillimeter wave measurements, terahertz
radiation, waveguide discontinuities.

I. INTRODUCTION

Absolute power measurements traceable to primary standards
in the terahertz frequency region (100 GHz - 10 THz) [1]
present many challenges due to high transmission loss, high
noise levels, and difficulty in packaging a sensor [2]. There
are numerous ways to convert terahertz radiation to a readable
signal, typically based on a thermal or electronic mechanism;
see the comprehensive review by Lewis [3]. The detection of
the thermal expansion of a gas (e.g., Golay cell) or change
in electrical resistance (bolometer) are common calorimetric!

I A historical note is that Herschel used a thermometer to observe infrared
radiation, which he named “calorific” rays, in 1800 [4] by conducting an
experiment initially proposed by Emilie du Chatelet around 1737 [5].

examples, while a Schottky barrier diode is a typical electronic
example. The latter exhibits a fast response time and low
Noise-Equivalent Power (NEP) level but is sensitive to sig-
nal frequency. On the other hand, a calorimeter is inherently
insensitive to frequency and easy to calibrate using the same
absorber with a known applied amount of power. Therefore,
calorimeters based on electrical substitution radiometry are
the standard choice for absolute power measurements across
a vast part of the electromagnetic spectrum.

A waveguide-based power sensor is convenient for
microwave and submillimeter wave measurements, providing
a well-defined electrical interface and reference plane.
Macpherson and Kerns introduced the first waveguide

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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calorimeter in 1953 [6], and Vowinkel demonstrated a
broadband calorimeter for precision measurement of
millimeter- and submillimeter-wave power in 1980 [7].
Power measurements above the waveguide band, introducing
propagation of higher-order modes, were shown to be
accurate since the waveguide loads are broadband and
relatively insensitive to higher-order modes. However, these
first waveguide calorimeters suffered from a slow response
time of tens of seconds. In 1999, Neal Erickson introduced
a compact, fast, and sensitive power meter, operating from
75 GHz to the THz range [8]. The time constant was reduced
to seconds with a feedback loop circuitry, and the sensor has a
WR-10 test port with a well-matched waveguide termination.
Later, the calorimetric power meter was further improved
and became commercially available, known as the Erickson
model PM1B [9], having sensitivity and stability sufficient
to measure a power level well below 1 uW. Since then, it
has become the de facto standard instrument for terahertz
power measurements and, since 2009, continuously upgraded
by Virginia Diodes to the current version VDI Erickson
PM5B [10]. Recently, national metrology institutes (NMIs)
have been able to perform traceable calibration of power
measurements up to 170 GHz [11], [12], and Stokes et al.
[13] reported a comprehensive evaluation of the PMS5 sensor
at W-band compared to a primary standard micro-calorimeter
system. For higher frequencies, precise power measurements
have been demonstrated in the 220-330 GHz range with a
single-mode waveguide calorimeter [14]. However, realizing
and packaging a single-mode waveguide sensor at shorter
wavelengths becomes increasingly challenging. Alternatively,
extending traceable power measurements to higher waveguide
bands requires a better understanding of the multimode
propagation and absorption in the waveguide feed and load,
respectively. However, these high-order waveguide modes,
which are excited due to discontinuities, are not necessarily a
problem as long as they are well absorbed in the waveguide
load and not reflected.

In this paper, we present measurements and simulations of
the return loss of the PM5B power meter between 75 GHz and
1100 GHz for aligned and symmetrically displaced waveguide
feeds in E- and H-planes, respectively. We show what para-
sitic propagating modes can be excited due to a misaligned
waveguide junction, which can be observed in the frequency
response of the return loss. However, this can be mitigated
with the careful alignment of the waveguide feed with the
sensor WR-10 test port, resulting in an excellent return loss
across a wide frequency span from 75 GHz to 1100 GHz.

Il. METHODS

The internal waveguide of the VDI Erickson PM5B power
meter is a thin, Ni-alloy, WR-10 waveguide with a gold-plated
interior to ensure sufficient thermal resistance, low heat capac-
ity, and low signal attenuation. The incident principal TEq
field is guided to the power meter via a linear double wave-
guide taper [15] followed by a short straight WR-10 section,
as shown in Fig. 1. The incoming signal is then absorbed in
a load about 24 mm from the waveguide flange [9]. The load
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is designed to absorb the principal waveguide mode across
a wide frequency range. However, most high-order parasitic
modes are still efficiently absorbed, provided their E,-field
component is less significant. The different waveguide com-
ponents are fabricated with high tolerances according to IEEE
Std 1785.1-2 [16], [17], while the alignment to the flange of
the power meter is less accurate. The influence of this aper-
ture misalignment, a slight symmetrical E-plane or H-plane
displaced waveguide feed, is the subject of this study. The
measurement reference plane is located at the single-mode
port of the waveguide taper; see Fig. 1.

