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ABSTRACT. Dielectric measurements of plastic explosives using a loaded waveguide technique
via vector network analyzer and banded millimeter wave extender modules operat-
ing at V-band (50 to 75 GHz) are performed. A portion of an explosive sample is
inserted into a waveguide shim 2 mm in length and trimmed flush with the faces
of the shim. Two-port S-parameter measurements are conducted on the explosive;
the empty shim is similarly characterized. Using standard waveguide equations and
the measured length of the shim, the complex S-parameter data obtained with the
filled shim is optimized to four free parameters—complex permittivity and distance
offsets for the two sample faces relative to the calibration planes. Permittivity data
obtained from measurements of the plastic explosives C-4, Primasheet 1000,
Primasheet 2000 and Semtex 10 are presented. Results obtained for C-4 and
Primasheet 1000 are comparable to other data in the literature, and the data on
Primasheet 2000 and Semtex 10 are the first known published permittivity values
in this range. Excellent agreement between the experiment and the fit is obtained
using a constant permittivity across the waveguide band, indicating that dispersion is
not significant for these materials.
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1 Introduction
The Transportation Security Laboratory, operated by the U.S. Department of Homeland
Security’s Science and Technology Directorate, performs dielectric measurements on explosives
for the purpose of designing simulants to support the test and evaluation of advanced imaging
technology (AIT)1–5 systems deployed for explosives detection. The development of AIT sys-
tems, such as the Rohde and Schwarz QPS imaging systems,6–9 operating in the range of 70 to
80 GHz necessitates that the dielectric properties of explosives be measured at higher frequen-
cies. Past studies have used techniques such as resonant cavities1 and free space methods10 to
characterize these materials. Going to higher frequencies using resonant cavities has been chal-
lenging. As the frequency increases, the wavelength gets smaller, and the resonant cavities must
decrease in size with the wavelength. As a result, repeatability of the polyethylene fixtures used
for these measurements have been poor as the wavelength approaches machining tolerances. Free
space methods, although simple, require significant sample sizes (4 inches in diameter) and a
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uniform thickness. Getting uniform samples of a sticky putty substance, such as C-4, is
challenging, and the size significantly increases the safety hazards.

The loaded waveguide technique for permittivity measurements has been used to character-
ize solid materials, such as plastics,11 glass,12 and concrete,13 as well as liquid and granular
materials.14,15 The use of waveguides for permittivity measurements has also been adopted
as an ASTM international standard method.16 When coupled with the aforementioned challenges
to using other techniques, the loaded waveguide technique is particularly attractive for semi-solid
explosives. The loaded waveguide can be filled by hand, and the volume of the sample can be
reduced from the order of 100 milliliters (free space method) to tens of microliters, dramatically
increasing the safety of the measurements.

This report documents the dielectric characterization of the explosives C-4, Primasheet
1000, Primasheet 2000, and Semtex 10 using a V-band (50 to 75 GHz) loaded waveguide tech-
nique. The theory of this technique and adaptations made to account for the nature of the sample
are presented. Data obtained on the empty waveguide fixture are used to both determine the
length of the sample holder and ensure that the fixture is in agreement with waveguide theory.
Permittivity results of the plastic explosives are presented and discussed relative to other values
available in the literature.

2 Methods and Techniques
Figure 1 displays a diagram of the loaded waveguide method used in this work. The theory of
electromagnetic propagation in a rectangular waveguide and its interaction with a dielectric sam-
ple are well understood.11,17 Briefly, the scattering parameters (S-parameters) obtained from a
measurement of a sample are given as

EQ-TARGET;temp:intralink-;e001;114;451S11 ¼ R2
1Γ

ð1 − T2Þ
1 − Γ2T2

; (1)

EQ-TARGET;temp:intralink-;e002;114;404S22 ¼ R2
2Γ

ð1 − T2Þ
1 − Γ2T2

; (2)

EQ-TARGET;temp:intralink-;e003;114;374S21 ¼ S12 ¼ R1R2T
ð1 − Γ2Þ
1 − Γ2T2

; (3)

where Γ is the reflection coefficient of an infinite sample, T is the propagation factor, and R1 and
R2 are the calibration plane transformation factors. These are further defined as

EQ-TARGET;temp:intralink-;e004;114;333Γ ¼ γ0 − γ

γ0 þ γ
; (4)

EQ-TARGET;temp:intralink-;e005;114;287T ¼ expð−γLsampleÞ; (5)

EQ-TARGET;temp:intralink-;e006;114;269γ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2c − εrκ

2
0

q
; (6)

