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1. ANALYSIS OF THE HUYGENS CUBE

We consider cube A with the dimensions of 1 × 1 ×
1 mm (Fig. 1). Cube A is filled with vacuum. Tangen-

tial electric field  on faces 1 and 2 of cube A (Fig. 2)
is set equal to zero, which corresponds to a metallic
wall. Faces 1 and 2 of this cube are assumed to be
short-circuited [1–3].

On faces 3 and 4 of the cube A (Fig. 2), we set the
tangential magnetic field H

τ
 equal to zero, which cor-

responds to a magnetic wall. Faces 3 and 4 of this cube
are assumed to be open-circuited [1–3].

On faces 5 and 6 of the cube A (Figs. 4, 5), we
impose the boundary conditions corresponding to the
excitation and matching of plane waves [1–3]. The
polarizations of the electric and magnetic fields and
the directions of the Poynting vectors of these plane
waves are shown in Figs. 6–8.

The geometry of the vacuum cube A with the
above-introduced boundary conditions will be called
the interior Huygens cube. By analogy with the Huy-
gens element [4–6], this definition can be extended as
follows: an infinitesimal cube simulating the front of a
linearly polarized plane electromagnetic wave in the
interior electrodynamic problem will be called an ideal
interior Huygens cube.

The problem of electromagnetic-wave scattering in
the interiorHuygens cube was simulated by means of
the ANSYS HFSS v. 15 3D electrodynamic software
package [7].

2. RESULTS OF SIMULATION 
OF THE INTERIOR HUYGENS CUBE

The simulation was performed in a frequency range
from 1 to 300 GHz with a step of 1 GHz. The conver-
gence in the absolute values of the elements of the

E
τ

scattering matrix Delta S was 0.02, the total number of
tetrahedra was 1956, the size of the resulting matrix
was 10690, and the required storage was 49.3 MB. The
total computation time on a PC with the Intel Core i7
processor with the frequency of 2.79 GHz and 12 GB
RAM was 7 min 35 s.

The characteristics of the interior Huygens cube
were calculated for the frequencies of 1 to 300 GHz.
For example, at a frequency of 1 GHz, the side of this
cube was 1/300 of the wavelength, which corresponds
to the quasi-static case. Starting from a frequency of
30 GHz, which corresponds to the Huygens cube side
of 1/10 of the wavelength, the static components are
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Fig. 1. Geometry of vacuum-filled cube A.
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not sufficient for describing the phenomena inside the
cube. For the SWR presented in Fig. 9, up to 30 GHz
(less than 1/10 of the wavelength), the SWR does not
exceed 1.00001. Figure 10 shows the frequency reflec-
tion characteristic for the interior Huygens cube, from
which we see that, up to the frequency of 30 GHz, the
reflectance is below –140 dB. With a further increase
in the frequency, above 150 GHz (which corresponds
to the value exceeding half a wavelength), the SWR
slightly increases. As we see from Figs. 9 and 10, the

increase in the SWR is small and does not exceed
58 dB. The loss is very small. Its extremum is at the fre-
quency 270 GHz and does not exceed –0.0000055 dB,
as is evident from Fig. 11, which shows the frequency
attenuation characteristic for the interior Huygens
cube. The obtained frequency characteristics indicate
a reduction in the accuracy of computation in the
amplitude with an increase in the frequency. Since, for
the exact solution, SWR = 1, the loss is zero in the
entire frequency range. This is the result of the numer-
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Fig. 2. Short-circuited faces 1 and 2 of cube A.
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Fig. 3. Open-circuited faces 3 and 4 of cube A.
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Fig. 4. Face 5 of cube A, on which the excitation and
matching boundary condition is imposed.
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Fig. 5. Face 6 of cube A, on which the excitation and
matching boundary condition is imposed.
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ical solution for the amplitude obtained with the use of
the ANSYS HFSS v. 15 code.

The frequency characteristic of phase ϕ of the
transmission coefficient is presented in Fig. 12. It
should be noted that the phase of the transmission
coefficient should be reduced by 180°, because the
ANSYS HFSS v. 15 code for the polarization of the
electric field on faces 5 and 6 chooses the same direc-
tion, whereas these faces are situated on the opposite
sides of the cube. Then, this modified characteristic
can be used for constructing the frequency character-
istic of the time delay, which is shown in Fig. 13. This
characteristic is constructed from the following for-
mula:

(1)

where  is the delay in seconds,  is the phase of
the transmission coefficient calculated by the ANSYS
HFSS v. 15 code in radians, and f is the frequency in
hertz.

