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The Waveguide Below-Cutoff Attenuation Standard
David H. Russell

Abstract—A semitutorial review of the history, development,
and application of waveguide below-cutoff (WBCO) attenuation
standards is presented. A brief summary of the electromagnetic
(EM) theory is followed by descriptions of the various designs
implemented over a span of 60 years. Designs range from sim-
plistic to elaborate electromechanical creations that stretch the
toolmaker’s art yet are ultimately dependent upon the primary
standard of length.

Index Terms—Attenuators, calibration, high frequency, mea-
surements, standards, uncertainty, waveguide standards.

I. INTRODUCTION

I N THE CURRENT measurement world of automated vec-
tor network analyzers based on multiport reflectometers,

it is easy to lose sight of some of the underlying basic
standards of power, impedance, andattenuation. The wave-
guide below-cutoff (WBCO) attenuator propagating a single
evanescent mode down a uniform waveguide is nearly an
ideal primary standard since incremental attenuation can be
closely predicted from only a knowledge of its dimensions
within minor restraints of frequency of operation and deviation
from losslessness of the material used for fabrication of the
guide. Using the device at an intermediate frequency (IF)
such as 30 MHz with linear mixing to higher microwave
and millimeter wave frequencies, attenuation transfer standards
may be calibrated to nearly any desired degree of precision and
accuracy. Rotary vane waveguide attenuators are often used
for direct attenuation measurements at frequencies above 10
GHz because their attenuation law can also be theoretically
determined as a direct cosine squared function of vane an-
gle. Unfortunately, their inherent mechanical limitations have
tended to require cross checking with an IF system using the
WBCO attenuator as the absolute reference.

Techniques are required to ensure the validity, in practice,
of the theoretical computations used in designing a standard
WBCO attenuator. Since attenuation is basically the determi-
nation of a dimensionless ratio, methods have been devised
using multibranch networks to independently assess the minor
errors in WBCO devices due to deviation from losslessness of
the guide material and unsuppressed multimode propagation.
Other independent methods such as direct power ratio and dc
substitution are often used. At the National Institute of Stan-
dards and Technology (NIST), exact attenuation steps based
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on a superconducting quantum interference device (SQUID)
were successfully used to validate the estimated uncertainty
of a WBCO attenuation standard.

II. HISTORY

The earliest realizations of this WBCO technology date to
the 1930’s when Harnett and Case described the use of two
moving inductors in a circular tube to test receiver sensitivity
[1]. Applications were refined during World War II at the
Massachusetts Institute of Technology (MIT) Radiation Labo-
ratory in the United States, where cutoff attenuators with both
circular and rectangular cross sections were fabricated with
operating frequencies to 24 GHz [2]. This work was rapidly
advanced from 1945 to 1950 by Gainsborough, Grantham,
Freeman, Wheeler, Brown, Barlow, and Cullen, who refined
the earlier crude mechanical designs of WWII and applied
appropriate corrections so they could be used as true standards
of attenuation [3], [8].

The 1950’s through the 1970’s saw major thrusts in WBCO
design innovation and its establishment as a true primary
standard of attenuation through the efforts of such pioneers as
Allred, Hollway-Kelly, and Weinschel [9], [14]. These efforts
pushed the physical limits of materials and the limits of length
metrology to a point of diminishing returns. These “ultimate”
WBCO attenuators were developed at NIST [National Bureau
of Standards (NBS)] in the United States, the National Physical
Laboratory (NPL) in Great Britain, National Measurement
Laboratory (NML) in Australia, and in the commercial sector
at Weinschel Engineering in the United States. In later years
(1980’s), an automated “compact” version of the NPL primary
standard attenuator was commercially manufactured and sold
by Techtest, Ltd., although the precision guides were still fabri-
cated and measured at NPL. Weinschel Engineering developed
and marketed a similarly compact automated dual-frequency
WBCO attenuator during this period. Taken in their entirety,
this group still remains as world standards to which most
automated attenuation measurements are ultimately traced.

III. T HEORY

A cutoff attenuator may be designed for either a TM or
a TE mode of transmission. In designs using the TM mode
the guides are usually terminated in some form of disk where
the coupling is capacitive. In designs using the TE mode the
guides are terminated in a coil or loop and the coupling is
inductive.