EQ-TARGET;temp:intralink-;e007;114;243γ0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κ2c − κ20

q
; (7)

Fig. 1 Diagram for the measurement of a dielectric sample in a rectangular waveguide. L1 and L2
can be positive (sample interface farther from a port relative to the reference plane) or negative
(closer to the port). S12 and S22 are not depicted for clarity.
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EQ-TARGET;temp:intralink-;e008;117;724R1 ¼ expð−γ0L1Þ; (8)

EQ-TARGET;temp:intralink-;e009;117;707R2 ¼ expð−γ0L2Þ; (9)

where γ0 and γ represent the wave propagation constants of the empty and sample-filled wave-
guides, respectively, Lsample is the sample thickness, εr is the relative permittivity of the sample,
L1 and L2 are the distances between the calibration planes and the sample surfaces, κ0 is the
wavenumber in free space ðκ0 ¼ ω∕cÞ, and κc is the cutoff wavenumber of the TE10 (dominant)
mode, given by κc ¼ π∕a, where a is the width of the waveguide.

The calibration planes are separated by Lshim, an arbitrary length of waveguide containing
the sample of interest, as illustrated in Fig. 1. For a sample of dielectric material with surfaces that
are exactly at the reference planes (Lsample ¼ Lshim), L1 and L2 are zero, leading to R1 ¼ R2 ¼ 1

and, subsequently, S11 ¼ S22. This allows Eqs. (1)–(3) to be fit with only the real and imaginary
portions of permittivity as free parameters. As an example, Fig. 2 shows the measured and cal-
culated S-parameters for an empty (εr ¼ 1) section of a waveguide shim, 4.153 mm in length.
Both the real and imaginary S11∕S22 curves are zero as there is no sample to cause reflections,
whereas S21∕S12 vary sinusoidally as expected from the propagation phase. The calculated S-
parameters are in excellent agreement with the measured data. In the absence of dispersion and
sample inhomogeneity, a single real and imaginary permittivity value can be applied to the entire
bandwidth of the waveguide measurement system; the entire set of S-parameter data can then be
simulated by only two free parameters with no frequency dependence.

In the event that one or both of the sample surfaces are not at the calibration plane, L1 and L2

will be non-zero, causing R1 and/or R2 to no longer be in unity. This change is observed as a
splitting of the S11 and S22 data that is dependent on frequency. Hence, L1 and L2 must be
accounted for to properly fit the data.18 Figure 1 illustrates that L1 and L2 are positive when
the sample surface is farther from the port than the calibration plane. Conversely, when the sam-
ple surface sticks out of the shim, thus moving past the reference plane, L1 and L2 are negative in
sign, and Lsample becomes larger. The materials of interest are soft putties not machined to fixed
dimensions. Samples are prepared by fully packing the waveguide shim, but even careful prepa-
ration and handling can lead to sample surfaces not located at the calibration planes. Changes in
these surface locations could also result in an incorrect sample thickness, causing an error in the
measured permittivity values. Instead of relying on a fixed sample thickness, the distance Lshim

between the calibration planes is used in conjunction with L1 and L2 to obtain the sample thick-
ness for calculating permittivity using the relation
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Fig. 2 Measured (solid) and calculated (dashed) S-parameters for an empty 4.153 mm length V-
band shim. S11 and S22 overlap at zero, whereas S21 and S12 are symmetric and vary sinusoidally.
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EQ-TARGET;temp:intralink-;e010;114;475Lsample ¼ Lshim − L1 − L2: (10)

Figure 3 shows an example of the effect on S-parameters produced by a shift in the sample
location. Plastic explosives are weakly absorbing and typically have low permittivity at micro-
wave frequencies,19 so a value εr ¼ 2.7 − 0.01i is adopted a priori for this simulation and will be
seen later to be representative of measurements at V-band. The simulated S-parameters (solid
lines) are for a 2 mm thick sample contained in a 2 mm shim in which the sample has been shifted
toward port 2 by 0.05 mm. L1 is now þ0.05 mm, and L2 is now −0.05 mm. The shift in the
sample with respect to the calibration planes causes a splitting of the S11 and S22 real and imagi-
nary data that varies with frequency. The addition of L1 and L2 brings the total of free parameters
to four but allows for the effects seen in the simulated S-parameter data to be accounted for.

