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Abstract—The frequency characteristics of the external Huygens cube are numerically simulated and com-
pared with those of the internal Huygens cube. Dependence of the frequency characteristics of the external
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INTRODUCTION

We perform numerical simulation of the frequency
characteristics of a Huygens element radiating into
open space: the standing wave ratio (SWR), losses,
attenuation, and amplification. This enables us to
evaluate the limiting characteristics that can be
reached in real radiators. The Huygens element is usu-
ally understood as a hypothetic radiator corresponding
to an infinitesimal element of the front of a linearly
polarized electromagnetic wave. The Huygens ele-
ment is introduced into the antenna theory in connec-
tion with the principle of equivalent surface currents
(electric and magnetic)—the analog of the Huygens
principle in optics [1—3]. The principle of equivalent
surface currents consists in the following (Fig. 1):
sources of the electromagnetic wave found in region I
are surrounded by a closed surface C, and the electro-
magnetic field in region Il is calculated from the values
of equivalent electric and magnetic surface currents on
the closed surface C. Therefore, the surface C has the
inner and outer boundaries. Onto the inner boundary,
the electromagnetic wave from sources of electromag-
netic radiation found in region I is incident and, from
the outer boundary, electromagnetic waves are radi-
ated into the open space. For this reason, the Huygens
element must have two inputs: one from the side of
region I and the other from the side of region II. The
same is clear from the mathematical point of view. The
boundary conditions for the Huygens element, which
is two-sided surface, must be imposed both on two
sides and on the boundary of the Huygens element. An
infinitesimal cube simulating the front surface of a
plane linearly polarized electromagnetic wave in mod-
eling of the radiation to the open space will be called
the ideal external Huygens cube (see Fig. 1).

Let us simulate the frequency characteristics of
such an object by the ANSYS HFSS v.15 universal
electromagnetic software [4]. Unlike the ideal Huy-

gens cube, the simulated object has finite dimensions,
and this object will be called an external Huygens
cube. It is worth noting once more that the distinctive
feature of the Huygens cube is that the conditions of
radiation and absorption of a plane wave are imposed
not only from the side of region II but also from the
side of region I (see Fig. 1). In addition, boundary
conditions (two short-circuited (SC) faces and to
open-circuited (OC) faces) are imposed on the other
faces of the Huygens cube. Thus, the boundary condi-
tions on such a plane-wave element are specified on all
boundaries and the problem on radiation and absorp-
tion of electromagnetic waves becomes well-posed.

1. ANALYSIS OF THE EXTERNAL
HUYGENS CUBE

We consider a cube A with the dimensions of 1 x 1 x
1 mm in the open space (Fig. 2). The cube A is filled

Region |

Fig. 1. Illustration of the principle of equivalent surface
currents.
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Fig. 2. Geometry of a metal-filled cube A.

Fig. 4. Open-circuited faces 3 and 4 of cube A.

with metal. The tangential electric field E; on faces /
and 2 of the cube A (Fig. 3) is set to zero, which corre-
sponds to a metallic wall. Faces / and 2 of this cube are
assumed to be short-circuited [1—3].

On faces 3 and 4 of the cube A (Fig. 4), we set the
tangential magnetic field H, to zero, which corre-
sponds 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. 5, 6), we
impose the boundary condition corresponding to the
excitation and matching of plane waves [1—3]. Face 5
will be denoted as input / (see Fig. 5), and face 6, as
input 2 (see Fig. 6). The polarizations of the electric
and magnetic fields and the directions of the Poynting
vectors [5—8] of these plane waves are shown in
Figs. 7-9.
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Fig. 3. Short-circuited faces 7 and 2 of cube A.

N

5

Fig. 5. Face 5 of cube 4, on which the excitation and
matching boundary condition is imposed.

In order to consider an external electromagnetic
problem, we place the proposed geometry of the metal
cube A with the above-introduced boundary condi-
tions into an air cube B (see Fig. 10), on whose faces
we impose the radiation conditions [4]. The external
air cube B has the dimensions 25 x 25 x 25 mm and is
vacuum-filled.

Figure 11 shows the faces of cube B on which the
absorption (radiation) conditions are imposed.

Cube A placed into the cube B with the absorption
(radiation) conditions will be called the external Huy-
gens cube, in contrast to the internal Huygens cube [9].

