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Abstract—The novel design of an ultra-wideband calorimeter for energy measurement of high power
microwave pulses of nanosecond duration is proposed in this paper. The main idea is the use of a circular
waveguide with losses in the wall and metal cone insertion at the axis to increase attenuation constant in
the waveguide. The efficiency of the concept was proved with the numeric simulation and optimization
of the calorimeter design with ANSYS HFSS software for frequencies from 8 to 38 GHz. The operating
modes are supposed to be symmetric TMg,, ones. Ethanol was chosen as an absorbing medium. It is
parted from the vacuum volume by a plastic tube. The frequency dependencies of ethanol’s relative
permittivity and loss tangent were taken into account in the simulation model. The reflection coefficient
for TMp; mode is below —20dB at the lowest frequency of 8 GHz and well below the level of —25dB
from 10 to 38 GHz. The reflection coeflicients for higher order modes remain below —30dB until the
operating frequency is close to the cut-off frequency for a particular mode. The maximum accepted
power level is of hundreds of megawatts for pulses of a nanoseconds duration. The effect of waveguide
modes mixture at the input of the calorimeter on the maximum accepted power level was considered.
This level may differ by 4 times between specific modes mixtures. Therefore, the transition from a
particular microwave source to the calorimeter input should be carefully optimized.

1. INTRODUCTION

The high power microwave (HPM) pulses generation [1] is of great interest over the past decades,
and it drives such fields as directed energy, space propulsion, and high-power radar. An important
characteristic of such pulses is microwave power amplitude, which can vary widely and exceed the
level of one gigawatt [2,3]. It is generally recognized that the most reliable method for amplitude
determination is associated with measuring the energy and microwave pulse envelope (power vs. time).
The pulse energy is measured with microwave calorimeters [4-22], and microwave detectors [18, 23, 24]
incorporated in the measurement circuit can be used to record the waveform of microwave radiation
power. The operation of the microwave calorimeter is based on microwave energy dissipation in the
material of the absorbing load of the calorimeter and the measurement of this dissipated energy in a
certain way. Two types of calorimeters are mostly used in relativistic microwave electronics: “dry” [4—
10] and liquid [11-22] ones. The design of a “dry” calorimeter includes a solid medium with optimal
dimensions and shape for absorbing microwave radiation. An increase in its temperature is measured
with thermistors or thermocouples to quantify the absorbed energy. In the design of a liquid calorimeter,
a radiolucent dielectric volume with optimal geometric characteristics filled with a liquid medium is
usually used. Either the temperature increase or the increase in the volume of the liquid due to
absorption of microwave energy is measured. In the latter case, the load casing must have sufficient
rigidity.
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Calorimeters can be either broadband or narrowband, designed to use with a specific microwave
source. The calibration of “dry” calorimeters requires a precision source of microwave pulses with pre-
defined (or accurately measured) pulse energy. In contrast, in liquid calorimeters, the calibration can
be performed by applying an electric pulse with a known energy to a resistive load located inside the
volume of the absorbing fluid.

At a relatively low power of the microwave pulse, calorimeters [4-9, 11-14] of rather small transverse
dimensions are used. With a power increase, a microwave discharge can occur in such a load, similar to a
discharge along the window surface of a horn antenna of a powerful source of microwave radiation [25, 26].
Therefore, at high power, calorimeters with increased transverse dimensions of an absorbing load, which
are weakly sensitive to the mode composition of microwave radiation, are used [15-22]. The input
window of the disk-shaped load of the liquid calorimeter can be corrugated to reduce the reflection of
incident waves [22]. Such a load can be mounted to the opening of the transmitting horn antenna [18]
or placed in front of the antenna aperture [19]. A noticeable problem when using calorimeters with
disk-shaped absorbing loads is the diffraction power losses of microwave radiation, causing a power leak
through the gap between the opening of the transmitting antenna and the load [27,28]. This problem
is avoided in the case of a dry calorimeter [10] with the absorbing load based on a circular waveguide
of the diameter that is much larger than the wavelength. In this design, microwave energy is absorbed
by elements made of a special radio-absorbing material placed on the inner cylindrical surface of the
waveguide. This kind of calorimeters is weakly sensitive to the mode composition of the radiation.
The incident waves are reflected by the metal cone placed inside the waveguide to the absorbing wall.
The absorbed energy is determined from the temperature increment of the absorber measured with
thermocouples. As noted above, the calibration procedure for such a calorimeter is more complicated
and requires a special source of microwave pulses with known energy. Dry loaded calorimeters are also
known to require rather long time of more than 10 s to reach the thermal equilibrium between absorbing
medium and thermosensitive elements.