A. E- AND H-PLANE DISPLACED WAVEGUIDE FEED
Uncertainties in waveguide cross-section dimensions and
flange alignments will introduce systematic errors in scatter-
ing parameter measurements [18]. Therefore, reflections at
a junction between two hollow waveguides have been ex-
tensively studied - largely covered in Marcuvitz’s waveguide
handbook from 1951 [19] and in an excellent report from 1989
by Bannister et al. [20]. For the single-mode case, Hunter
[21] analyzed two identical waveguides with a transverse dis-
placement normal to the broad wall (E-plane displacement)
or the narrow wall (H-plane displacement), using a modal
analysis technique [22]. The incident TE;p mode excites
longitudinal-section electric modes (LSE, TM ,/TE1 ), where
pis an odd integer, to ensure E, = 0, for the E-plane displace-
ment, and the H-plane displacement involves high-order TE
modes. Therefore, for the single-mode case, these symmetri-
cal displacements can be represented with a shunt capacitance
for the E-plane displacement and shunt inductance for the
H-plane displacement, respectively [20]. In a junction be-
tween identical, displaced, overmoded guides, the incident
TE field will also couple to propagating TM,/TE;, modes
for an E-plane displacement and TE,,g modes for an H-
plane displacement, where p is an odd integer, m > 1 is
an integer to fulfill the boundary condition for a symmet-
ric displacement and assuming perfect electrical conductor
walls. A finite wall conductivity will introduce a minor
coupling to additional modes, including a TEy;-mode for H-
plane displacement. Thus, noteworthy parasitic modes, kc2 =
(m /a)* + (pm /b)?, that can be excited by an incoming TE
field in a displaced WR10-waveguide feed are summarised in
Table 1.

The waveguide junction between the sensor and the rect-
angular waveguide feed (Fig. 1) was displaced by using an
alignment dowel with a diameter smaller than the holes to
create a loose fit, similar to the method described by Li et al.
[23]. A misalignment of approximately 0.08 mm was achiev-
able and measured using a waveguide shim, as shown in the
photograph in Fig. 2.

B. SIMULATIONS

Full electromagnetic simulations were conducted using a
commercial frequency-domain solver (Ansys HFSS). The
waveguide walls were assigned a finite conductive boundary
(gold) with an electrical conductivity of o = 4.1 x 107 S/m.
A finite element mesh was generated for a solution frequency
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FIGURE 1. lllustration of the power meter with waveguide feed. In this study, the waveguide feed is displaced (3x, dy) relative to the internal waveguide
of the power sensor to examine the influence of high-order modes. The reference plane for measurements of the reflection coefficient, T, is indicated.

NB! The drawing is not to scale.

TABLE 1. Coupling to Parasitic Modes in Misaligned Waveguide (WR-10)
Apertures

Waveguide mode | f. (GHz) | Displaced waveguide
TE2g 118 H-plane
TEo1 118 H-plane
TM11, TE1: 132 E-plane
TE40 236 H-plane
TM13, TE13 359 E-plane
TMais, TE15 593 E-plane
TM 17, TE17 828 E-plane
TMi9, TE19 1064 E-plane

in the middle of each waveguide band and refined until
the magnitude of the complex reflection coefficient, | I" |,
between two consecutive passes was less than 0.01. Sym-
metry is broken due to the displaced waveguides (6x, Jy),
and therefore, the entire structure must be solved, resulting
in a large mesh and a challenging problem for higher fre-
quency bands (see Fig. 3). However, for the aligned case
(6x = 6y = 0), H-plane symmetry was applied to reduce the
size of the finite-element mesh. For each waveguide band

0.08 mm

WR-10

dy

FIGURE 2. Waveguide misalignment. A microscope photograph showing a
displaced waveguide aperture. The displacement was measured using a
waveguide shim.

(Table 2), only one mode can sustain and propagate at the
waveguide feed port (taper), and the finite element mesh was
solved at 101 frequency points and using second-order basis
functions. The cross-section of the waveguide was assumed to
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FIGURE 3. Electromagnetic model for the WR3.4 (220-330 GHz) waveguide band. Simulations of the electromagnetic field for an E-plane displaced
waveguide feed with sy = 0.2 mm. The structure was excited using a single-mode (TE;o) wave port, shown on the left of the figure.