As we see from Fig. 13, the delay t of a signal passing
through the interior Huygens cube is practically inde-
pendent of frequency and is rather close to its exact
value of 3.33(3) ps. For a more accurate description of
the frequency behavior of the signal delay, Fig. 14
shows the frequency dependence of the relative devia-
tion of delay t0 of a signal passing through the interior
Huygens cube from the exact value. As is evident from
Fig. 14, the relative error of the computation per-
formed with the us of the ANSYS HFSS v. 15 code
with a chosen accuracy is less than 3 × 10–11 at a fre-
quency of 1 GHz and increases to 0.0005 at a fre-

12arg
,

2

S
t

f

− π
∆ =

π

t∆ 12arg S

quency of 300 GHz. The curve of the frequency
dependence of the relative phase error resembles an
parabola.

Thus, with an increase in frequency, the error of
computation for the interior Huygens cube performed
with the use of the ANSYS HFSS v. 15 code increases
in the amplitude and in the phase.
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Fig. 6. Directions of the electric field vectors  of the
waves incident onto faces 5 and 6 of cube A.
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Fig. 7. Directions of the magnetic field vectors  of the
waves incident onto faces 5 and 6 of cube A.
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Fig. 8. Directions of the electromagnetic energy flux den-

sities (Poynting vectors)  of the waves incident onto
faces 5 and 6 of cube A.
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Fig. 9. Frequency characteristic of the SWR for the interior Huygens cube.
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Fig. 10. Frequency characteristic of reflection coefficient S11 of the interior Huygens cube.
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Fig. 11. Frequency characteristic of attenuation L12 for the interior Huygens cube.
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Fig. 12. Frequency characteristic of phase ϕ of the transmission coefficient for the interior Huygens cube.
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Fig. 13. Frequency characteristic of transmission delay t for the interior Huygens cube.
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Fig. 14. Frequency characteristic of the relative error in the signal transmission delay t0 for the interior Huygens cube.
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CONCLUSIONS

We have numerically simulated the problem of the
transmission of a plane electromagnetic wave through
the interior Huygens cube, which is a Floquet channel
[8]. It should be noted that a travelling plane wave is
characterized by two parameters: the amplitude and
the phase. We should dwell on the accuracy of the
numerical solution for the amplitude and phase
obtained with the use of the ANSYS HFSS v. 15 code.

The accuracy of the numerical solution for the
amplitude is the following:

(i) up to 15 GHz (1/20 of the wavelength), the error
in the amplitude reflection coefficient is –170 dB,
whereas the exact value is ∞;

(ii) from 15 GHz (1/20 of the wavelength) to
150 GHz (1/2 of the wavelength), the amplitude reflec-
tion coefficient decreases from –170 dB to –95 dB;

(iii) from 150 GHz (1/2 of the wavelength) to
300 GHz (1 wavelength), the amplitude reflection
coefficient decreases from –95 dB to –59 dB.

From these data, we see that, with an increase in
the frequency (reduction in the wavelength), the error
in the amplitude increases.

The error of the numerical solution for the phase
will be characterized by the relative delay of the signal
from the exact value:

(i) up to 15 GHz (1/20 of the wavelength), the rel-
ative error in the delay does not exceed 5 × 10–9;

(ii) from 15 GHz (1/20 of the wavelength) to
150 GHz (1/2 of the wavelength), the relative error in
the delay decreases from 5 × 10–9 to 4 × 10–5;

(iii) from 150 GHz (1/2 of the wavelength) to
300 GHz (1 wavelength), the relative error in the delay
decreases from 4 × 10–5 to 4 × 10–4.

From these data, we see that, with an increase in
the frequency (reduction in the wavelength), the phase
error also increases.

Thus, we have studied the accuracy of the numeri-
cal solution of the problem obtained with the use of

the ANSYS HFSS v. 15 code for both the amplitude
and phase.

The solution of this class of problems for various
input cross sections including circular, coaxial, and
strip-line should be used in the numerical simulation
of various devices. Such solutions serve for estimating
the total methodic error of numerical simulation and,
by analogy with the calibration of inputs in experi-
mental studies, the results of such calculations of
transmission lines of the corresponding inputs of mul-
tiport devices can be used for such calibration but with
the use of numerical simulation.
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