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Insertable Waveguide Verification Standards for the Electromagnetic
Characterization of Materials
Jonathan L. Frasch1 , Edward J. Rothwell2, * , Premjeet Chahal2 , and John Doroshewitz2

Abstract—A process is introduced to design and validate insertable rectangular-waveguide veriﬁcation
standards for the electromagnetic characterization of materials using the Nicolson-Ross-Weir method.
Each insertable structure consists of a series of metal steps that acts as a surrogate material exhibiting
smooth and predictable permittivity and permeability characteristics across the waveguide band. These
known material properties can be used to assess the performance of material characterization systems.
Since the veriﬁcation standards are inserted into the waveguide in the same manner as samples under
test, each step in the normal measurement procedure is duplicated. A speciﬁc example of an S-band
veriﬁcation standard is presented, with the standard fabricated using two diﬀerent methods. The ﬁrst
standard is machined from a solid metal block while the second is constructed by metalizing a 3D
printed polymer structure. Comparison of the predicted material parameters to those extracted from
experimental data demonstrates the utility of the proposed insertable standards.

1. INTRODUCTION
The demand for novel materials for use in radio frequency (RF) systems has led to the introduction of
a variety of artiﬁcial and engineered materials [1]. These include exotic constructions using graphene
nanoribbons [2] and polymer ceramics [3]. A particularly important application of composite materials
is for the construction of EMI shielding [4] and microwave absorbers [5,6]. These materials exhibit both
magnetic and dielectric loss. Similarly, new techniques for miniaturizing RF components require that
a material have both magnetic and dielectric properties [7]. The electromagnetic properties of all these
materials are diﬃcult to predict with any accuracy, due to modeling uncertainties and variabilities in the
manufacturing process. Thus, the permittivity and permeability of engineered materials are generally
determined through laboratory measurements.
One widely used technique for measuring both the permittivity and permeability of material samples
is the rectangular waveguide method [8–10]. A block of material is inserted into a rectangular waveguide
so that it occupies the entire cross-section and measurements of the reﬂection and transmission Sparameters are made. The Nicolson-Ross-Weir (NRW) method is then used to ﬁnd the complex
values of the permittivity,  = 0 (r − jr ), and the permeability, μ = μ0 (μr − jμr ), from closedform expressions [11, 12]. The rectangular waveguide technique has advantages over such alternative
methods as free-space systems, including high signal strength, simplicity of sample preparation, and
accurate knowledge of the applied ﬁeld.
Rectangular waveguide measurement techniques have been developed over a period of years by the
National Institute of Standards and Technology (NIST) [13,14] and are codiﬁed by ASTM International
(originally the American Society for Testing and Materials) under the standard ASTM D5568 [15]. An
important step in the D5568 procedure is the veriﬁcation of system calibration using a known sample
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of material. The known sample is placed into the guide in the same manner as the unknown sample,
and the S-parameters are measured. The properties of the veriﬁcation sample are then extracted and
compared to the known properties of the material. If the comparison is suﬃciently close, the system may
be used with conﬁdence. If not, both the system and the process are inspected for errors. The D5568
R
R
(cross-linked polystyrene) or Teﬂon
(polytetraﬂuoroethylene).
standard suggests the use of Rexolite
These plastics are highly stable, and have well-characterized values of permittivity. In fact, Rexolite
and Teﬂon are used as veriﬁcation standards in a wide variety of material measurement systems [16–20].
While plastic veriﬁcation standards are highly useful for characterizing dielectric materials, no
equivalent magnetic materials exist for characterizing materials with both dielectric and magnetic
properties. Materials with signiﬁcant magnetic properties at microwave frequencies have characteristics
that are diﬃcult to reproduce in a reliable manner. Since these materials usually consist of magnetic
particles dispersed within a polymer matrix, there is signiﬁcant variability between samples, and
materials with highly predictable properties cannot be reproduced reliably. Therefore, there is a need
for a surrogate material sample that can be constructed with high accuracy, having the equivalent
magnetic properties of typical microwave materials when characterized using the NRW method.
Recently, an all-metal material surrogate was proposed by Crowgey et al. [21] that can be duplicated
with high precision using normal machining techniques. When characterized using the NRW method,
the surrogate produces properties similar to those of typical magnetic materials and thus can be used
to verify the proper performance of the measurement system. However, since the structure is assembled
from several stacked waveguide irises, the procedure used to validate the measurement system is not
the same as that used to measure the properties of sample materials. In this paper, a new waveguide
surrogate material is proposed that can be inserted into the waveguide in the same manner as the sample
under test, thus producing a veriﬁcation procedure identical to the normal measurement procedure.
The proposed material surrogate is a solid metallic block that ﬁlls the waveguide horizontally, but
not vertically. A speciﬁed number of slots are machined into the block producing a structure with
vertical steps that can be easily analyzed using mode matching. By using a genetic algorithm (GA), the
heights and widths of the slots are chosen so that the equivalent material parameters, when extracted