Since the cylindrical geometry can provide the necessary structural rigidity, it is of interest to study
the feasibility of implementing a calorimeter of a similar design, but with an absorber that uses ethanol-
based operating fluid, which has well established in wide-aperture disk-shaped loads (see in [12, 19] as an
exmpl.). Thus, the main idea of the proposed calorimeter design with a closed type load is the use of a
cylindrical waveguide with losses in the outer wall. The load is to be connected to the output waveguide
of the microwave pulse source by a special conical transition. The absorbing fluid is separated from the
vacuum volume by a dielectric tube. This work is devoted to numerical simulation and optimization
of the absorbing load of such liquid calorimeter with ANSYS HFSS [29] to be used in ultra wideband,
namely, from X to Ka-band.

The paper is organized as follows. In Section 2, the task definition including some technical
requirements and discussion on used materials as well as the numerical simulation method and concept
design are introduced. Section 3 represents the results of simulation: electric fields and microwave
losses spatial distributions, reflection coefficients for symmetric TMg, modes in the band of 8-38 GHz.
The importance of the careful design of transition from an HPM oscillator to the calorimeter is also
considered here.

2. TASK DEFINITION AND SIMULATION METHOD

Absorption of microwaves in waveguide walls was taken as a core idea of the closed type calorimeter
design. In contrast to partially filled with lossy medium waveguides and wide-aperture (obstacle-like)
calorimeters, the proposed design provides perfect matching in a wide band. The 95% ethanol is
supposed to be used as the lossy medium, since it has proved its feasibility in other designs [12—
16,18, 19, 21]. Ethanol and a vacuum volume are parted by a dielectric tube. The calorimeter design
should provide the high electric field strength to accept the microwave input power of hundreds of
megawatts. The microwave breakdown level for such short pulses is above the commonly used level
of 30kV/cm for pulses of tens nanoseconds. The breakdown level of 37kV/cm was experimentally
obtained for the microwave pulse duration of about ten nanoseconds at microwave output window in
the research [30]. One of the reasons of this breakdown level increase is that the multipactor discharge
needs a few tens or more nanoseconds to develop [31, 32]. Therefore, we assume the electric field strength



Progress In Electromagnetics Research M, Vol. 92, 2020 81

of 60kV /cm as the maximum for microwave pulses of a few nanoseconds duration. Symmetric TMy,
modes are supposed to be operating ones. The operating frequency band should start in X-band and
cover all bands, including Ka-band at least. The reflection coefficient should not exceed the level of
—20dB within the operating band.

To meet the parameters declared above, a lot of constraints should be applied on a dielectric material
used in design. At first, it should have chemical resistance to ethanol. The electric permittivity should be
relatively low (namely below 2.5) to prevent electric field enhancement at the vacuum-dielectric interface.
The loss tangent should be as low as possible. As we are about to measure an increase in the liquid
volume, a dielectric should provide mechanical stability of the calorimeter in operating. High-density
polyethylene and polypropylene random copolymer (PPRC) meet the stated demands. The latter one
was finally chosen as a wide range of PPRC tubes for water supply are commercially available. It should
be the pure material without a dye or prints on its surface, which affect the dielectric properties. The
real part of polypropylene’s dielectric permittivity is constant within considered frequency band, and
the dielectric loss tangent is of the order of 107* (three orders less than that for ethanol) [33]. Thus, in
simulations we used constant relative permittivity and zero losses for dielectric material.

It was difficult to get precise data on ethanol dielectric properties above the frequency of 15 GHz
because they were represented in large-scale graphs [34-36]. However, we have the experimental data
for 95% ethanol in the band of 1 to 15 GHz, which were obtained at the Department of Radioelectronics
of the Tomsk State University using PNA E8363B network analyzer (Agilent Technologies) according
to the technique [37] with the use of a small-size coaxial probe from the Dielectric Probe Kit 85070E.
These data were used for interpolation to the higher frequency band by Cole-Cole model [38]. It is
so-called single exponent model, but it gives acceptable error level up to about 40 GHz [36]. The data
obtained were added to the HFSS material model as piece-wise functions on frequency for the relative
permittivity and the loss tangent of the dielectric. The relative permittivity is weakly varying for
frequencies above the 12.5 GHz, and it is close to the value of 4.5. While the loss tangent has three-fold
drop from L- to K-band down to the value of about 0.3.