The problem of electromagnetic-wave scattering in
the external Huygens cube was simulated by the
ANSYS HFSS v. 15 3D electromagnetic software
package [4].
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Fig. 6. Face 6 of cube A, on which the excitation and
matching boundary condition is imposed.

Fig. 8. Directions of the magnetic field vectors H of the
waves incident onto faces 5 and 6 of cube A.

2. RESULTS OF SIMULATION
OF THE EXTERNAL HUYGENS CUBE
IN A 25 x 25 x 25 mm AIR BOX

The simulation was performed in a frequency range
from 1 to 300 GHz with a step of 5 GHz. The conver-
gence in the moduli of the scattering matrix Delta S
was 0.02, the total number of tetrahedra was 228803,
the size of the resulting matrix was 1459094, and the
required storage was 15.1 GB. The total computation
time on a server with two Intel Xeon E5-2690 proces-
sors with the frequency of 2.90 GHz and 128 GB RAM
was 23 h 13 min 26 s.

Figure 12 shows the frequency characteristic of
SWR for the external Huygens cube. Near the fre-
quency of 1 GHz, the side of this cube was of 1/300 of
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Fig. 7. Directions of the electric field vectors E of the
waves incident onto faces 5 and 6 of cube A.

Z

Fig. 9. Directions of the electromagnetic energy flux den-

sities (Poynting vectors) S of the waves incident onto
faces 5and 6 of cube A.

the wavelength, which corresponds to the quasi-static
case. Starting from the frequency of 30 GHz, which
corresponds to the side of the external Huygens cube
of 1/10 of the wavelength, the static components are
not sufficient for describing the phenomena inside the
cube. Up to 30 GHz (less than 1/10 of the wave-
length), the SWR does not exceed 1.11. Figure 13
shows the frequency characteristic of the modulus of
the reflection coefficient S, for the external Huygens
cube, from which we see that, up to the frequency of
30 GHz, the reflectance is below —25.7 dB. With a fur-
ther increase in the frequency above 150 GHz (more
than half a wavelength), non-quasi-static effects begin
to manifest themselves; the SWR in this case increases.
However, as we see from Figs. 12 and 13, the increase
is very small and does not exceed —20.7 dB.
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Fig. 10. Geometry of the problem for the external Huygens
cube in the ANSYS HFSS v.15 code.

Figure 14 shows the frequency characteristic of

attenuation, L = 10log |Sn|2 for the external Huygens
cube [1]. Up to the frequency of 17 GHz, the loss on
the energy transmission from the first input to the sec-
ond input is very small and does not exceed —0.08 dB.
Then the loss increases. At a quarter-wavelength
(75 GHz), it comprises —5.5 dB, at a half-wavelength
(150 GHz), —14.4 dB, and, at one wavelength
(300 GHz), —40 dB. The extremum of the loss is
found at the frequency of 280 GHz and comprises
—66.3 dB. The increase in the loss with increasing fre-
quency is connected with the radiation of energy to the
external space.

Figure 15 shows the frequency dependence of the
gain factor K, for the external Huygens cube. As we see
from the plot, starting from the frequency of 1 GHz
(1/300 of the wavelength), K, increases from —71.64 to
—24 dB at the frequency of 10 GHz (1/30 of the wave-
length). With further increase in frequency to 15 GHz,
K, increases to —15 dB (1/60 of the wavelength). At the
frequency of 28 GHz (7/75 of the wavelength), K, is
—6 dB; at the frequency 30 GHz (1/10 of the wave-
length), K, is —3 dB, and at the frequency of 40 GHz
(10/75 of the wavelength), K, is 0 dB. With further
increase in frequency to 55 GHz (11/60 of the wave-
length), K, increases to 3 dB and, at the frequency of
176 GHz (44/75 of the wavelength), K, reaches 9 dB.
Then K, gradually increases to 12.91 dB at the fre-
quency of 300 GHz (one wavelength).
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Fig. 11. Absorption (radiation) boundary conditions on
the faces of the air cube B.

The frequency characteristic of the phase ¢ of the
transmission coefficient is presented in Fig. 16. This
characteristic can be used for constructing the fre-
quency characteristic of the delay, which is shown in
Fig. 17. For constructing this characteristic, we use the
following formula:

_argsS)
onf

where At is the delay in seconds, arg.S), is the phase of
the transmission coefficient calculated by the ANSYS
HESS v.15 [4] code in radians, and fis the frequency
in hertzs.

