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Abstract—The paper presents the results of numerical analysis of the frequency characteristics of the external
Sestroretskii cube and the comparison of them with the frequency characteristics of the internal cube. It is
shown that the external Sestroretskii cube has the properties of a frequency diplexer and a double waveguide
triplexer and, at low frequencies, the absolute values of its transmission coefficients tend to those of the inter-

nal cube.
DOI: 10.1134/S1064226916050065

1. ANALYSIS OF THE EXTERNAL
SESTRORETSKII CUBE

Consider a cube 4 with the dimensions of 1 x 1 x
1 mm (Fig. 1). The cube A is filled with metal. To each
face of the cube A, a rectangular parallelepiped also
filled with metal is attached. The bases of the rectan-
gular parallelepipeds coincide with the faces of the
cube A4 and have the same height # = 0.05 mm. How-
ever, we are going to calculate the properties of the
cube as 17 — 0; therefore, after the numerical determi-
nation of the scattering matrix of the external
Sestroretskii cube by means of the ANSYS HFSS v.15
code [1], we will move the reference input planes of the
device [2] up to the contact with the cube A. The num-
ber of rectangular parallelepipeds is six, which equals
the number of faces of the cube A. Select in Fig. 2 the
faces of rectangular parallelepipeds adjacent to the
cube 4, and impose on them the zero boundary condi-
tions for the tangential component of the electric field,
E ., which corresponds to a metal wall. These faces will
be considered the short-circuit (SC) walls [2—4].

In Fig. 3, select the faces of the same parallelepi-
peds but with the zero boundary condition for the tan-
gential component of the magnetic field, H,, which
corresponds to a magnetic wall. These faces will be
considered the open-circuit (OC) walls [2—4].

On the remaining faces of the rectangular parallel-
epipeds connected to the cube A4 (Fig. 4), impose the
boundary conditions of excitation and matching of
plane waves [2—4], which correspond to the ports of
the external Sestroretskii cube. In Fig. 4, all ports are

also enumerated. The polarizations of the electric, E s
and magnetic, H , fields and the directions of the

Poynting vectors S [5—8] of the incident plane waves
are shown in Fig. 5.
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For the consideration of the external electrody-
namic problem, place the suggested geometry with the
above boundary conditions into an air cube B (Fig. 6),
on the faces of which impose the radiation conditions
[1]. The external air cube B has the dimensions of 5 x
5 x 5 mm. The cube B is filled with vacuum.

Figure 7 shows the faces of the cube B, on which
the radiation boundary conditions are imposed.

The metal-filled cube A together with the six
metal-filled rectangular parallelepipeds connected to
its faces, all being placed in an air cube B with the
boundary conditions introduced above, will be called
the external Sestroretskii cube.

Fig. 1. Geometry of cube A and metal-filled rectangular
parallelepipeds attached to its faces.
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Fig. 2. Faces of rectangular parallelepipeds on which the
SC condition is imposed.

‘Z

Fig. 3. Faces of rectangular parallelepipeds on which the
OC condition is imposed.

The external Sestroretskii cube is symmetric and,
therefore, its scattering matrix can be found from the
scattering matrices of the halves of the cube under the
in-phase and antiphase excitations [2, 9—13].

2. THE EXTERNAL SESTRORETSKII CUBE
UNDER IN-PHASE EXCITATION

Consider the external Sestroretskii cube under the
in-phase excitation of ports 7 and 2 (see Fig. 4). Under
such an excitation, the problem of electromagnetic-
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wave scattering is equivalent to the problem with the
geometry shown in Fig. 8, which is the upper half of
the initial geometry on the lower face of which the OC
condition is imposed [2, 9—13]. This geometry will be
called the geometry of the external half of the
Sestroretskii cube under an in-phase excitation
(EHSCIE) and denoted by A*™.

Figure 9 shown the faces of an EHSCIE on which
the OC boundary conditions are imposed, and Fig. 10
shows the faces of an EHSCIE with the SC boundary
conditions. The numeration of the ports on which the
boundary conditions of matching and excitation of
electromagnetic waves are imposed is the same as in
the initial geometry (see Fig. 4).

Figure 11 shows the faces on which the radiation
boundary conditions are imposed for the EHSCIE A1+,
and Fig. 12 shows the faces of the EHSCIE with the
imposed conditions of excitation and matching of
planes waves [2—4]. The polarizations of the electric
and magnetic field and the directions of the Poynting
vectors [5—8] of these plane waves are shown in Fig. 13.