using the NRW method, are smooth and slowly changing across the measurement band, and best match
those of speciﬁed target values.
An additional beneﬁt of the proposed material surrogate is that it is smaller and can be made lighter
than the solid blocks of dielectric that are currently used as veriﬁcation standards. Many organizations
use large waveguides, such as WR-1800, to measure material properties in the low microwave and
UHF bands. Samples are cumbersome to maneuver and diﬃcult to insert into large waveguides (often
mallets must be used to force the samples in, so as to reduce air gaps). The solid metal surrogate
may be hollowed out to reduce its weight, and the 3-D printed standard is inherently much lighter
than a full-size sample. Ease of insertion signiﬁcantly reduces the labor required for veriﬁcation. As an
example, a Rexolite veriﬁcation sample for WR-1800 waveguide (457.2 by 228.6 mm cross-section) has a
volume of approximately 12,000 cm3 and a mass of over 17 kg. In comparison, an aluminum veriﬁcation
standard based on the design described below (and hollowed slightly) has a mass of only 2.6 kg.
The procedure for designing the proposed veriﬁcation standard is outlined, and a design for Sband waveguide is described. Measurements of two standards, one fabricated through a conventional
machining process and one by 3D printing and electroplating, are provided for the design. Excellent
agreement between the measured material parameters and those predicted by analysis validates using
these standards for veriﬁcation purposes.
2. DESIGN REQUIREMENTS AND PROCEDURE
The proposed veriﬁcation standards fully span the width of the waveguide but only partially ﬁll the
height. Because their composition is metallic, the surrogate possesses little loss and can safely be
modeled as being made from a perfect electric conductor. The length of the surrogate is speciﬁed, and
divided into NL sections of equal length ΔL . The heights of these sections are determined by a GA
such that the material parameters extracted using the NRW method best match those of chosen target
values. The speciﬁc GA used in this work was synthesized using components from techniques outlined
in [22]. The resulting structure consists of a number of vertical steps that can be easily machined, and
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can also be easily analyzed using standard mode-matching approaches [21]. To reduce the complexity
of the problem, and to produce a structure that mimics the symmetry of actual samples, the steps are
speciﬁed as mirrored pairs, resulting in S11 = S22 .
In addition to the symmetry requirement, the following constraints are applied to the designs:
(i) The height of the waveguide is discretized into NH identical values of height ΔH , and the vertical
dimension of each section is chosen as a multiple of ΔH . The maximum allowed height is (NH −1)ΔH
while the minimum allowed height is ΔH . This ensures that the structure does not block the
waveguide completely and that it may be machined as one continuous piece.
(ii) The length of the surrogate is chosen such that the logarithm function used in the NRW method to
extract the material parameters occupies a single Riemann surface for the entire frequency band.
This prevents the discontinuous jumps in permittivity and permeability that occur when the surface
boundaries are crossed as frequency changes.
It is important to carefully consider the number of sections and discretized heights to use. Allowing
larger values of NL and NH produces greater design ﬂexibility, but also creates a much larger search
space for the GA to explore. A well designed GA will navigate the solution space toward optimal
points, but it can take signiﬁcantly more time to ﬁnd better designs if the problem is very large. For
the designs presented in this paper, which have relatively few sections, only a few generations were
required to converge to an acceptable design. The actual time required to determine a typical design
was approximately 1–2 hours of computer time using a 3.7 GHz Intel Core i7-4820K CPU with 64 GB of
RAM. Also, since the length of the surrogate is restricted by the Riemann surface requirement, the use of
a large number of sections introduces manufacturing diﬃculties. For higher-frequency waveguide bands
the sections become narrow, and deformation from stress relaxation can occur in machined structures.
The GA ﬁtness function is constructed by using the theoretical S-parameters, as determined from
mode matching, to compute values of  and µ with the NRW method. The diﬀerence between extracted
values of permittivity and permeability and target values speciﬁed by the designer is computed and a
ﬁtness bonus is assigned based on the variation of the extracted parameters across the frequency band
(with the goal to produce parameters as frequency-independent as possible).
3. FABRICATION AND TESTING OF A BRASS WR-284 STANDARD
As a speciﬁc example, a veriﬁcation standard was designed for an S-Band, WR-284 waveguide of width
2.84 inch (72.14 mm) and height 1.34 inch (34.04 mm), covering an operating band of 2.6-3.95 GHz.
The structure is 0.7 inch (17.78 mm) long and is divided into six sections, alternating between 0.1 inch
(2.54 mm) and 0.15 inch (3.81 mm) in length, as shown in Table 1. Each section was discretized into
NH = 20 heights of ΔH = 0.067 inch (1.7018 mm). A target permittivity of 6 − j0 and permeability
of 6 − j0 were chosen because of their interest to the end user. Note that by assuming the metallic
structure to be perfectly conducting, the imaginary parts of µ and  either are zero, or have opposite
signs [23]. Since positive imaginary parts are unphysical, the imaginary parts of the target parameters
were set to zero.
The GA was run to determine the heights of the sections. Several adequate results were obtained,
with the dimensions of the one most amenable to fabrication described in Table 1.
Table 1. Dimensions of the tested WR 284 standard.
Section
1
2
3
4
5
6