As we see from Fig. 17, the delay of a signal passing
through the external Huygens cube from the first input
to the second input as the frequency increases from
1 GHzto 35 GHz increases from 7.3 psto 7.6 ps. From
the frequency of 35 GHz to 150 GHz, the delay
decreases from 7.6 ps to 6.4 ps. From the frequency of
150 GHz to 280 GHz, the delay decreases from 6.4 ps
to 5.7 ps. After 280 GHz, the delay abruptly decreases
almost to zero. Apparently, it is connected with the
resonance character of attenuation, which is observed
near the frequency of 280 GHz in Fig. 13. After
280 GHz, the phase calculated by the ANSYS HFSS
v.15 code should be increased by 2w, so the delay ¢ will
be greater rather than smaller. It should be noted that,
even for the quasi-static cases, when frequency tends
to zero, the delay does not decrease to zero but tends
to a constant equal to 7.3 ps. This phenomenon
reflects the fact that the phase velocity is independent
of frequency.

It is also interesting to plot the dependence of the
energy going to radiation. This can be done as follows.

At (D
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Fig. 12. Frequency characteristic of the SWR for the external Huygens cube in a 25 x 25 x 25 mm air box.
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Fig. 13. Frequency characteristic of the reflection coefficient .S}, for the external Huygens cube in a 25 x 25 x 25 mm air box.
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Fig. 14. Frequency characteristic of the attenuation L, for the external Huygens cube in a 25 x 25 x 25 mm air box.
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Fig. 15. Frequency characteristic of the gain factor K, for
the external Huygens cube in a 25 x 25 x 25 mm air box.

Since the moduli of the transmission (|S12|) and reflec-

tion (|S“|) coefficients, being squared, represent the
power of the signal passing to the second input and
reflected to the first input, the power of the signal radi-
ated to the external space is determined by the expres-
sion

441

Figure 18 shows the plot of the dependence of P4
on the frequency f. As we see from the plot, up to the
frequency of 21 GHz, P4 is undefined because it is
smaller than zero. This result is explained by the inaccu-
racy of computations by the ANSYS HFSS v.15 code.
Starting from the frequency of 21 GHz, P, increases
from —20.8 dB to —6 dB (40 GHz, which corresponds
to the side of the external Huygens cube of 2/15 of the
wavelength), —3 dB (55 GHz, which corresponds to
the side of the external Huygens cube of 11/60 of the
wavelength), —1.76 dB (75 GHz, which corresponds
to the side of the external Huygens cube of 1/4 of the
wavelength), —0.5 dB (150 GHz, which corresponds
to the side of the external Huygens cube of 1/2 of the
wavelength), —0.36 dB (225 GHz, which corresponds
to the side of the external Huygens cube of 3/4 of the
wavelength), and —0.1 dB (300 GHz, which corre-
sponds to the side of the external Huygens cube of one
wavelength).

Thus, using the ANSYS HFSS v.15 code [4], we
performed the numerical simulation of the frequency
characteristics of the external Huygens cube in an air
box with the dimensions of 25 x 25 x 25 mm.

3. ANALYSIS OF THE CONVERGENCE
OF THE CHARACTERISTICS
OF THE EXTERNAL HUYGENS CUBE
AS A FUNCTION OF THE SIZE
OF THE AIR BOX

The results presented above were obtained by the
numerical simulation of the characteristics of the
external Huygens cube with the side of the air box B
(see Fig. 10) of 25 mm.

2 2
Pag =1- (|S 11| + |S 12| ) 2 Let us calculate the characteristics of the external
or Huygens cube with the sides of the air box B of 10 and
5 s 5 mm and compare the results with the results pre-
P,.o(dB) = 101log(1 — (S, + S| ))- (3) sented above. Thus we will study the convergence of
¢, deg
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Fig. 16. Frequency characteristic of the phase ¢ of the transmission coefficient for the external Huygens cube in a 25 x 25 x 25 mm

air box.
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Fig. 17. Frequency characteristic of the delay ¢ of the signal passing to the second input of the external Huygens cube in a 25 x

25 x 25 mm air box.
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Fig. 18. Frequency characteristic of P,,4 for the external Huygens cube in a 25 x 25 x 25 mm air box.

Fig. 19. Geometry of the external Huygens cube with the
dimensions 10 x 10 x 10 mm.
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the characteristics of the external Huygens cube as a
function of the sizes of the air box B.

Let us take an air box B with the dimensions 10 x
10 x 10 mm (Fig. 19).