The simulation of the problem of electromagnetic-
wave scattering by the EHSCIE was performed by
means of the ANSYS HFSS v.15 software package for
3D electromagnetic modeling [1].

3. RESULTS OF SIMULATION OF A HALF
OF THE SESTRORETSKII CUBE
UNDER IN-PHASE EXCITATION

The calculation will be performed in a frequency
band of 1 to 300 GHz with a step of 1 GHz. The toler-
ance for the absolute values of the components of the
scattering matrix was Delta S = 0.02. The total number
of tetrahedra was 28034, and the size of the resulting
matrix was 180548, which required 1.17 GB of RAM.
The total computation time on a PC with an Intel
Core i7 2.79 GHz processor and 12 GB RAM was 7 h
19 min 55s.

Figure 14 presents the frequency characteristic of
the SWR of the EHSCIE. Near the frequency of
1 GHz, the edge length of the EHSCIE is 1/300 of
the wavelength. This is a quasi-static case. The SWR
at the frequency of 1 GHz is 1.01. As the frequency
increases to 64 GHz, the SWR increases to the max-
imum value of 2.23. Then the SWR decreases and, at
the frequency of 150 GHz, which corresponds to the
edge length of the EHSCIE at the half-wavelength, is
1.24. Then, at the frequency of 200 GHz, the SWR is
1.07, at the frequency of 250 GHz decreases to 1.06,
and at the frequency of 300 Hz (the edge length of
EHSCIE equals the wavelength) the SWR increases
again and equals 1.07.

Figure 15 shows the frequency characteristic of the
absolute value of the reflection coefficient §,, for port 2
of the EHSCIE, from which we see that at the fre-
quency of 1 GHz, (1/300 of the wavelength) the output
return loss is —43.5 dB. At the frequency of 64 GHz, the
output return loss reaches —8.37 dB. Then, at the fre-
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Fig. 4. Faces of rectangular parallelepipeds attached to cube A, on which the conditions of excitation and matching of plane waves
are imposed.

quency of 150 GHz (half wavelength), the output Figure 16 shows the frequency characteristic of the
return loss decreases to —19.32 dB and gradually attenuation L as the signal passes from port 2to port 3
passes to —30 dB at the frequency of 190 GHz. Atthe (L,;) and from port 2 to port 4 (L,,) [13] of the
frequency of 300 GHz (the wavelength), the output EHSCIE. In the figure we see that at all frequencies,
return loss is —28 dB. L,y = L,,, which is evident from the symmetry of the

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS Vol. 61 No.5 2016



456

Z Zz k4
A A A
x X x
y y y

GODIN et al.

Fig. 5. Direction of the vectors of the electric, £, and magnetic, H, fields and the direction of the Poynting vector S for the waves

incident onto the ports of the external Sestroretskii cube.

geometry. At the frequency of 1 GHz (1/300 of the
wavelength), the attenuations L,; and L,, are —3 dB,
i.e., in may be said that the energy incoming to port 2
is divided between ports 3 and 4. At the frequency of
150 GHz (half wavelength), the attenuations L,; and
L,, take the values of —15.1 dB. At the frequency of
246 GHz, the attenuations L,; and L,, go on decreas-
ing and take the minimum values —43 dB. Further on,
as the frequency increases to 300 GHz, the values of
L,; and L,, increase and reach —35 dB.

Figure 17 shows the frequency characteristic of
isolations J between ports 2 and 5 (J,5) and between
ports 2 and 6 (J,5) of the EHSCIE. As is evident from
the figure, at all frequencies, the values of the isola-

<
X
Yy

Fig. 6. Geometry of the external electrodynamic problem
in the ANSYS HFSS v.15 code.
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tions are equal: J,5 = Jy. At the frequency of 1 GHz
(1/300 of the wavelength), J,5 and J,4 are —33.98 dB.
As the frequency increases to 55 GHz, the isolations
Jys and J,¢ increase to —16.87 dB. With a further
increase in frequency to 126 GHz, the values of the
isolations decrease to —23.20 dB. At the frequency of
150 GHz (the EHSCIE edge length equals to the half-
wavelength), we observe a typical resonance the
EHSCIE, in which the minimum values of the isola-
tions J,5 and J, are —28.71 dB. The isolations J,5 and
Jys increase to —17.5 dB at the frequency of 180 GHz.
Further on, as the frequency increases to 300 GHz,
the isolations J,5 and J,4 go on decreasing and reach
the values of —31.24 dB.