3 Experimental Procedure
AKeysight Technologies N5245A PNA-X 50 GHz network analyzer was used in conjunction with
two OML Inc. V-band (WR-15) waveguide transceivers operating in the frequency range of 50 to
75 GHz. Data were collected in increments of 10 MHz (2501 points) with an intermediate
frequency bandwidth of 3 kHz. The transceivers were calibrated using OML’s TRL (thru, reflect,
line) calibration kit with measurements of shorts on both ports, a null thru, plus a nullþ1∕4 λ thru.
A (nominally) 2 mm length shim obtained from Pasternack Enterprises Inc. was used as the sample
holder, with a sample volume of 14 microliters (3.76 mm × 1.88 mm × 2 mm). A series of 1- and
2-port measurements, 24 in total, were performed on the 2 mm shim to determine the value of
Lshim. The shim thickness was optimized to the data using Eqs. (1)–(3), using length as the only
free parameter.

Table 1 contains the explosives investigated in this work. Samples were manually packed
into the waveguide shim, with care taken to pack as uniformly, and as completely, as possible. A
plastic spatula was used to trim excess material from the faces of the shim, bringing the sample as
close to the shim thickness as possible to minimize L1 and L2. Figure 4 contains representative
images of samples packed into the waveguide shim. The sample shim was inserted between the
OML transceivers, and a two-port measurement was performed. Five measurements were per-
formed, with the waveguide shim emptied and repacked after each measurement from different
parts of the sample to obtain statistical variability. Experimental data were imported into
MATLAB and fit to Eqs. (1)–(3) using a least squares fitting algorithm with εr (real, ε 0, and
imaginary, ε 00), L1, and L2 as free parameters.
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Fig. 3 Illustration of the effect on the S-parameters caused by a 0.05 mm shift in the sample loca-
tion, leading to a splitting of S11 and S22 data. Parameters for the simulation were εr ¼ 2.7 − 0.01i ,
Lsample ¼ Lshim ¼ 2 mm, L1 ¼ þ0.05 mm, L2 ¼ −0.05 mm. Solid lines represent simulated data
and dashed/dotted lines represent optimized fits of the data.
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4 Quality Control of Waveguide SHIMS
Figure 5 shows a representative two-port S-parameter data (solid lines) of the empty Pasternack
2 mm shim along with calculated S-parameters (dashed lines). Because the shim is empty, S11 ¼
S22 and S12 ¼ S21. Excellent agreement of the calculated and measured data is obtained using an

Fig. 4 Images of plastic explosives loaded into a WR-15 waveguide shim from top left clockwise;
C-4, Primasheet 1000, Primasheet 2000, and Semtex 10.

Table 1 Explosives investigated in this work.

Explosive Manufacturer

C-4 Accurate energetics

Primasheet 1000 Ensign-Bickford

Primasheet 2000 Ensign-Bickford

Semtex 10 Explosia
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Fig. 5 Representative two-port S-parameter data obtained from the empty Pasternack shim nomi-
nally 2 mm in thickness. The dashed lines represent the calculated S-parameters using an opti-
mum value of 2.011 mm for this single measurement.
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optimum value of 2.011 mm as the only free parameter. Figure 6 plots the optimum thickness
values obtained from 24 total 2-port (transmission/reflection) and 1-port (short-backed reflec-
tion-only) measurements on the empty shim. The empty shim resulted in a length value of
2.010� 0.012 mm for the shim, which is consistent both with the length 2.00� 0.02 mm mea-
sured with a Mitutoyo 500-197-20 digital caliper and the �0.02 mm accuracy specified by the
shim manufacturer. The average value 2.010 mm was used for Lshim for all analysis samples.
Scatter in the data is likely indicative of the repeatability of the connections at the waveguide
interfaces. The results obtained from analysis of the separate two-port and one-port measure-
ments show that they are not statistically different.

Additional waveguide shims were examined as part of this effort. It was determined that some
parts did not conform to expectations from standard waveguide equations. Figure 7 shows
representative S-parameter data on a 5 mm V-band shim from an external supplier. Despite
optimizing the thickness, poor agreement is obtained between the calculated and measured data.
An empty shim should produce no reflections (S11 ¼ S22 ¼ 0), yet signal is observed. Further
investigation was performed. Figure 8 presents images obtained with an optical microscope on the
2 mm shim used for data collection in this work [Fig. 8(a) left] and a 5 mm shim from another

Fig. 6 Results obtained on 24 measurements of the empty sample shim using two-port and one-
port (short backed) measurements. Lshim was determined to be 2.01� 0.01 mm.
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Fig. 7 Representative two-port S-parameter data obtained from the empty nominally 5 mm shim
obtained from a waveguide manufacturer. Poor agreement is obtained between the calculated and
measured data. S11 and S22 values are zero for an ideal empty waveguide.
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supplier [Fig. 8(b) right]. Thewalls and corners of the shim on the right are poorly formed, leading
to the data obtained in Fig. 7. As a result of this investigation, this shim was rejected for use in the
laboratory. A general rule for the acceptability of the experimental setup can be defined from the
reflection coefficient of the shim. The S11 reflection coefficient from the rejected shim was 0.1 or
−20 dB. The rule requires that the reflection from the shim be less than 10% of the reflection
coefficient being measured. For a reflection coefficient of 0.14, the reflection from the shim can be
specified to be less than 0.014 or −37 dB, to avoid the problems evident in Fig. 7.