Width (mm)
2.54
3.81
2.54
2.54
3.81
2.54

Height (mm)
0.34036
0.8509
0.34036
0.34036
0.8509
0.34036

186

Frasch et al.

Figure 1. Brass WR-284 veriﬁcation standard.

Measured

Figure 2. WR-284 waveguide sample holder with
veriﬁcation standard in place.
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Figure 3. Relative permittivity of the brass WR284 veriﬁcation standard.
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Figure 4. Measurement error and standard
deviation of the measured permittivity for the
brass WR-284 veriﬁcation standard.

The veriﬁcation standard described in Table 1 was machined from brass stock; the fabricated
structure is shown in Figure 1. Note that this particular standard has a very low proﬁle and thus is
lightweight and easy to machine. Figure 2 shows the sample holder with the standard in place. Use
of a NanoMap-500LS Contact Surface Proﬁlometer over 12.7 mm of the top surface of the standard,
with a data resolution of 1.3 µm, revealed a standard deviation of the surface elevation to be 1.3139 µm.
The sample was measured using an Agilent E5071C network analyzer with two coaxial-to-waveguide
transitions attached to two 5 inch (127 mm) waveguide extensions. Calibration was carried out using
the TRL procedure and a 1.1875 inch (30.1625 mm) sample holder was placed between the waveguide
extensions. The veriﬁcation standard was then placed into the sample holder with its front face ﬂush with
the calibration plane of port 1. Deembedding was used to obtain the scattering parameters referenced
to the front and rear faces of the veriﬁcation standard.
The veriﬁcation standard was measured 7 times, calibrating at the beginning and again between
the ﬁfth and sixth measurements. The standard was removed and reseated in the sample holder for
each measurement. The averages of the extracted parameters are shown in Figures 3 and 5, along with
the theoretical values found using mode matching. Excellent agreement is seen for both  and µ across
the band. The absolute diﬀerences between the parameters obtained from measurement and theory
are shown in Figures 4 and 6, along with the sample standard deviations for the measurements. The
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Figure 5. Relative permeability of the brass WR284 veriﬁcation standard.
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Figure 6. Measurement error and standard
deviation of the measured permeability for the
brass WR-284 veriﬁcation standard.

nonzero imaginary parts of µ and  could be due to the loss in the brass, or to a slight asymmetry of
the fabricated structure. As described in [23], only when the structure is lossless and S11 = S22 will
the extracted material parameters have zero imaginary part across the band. Even so, since the sample
standard deviations are very small, measurement of the waveguide standard can be repeated with high
reliability.
4. FABRICATION AND TESTING OF A 3D-PRINTED WR-284 STANDARD
Three-dimensional printing is proved to be an aﬀordable technology for fabricating waveguide
components [24]. The part is printed as a polymer object and then sputtered or electroplated with
a metal coating. Care must be taken to ensure that the thickness of the metal coating is signiﬁcantly
larger than a skin depth for the frequencies of operation. In the case of S-band, one skin depth of copper
is approximately 1.3 microns.
A duplicate of the brass WR-284 veriﬁcation standard described in the previous section was printed
using an Objet Connex350 printer and VeroWhite material. Two small holes were printed into the
part to allow electroplating wires to be inserted. After printing, the part was sputter coated with a
300 nm layer of titanium followed by a 1 micron layer of copper. The part was then electroplated with
approximately 5 microns of copper to achieve a coating much thicker than a skin depth. Use of a
NanoMap-500LS Contact Surface Proﬁlometer over 12.7 mm of the top surface of the standard, with a
data resolution of 1.3 µm, revealed a standard deviation of the surface elevation to be 2.8396 µm. The
fabricated part is shown in Figure 7.
The 3-D-printed veriﬁcation standard was measured 7 times, calibrating at the beginning and
again between the ﬁfth and sixth measurements. As with the brass standard, the 3-D-printed standard
was removed and reseated in the sample holder for each measurement. The averages of the extracted
parameters are shown in Figures 8 and 10, along with the theoretical values found using mode matching.
Excellent agreement is seen for both  and µ across the band. The absolute diﬀerences between
measurement and theory are shown in Figures 9 and 11, along with the sample standard deviations
for the measurements. Note that both the errors and the standard deviations are somewhat higher than
for the brass veriﬁcation standard. Non-uniform deposition and chaﬃng of copper, a slight bowing of
the printed part, and surface roughness are probably the cause. These will produce a greater diﬀerence
between measurement and theory than is present with the machined brass. Also, since the orientation
of the veriﬁcation standard was changed between measurements, non-uniformities will increase the
measurement standard deviation. Regardless, the agreement between experiment and theory is quite
good, giving a second fabrication option other than machining.