Z
B
x
Y,

Fig. 7. Radiation boundary conditions on the faces of air
cube B.
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Fig. 8. Geometry of the EHSCIE A™™.

The frequency characteristics of the phase ¢ of the
transmission coefficient from port 2to port 3 arg(S,;),

and from port 2to port 4 arg(S,,), of the EHSCIE are
presented in Fig. 18. Due to the symmetry of the
geometry of the EHSCIE, the phases of the signal
passing from port 2to port 3 and from port 2 to port 4
are equal at all frequencies, as is evident from Fig. 18.
It should be noted that the phases of the transmission
coefficient, arg(S,;) and arg(S,,), calculated by the
ANSYS HFSS v.15 code were divided by © radians
[14—16], because the ANSYS HFSS v.15 code chooses
the opposite polarization of the electric field for these
ports of the EHSCIE. The frequency characteristics of
the delay were calculated by the following formulas:

arg(Sy;) — 1
Aty; = —=222 — 1
R (1)
arg(8y) —m
Aty = =2~ 2
= @)

where At,, is the delay in seconds of the signal passing
from port 2 to port 3, At,, is the delay of the signal
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passing from port 2 to port 4, arg(S,;) is the phase of
the transmission coefficient from port 2 to port 3 in
radians, arg(S,,) is the phase of the transmission coef-
ficient from port 2 to port 4, and fis the frequency in
hertzs.

Figure 19 shows the frequency characteristic of the
delay of the signal passing from port 2 to port 3 (¢,;) and
from port 2 to port 4 (z,,) of the EHSCIE. As is evident
from Fig. 19, the delay of the signal passing from port 2
is —3.45 ps at the frequency of 1 GHz. With an increase
in frequency, the delay decreases in the absolute value.
At the frequency of 150 GHz (half the wavelength), the
signal delay is —2.97 ps and, at the frequency of
300 GHz (one wavelength), the signal delay is —0.3 ps.

4. THE EXTERNAL SESTRORETSKII CUBE
UNDER ANTIPHASE EXCITATION

Now consider the external Sestroretskii cube under
the antiphase excitation of ports / and 2 (see Fig. 4).
Under such an excitation, the problem of electromag-
netic-wave scattering is equivalent to the problem with
the geometry shown in Fig. 20, which is the upper half
of the external Sestroretskii cube (see Fig. 6) on the
lower face of which the SC condition is imposed [2, 9—
13]. This geometry will be called the geometry of the
external half of the Sestroretskii cube under antiphase
excitation (EHSCAE) and denoted by A*™~.

Figure 21 shown the faces of an EHSCAE on which
the OC boundary conditions are imposed, and Fig. 22
shows the faces of an EHSCAE with the SC boundary
conditions. The numeration of the ports on which the
boundary conditions of matching and excitation of
electromagnetic waves are imposed is the same as in
the initial geometry (see Fig. 5).

Figure 23 shows the faces of the EHSCAE on which
the boundary conditions of excitation and matching of
plane waves are imposed [2—4]. The polarizations of the

electric, E , and magnetic, H , fields and the directions

of the Poynting vectors Ky [5—8] of these plane waves are
shown in Fig. 24.

Fig. 9. Geometry of the EHSCIE A" on which the OC condition is imposed.
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Fig. 10. Geometry of the EHSCIE A*™" on which the SC
condition is imposed.

The simulation of the problem of electromagnetic-
wave scattering by the EHSCAE was performed by
means of the ANSYS HFSS v.15 software package for
3D electromagnetic modeling [11].

5. RESULTS OF SIMULATION OF A HALF
OF THE SESTRORETSKII CUBE
UNDER ANTIPHASE EXCITATION

Since the geometry of the EHSCAE is dual [17] to
the geometry of the EHSCIE on the rotations of the
EHSCAE about the axis z by 90°, the frequency char-
acteristics of the SWR, isolation, phases of the trans-
mission coefficients, and delay (see Figs. 14—20) will
be the same as those for the EHSCIE after the follow-
ing replacement of the numerations of ports: port 2 of
the EHSCIE corresponds to port 2 of the EHSCAE,
port 3 of the EHSCIE corresponds to port 5 of the
EHSCAE, port 5 of the EHSCIE corresponds to port 4
ofthe EHSCAE, port 4 of the EHSCIE corresponds to
port 6 of the EHSCAE, and port 6 of the EHSCIE
corresponds to port 3 of the EHSCAE. Therefore, it is
not necessary to perform calculations.