5 Results of Dielectric Measurements
A representative set of two-port S-parameters obtained from a sample of C-4 is presented in
Fig. 9. Measured data are presented as solid lines, and calculated data are shown in dashed/dotted
lines. Optimizing the scattering functions with the four free parameters—ε 0, ε 00, L1, and L2—
yields excellent agreement of the calculated S-parameters to the measured data. The optimized
values from this measurement (measurement 1) and four others are presented in Table 2. From
the five measurements, C-4 is determined to have an average permittivity value of
εr ¼ 3.19ð5Þ − 0.029ð3Þi; the uncertainties in the last digits are given in parentheses.
Uncertainty values were calculated from the standard deviation of the measurements and uncer-
tainty in the thickness of the sample shim. This procedure was repeated for Primasheet 1000,
Primasheet 2000, and Semtex 10. Table 3 provides the results obtained for all four explosives

Fig. 8 Microscope images of V-band shim used for measurements in this work (a) versus another
manufacturer (b). Note the poor uniformity of the machining of the walls and corners. The shim on
the right was rejected for use in dielectric measurements.
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Fig. 9 2-port S-parameter measured and calculated data for a sample of C-4 packed in the 2 mm
waveguide shim. Optimized values for εr , L1, and L2 for this data are listed in Table 2 under meas-
urement 1. The calculated S-parameters are in excellent agreement with the measurement.
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studied in this work along with data on C-4 and Primasheet 1000 available in the literature.
Results obtained for C-4 and Primasheet 1000 in this work are comparable to the literature val-
ues, providing confidence in the results. It is also noted that, as manufactured products, samples
of plastic explosives can be subject to variations in formulation and uniformity that could account
for the slight differences in measured permittivity values.

6 Conclusions
Complex permittivity values for C-4, Primasheet 1000, Primasheet 2000, and Semtex 10 in the
operating frequency of 50 to 75 GHz were obtained. Excellent agreement between this experiment
and the fit was obtained using a constant permittivity across the waveguide band, indicating that
dispersion was not significant for these materials. Permittivity values for C-4 and Primasheet 1000
were comparable to values reported in the literature in the millimeter wave (MW) range; the data on
Primasheet 2000 and Semtex 10 are the first known published permittivity values in this range.
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Code and Data Availability
The datasets used and analyzed in the current study are publicly available in the Zenodo repository
at https://zenodo.org/records/10213766.23 The lsqcurvefit function in MATLAB version 2019a was
used to fit the data using the theory presented in the paper.

Table 2 Results of dielectric measurements for samples of C-4. Real and imaginary permittivity,
L1 and L2, are optimized; Lsample is determined using Eq. (10), and Lshim ¼ 2.010 mm.

Measurement ε 0 ε 00 L1 (mm) L2 (mm) Lsample (mm)

1 3.240 0.028 0.030 −0.023 2.003

2 3.218 0.030 0.102 0.068 1.840

3 3.163 0.033 0.195 −0.067 1.882

4 3.157 0.028 0.045 0.089 1.876

5 3.197 0.027 −0.003 0.062 1.952

Average 3.19 0.029

Std. Dev. 0.04 0.002

Table 3 Compilation of plastic explosive dielectric data as a function of frequency. The uncer-
tainties in the last digits are given in parentheses.

Material Frequency (GHz) ε 0 ε 00 Technique Source

C-4 50 to 75 3.19(5) 0.029(3) Loaded waveguide This work

C-4 75 3.28 0.008 THz-TDS 20

C-4 50 to 100 3.1 0 to 0.2 Quasioptical 21

Primasheet 1000 50 to 75 2.83(4) 0.061(2) Loaded waveguide This work

Primasheet 1000 60 to 90 2.99(7) 0.086(7) Free space reflectometry 10

Primasheet 1000 18 to 40 2.86(2) 0.105(7) Free space reflectometry 22

Primasheet 2000 50 to 75 3.19(7) 0.021(2) Loaded waveguide This work

Semtex 10 50 to 75 2.84(5) 0.048(3) Loaded waveguide This work
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