The simulation was performed in a frequency range
from 1 to 300 GHz with a step of 5 GHz. The conver-
gence in the moduli of the scattering matrix Delta S
was 0.02, the total number of tetrahedra was 103911,
the size of the resulting matrix was 666076, and the
required storage was 4.35 GB. The total computation
time on a server with two Intel Xeon E5-2690 proces-
sors with the frequency of 2.90 GHz and 128 GB RAM
was 6 h 24 min 06 s.

The characteristics of the external Huygens cube
with the sides 10 x 10 x 10 mm were calculated as in
the previous case. Figure 20 shows the frequency char-
acteristic of SWR for the external Huygens cube. Near
the frequency of 1 GHz, the side of the considered
external Huygens cube was of 1/300 of the wavelength.
Starting from the frequency of 30 GHz, which corre-
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Fig. 20. Frequency characteristic of the SWR for the external Huygens with the dimensions 10 x 10 x 10 mm.
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Fig. 21. Frequency characteristic of the reflection coefficient .S}, for the external Huygens cube with the dimensions 10 x 10 x 10 mm.

sponds to the side of the external Huygens cube of
1/10 of the wavelength, the static components are not
sufficient for describing the phenomena inside the
cube. Up to the frequency of 30 GHz (less than 1/10
of the wavelength), the SWR does not exceed 1.13.
Figure 21 shows the frequency characteristic of the
modulus of the reflection coefficient S;, for the external
Huygens cube, from which we see that, up to the fre-
quency of 30 GHz, the reflectance is below —24.06 dB.
With further increase in the frequency above 150 GHz
(more than half a wavelength), non-quasi-static
effects begin to manifest themselves and the SWR in
this case increases. However, as we see from Figs. 20
and 21, this increase is very small and does not exceed
—20.04 dB.

Figure 22 shows the frequency characteristic of

attenuation, L =10 10g|S12|2, for the external Huygens
cube. Up to the frequency of 17 GHz, the loss on the
energy transmission from the first input to the second

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS Vol. 60 No. 5

input is very small and does not exceed —0.09 dB. Fur-
ther on, the loss increases. At 1/4 of the wavelength
(75 GHz), it comprises —5.62 dB; at 1/2 of the wave-
length (150 GHz), —14.22 dB; and, at one wavelength
(300 GHz), —40.45 dB. The extremum of the loss is
found at the frequency of 281 GHz and comprises
—68.78 dB. The increase in the loss with increasing
frequency is connected with the radiation of energy to
the external space.

Figure 23 shows the frequency dependence of the
gain factor K, for the external Huygens cube. As we see
from the plot, starting from the frequency of 1 GHz
(1/300 of the wavelength), K, increases from —71.67 to
—29 dB at the frequency of 10 GHz (1/30 of the wave-
length). With further increase in frequency to 26 GHz
(13/150 of the wavelength), K, increases to —10 dB. At
the frequency of 33 GHz (11/100 of the wavelength),
K, is —6 dB; at the frequency of 38 GHz (19/150 of the
wavelength), K, is —3 dB; and, at the frequency of
50 GHz (1/6 of the wavelength), K, is 0 dB. With fur-
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Fig. 22. Frequency characteristic of the attenuation L, for the external Huygens cube with the dimensions 10 x 10 x 10 mm.

ther increase in frequency to 66 GHz (33/100 of the
wavelength), K, increases to 3 dB and, at the frequency
of 246 GHz (123/150 of the wavelength), K, reaches
9 dB. Then K, gradually increases to 10.63 dB at the
frequency of 300 GHz (one wavelength).

The frequency characteristic of the phase of the
transmission coefficient is presented in Fig. 24. This
characteristic can be used for constructing the fre-
quency characteristic of the delay, which is shown in
Fig. 25. For constructing this characteristic, we use
formula (1).

K,, dB
151
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—45

—55

—65 |+

—75 I I I I L I
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Fig. 23. Frequency characteristic of the gain factor K, for
the external Huygens cube with the dimensions 10 x 10 x
10 mm.
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As we see from Fig. 25, the absolute value of delay
of a signal passing through the external Huygens cube
from the first input to the second input with the fre-
quency increasing from 1 GHz to 35 GHz increases
from 7.31 ps to 7.62 ps. As the frequency increases
from 35 GHz to 150 GHz, the absolute value of the
delay decreases from 7.62 ps to 6.4 ps. With a further
increase in frequency from 150 GHz to 275 GHz, the
absolute value of the delay decreases from 6.4 ps to
5.77 ps. After the frequency of 275 GHz, the delay
abruptly decreases practically to zero. Apparently, it is
connected with the resonance character of attenua-
tion, which is observed near the frequency of 281 GHz
in Fig. 21. After the frequency of 280 GHz, the phase
calculated by the ANSYS HFSS v.15 code [4] should
be increased by 2m, so the delay will be greater rather
than smaller. It should be noted that, even for the
quasi-static cases, when frequency tends to zero, the
delay does not decrease to zero but tends to a constant
equal to 7.44 ps.