The full scattering matrix of the external Sestro-
retskii cube is found from the scattering matrices of the
EHSCIE and EHSCAE by the method presented in
[2,9-12].

6. RESULTS OF SIMULATION
OF THE EXTERNAL SESTRORETSKII CUBE

The scattering matrix of the external Sestroretskii
cube is determined from the scattering matrices of the
EHSCIE and EHSCAE by the method presented in
[2, 9—12], taking into account that under the in-phase
and antiphase excitations ports 3, 4, 5, and 6 of the
Sestroretskii cube are divided in two halves. Let us
present calculated frequency characteristics of the
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Fiigi 11. Radiation boundary conditions for the EHSCIE
AT,

external Sestroretskii cube, starting from the fre-
quency characteristics of the EHSCIE and EHSCAE.

The plots of the frequency characteristics of the
SWR and the absolute value of the reflection coeffi-
cient for port 2 of the external Sestroretskii cube coin-
cide with the corresponding plots for the EHSCIE (see
Figs. 14, 15).

Figure 25 shows the frequency characteristics of the
transmission coefficient from port 2 to ports 3—6 of the
external Sestroretskii cube. For comparison, the fre-
quency characteristics of the transmission coefficient
from port 2to ports 3and 4 of the EHSCIE are also pre-
sented. As we see from the figure, the plots of the trans-
mission coefficient from port 2 to ports 3, 4, 5, and
6 coincide. This is evident from the symmetry. At the
frequency of 1 GHz (the edge length of the external
Sestroretskii cube is 1/300 of the wavelength), the coef-
ficient is —6.19 dB. Up to the frequency of 120 GHz
(2/5 of the wavelength), the transmission coefficient
decreases to —14.12 dB. At the frequency of 150 GHz
(the edge length of the external Sestroretskii cube is half
the wavelength), we see a typical resonance of the fre-
quency characteristics of the external Sestroretskii cube
and the transmission coefficient is —16.81 dB. Further
on, the transmission coefficient of the external
Sestroretskii cube goes on decreasing and, at the fre-
quency of 294 GHz, equals —34.72 dB. At the fre-
quency of 300 GHz, the transmission coefficient of the
external Sestroretskii cube is —32 dB.

As we see, up to half the wavelength, until the initia-
tion of higher modes, the behavior of the transmission
coefficient of the external Sestroretskii cube corre-
sponds to the behavior of the transmission coefficient of
the EHSCIE and their values differ by 3 dB. This is
clear, because, in the EHSCIE, the energy supplied to
port 2 is divided among two ports: 3 and 4 and, in the
full external Sestroretskii cube, the energy supplied to
port 2is divided among four ports: 3, 4, 5, and 6. Up to
the frequency of 120 GHz, the isolation between

No.5 2016
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Fig. 12. Faces of the EHSCIE A1, on which the conditions of excitation and matching of plane waves are imposed.

<
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X X
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Fig. 13. Direction of the vectors of the electric, E, and magnetic, H , fields and the direction of the Poynting vectors S for the

waves incident onto the ports of the EHSCIE A™.

ports 2, 5, and 6 of the EHSCIE is below —25 dB (see
Fig. 17). At the frequency above 120 GHz, the isolation
decreases and, above 150 GHz, waveguide modes
become propagating. As a result, the behavior of the
transmission coefficient of the external Sestroretskii
cube is different from that of the EHSCIE.

The frequency characteristic of the phase of the
transmission coefficient from port 2 to ports 3, 4, 5,
and 6 of the external Sestroretskii cube is presented in
Fig. 26. For comparison, the frequency characteristic
of the phase of the transmission coefficient from port 2
to ports 3 and 4 of the EHSCIE is presented. Due to

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS Vol. 61 No.5 2016
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Fig. 14. Frequency characteristic of the SWR of the EHSCIE for port 2, calculated by the ANSYS HFSS v.15 code.
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Fig. 15. Frequency characteristic of the reflection coefficient of the EHSCIE for port 2, calculated by the ANSYS HFSS v.15 code.

the symmetry of the geometry of the external Sestro-
retskii cube, the phases of the transmission coefficient
from port 2 to ports 3, 4, 5, and 6 are equal at all fre-
quencies, which is evident from Fig. 26.

