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Abstract—This article presents a comparison between the spec-
ified dimensions given in document standards (IEEE Std 1785.2-
2016) and the measured dimensions for interfaces used with rect-
angular metallic waveguides at submillimeter wavelengths. The
standardized dimensions of these waveguide interfaces are com-
pared with several waveguides in the WM-380 band (500–
750 GHz) manufactured by two different companies. The measured
electrical performance (in terms of reflection coefficient) for these
waveguide interfaces is also compared with values given in docu-
mentary standards. The article shows that although the manufac-
tured waveguides do not strictly adhere to the dimensions given in
the standard, very good electrical performance is still achievable by
using slightly different dimensions for the manufactured waveguide
interfaces. The use of additional alignment dowel pins (as specified
in the IEEE standard) further improves the electrical performance
of these interfaces.

Index Terms—Rectangular waveguide, submillimeter-waves,
terahertz, waveguide flanges, waveguide interfaces, waveguide
standards.

I. INTRODUCTION

IN RECENT years, a series of international documentary
standards have been published by IEEE that define rectan-

gular metallic waveguides used at millimeter and submillime-
ter wavelengths [1]–[3], in particular, at all frequencies above
110 GHz. One of these standards [2] defines the interfaces
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Fig. 1. Photos of (a) UG-387 interface and (b) IEEE 1785-2a interface,
showing two additional alignment holes and an anticocking rim.

(also known as flanges) for these waveguides. This standard
[2] defines three interface designs, one of which (referred to
as IEEE 1785-2a in [2]) is based on an earlier design (the
so-called UG-387 interface [4]), which was originally intended
only for use at lower frequencies (i.e., below 100 GHz). Fig. 1(a)
shows a photo of the original UG-387 design; Fig. 1(b) shows a
photo of the IEEE 1785-2a design and identifies two additional
alignment holes and an anticocking rim. The additional holes are
used in conjunction with two insertable dowel pins (of different
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diameters) to improve the alignment of the interface during
connection.

Since the publication, in 2016, of the IEEE standard [2],
manufacturers have considered these new interface designs for
use with their waveguide products. This is particularly the case
for the IEEE 1785-2a interface design, due to its similarity
with the familiar UG-387 design [4]. However, rather than
adopting the IEEE 1785-2a design exactly as given in the
standard, manufacturers seem to be realizing slightly modified
versions that achieve alignment in a slightly different way. This
article provides a detailed examination of these manufacturer
interface designs. The IEEE standardized interface is first de-
scribed, followed by measured data obtained on waveguide
components from two manufacturers – Virginia Diodes, Inc.
(VDI) and SWISSto12. The measurement data consist of di-
mensional data (relating to the critical alignment mechanisms
for the interfaces) and electrical data (relating to the reflection
coefficient measurements made using these components). The
dimensional data consist of measurements of the diameters and
positions of the alignment holes and pins on the faces of the
waveguide interfaces. The electrical measurements of the wave-
guide interfaces are made under two conditions: first, inserting
appropriately-sized dowel pins into the two additional alignment
holes, and second, without inserting dowel pins into the addi-
tional alignment holes. The electrical measurements are then
compared with each other, and with performance specifications
given in the IEEE standard [2]. The electrical measurements
provide an assessment of the repeatability of connection due to
the diameters of the alignment holes and pins. They do not take
into account any positional errors in these alignment features
relative to the waveguide aperture. To determine the overall
accuracy of the electrical measurements, both repeatability and
positional errors would need to be taken into account. This could
be achieved by adopting the calibration strategy described in [5],
which avoids interface misalignment errors during calibration.

The components investigated in this article are sections of
waveguide used as either vector network analyzer (VNA) test
ports, or VNA calibration standards in the WM-380 waveguide
size (500–750 GHz). Some previous work has been undertaken
looking at the impact of interface connection repeatability on
S-parameter measurements at submillimeter wavelengths [6]–
[8]. However, that work did not include any detailed dimen-
sional measurements. This article uses the precision dimensional
measurements of these interfaces and relates observations from
these dimensional measurements with the subsequent electrical
measurements (i.e., S-parameters).

II. STANDARDIZED INTERFACES

The need to improve the electrical performance of the wave-
guide interfaces at millimeter wavelengths was recognized dur-
ing the mid-1980s with the addition of insertable alignment
dowels to the traditional UG-387 interface [9], [10]. Further
improvements were later introduced [11], [12] that included the
use of anticocking mechanisms [e.g., as shown in Fig. 1(b)].
More recently, new interface designs were introduced that used

Fig. 2. Extract of the engineering drawing in [2] showing the 1785-2a inter-
face, which comprises four screw holes (labeled A), two outer alignment holes
(B), two fixed alignment dowels (C), two inner alignment holes (D).

different alignment mechanisms—e.g., a “Plug and Jack” de-
sign [13], [14] and a “Ring-Centered” design [15], [16]. These
designs have since been incorporated into part 2 of the IEEE
1785 series of standards [2]. Another new design [17] uses an
interface with a precisely machined outer diameter allowing
alignment to be achieved using a precision coupling ring. Finally,
a new interface design (the Type G interface) is included in
the latest edition of the IEC 60154-2:2016 standard [18]. All
these interface designs exhibit compatibility with the traditional
UG-387 design.