Figure 26 shows the plot of the dependence of the
energy going to radiation, P4, on the frequency f on
the basis of relationships (2) and (3) for the external
cube B with the dimensions 10 x 10 x 10 mm. As we
see from the plot, up to the frequency of 21 GHz, P, 4
is undefined because it is smaller than zero. This result
is explained by the inaccuracy of computations by the
ANSYS HFSS v.15 code [4]. Starting from the fre-
quency of 21 GHz, P, increases from —23.93 dB to
—6 dB (40 GHz, which corresponds to the edge of the
external Huygens cube of 2/15 of the wavelength),
—3.18 dB (55 GHz, which corresponds to the edge of
the external Huygens cube of 11/60 of the wave-
length), —1.71 dB (75 GHz, which corresponds to the
edge of the external Huygens cube of 1/4 of the wave-
length), —0.5 dB (150 GHz, which corresponds to the
edge of the external Huygens cube of 1/2 of the wave-
length), —0.36 dB (225 GHz, which corresponds to
the edge of the external Huygens cube of 3/4 of the
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Fig. 24. Frequency characteristic of the phase ¢ of the transmission coefficient for the external Huygens cube with the dimensions
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Fig. 25. Frequency characteristic of the delay 7 of the signal passing to the second input of the external Huygens cube with the

dimensions 10 x 10 x 10 mm.

wavelength), and —0.1 dB (300 GHz, which corre-
sponds to the edge of the external Huygens cube of one
wavelength).

Now let us consider an air cube B with the dimen-
sions of 5 x 5 x 5 mm (Fig. 27).

The calculation was performed in a frequency
range from 1 to 300 GHz with a step of 5 GHz. The
convergence in the moduli of the scattering matrix
Delta S was 0.02, the total number of tetrahedra was
17266, the size of the resulting matrix was 109330, and
the required storage was 434 MB. The total computa-
tion time on a server with two Intel Xeon E5-2690 pro-
cessors with the frequency of 2.90 GHz and 128 GB
RAM was 15 min 29 s.

Figure 28 shows the frequency characteristic of
SWR for the external Huygens cube with the dimen-
sions 5 x 5 x 5 mm. Near the frequency of 1 GHz, the
side of the considered external Huygens cube was of
1/300 of the wavelength. It is the quasi-static case.

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS Vol. 60 No. 5

Starting from the frequency of 30 GHz, which corre-
sponds to the side of the external Huygens cube of
1/10 of the wavelength, the static components are not
sufficient for describing the phenomena inside the
cube. Up to the frequency of 30 GHz (less than 1/10
of the wavelength), the SWR does not exceed 1.15.
Figure 29 shows the frequency characteristic of the
modulus of the reflection coefficient S}, for the exter-
nal Huygens cube, from which we see that, up to the fre-
quency of 30 GHz, the reflectance is below —22.63 dB.
With a further increase in the frequency above
150 GHz (more than half a wavelength), non-quasi-
static effects begin to manifest themselves and the
SWR in this case increases. However, as we see from
Figs. 27 and 28, this increase is very small and does not
exceed —19.56 dB.

Figure 30 shows the frequency characteristic of

attenuation, L =101log |S12|2, for the external Huygens
cube. Up to the frequency of 17 GHz, the loss on the
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Fig. 26. Frequency characteristic of P,,4 for the external Huygens cube with the dimensions 10 x 10 x 10 mm.

energy transmission from the first input to the second
input is very small and does not exceed —0.2 dB. Then
the loss increases. At 1/4 of the wavelength (75 GHz),
it comprises —5.25 dB; at 1/2 of the wavelength
(150 GHz), —14.5 dB; and, at one wavelength
(300 GHz), —41.79 dB. The extremum of the loss is
found at the frequency of 280 GHz and comprises
—58 dB. The increase in the loss with increasing fre-
quency is connected with the radiation of energy to the
external space.