A waveguide section, excited in one mode by a sinusoidal
signal at a frequency below cutoff, has an exponential decay of
field strength along its axis. The rate of decay may be closely
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predicted from a knowledge of the cross-sectional dimensions
of the guide. A moving probe which couples to the field
will therefore have a predictable output variation. The entire
assembly constitutes a standard of attenuation.

Practical WBCO attenuators are usually made from metal
tubes of uniform circular cross section for ease of precise
fabrication and because excitation symmetry is not critical.
Circular WBCO attenuators are operated in the dominant TE
mode. It is true that the dominant TEmode in the circular
guide is not far separated in frequency from higher undesired
modes, but these can be suppressed by metallic strips or
dielectric mode filters. In this type of attenuator the TM
mode is most likely to cause difficulty since its attenuation
rate is close to that of the TE mode. Mode filters have been
constructed that will suppress the TM modes by over 60 dB
with a corresponding decrease in the TEmode less than 0.5
dB [5].

Rectangular cross sections have been used and have the
advantages that there is greater separation between the cutoff
frequencies of higher modes and that the attenuation rates are
relatively greater for the unwanted modes above the dominant
TE mode. The difficulty and cost of fabricating WBCO
attenuators with rectangular cross sections and precise uni-
formity of dimension have generally precluded their use. Such
ultraprecise rectangular guides are usually only fabricated for
use as impedance standards.

A good approximation for the propagation constant of the
TE mode is given by ( is in Np/m) [11]

(1)

where

first root of the first derivative of the
first-order Bessel function of the first kind;
radius of waveguide cylinder;
frequency in Hertz;
dielectric constant of the medium inside the wave-
guide (relative, usually for air);

ms velocity of light;
permeability of guide wall (relative, usually taken to
be 1.000 00);
conductivity of guide wall.

An examination of the equation shows that the most im-
portant considerations other than radius are frequency and
conductivity. Brown [7] shows that the quantity in square
brackets contributes negligible phase shift at IF frequencies
in waveguides constructed of good conducting materials such

as brass and copper. The actual phase shift is thus typically
less than 1 in 100 dB of attenuation.

At lower frequencies, skin effect increases the effective elec-
trical radius of the guide and contributes large uncertainties,
especially since machining affects wall conductivity. For this
reason and the possibility of leakage through the attenuator
walls, WBCO attenuators are seldom used below 1 MHz. The
upper frequency limit is determined by the cutoff frequency
and the necessity to operate well below cutoff to decrease
the frequency dependence of the attenuator. At extremely
high frequencies (above 1 GHz), required guide dimensions
become so small that the necessary mechanical tolerances for
an accurate standard cannot be readily achieved.

Equation (1) requires dominant mode operation, which can
be achieved by proper excitation and adequate mode suppres-
sion or filtering. The coupling inductors used in the attenuator
must be sufficiently separated at all times to prevent mutual
coupling and loading effects from excessively affecting the
excited mode [11]. A separation equivalent to 30 dB (insertion
loss) will make this effect negligible. This is approximately
a linear separation equal to one guide diameter. Methods
to reduce this minimum insertion loss through feedback to
maintain a constant current in the excitation coil or that use
compensating networks to minimize interaction loading have
been partially successful [11], [14] but at the cost of added
complexity.

The remaining important considerations for the circular
WBCO attenuator relate to dimensional tolerances in the
guide and the resolution and accuracy with which the relative
displacement of the exciting and pickup coils can be measured.
The guide must not only be almost perfectly circular but also
must remain constant in diameter. If any ellipticity exists in
the guide, the propagation constant will be different from the
circular case, degenerate modes may be excited, and, further, if
the major axis has angular variations, this will produce devia-
tions from the exponential law. Typical commercially available
WBCO attenuators for use at IF frequencies have inside guide
diameters ranging from 0.75–1.5 in (1.905–3.810 cm) for
corresponding attenuation rates of 40–20 dB/in (1.813–0.907
Np/cm) displacement of the moving coil. Keeping uncertain-
ties to 0.005 dB per 10-dB increment requires tolerances of
a few ten-thousandths of an inch. Tolerances of the same
order are required in measuring displacement. The traditional
lead screw and mechanical counter have been replaced by
precision ruled scales and optical encoding devices. Much
greater precision and repeatability has been achieved using
interferometry and digital encoding and processing of ambient
parameters. Fig. 1 depicts a graph based on (1) with a perfectly
conducting guide operated well below cutoff. It shows the
relationships of size and attenuation rate for a typical WBCO
attenuator.