188

Frasch et al.

Figure 7. 3-D printed WR-284 veriﬁcation standard with copper electroplating.
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Figure 8. Relative permittivity of the 3-Dprinted WR-284 veriﬁcation standard.
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Figure 9. Measurement error and standard
deviation of the measured permittivity for the 3D-printed WR-284 veriﬁcation standard.

5. 3-D MANUFACTURING OF PROPOSED VERIFICATION STANDARDS FOR
HIGHER FREQUENCY MEASUREMENTS
The weight beneﬁt of 3-D printed veriﬁcation standards over those constructed using classical machining
techniques is most obvious at lower frequencies where sample size can be quite large. At higher
frequencies, the advantages of ease of construction and low cost remain. It is useful to consider
the current technological limits that determine the upper frequency range of 3-D printed veriﬁcation
standards.
Additive manufacturing (AM), or 3D printing, has recently gained much attention from the
electromagnetics community, which touts it as a replacement for traditional manufacturing and a
potential to change the way high-frequency components are designed and manufactured. It promises
to produce complex components that are diﬃcult to realize using conventional techniques and provides
new opportunities for novel system designs along with reduced time to prototype. There is a range of
AM print technologies that are readily available, each with its speciﬁc print properties and reliance on
the materials adapted to the print process. Polymers in various forms such as photosensitive, liquid
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Figure 10. Relative permeability of the 3-Dprinted WR-284 veriﬁcation standard.
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Figure 11. Measurement error and standard
deviation of the measured permeability for the 3D-printed WR-284 veriﬁcation standard.

solutions or thermoplastic melts, have been successfully adopted for the printing of high-resolution parts
with a smooth surface.
Printed plastic components followed by electroless copper plating (with thickness greater than 5
skin depths) have been used to demonstrate metal waveguides working in the millimeter wave and
terahertz (THz) frequency range [24, 25]. It is shown that a print resolution of less than λ/50 is
needed to achieve low losses in waveguides. For this paper, a polyjet process was used to fabricate
the veriﬁcation standards using a commercial system, Objet Connex350. In this process, droplets of
photosensitive polymer material are selectively deposited and cross-linked using ultraviolet light. This
approach provides a print resolution as high as 16 µm (or better than 25 µm with good repeatability
over a large area) and with surface roughness less than 4 µm. Thus, it is possible to print waveguide
components working in the millimeter wave range using this technology. The veriﬁcation standards
described in this paper were printed with tight tolerances, and the surface roughness was reduced below
2 µm by mechanical polishing before copper deposition.
6. CONCLUSIONS
A process has been presented to design and evaluate waveguide standards for verifying the electric
and magnetic properties of materials that are extracted using the Nicolson-Ross-Weir method. Each
standard consists of a slotted metallic block that is inserted into the waveguide in the same manner
as actual sample materials. Thus, the steps used in the veriﬁcation process mimic the steps taken
to measure a sample under test. Because the veriﬁcation standards are made of metal, they can be
machined to high accuracy, and are thus highly repeatable.
An S-band waveguide example is presented using two methods of fabrication. The design was
determined by using a genetic algorithm to match the extracted parameters found from theoretical
mode-matching data to chosen target values. The material parameters extracted from measurements
of the fabricated standards match well with those determined from theoretical data, and the relatively
small standard deviations from repeated measurements demonstrate that consistent and repeatable
results may be obtained using simple construction methods, such as machining or 3-D printing.
While 3-D printing oﬀers great weight and cost savings, the manufacturing tolerances are not yet
as tight as for the machining process. Care is needed to ensure that the metallic coating is suitable and
that the desired shape of the part is properly produced. With care, 3-D printing has the potential to
produce accurately manufactured veriﬁcation standards into the millimeter-wave range. However, the
durability of the 3-D-printed standards is uncertain. It is suspected that over time the metallic coating
may need to be reapplied due to wear. Although the copper used in the present process is subject to
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oxidation, a small coating of a non-reactive metal such as gold might be used to protect the standard.
As 3-D printing processes are improved, it is expected that the manufacturing tolerances will become
comparable to more mature manufacturing techniques, and that direct 3-D printing of metallic parts
may become aﬀordable.
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