Figure 31 shows the frequency dependence of the
gain factor for the external Huygens cube. As we see
from the plot, starting from the frequency of 1 GHz
(1/300 of the wavelength), K, increases from —61.98 to
—20 dB at the frequency of 10 GHz (1/30 of the wave-

|

y./‘_x »

—
T J/

Fig. 27. Geometry of the external Huygens cube with the
dimensions 5 x 5 x 5 mm.
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length). With further increase in frequency to 21 GHz
(7/100 of the wavelength), K, increases to —11.09 dB.
At the frequency of 27 GHz (27/300 of the wave-
length), K, is —6 dB; at the frequency of 35 GHz
(7/60 of the wavelength), K, is —3 dB; and, at the fre-
quency of 50 GHz (1/6 of the wavelength), K, is 0 dB.
With further increase in frequency to 125 GHz
(25/60 of the wavelength), K, increases to 3 dB. After
that K, increases to 9 dB at the frequency of 240 GHz
(48/60 of the wavelength). Then K, gradually increases
to 11.39 dB at the frequency of 300 GHz (one wave-
length).

The frequency characteristic of the phase ¢ of the
transmission coefficient is presented in Fig. 32. This
characteristic can be used for constructing the fre-
quency characteristic of the delay, which is shown in
Fig. 33. For constructing this characteristic, we use
formula (1).

As we see from Fig. 33, the absolute value of the
delay of a signal passing through the external Huygens
cube from the first input to the second input with the
frequency increasing from 1 GHz to 43 GHz increases
from 7.41 psto 7.5 ps. As the frequency increases from
43 GHz to 150 GHz, the absolute value of the delay
decreases from 7.5 ps to 6.43 ps. With further increase
in frequency from 150 GHz to 275 GHz, the absolute
value of the delay decreases from 6.43 ps to 5.43 ps.
After the frequency of 275 GHz, the delay sharply
increases, although, as was observed in the previous
plots, it must decrease. Apparently, it is a result of
computation error of the ANSYS HFSS v.15 code
applied to the Huygens cube with the side of 5 mm.
The abrupt variation in the curve, apparently, is con-
nected with the resonant character of attenuation,
which is observed near the frequency of 280 GHz in
Fig. 20. After the frequency of 280 GHz, the phase
calculated by the ANSYS HFSS v.15 code [4] should
be increased by 27, so the delay will be greater rather
than smaller. It should be noted that, even for the
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Fig. 28. Frequency characteristic of the SWR for the external Huygens with the dimensions 5 x 5 x 5 mm.
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Fig. 29. Frequency characteristic of the reflection coefficient S} for the external Huygens cube with the dimensions 5 x 5 x 5 mm.
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Fig. 30. Frequency characteristic of the attenuation L, for the external Huygens cube with the dimensions 5 x 5 x 5 mm.
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Fig. 31. Frequency characteristic of the gain factor K,
for the external Huygens cube with the dimensions 5 x 5 x
5 mm.

quasi-static cases, when frequency tends to zero, the
delay does not decrease to zero but tends to a constant
equal to 7.4 ps.

Now let us plot of the frequency dependence of
the energy going to radiation, on the basis of rela-
tionships (2) and (3) for the external cube B with the
dimensions 5 x 5 x 5 mm.

Figure 34 shows the plot of P4 versus the fre-
quency f for the external cube B with the dimensions
5 x5 x5 mm. As we see from the plot, up to the fre-
quency of 10.5 GHz, P4 is undefined because it is

¢, deg
0r.

—100

T
.-’(

—200 T

—300

—400

—500

GODIN et al.

smaller than zero. It is connected with the inaccuracy
of computations by the ANSYS HFSS v.15 code [4].
Starting from the frequency of 10.5 GHz, P4
increases from —28.5 dB to —6.75 dB (40 GHz, which
corresponds to the edge of the external Huygens cube
of 2/15 of the wavelength), —3.32 dB (55 GHz, which
corresponds to the edge of the external Huygens cube
of 11/60 of the wavelength), —1.71 dB (75 GHz, which
corresponds to the edge of the external Huygens cube
of 1/4 of the wavelength), —0.48 dB (150 GHz, which
corresponds to the edge of the external Huygens cube
of 1/2 of the wavelength), —0.34 dB (225 GHz, which
corresponds to the edge of the external Huygens cube
of 3/4 of the wavelength), and —0.1 dB (300 GHz,
which corresponds to the edge of the external Huygens
cube of one wavelength).