The 3D numerical simulations were carried out with ANSYS HFSS (High Frequency Structure
Simulator) using finite-difference frequency-domain (FDFD) method [29]. HFSS uses finite element
method (FEM) to solve electrodynamic equations, including adaptive mesh refinement to provide given
accuracy. It works on the tetrahedral mesh. Driven Modal design solution type, which provides the
multiple modes solution for passive microwave structures, such as waveguides, coaxial and microstrip
lines etc., was used in simulations. The results are the set of S-parameters and internal field structure.

As the symmetric TMg,, modes were chosen as the operating ones, simulations were conducted on
the 10° sector of a cylinder with the Symmetric H Plane boundary conditions applied to planes cutting
the sector. Yet the refined mesh size reaches about 600 thousands tetrahedrons to obtain the accuracy
level of 2% for S-parameters at the upper frequencies. All outer faces excluding cutting planes and
input port have Perfect Electric Conductor (PEC) boundary conditions.

The initial design as a circular waveguide with losses at the wall requires a considerable length
to provide the stated level of reflections. It was proposed to add a cone shaped insertion at the axis
to transform operating symmetric modes to the quasi-TEM ones that, hence, increased the absorption
performance. The chosen input port size was large enough to be overmoded even in the lowest band. It
is supposed to use an optimized transition section for a particular microwave source forming a mixture
of modes at the input of the calorimeter. The importance of the transition is discussed in the next
section.

The size optimization was carried out on input waveguide diameter, absorbing volume, length
and taper angle of the cone to minimize exterior dimensions at the given level of input power. Initial
optimization was done in K-band, then the model was tested to meet the requirements in X-band and
some corrections were made as needed. Optimized design of the calorimeter’s absorbing load is shown
in Figure 1.

3. SIMULATION RESULTS AND DISCUSSIONS

The electric field strength distributions for the input power level of 400 MW for TMg; and TMgs modes
at 10 GHz and TMg; mode at 36.6 GHz are shown in Figures 2-4. The maximum electric field strength
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Figure 1. The simulation model of the calorimeter’s absorbing load.
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Figure 2. The electric field strength distribution for TMy; mode at the input power of 400 MW and
frequency of 10 GHz.

is at the cone. Its value is about 150kV/cm. However, the most critical point, defining the dielectric
strength of the calorimeter, is the dielectric-vacuum surface. The normal component of electric field
strength measured in Volts per meter at the vacuum-dielectric boundary for the input power of 400 MW
for TMg; mode at the frequencies of 10 and 36.6 GHz are shown in Figures 5 and 6 respectively. The
maximum values are about the level of 45kV/cm at 36.6 GHz and about 34kV/cm at 10 GHz. So, the
maximum input power for microwave pulses of a few nanoseconds duration can be estimated as 700 MW
at 36.6 GHz and over 1 GW at 10 GHz, assuming 60 kV /cm as an allowed maximum of the electric field
strength.

Figures 7 and 8 represent the spatial distribution of the volume loss density in the alcohol volume
for the input power of 400 MW for TMg; mode at the frequencies 10 and 36.6 GHz. The logarithmic
scale is used for better representation of the results. The volume loss density at the upper radius of
the simulated alcohol volume is more than two orders of magnitude lower than that at the dielectric-
liquid surface. Therefore, calibration and thermostabilizing heaters needed in a real calorimeter could
be placed in a liquid above this radius with no effect on the electromagnetic fields in the main volume.

After the optimization procedure at fixed frequencies of 36.6 and 10 GHz, wideband simulations
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Figure 3. The electric field strength distribution for TMg2 mode at the input power of 400 MW and
frequency of 10 GHz.
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Figure 4. The electric field strength distribution for TMy; mode at the input power of 400 MW and
frequency of 36.6 GHz.

were conducted from 8 up to 38 GHz using frequency dependent relative permittivity and loss tangent for
alcohol. The discreet sweep with 0.2 GHz step with saving field for further post-processing analysis was
used. The whole frequency band was divided into 4 subbands to save the calculation time. The adaptive
mesh refinement iterations were ran at the highest frequency of every subband until S-parameter error
dropped below 2%. Then calculations were carried out within the subband using the obtained fine
mesh.