As we see, up to the frequency of 120 GHz (the
edge length of the external Sestroretskii cube is 2/5 of
the wavelength), the phase of the transmission coeffi-
cient of the external Sestroretskii cube equals the
phase of the transmission coefficient of the EHSCIE.
In contrast to the absolute value of the transmission
coefficient, the phase of the transmission coefficient
depends on the isolation more strongly. The phases of
the transmission coefficient of the EHSCIE and the
external Sestroretskii cube have practically the same
behavior, linearly decreasing practically from zero at
the frequency of 1 GHz to —133° at the frequency of
120 GHz. Then, after the frequency of 150 GHz (the

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS Vol. 61

edge length of the external Sestroretskii is half the
wavelength), substantial distinctions are observed.

Figure 27 shows the frequency characteristic of the
delay of the signal from port 2to ports 3, 4, 5, and 6 of
the external Sestroretskii cube. For comparison, the
frequency characteristic of the delay of the signal from
port 2 to ports 3 and 4 of the EHSCIE are presented.
As is evident from the figure, the delay for ports 3, 4, 5,
and 6is —2.84 ps at the frequency of 1 GHz. At the fre-
quencies of 150 GHz (the edge length of the external
Sestroretskii is half the wavelength) and 250 GHz, we
observe typical resonances in the delay.

From Fig. 27 we see that the frequency character-
istic of the delay of the external Sestroretskii cube
and the EHSCIE are substantially different. Appar-
ently, it is connected with a significant isolation
between ports 2and 5, 6 of the EHSCIE (see Fig. 17).
The isolation becomes less than —25 dB already

No.5 2016
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Fig. 16. Frequency characteristics of the attenuation of the signal passing from port 2to port 3 (L,3) and from port 2to port 4 (L,4)
for the EHSCIE, calculated by the ANSYS HFSS v.15 code: (curve ) port 3, (curve 2) port 4.
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Fig. 17. Frequency characteristics of the isolations J,5 and J,4 of the EHSCIE, calculated by the ANSYS HFSS v.15 code:

(curve 1) port 5, (curve 2) port 6.

above the frequency of 10 GHz and then decreases to
—17 dB at the frequency of 50 GHz; further on, it
increases again to —22.5 dB at the frequency of
125 GHz. Such a frequency behavior of the isolation
leads to a significant difference in the frequency
dependence of the delay for the full external
Sestroretskii cube, because the delay is a derivative of
the phase of the transmitted signal. Such a small iso-
lation is caused by the fact that the ports of the exter-
nal Sestroretskii cube have the length 2 = 0.05 mm
(see Fig. 1).

It is of interest to consider the frequency character-
istic of the power P4 radiated to the external space,
which can be calculated by the following relationship:

P.(dB) = 101og(l — (Syy|* +[Sy|"

(3)
+ |S23|2 "‘|S24|2 + |S25|2 +|S26|2))s

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS Vol. 61

2

where [Sy,[%, [Sul’, 152”5 [Saal*s [2s]7, and [Sy|” are
the squared absolute values of scattering matrix of the
external Sestroretskii cube, calculated by the ANSYS
HFSS v.15 code.

The power P,,4 not radiated to the external space is
the sum of the energies of reflected waves at ports 7, 2,
3, 4, 5, and 6 of the external Sestroretskii cube when
energy is fed to port 2:

Pooa(dB) = 1010g(S,,|* + S|
+ |Sz3|2 + |Sz4|2 + |st|2 + |st|2)-

Figure 28 presents the plotted frequency depen-
dences of the powers P4 and P4 for the external
Sestroretskii cube (curves /, 2) and the external Huy-
gens cubes (curves 3, 4) [14—16]. As is evident from
Fig. 28, up to the frequency of 17 GHz, the P,4 for the
external Sestroretskii cube (curve /) is undefined,

C))
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Fig. 18. Frequency characteristics of the phase of the transmission coefficient from port 2to port 3 arg(S,3), (curve /) and from
port 2to port 4 arg(Sy4), (curve 2) for the EHSCIE, calculated by the ANSYS HFSS v.15 code.
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Fig. 19. Frequency characteristics of the delay of the signal passing from port 2 to port 3, (curve /) and from port 2 to port 4,
(curve 2) of the EHSCIE, calculated by the ANSYS HFSS v.15 code.