The characteristics presented above were calcu-
lated for the external Huygens cube with the side of the
air cube B of 5 mm (Fig. 27).

For validation of the numerical results presented
above, we compared the results of calculation of the
characteristics of an external Huygens cube with the
sides of the air cube B of 5, 10, and 25 mm.

4. COMPARISON OF THE CHARACTERISTICS
OF EXTERNAL HUYGENS CUBES
WITH THE SIDES OF THE AIR CUBE B
OF 5, 10, AND 25 mm

Figure 35 shows the frequency characteristics of
the SWR for external Huygens cubes with the sides of
the air cube Bof 5, 10, and 25 mm (curves 1—3).

Figure 36 shows the frequency characteristics of
the moduli of the reflection coefficients S}, for exter-
nal Huygens cubes with the sides of the air cube B of 5,
10, and 25 mm (curves 1—23).

_600 1 | 1
0 50 100 150

200 250 300 350
f, GHz

Fig. 32. Frequency characteristic of the phase ¢ of the transmission coefficient for the external Huygens cube with the dimensions

5% 5x5mm.
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Fig. 33. Frequency characteristic of the delay 7 of the signal passing to the second input of the external Huygens cube with the
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Fig. 34. Frequency characteristic of P,,4 for the external Huygens cube with the dimensions 5 x 5 x 5 mm.
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Fig. 35. Frequency characteristic of the SWR for the external Huygens with side of the air cube B of (1) 5, (2) 10, and (3) 25 mm.
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Fig. 36. Frequency characteristic of the reflection coefficient .}, for the external Huygens cubes with the side of the air cube B

of (1) 5, (2) 10, and (3) 25 mm.
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Fig. 37. Frequency characteristic of the attenuation L, for the external Huygens cubes with the side of the air cube B of (1) 5,

(2) 10, and (3) 25 mm.

Figure 37 shows the frequency characteristics of the
attenuations L, for external Huygens cubes with the
sides of the air cube Bof5, 10, and 25 mm (curves 1—23).

As we see from Figs. 35—37, the differences
between the SWR, the moduli of the reflection coeffi-
cients, and the attenuations for different sides of the
external cube are small.

Now let us consider the dependence on the side of
the external Huygens cube of the gain factor K, whose
theoretical limit is the directivity. For this purpose, we
use the following formula, which determines the fre-
quency dependence of the directivity [4]:

478
A
where D is the directivity at the wavelength for a plane

cophased aperture of area .S with a uniform feed distri-
bution.

D= Q)

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS Vol. 60

Since this relationship was derived under the
assumption that all energy on the aperture is radiated,
this relationship is valid for directivity only for an
aperture of A x A (see Figs. 14, 18, 22, 26, 30, 34). For
directivity, the losses are disregarded, but they are
taken into account in K, [5]:

K, =nD. (5)

The assumptions made when deriving relationship (4)

are the same as in the determination of the K, of a radi-

ator in the ANSYS HFSS v.15 code [4]. Taking into
account that

S=10"x10"° =10 m2, (6)
A= ; (7)
No. 5 2015
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Fig. 38. (1) Theoretical and simulated frequency charac-
teristics of the gain factor for the external Huygens cube
with the side of the air cube B of (2) 5, (3) 10, and
(4) 25 mm.

where ¢ = 3 x 10% m/s is the speed of light in vacuum
and fis the frequency in hertzs, we obtain the following
relationship for the gain factor

K,(dB) = lOlog(M % (10° f')zj, (3)
B x10%?

where /" is the frequency in gigahertzs, which we trans-
form to

K,(dB) = IOIOg(%t X 10_4(f')2) )
0, deg
0 .
2+ \\x,
~_
—4 .
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or

K,(dB) = k +20log [, (10)

where k = 10log[¥®x 10| = —38.55 dB. At /' =

1 GHz, we obtain K, (dB) = k = —38.55 dB.

Frequency dependence (10) of the aperture gain
factor K, is represented by curve / in Fig. 38.

Figure 38 also presents plots of the frequency
dependence of the gain factor for external Huygens
cubes with the sides of the air cube B of 5, 10, and
25 mm (curves 2—4).

Figure 39 shows the frequency characteristics of
the phase of the transmission coefficient for external
Huygens cubes with the sides of the air cube Bof 5, 10,
and 25 mm (curves I—3).