It is extremely satisfying to note that the theoretical com-
putations and corrections for conductivity, permeability, and
dielectric constant have been independently verified by several
methods, one of the most accurate being a SQUID since it
is based on magnetic flux quanta and stands alone as an
attenuation measuring device, although it is not the most
convenient to use [15], [17].
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Fig. 1. WBCO size versus attenuation rate.

IV. THE DEVICES

Most WBCO attenuators of extreme precision and accuracy
have been constructed to operate at or near 30 MHz, a
commonly used IF frequency that also requires less skin
depth correction than lower frequencies and is sufficiently far
enough below cutoff frequencies for practical guide diameters
that minimal frequency correction is needed. In recent years
1.25 MHz has been used as a reference frequency for some
automated vector network analyzers and WBCO attenuators
have been built to accommodate this frequency and have been
calibrated using a repeatable step of attenuation [26], [27]. This
lower frequency requires larger corrections for skin depth but
has been most successfully used in the Weinschel dual (1.25/30
MHz) frequency WBCO attenuator [25].

In the following paragraphs, descriptions are given of
WBCO attenuators which were fabricated in the United States,
England, and Australia and represent the vast majority of
precision devices of primary standards quality.

In the United States, NIST (NBS) in the U.S. Department
of Commerce and Weinschel Engineering in the private sec-
tor both devised and fabricated true state-of-the-art WBCO
devices and systems for their optimal utilization.

A. United States—NIST (NBS)

Historically, the WBCO attenuators fabricated at NIST
progressed from devices with guide diameters of .5 in and
a corresponding attenuation rate of about 60 dB/in through a
series of devices with guide diameters of about 1.5 in with
an attenuation rate of 20 dB/in to the current national primary
reference standard with a guide diameter of 3.2 in and an
attenuation rate of 10 dB/in.

The earliest (60 dB/in) models were totally dependent upon
a finely machined lead screw, a mechanical turns counter, and
a circular ruled dial for reading out incremental attenuation.
These could be read to 0.05 dB and had accuracies of the
same order. It soon became apparent that these devices took
too many turns of the adjustment handle and had insufficient
resolution for standards work.

The next series of devices moved to 20 dB/in of displace-
ment and were refined (several models were copied and sold
by private industry) over three decades from the mid-1950’s
to the mid-1980’s. To solve the adjustment speed problems,
the precision lead screw was combined with a rack and detent
mechanism to permit steps of 10 dB and fine adjustment from
each detent point. The lead screws became ever more precise
and the readout system employed preloaded ball-bearing nuts,
ultraprecise gear trains, and motor drives for rapid setting.

Even these devices were not quite adequate for secondary
standards lab references, and additional improvements were
made by incorporating precision ruled scales and optical
readouts to permit direct reading to 0.001 dB and interpo-
lation to 0.0001 dB. Accuracies approached 0.005 dB per 10
dB increment. Some of the final versions of these WBCO
attenuators were even retrofitted with corner cube reflectors
and linear position encoding interferometers to squeeze the
ultimate precision from these devices.

As these models were continually improved, a primary
reference 30-MHz WBCO attenuator was required at NIST to
calibrate them. Such an attenuator was designed and fabricated
by Allred and Cook in 1960 [11] and updated and reevaluated
over succeeding years by Russell, Adair, Marler, and Jargon
[18], [19]. The attenuator is vertically mounted, has an attenu-
ation rate of 10 dB/in with a guide diameter of 3.197 25 in, and
utilizes a laser interferometer for displacement measurement.

The system utilizing this attenuator for measurement of
other standards is unique throughout the world in that it is an
unmodulated two-channel system that places the test attenuator
in series with the standard, thus maintaining constant null
sensitivity at the detector. It incorporates a precision trombone-
type phase shifter to obtain null balance in phase while
the attenuator obtains null balance in amplitude [11]. The
null detector is an extremely sensitive receiver employing
quadrature detection, thus providing information for digital
control of the nulling process [20].