The frequency dependence of reflection coefficients for symmetric TMy,, modes is shown in Figure 9.
The reflection coefficients of all five symmetric modes reflection (TMgs is not shown in the figure for the



84 Kurkan et al.

HamedExpr “"
3, 33EQE+005
. 2. 8946E+886
2. 4591E+886
2.8237E+B86
1,5862E+085
1. 1528E+085
F.173Z2E+B85 l
2.8167E+885
- -1,5358E+885
-5, 8982E+285 .

-1.@245E+0B6
-1, 4599E+886

-1, 3954E+BE6 ¥

-2, 3303E+086 I
l -2, TEG3E+0B6
. ZB17E+AB6

w

0 35 70 (mm)

Figure 5. The normal component of the electric field strength [V /m] at the vacuum-dielectric boundary
for TMp; mode at the input power of 400 MW and frequency of 10 GHz.
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Figure 6. The normal component of the electric field strength [V/m] at vacuum-dielectric boundary
for TMp; mode at the input power of 400 MW and frequency of 36.6 GHz.
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Figure 7. The spatial distribution of the volume loss density in the alcohol volume for TMy; mode at
the input power of 400 MW and frequency of 10 GHz.

sake of clarity) are below —30dB in the band of 31-38 GHz. The reflection coefficient increases while
approaching the cut-off frequency for the particular mode. The reflection coefficient of TMy; mode
remains below —20dB at the lowest frequency.

Figure 10 shows the results obtained with the Field Calculator, which is the built-in option of HFSS
for data post processing. These are maxima of normal electric field strength at the dielectric surface in
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Figure 8. The spatial distribution of the volume loss density in the alcohol volume for TMy; mode at
the input power of 400 MW and frequency of 36.6 GHz.
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Figure 9. The reflection coefficients for the first four symmetric TMg,, modes vs. frequency.
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Figure 10. Overall maximum of normal electric field strength on the vacuum side of the dielectric
surface for modes TMg;, TMg2 and their mixtures in X-band at the input power of 400 MW.

X-band for TMp; and TMg2 modes as well as for their 50/50 mixtures. The input power level for all
cases was 400 MW. The optimization of modes mixture ratio and their phase shifts is out of the scope
of this paper. These results are just to demonstrate an option to increase the maximum accepted power
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of the calorimeter with the use of an optimized transition section from a particular microwave source
to the input of the calorimeter. Moreover, a careless design of transition might result in the microwave
breakdown in the calorimeter at the input power level that is much less than the expected one. One can
see that the electric field strength between antiphase and in phase mixtures T'My; + TMyy differs by
the factor of two at certain frequencies. Hence, the maximum accepted power for the antiphase mixture
might be four times lower than that for the in phase one.

Finally, we would like to mention that this concept design could be scaled up and down and easily
modified for a coaxial input of power. To accept more input power, the dimensions of the absorbing
load should be increased. The enlarged inner radius of the dielectric decreases the electric field strength
on its surface. The length of the load should be sufficient to adsorb the whole incident power. There are
two options to lower the minimal operating frequency: the increase of the input waveguide diameter or
the use of the coaxial input. If the maximum input power level is not so high, the calorimeter dimensions
can also be minimized. The problem of feasibility of this design at higher frequencies is mostly reduced
to the choice of materials with required properties, such as an absorbing liquid and a dielectric material
that parts liquid and vacuum volumes.

4. CONCLUSION

The novel design of ultra-wideband liquid based calorimeter was proposed. The proof of concept was
demonstrated by numerical simulation and optimization of the design for the frequency band from X-
to Ka-bands. Ethanol was used as an absorbing medium. The frequency dependence of its dielectric
constant was incorporated in the simulation model. The accepted power level is of the order of hundreds
of megawatts. Supposed operating modes are symmetrical TM,, ones. The reflection coefficient for
TMg; mode is below —20dB at lowest frequency of 8 GHz and well below the level of —25dB from
10 to 38 GHz. The reflection coefficients for higher order modes are below —30dB until the operating
frequency is close to the cut-off frequency for a particular mode. The sensitive point for a calorimeter
user is a design of the transition from a microwave source output to the calorimeter input, as the
maximum accepted power levels may differ four times for specific mode mixtures.

This design can be scaled up to accept more input power and/or to lower the minimal operating
frequency. If the maximum input power is lower than we predefined, the transverse dimensions can
be reduced to about the size of standard waveguide for the lowest operating frequency. Moreover, this
design could be easily transformed to a coaxial input of microwave power, so it might greatly extend
its usage in lower frequency bands.
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