Part 2 of the IEEE 1785 series of standards [2] gives spec-
ifications for waveguide interfaces used at frequencies above
110 GHz. The standard considers the tolerances of the wave-
guide interface dimensions and the effect these tolerances have
on the electrical performance (in terms of the reflection coeffi-
cient) of the waveguide. The standard defines three waveguide
interfaces: IEEE 1785-2a (“Precision Dowel”), IEEE 1785-2b
(“Ring-Centered”), and IEEE 1785-2c (“Plug and Jack”). It is
the IEEE 1785-2a interface that is usually preferred by several
manufacturers (e.g., VDI, SWISSto12, etc).

An engineering drawing for this interface is shown in Fig. 2.
The primary alignment mechanism for this interface is two
dowel pins (of different diameters) that are inserted into the
two inner holes, labeled “D,” in Fig. 2. Other alignment mech-
anisms are the two outer holes, labeled “B,” and the two outer
fixed dowel pins, labeled “C.” The diameters and positions of
these holes and dowel pins are given in Table I. The positions
are specified using a cartesian (x, y) coordinate system, which
centers the coordinates on the center of the waveguide aperture.
The holes labeled “A” in Fig. 2 are screw holes that are not used
for alignment purposes.

The specified diameters of the two dowel pins that are inserted
into the two inner “D” holes are given as follows [2].

1) Planar Alignment Dowel = (1.566 5 ± 0.000 5) mm.
2) Angular Alignment Dowel = (1.556 ± 0.001) mm.
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TABLE I
SPECIFIED VALUES FOR THE “B” AND “D” HOLES, AND “C” DOWEL PINS IN

THE IEEE STANDARD

The diameters of these two dowel pins are very similar to
the diameter of the “D” holes, and therefore provide very good
alignment. These two inner holes and dowel pins are, therefore,
used as the primary alignment mechanism for this type of
interface.

On the other hand, the outer “C” dowel pin diameter
(1.562 mm) is considerably less than the outer “B” hole diameter
(1.702 mm), indicating that the outer dowel pins and holes do
not play a significant role in the alignment. The diameters of the
outer “C” dowel pins and the outer “B” holes are very similar to
the original UG-387 interface [4] and so this ensures backward
compatibility with this earlier interface design.

Despite the improved alignment provided by the inner “D”
holes, many end-users prefer not to use additional insertable
dowel pins when making waveguide connections. Therefore,
some manufacturers have chosen to reduce the diameters of
the outer “B” holes to improve the overall interface alignment
without the need to use additional insertable dowel pins with the
inner “D” holes.

III. MEASUREMENTS

A. Dimensional Measurements

Dimensional measurements were made of the relative posi-
tions of the pinholes on a series of waveguide sections using
an F25 coordinate measuring machine (CMM) fitted with a
0.125 mm diameter ruby ball tip. The maximum error of length
measurement of this CMM is 0.25 μm for the range of dimen-
sions reported here. Measurements were made in the temperature
range of 20 °C± 0.1 °C. All reported dimensional measurements
are the mean of five measurement runs. The waveguide lines
were either 2′′ (≈ 50 mm) long sections manufactured by VDI,
or, short ¾-wavelength sections (typically, around 0.5 mm in
length) manufactured by SWISSto12. Both line types are used
as part of NPL’s primary national measurement system for
WM-380 waveguide (500–750 GHz): the 2′′ sections are used to
provide the test port reference planes for the VNA that is used as
the measurement system – there are two of these line sections.
The ¾-wave sections are used as standards during a specialized
thru-reflect-line calibration procedure [19] that uses two lines
of different nominal lengths. Four such ¾-wave line sections
were used in this investigation. These lines are designed to have
two nominal lengths (i.e., two lines for each length used for the
¾-wave TRL technique).

Fig. 3. (a) 2′′ waveguide line section (during dimensional measurement).
(b) ¾-Wave waveguide line section.

TABLE II
DIAMETER MEASUREMENTS OF THE TWO 2′′ WAVEGUIDE SECTIONS

A photo of one of the 2′′ waveguide line sections is shown in
Fig. 3(a). This photo was taken at the time when dimensional
measurements were being made on this line. A photo of one of
the ¾-wave lines is shown in Fig. 3(b). This ¾-wave line section
does not contain outer “C” dowel pins. Instead, it has four outer
“B” holes, which are used in conjunction with the two pairs of
outer “C” dowel pins on the VNA test ports for the alignment of
the line section during connection to the VNA test ports.