TABLE 2. Test Equipment for Reflection Coefficient Measurements of PM5B Power Sensor

Band Band Internal dimensions VNA frequency extender Waveguide taper
Designation (GHz) (mm X mm) VDI model number 1-inch long

WM-2540 (WR-10) 75-110 2.540 x 1.270 WR10-VNAX-TxRx-M20 | WRI10SWGIRS
WM-1651 (WR-6.5) 110-170 1.651 x 0.826 WR6.5-VNAX-TxRx-M20 WR6.5-10TR3
WM-1295 (WR-5.1) 140-220 1.295 x 0.648 WRS.1-VNAX-TxRx-M20 WRS5.1-10TR3
WM-864 (WR-3.4) 220-330 0.864 x 0.432 WR3.4-VNAX-TxRx-M20 WR3.4-10TR3
WM-570 (WR-2.2) 330-500 0.570 x 0.285 WR2.2-VNAX-TxRx-M20 | WM570-10TR3
WM-380 (WR-1.5) 500-750 0.380 x 0.190 WR1.5-VNAX-TxRx-M20 | WM380-10TR3
WM-250 (WR-1.0) | 750-1100 0.250 x 0.125 WRI1.0-VNAX-TxRx-M20 | WM250-10TR3

RF waveguide name designation. WR-Rectangular waveguide, where the number represents the waveguide width in mils, multiplied by 10. "W’ stands
for waveguide, "M’ for metric, and the number is the waveguide width in micrometers [16].

FIGURE 4. Measurement set-up. Photograph showing the reflection
coefficient measurements of the PM5 power meter and a waveguide taper.

be perfectly rectangular, and the influence of rounded corners
was neglected [24]. For simplicity, the 1-inch-long straight
waveguide in Figs. 1 and 4 was excluded from simulations.
The model was successfully solved across a frequency range
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of five octaves for the complete model and a decade for the
aligned, symmetrical case.

C. MEASUREMENT SET-UP

The reflection coefficient, I' = Sy, of the PMSB power meter
(S/N 601V) was measured between 67 GHz and 1100 GHz
using a vector network analyzer (Keysight N5222B) with VDI
frequency extender modules, see Table 2 and Fig. 4. Prior
to S-parameter calibration, the extender units were allowed
to thermally stabilize for at least one hour. Then, a stan-
dard waveguide SOL calibration (short, quarter delay short,
load) was carried out for each waveguide band, using 2001
frequency points and an IF bandwidth of 500 Hz. With the ref-
erence plane at the extender module waveguide port, the cal-
ibration was carefully evaluated by measuring a second load
before the characterization of the PMS5 power meter. For each
band, a 1-inch-long waveguide taper to WR-10 was used, see
Table 2, except for the WR-10 band, a straight 1-inch wave-
guide was used, all with a UG-387 waveguide flange [17].

IIl. RESULTS

For each waveguide band, between WR-10 and WM-250, the
reflection coefficient was measured for a power sensor with an
aligned (Fig. 5) and an E-plane displaced (Fig. 6) waveguide
feed to the aperture of the sensor WR-10 test port. This data
indicates that a careful alignment of the waveguide feed to
the sensor WR-10 test port results in a return loss better
than 25 dB across a wide frequency span from 75 GHz to
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FIGURE 5. Reflection coefficient for an aligned waveguide feed. Measured
(red) and simulated (blue) magnitude of reflection coefficient, | T |, versus
frequency of the PM5B power meter with an aligned waveguide feed.
Note: Data is combined for each waveguide band WR-10, WR-6.5, WR-5.1,
WR-3.4, WR-2.2, WR-1.5, and WR-1.0.

™y,

T™,;s TM,,
TE, :

-10

—~

TM,5

(

I |
w N
o o
1

Magnitude of I" (dB
|
S
o

|
a
o

T — T ——— T
80 100 200 400 600 8001000

Frequency (GHz)

FIGURE 6. Reflection coefficient for an E-plane displacement. Measured
(red) and simulated (blue) magnitude of reflection coefficient, | T |, versus
frequency of the PM5B power meter with a symmetrically E-plane
displaced waveguide feed of circa 5y = 0.08 mm. Note: Data is combined
for each waveguide band WR-10, WR-6.5, WR-5.1, WR-3.4, WR-2.2, WR-1.5,
and WR-1.0.