Figure 40 shows the frequency characteristics of the
delay ¢ of passage for external Huygens cubes with the
sides of the air cube Bof 5, 10, and 25 mm (curves /—3).

Figure 41 shows the frequency characteristics of
P, for external Huygens cubes with the sides of the air
cube Bof 5, 10, and 25 mm (curves /—3).

As we see from the plots of the frequency character-
istics of the external Huygens cubes shown in
Figs. 35—41, in the simulation, a significant reduction
in the side of the air cube B from 25 mm to 5 mm is
possible. This makes possible a significant reduction in
the computation time in the simulation.

5. COMPARISON OF THE SCATTERING
MATRICES OF THE INTERNAL
AND EXTERNAL HUYGENS CUBES

The external and internal [9] Huygens cubes are
four-terminal networks. Let us compare their scatter-
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Fig. 39. Frequency characteristic of the phase ¢ of the transmission coefficient for the external Huygens cube with the sides of

the air cube B of (1) 5, (2) 10, and (3) 25 mm.
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Fig. 40. Frequency characteristic of the delay 7 of the signal passing to the second input of the external Huygens cube with the
sides of the air cube B of (/) 5, (2) 10, and (3) 25 mm.
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Fig. 41. Frequency characteristic of P4 for the external Huygens cube with the sides of the air cube B of (/) 5, (2) 10, and

(3) 25 mm.

ing matrices for the quasi-static case, i.e., at frequen-
cies tending to zero. For numerical calculations, we
will make it at the frequency of 1 GHz.

The table presents the comparison of the moduli
and phases of the scattering matrices of the internal

Comparison of the moduli and phases of the scattering ma-
trices of the internal and external Huygens cubes

The value The value
Frequenc for the internal for the external
quency Huygens cube Huygens cube
characteristics
at the frequency at the frequency
of 1 GHz of 1 GHz
|S,1|, dB —207.2 —51.1
Phase S, rad —0.0482 —1.61
|Sn|, dB 0 —0.0001
Phase ),, rad —0.021 —0.046
Delay, ps —3.33 -7.3

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS Vol. 60

and external Huygens cubes, which leads to the fol-
lowing conclusion: in the quasi-static case, the exter-
nal and internal Huygens cubes are similar in the
sense that both of them are matched and almost all
the energy is transferred from the first input to the
second input. They differ in the phase of the trans-
mission coefficient (the phase of §},), i.e., in the
delay of the signal passing from the first input to the
second input (from the second to the first ones). For
the quasi-static case, the external Huygens cube
practically does not radiate energy and almost all the
energy is transferred from the first input to the second
input.

6. THE EXTERNAL HUYGENS CUBE

AS A FREQUENCY DIPLEXER

1. It can be said that the external Huygens cube is
matched in the whole frequency band, because its
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SWR does not exceed 1.25 (see Fig. 35). The corre-
sponding plot of the frequency dependence of the
reflection coefficient is shown in Fig. 36, from which
we see that the modulus of the reflection coefficient
does not exceed —20 dB.

2. The frequency dependence of the attenuation
L, of a signal passing from the first input to the second
input of the external Huygens cube is as follows (see
Fig. 37): for frequencies below 55 GHz (11/60 of the
wavelength), L, is above —3 dB and, for frequencies
above 55 GHz, L,, is below —3 dB.

3. The frequency dependence of the power radiated
to the free space, P,,4, has the following form: for fre-
quencies below 55 GHz, the power radiated to the free
space is below —3 dB and, for frequencies above
55 GHz, the power radiated to the free space is above
—3dB.

The joint fulfillment of conditions 1—3 makes it
possible to consider the external Huygens cube as a
frequency diplexer [10—12].

CONCLUSIONS

The results of numerical calculation of the fre-
quency characteristics of the external Huygens cube
lead to the following conclusions.

(1) The external Huygens cube is matched in the
whole frequency band (its SWR does not exceed 1.25).

(2) The fraction of the radiated energy tends to
unity when the size of the external Huygens cube
equals the wavelength. In this case, K, tends to
12.91 dB.

(3) For a small Huygens cube (1/15 of the wave-
length), the free space acts like a below-cutoff
waveguide and energy is not radiated (the radiation
loss are higher than —25 dB).

(4) The gain of the external Huygens cube becomes
greater than zero when the side of the external Huy-
gens cube become greater than 1/12 of the wavelength.
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(5) The external Huygens cube may be considered
as a frequency diplexer.
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