A summary of the measured diameters and positions for
the two 2′′ waveguide line sections, used as VNA test ports,
is given in Tables II and III, respectively. A summary of the
measured diameters and positions for the four ¾-wave lines,
used as calibration lines, is shown in Tables IV and V. These
measurements are relative to an origin defined as the midpoint
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TABLE III
POSITION MEASUREMENTS OF THE TWO 2′′ WAVEGUIDE SECTIONS

TABLE IV
DIAMETER MEASUREMENTS OF THE FOUR ¾-WAVE WAVEGUIDE SECTIONS

TABLE V
POSITION MEASUREMENTS OF THE FOUR ¾-WAVE WAVEGUIDE SECTIONS

between the centers of the two inner “D” holes, and, the y-axis
is defined as passing through the centers of the two “D” holes.

The measured diameters of the outer “B” holes on both the
2′′ and ¾-wave lines are between 1.62 and 1.63 mm (to two
decimal places). This is considerably less than the outer ”B” hole
diameter specified in the IEEE standard (i.e., 1.70 mm, to two
decimal places). However, the measured diameters of the outer
“C” dowel pins on the 2′′ lines (i.e., 1.56 mm, to two decimal
places) are very similar to the diameter value given in the IEEE
standard (i.e., 1.56 mm, to two decimal places). This shows that
the outer “C” dowel pins on the 2′′ lines will provide a tighter fit
to the outer “B” holes on both 2′′ and ¾-wave lines, compared
with the outer “B” holes specified in the IEEE standard. This
should improve interface alignment for the connections between
the 2′′ lines, and between the 2′′ lines and the ¾-wave lines.

The measured diameters of the inner “D” holes on the 2′′ lines
are approximately 1.60 mm, whereas the measured diameters
of the inner “D” holes on the ¾-wave lines are approximately

1.58 mm. Both these diameters are very close to the diam-
eter specified for the inner “D” holes in the IEEE standard
(i.e., 1.570 mm). This suggests that these inner “D” holes on
both 2′′ and ¾-wave lines, if used with appropriately-sized dowel
pins, should provide the degree of alignment described in the
IEEE standard, neglecting any error in alignment caused by the
position of these inner holes.

The measured positions, relative to the midpoint of the line
between the centers of the “D” holes, of the “B” holes are all
within 7 μm of the nominal values; the “D” holes are all within
4 μm of the nominal values; and, the “C” pins are within 13 μm
of the nominal values. This indicates that the manufacturers
have not departed significantly from the nominal dimensional
values for these holes and pins. This is to be expected since
a significant departure from these nominal values will likely
produce an interface that would no longer be compatible with
either the IEEE interface designs or designs based on the original
UG-387 interface.

B. Electrical Measurements

Based on the earlier mentioned dimensional measurements
and discussion concerning the resulting expected waveguide
interface alignment, some electrical measurements were made
of the repeatability of connection of the ¾-wave lines when
connected to the two 2′′ lines acting as VNA test ports.

Two types of connections were investigated.
1) With no dowel pins inserted into the inner “D” holes of

both the 2′′ lines and the ¾-wave lines during connection,
as is often the practice of many end-users.

2) With appropriately sized dowel pins inserted into the inner
“D” holes of both the 2′′ lines and the ¾-wave lines during
connection, as recommended in the IEEE standard.

The two dowel pins chosen for use with the inner “D” holes in
this investigation had the measured diameters of 1.564 mm and
1.554 mm. These diameter values are very close to the values
specified in the IEEE standard (i.e., 1.566 5 mm and 1.556 mm,
respectively), and so these dowel pins can be used, in conjunction
with the inner “D” holes on both the 2′′ and ¾-wave lines, to
emulate the interface connection described in the IEEE standard.

For each type of connection described above, six repeat mea-
surements were made of each of the four ¾-wave lines connected
to the two 2′′ lines, which were attached to the VNA extender
heads and used as test ports. The VNA was first calibrated using
a SOLT calibration using standards from a VDI calibration kit
[20]. Measurements were made from 500 to 750 GHz in 1 GHz
steps. The intermediate frequency bandwidth of the VNA was
set to 30 Hz with no numerical averaging. These settings were
used to provide adequate dynamic range and sensitivity for these
measurements.

For each connection of the four ¾-wave lines to the VNA
test ports (i.e., the 2′′ lines), the orientation of the ¾-wave line
with respect to the test ports was kept the same. This is done
so that any observed variability in the measurement results will
be due predominantly to the tolerances on the diameters of the
alignment dowel pins and holes used during connection (and no



RIDLER et al.: COMPARING STANDARDIZED AND MANUFACTURERS’ INTERFACES FOR WAVEGUIDES 457

Fig. 4. Type A standard uncertainty for the measured reflection coefficients
for Cal line 1: (a) with no dowel pins inserted into the inner “D” holes; (b) with
dowel pins inserted into the inner “D” holes.

variation in aperture alignment due to changing the orientation
of the line with respect to the VNA test ports).