B. United States—Weinschel Engineering

A series of precision WBCO attenuators and associated
attenuation measurement systems were manufactured and mar-
keted at the same time that NIST was developing its series of
devices. Although the Weinschel designs employed circular
guide, they were fabricated of stainless steel rather than the
brass and copper of NIST, NPL, and NML. This required a
larger correction for the conductivity term in (1) as well as a
permeability correction. The material had two substantial ad-
vantages over other materials—it could be honed with superior
precision and it was very stable over time. The uncertainties
associated with these attenuators were comparable to the
secondary standards developed at NIST and were of the order
of 0.001 dB per 10 dB. The measurement system normally
used with these WBCO standards is also dual-channel, but
puts the test attenuator in the parallel channel, which is then
balanced in amplitude with the standard. Amplitude balance
is measured by square-wave modulation of the RF signal,
which is then detected as an amplitude null at the modulating
frequency. This scheme avoids the range-limiting effects of
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putting the test attenuator in series with the standard, but cre-
ates additional complexity due to the modulation requirement
and the constantly changing sensitivity of the null detector
[14]. As usual in technology, tradeoffs are always required.

In the 1980’s Weinschel developed a much more accurate
(0.0002–0.0003 dB per 10 dB) dual-frequency (1.25/30 MHz)
attenuator that was computer-controlled, employed a laser in-
terferometer for measurement, and featured built-in correction
for ambient variations in temperature and barometric pressure
[25], [26].

C. Australia—NML

Two of the most significant WBCO attenuators of primary
standards laboratory quality were developed at the NML in
Australia. The first, by Hollway and Kelly [13], was developed
in 1963, featured a silver-layered guide with an attenuation
constant of 20 dB/in, and operated at a frequency of 31.25
MHz. Displacement was measured with a precision ruled scale
combined with an optical readout. Uncertainty in measuring a
10-dB step was estimated to be 0.001 dB.

The second attenuator, using an electroformed guide and
a laser interferometer for displacement measurement, was
described in 1984 and yielded a resolution of 0.0001 dB
with an estimated uncertainty of 0.0005 dB in 10 dB. This
attenuator was vertically mounted like the NIST standard and
was one of the first described to use remote positioning and
control implementing the IEEE 488 computer bus [28].

D. United Kingdom—NPL

The NPL in England developed a similar WBCO attenuator
using a laser interferometer and an air-supported moving
piston to eliminate wear in the circular electroformed copper
guide. The moving piston and coil assembly was unique in
incorporating an RF oscillator which eliminated the problems
associated with flexible coaxial cables. A diode detector and
feedback loop were incorporated to ensure a constant RF level
to better than 0.0002 dB over 10 min. A second unique feature
associated with the moving “air-bearing” piston was its ability
to be used as a precision air gauge for checking the dimensions
of the electroformed copper guide [29].

This nonportable design was modified by Holland and
Yell into a compact “folded” horizontal design using a laser
interferometer and air-bearing piston during the late 1970’s,
which subsequently formed the basis in the mid-1980’s for
a commercial version manufactured by Techtest, Ltd., des-
ignated as model 310 [30]. This attenuator is remotely con-
trollable over an IEEE 488 interface controlling a high-speed
stepping motor which permits adjustment in steps of 0.0001
dB over a range of 120 dB. This guide has a diameter of
about 2 in corresponding to an attenuation constant of 16
dB/in. The estimated uncertainty is approximately 0.0002 dB
in 10 dB.

E. Validation of Uncertainty

One of the key issues in determining the accuracy of WBCO
attenuators is how to cross-check the uncertainty of the value
assigned to the attenuation constant computed using basic EM

Fig. 2. Laverick self-calibrating attenuation measurement system.

theory and estimated or measured guide size, conductivity, and
permeability. To carry this out, various schemes have been
used over the years for independent assessment of attenuators.

In the measurement of attenuation, a standard is not actually
required as it is basically the determination of a dimensionless
ratio. Methods devised for determining attenuation without a
standard can be tedious; however, they are valuable when an
adequate standard is not available. Most of these methods are
based on obtaining known signal ratios by “power division,”
adding, and subtracting of signals. About the same time, two
similar methods were independently developed by Allred [31]
and Laverick [32]. These two methods require three branch
systems and are shown in Figs. 2 and 3. In the Laverick
system, the signals in the three branches are adjusted for
equal output by nulling the upper arm where the “unknown”
is inserted against each of the other two arms using the
phase shifters and variable attenuators. The three branches are
connected together and the attenuator to be calibrated in the
“unknown” branch is set for a new null. This corresponds to
a 6.0206-dB change in attenuation. Repeating the operation
by switching the fixed branch in and out yields attenuation
increments of 3.5218 dB, 2.4988 dB, etc. (voltage ratios of
2, 3/2, 4/3).