because it is below zero. This is connected with the
inaccuracy of calculations by the ANSYS HFSS v.15
code [4]. Starting from the frequency of 17 GHz, the
P, for the external Sestroretskii cube increases from
—30.4 dB to —3 dB at the frequency of 66 GHz. At the
frequency of 113.5 GHz, the frequency characteristics
of the P, for the external Sestroretskii cube (curve /)
and the external Huygens cube (curve 3) intersect one
another at the value of —1.09 dB. Further on, up to the
frequency of 300 GHz, the frequency characteristics of
the P4 for the external Sestroretskii cube tends to 0 dB.

As is evident from Fig. 28, the energy loss by radi-
ation for the external Sestroretskii cube is greater
than that for the external Huygens cube up to the fre-
quency of 113.5 GHz. However, at the frequency
above 113.5 GHz, the energy loss by radiation for the

JOURNAL OF COMMUNICATIONS TECHNOLOGY AND ELECTRONICS Vol. 61

external Sestroretskii cube is only a little lower than
that for the external Huygens cube. At low frequen-
cies, practically all power P,,,,4 (see Fig. 28) returns to
the external Sestroretskii cube (curve 2). With an
increase in frequency, the returned energy decreases.
At the frequency of 66 GHz, the power P, 4 returned
to the external Sestroretskii cube equals the power P4
radiated to the external space. It should be noted
that, at the frequency of 58.3 GHz, for the external
Huygens cube, the frequency dependences of the
radiated power P4 and returned power P, 4 intersect
one another.

Figure 29 shows the theoretical (curve /) and sim-
ulated (curve 2) frequency characteristics of the gain
factor of the external Sestroretskii cube.

No.5 2016
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Fig. 20. Geometry of the EHSCAE A1~

As the theoretical limit for the frequency depen-
dence of the gain factor, we take the following rela-
tionships [14—16]:

K (dB) = k +2010g £, (5)
where k = 1010g(%ﬁx 10‘4) = —38.55 dB = K,,;, (dB)

at /' =1GHz.

The dependence corresponding to expression (5)
for K, is illustrated by curve / in Fig. 29.

Consider the simulated (curve 2) frequency char-
acteristics of the gain factor for the external
Sestroretskii cube. Starting from the frequency of
1 GHz (1/300 of the wavelength), K, increases from
—67.26 dB to —27.29 dB at the frequency of 10 GHz
(1/30 of the wavelength). With a further increase in
the frequency, K,,;, increases to —15.31 dB at
20 GHz. At the frequency of 55 GHz, K, = 0.03 dB.
With a further increase in frequency, K,,;, increases to
3.1 dB at the frequency of 85 GHz and to 8.9 dB at the
frequency of 210 GHz. Then K,,;, gradually increases

Fig. 21. Geometry of the EHSCAE A*~ on which the OC
condition is imposed.

to 11.82 dB at the frequency of 300 GHz (one wave-
length).

7. COMPARISON OF THE SCATTERING
MATRICES OF THE INTERNAL
AND EXTERNAL SESTRORETSKII CUBES

The external and internal [14] Sestroretskii cubes
are 12-terminal devices. Let us compare their scatter-
ing matrices for the quasi-static cases, i.e., at the fre-
quencies tending to zero. For numerical calculations,
the comparison was made at the frequency of 1 GHz.
The results are presented in the table.

The analysis of the table leads to the following con-
clusion: in the quasi-static case, the external and
internal Sestroretskii cubes are similar in the sense that
they are matched and almost all energy is transmitted
from port 2 to ports 3, 4, 5, and 6. They differ in the

phases of the transmission coefficients (phases S,;,

Sy, Sos, S26), 1.€., in the delays of the signal passing
from port 2 to ports 3, 4, 5, and 6. In the quasi-static

Fig. 22. Geometry of the EHSCAE A1~ on which the SC condition is imposed.
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Fig. 23. Faces of the EHSCAE A1, on which the conditions of excitation and matching of plane waves are imposed.

case, the external Sestroretskii cube practically does
not radiate energy and almost all energy is transmitted
to ports 3, 4, 5, and 6.