For each set of n repeat measurements (in our case, n= 6), the
Type A standard uncertainty [21] for each reflection coefficient,
S11 and S22, was calculated. Calculations were performed on
the linear magnitude of each reflection coefficient. The Type
A standard uncertainty, u(|Sii|), quantifies the variability in the
six repeat measurements of each reflection coefficient, |Sii|, and
was calculated using (5) in [21]

u(|Sii|) =
√√√√ 1

n (n− 1)

n∑
k=1

(
|Sii|k − |Sιι|

)2

(i = 1, 2)

(1)
where

∣∣Sιι

∣∣ = 1

n

n∑
k=1

|Sii|k (i = 1, 2) . (2)

Values of u(|Sii|) were calculated at each frequency using
the six measurements for each line, for each of the two types of

Fig. 5. Type A standard uncertainty for the measured reflection coefficients
for Cal line 3: (a) with no dowel pins inserted into the inner “D” holes; (b) with
dowel pins inserted into the inner “D” holes.

connection (i.e., using insertable dowel pins, or without using
insertable dowel pins). Figs. 4 and 5 show the results, as Type A
standard uncertainty expressed in milli-units (mU), obtained for
two of the four ¾-wave lines. (Results for the other two ¾-wave
lines showed similar behavior.)

IV. DISCUSSION

For each line in this investigation, we can convert the Type A
standard uncertainty linear reflection coefficient values to a
worst-case reflection coefficient value in decibel, due to con-
nection repeatability, as follows.

1) Identify the maximum value of u(|Sii|) from all the values
of u(|S11|) and u(|S22|) at all frequencies.

2) Use (7) in [21] to convert the maximum value of u(|Sii|)
to the equivalent upper limit ε for |Sii|, using

ε =
√
3× u(|Sii|). (3)

This represents the worst-case (linear) reflection coeffi-
cient error, due to the connection repeatability, for each
line.
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TABLE VI
VALUES OF WORST-CASE REFLECTION COEFFICIENT ERROR FOR THE ¾-WAVE

LINES WHEN CONNECTED TO THE 2′′ TEST PORTS

3) Convert this worst-case linear reflection coefficient error
ε to the equivalent worst-case reflection coefficient error
in decibel using

α = 20log10ε. (4)

Values of α for each line, when connected with inner dowel
pins and with no inner dowel pins, are presented in Table VI.
These worst-case reflection coefficient errors are due to the
diameters of the alignment holes and pins. They do not take
into account the reflection due to the positional errors of the pin
holes relative to the waveguide aperture.

Table VI further illustrates that the use of dowel pins in
the inner dowel holes significantly improves the connection
alignment of these lines. On average, the worse-case reflection
coefficient error when no inner dowel pins are used is approx-
imately −30 dB, whereas when inner dowel pins are used, the
worst-case reflection coefficient is approximately −38 dB. In
both cases, this is significantly better than the worst-case value
given in the IEEE standard for the IEEE 1785-2a interface in
the WM-380 waveguide size (i.e., −26 dB). However, the IEEE
standard also includes reflection due to positional errors in the
waveguide apertures.

V. CONCLUSION

This article has described an investigation into the perfor-
mance of some waveguide interfaces used at submillimeter
wavelengths – in particular, interfaces found on waveguide lines
in the WM-380 waveguide size (used for frequencies from
500 GHz to 750 GHz). Waveguide lines from two manufacturers
were investigated: two 2′′ lines manufactured by VDI; four
¾-wave lines, manufactured by SWISSto12.

The investigation showed that both manufacturers have
slightly modified the sizes of some of the standardized alignment
features, i.e., by reducing the diameters of the two outer align-
ment holes. This provides a better fit for the fixed outer alignment
dowel pins when these interfaces are connected to each other.
Electrical measurements showed that this design modification
achieves very good electrical performance. However, it was also
shown that the reflection coefficient error can be further reduced
(typically to −38 dB) by using additional appropriately-sized
dowel pins into the inner holes on the waveguide interface. These
dowel pins had diameters that were close to the values specified
in the IEEE standard.

It is expected that most users of these interfaces will not use
the inner alignment holes when making routine waveguide con-
nections. This investigation has shown that these users should
obtain a reflection coefficient uncertainty comparable with that
expected from the IEEE standard. However, for specialist ap-
plications (e.g., in precision metrology), the use of dowel pins
inserted into the additional inner alignment holes will provide
even better (i.e., state-of-the-art) electrical performance.
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