The method of Allred is more complex and involves solving
a set of simultaneous equations, but it yields phase as well as
magnitude of the propagation constants of the variable (usually
WBCO) attenuators. The procedure is to balance the bridge
for a null with the insertion point closed and to note the
readings and of the two attenuators. Phase shifter
is normally adjusted so that the output voltages of the two
variable attenuators are approximately 90apart. The unknown
is inserted and the attenuators adjusted for a new null without
disturbing either phase shifter. The two new attenuator settings

and together with and are inserted in the following
equation involving the insertion ratio of the unknown:

where and are the propagation constants of the two
attenuators and is a constant of the system expressing
the relative phase angle and relative magnitude of the output
voltages of the two attenuators. By changing phase shifter

to a new setting and repeating the procedure, a set
of simultaneous equations is obtained involving the same
insertion ratio . These equations may then be used to solve
for the unknowns , , , and .
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Fig. 3. Allred three-channel self-calibrating attenuation measurement system.

Other “absolute” methods have been described by Davies in
1962 and by Somlo in 1978 [33], [34]. A number of sources
of error are present with all of these systems of measurement
even though those associated with the standard of attenuation
have been eliminated. For example, there are reflections at
the insertion point of the test attenuator that cause errors and
changes in reflection that affect the power division between
channels. Further, there are minor changes due to phase shift
adjustment, and limited resolution can cause cumulative small
errors to creep in with each step of the measurement process.

Some of the other approaches involve direct power ratio
measurement using dc substitution and a truly innovative
approach using fixed voltage steps based upon the Josephson
junction effect (SQUID’s) [17].

In direct power ratio or dc substitution some sort of con-
verter is ordinarily used to produce a change in dc power as
a function of the RF power to be measured. It is necessary
to know precisely how much the converter deviates from its
ideal “law” in order to obtain accurate results. A dc substi-
tution technique was used by Engen and Beatty employing
bolometers (thermistors) in a balanced bridge arrangement
to measure low values of attenuation with extreme precision
(0.0001 dB) [23]. Other variations on this technique employed
by Stelzreid yielded similar precision in evaluating standards
of attenuation [24].

A totally independent method of evaluating the uncertainty
of a precision WBCO attenuator using a SQUID was employed
at NIST in 1974 by Kamper, Hoer, and Adair [17]. A SQUID is
a loop of superconducting metal closed by a weak point contact
called a Josephson junction. Operating in liquid helium, it
converts variations in magnetic flux to periodic variations
in impedance which are sensed at microwave frequencies.
Changes in input RF are indicated as a series of nulls at a
microwave frequency which are counted and their values com-
puted from a table of Bessel functions. Using a carefully cali-
brated NIST WBCO attenuator as the test device, the values for
its attenuation increments computed from the number of nulls
agreed to better than 0.002 dB over a 50-dB range. The agree-
ment between the values assigned to the WBCO attenuator and
the values measured in the SQUID system were so close that
it was difficult to say which system was testing which (Fig. 4).

Fig. 4. WBCO comparison with SQUID.

A major attenuation intercomparison at 30 MHz was con-
ducted in 1978 under the auspices of the Bureau of Interna-
tional Weights and Measures (BIPM) and thoroughly validated
the theory underlying the uncertainties assigned to these de-
vices in primary laboratories all over the world [35]. Other
than a few offsets due, in retrospect, to experimental error, the
results of the intercomparison show amazing agreement among
the participating laboratories which included France, Germany,
Hungary, Sweden, England, Australia, the U.S., and Japan.

V. CONCLUSIONS

The WBCO attenuator has established itself as a primary
standard of great dynamic range, which was brought to a peak
in design technology in the 1980’s.

Limitations on the physical properties of materials, escalat-
ing costs, and the advent of vector network analyzers have
essentially terminated further refinements in the design and
implementation of these devices. At this time, their use in
ultimate form is confined to the primary standards laboratories.

A review of their development history is a review of the
history of standardization and measurement itself.
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