1100 GHz. On the other hand, the symmetrically displaced
waveguide feed exhibits anomalies in the reflection coefficient
associated with the onset of high-order mode propagation;
see Fig. 6. In particular, the onset of a propagating TM
mode at 132 GHz and a TM|3 mode at 359 GHz are the
primary causes of the observed degradation in the reflection
coefficient for misaligned waveguide apertures. In contrast,
other parasitic modes (Table 1) are less pronounced. The elec-
tromagnetic simulations were performed across all frequency
bands for the aligned case (Fig. 5), whereas the frequency
range of the misaligned case was restricted to below 500 GHz
due to lack of H-plane symmetry and thereby substantial
computational requirements (Fig. 6). Overall, the simulations
and measurements show a good general agreement. The dis-
crepancy can be attributed to the actual displacements (§x,
dy) and to the fact that the EM model (mesh size) becomes
very large with increasing frequency. For example, a 0.04-mm
E-plane aperture misalignment between two WR-10 waveg-
uides (8y/b = 0.03) causes a return loss of 40 dB[21], which
roughly matches the accuracy of the “aligned” waveguides
and explains the discrepancy between measurements and sim-
ulations of the ideally aligned case.

To acquire more insight, we calculated the standing wave
ratio (SWR) from simulations of the reflection coefficient

T

IR10  WR6.1 WR5.1

Displacement &y (mm)

100 150 200 250 300
Frequency (GHz)

FIGURE 7. Standing wave ratio for an E-plane displacement. The influence
of a symmetrical displacement, y, on the standing wave ratio (SWR) was
simulated using the electromagnetic model and illustrated as a contour
plot. The standing wave pattern due to trapped TM;; and TM;3 modes is
evident. Note: Data is combined for each waveguide band WR-10, WR-6.5,
WR-5.1, WR-3.4, and WR-2.2.

Displacement ox (mm)

R10  WR6.1 WRS.1

250 300 350 400
Frequency (GHz)

FIGURE 8. Standing wave ratio for an H-plane displacement. The influence
of a symmetrical displacement, éx, on the standing wave ratio (SWR) was
simulated using the electromagnetic model and illustrated as a contour
plot. In this case, the onset of a TE;o mode is observed, but the standing
wave ratio is almost immune to H-plane displacement. Note: Data is
combined for each waveguide band WR-10, WR-6.5, WR-5.1, WR-3.4, and
WR-2.2.

across a wide range of aperture misalignments. This mapping
of the standing wave ratio condenses the data range and high-
lights overall behavior as well as the emergence of modes,
illustrated by a contour plot against waveguide displacement
and frequency. The simulations were conducted for both
E-plane (Fig. 7) and H-plane (Fig. 8) displacements in incre-
ments of 0.02 mm. For the single-mode case (75-110 GHz),
an increase in SWR is observed with increasing frequency
for a symmetrical E-plane misalignment as expected for an
equivalent shunt capacitor [20]. Conversely, the worst case
is observed at low frequencies for a shunt inductive H-plane
displacement [20]. The onset of propagating parasitic modes
occurs at higher waveguide bands. For instance, the TEjg
mode at 118 GHz is observed for an H-plane displacement.
However, the results indicate a strong influence of the onset
of the TM1; mode, as well as the higher TM 3 mode. These
modes will likely be coupled to an incident TEq field at a
misaligned E-plane junction. Additionally, the load absorbs
the TM; field less efficiently due to the E,-field component.
Therefore, the onset of a TM; mode will cause ripples and
degrade return loss; hence, the first TM mode is the primary
concern when using an overmoded feed for a power sensor.
Still, with careful alignment, §y < 0.05 mm, a return loss bet-
ter than 20 dB is achieved (Fig. 7). In contrast, a misalignment
in the H-plane has a minor impact on standing waves (Fig. 8)
compared to E-plane displacement.
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IV. CONCLUSION

A comprehensive study on the impact of symmetrically
displaced waveguide feeds (aperture misalignments) on the
return loss and standing waves of the PM5B power meter op-
erating between 75 GHz and 1100 GHz has been presented. In
cases with multiple possible propagating modes, the primary
concerns are the onset of the TM; mode at 132 GHz and
the TM 3 mode at 359 GHz. This occurs due to an E-plane
displacement and is problematic for misalignments larger than
8y/b > 4%. The influence of H-plane displacements on return
loss was found to be of minimal importance. In conclusion,
properly aligning the waveguide apertures along the E-plane
can effectively suppress the critical TM mode. These findings
demonstrate that accurate power measurements across a wide
frequency range, particularly for D-band (WR-6.5) applica-
tions, are feasible provided that the waveguides are aligned
and fabricated with high tolerances.
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