Comparison of the absolute values and phases of the scatter-
ing matrices of the internal and external Sestroretskii cubes

Values Values
Frequenc or the internal for the external
quency Sestroretskii cube | Sestroretskii cube
characteristics
at the frequency at the frequency
of 1 GHz of 1 GHz

|S22|, dB —74.48 —43.15
Phase .5,,, rad —1.55 —1.59
1S53], [S24], dB —6.02 —6.02
Phase S;, .5,, rad —0.01 —0.02
S2s|, |S26], dB —36.06 —33.98
Phase .S,5, Sy, rad —2.35 —2.38
Delay, ps 1.65 3.45
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8. THE EXTERNAL SESTRORETSKII CUBE
AS A DIPLEXER AND QUADRUPLEXER

1. For the frequencies of 1 to 16 GHz and of 150 to
300 GHz, the SWR of port 2 does not exceed 1.25 (see
Fig. 14). At the frequencies of 16 to 150 GHz, the SWR
does not exceed 2.25. The corresponding frequency
dependence of the reflection coefficient is shown in
Fig. 15, from which we see that the absolute value of the
reflection coefficient does not exceed —20 dB at the fre-
quencies below 14.4 GHz and above 151.67 GHz.

2. The frequency dependences of the transmission
coefficient from port 2to ports 3, 4, 5, and 6 (phases L,;,
L,4, Lys, Ly) for the external Sestroretskii cube are as
follows (see Fig. 25):

at the frequency of 1 GHz, L,;, Ly, L,s, and Ly,
equal —6.02 dB;

with an increase in frequency, L,s, Ly, Lys, and Lye
monotonically decrease to —14 dB at the frequency of
120 GHz;
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Fig. 24. Direction of the vectors of the electric, E, and magnetic, H , fields and the direction of the Poynting vectors S for the
waves incident onto the ports of the EHSCAE 4™~
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Fig. 25. Frequency characteristic of the transmission coefficient from port 2: (curve /) to ports 3, 4, 5, and 6 (the external
Sestroretskii cube) and (curve 2) to ports 3 and 4 (EHSCIE).
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Fig. 26. Frequency characteristic of the phase of the transmission coefficient from port 2: (curve I) to ports 3, 4, 5, and 6 (the
external Sestroretskii cube) and (curve 2) to ports 3 and 4 (EHSCIE).
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Fig. 27. Frequency characteristic of the phase of the delay of the signal passing from port 2: (curve /) to ports 3, 4, 5, and 6 (the
external Sestroretskii cube) and (curve 2) to ports 3 and 4 (EHSCIE).
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Fig. 28. Comparison of the frequency characteristic of the radiated, P,,4, and not radiated power, P, 4 for (curves 1, 2) the exter-

nal Sestroretskii cube and (curves 3, 4) the Huygens cube.

in the region of 150 GHz, L,;, L4, L,s, and Ly
have a resonance character;

from the frequency of 155 GHz, L,;, L,4, L,s, and
L, monotonically decrease to —34.7 dB at the fre-
quency of 290 GHz;

in the region of 300 GHz, the frequency depen-
dence of the transmission coefficient also has a reso-
nance character.

3. The frequency dependences of the power P4
radiated to the free space is as follows (see Fig. 28):

at the frequency below 42 GHz, the power P, is
below —3 dB;

at the frequency above 42 GHz, the power P, is
above —3 dB.
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The simultaneous fulfillment of conditions 1—3
makes it possible to consider the external Sestroretskii
cube a frequency diplexer and quadruplexer [18—20].

The analysis of the frequency characteristics pre-
sented above leads to the following conclusion.

1. The above-considered external Sestroretskii
cube is described sufficiently well in the single-mode
approximation and has the properties of a waveguide
triplexer [2] up to the frequencies of 16 GHz (the edge
length of the external Sestroretskii cube is of 4/75 of
the wavelength):

(a) port 2 is matched and isolated from ports 3, 4,
5, and 6;

(b) all energy incoming to port 2is divided in equal
proportions among ports 3, 4, 5, and 6;
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Fig. 29. (Curve 1) Theoretical and (curve 2) simulated with the use of the ANSYS HFSS v. 15 code frequency characteristics of
the gain factor for the external Sestroretskii cube.

Fig. 30. Directions of the vectors of the electric, £, and magnetic, H , fields and the direction of the Poynting vectors S for the
wave incident onto port 2 and waves transmitted to ports 3, 4, 5, and 6 of the external Sestroretskii cube.

(c) if the amplitude of the electric and magnetic (d) if the amplitude of the power flux density of the
fields of the incident waves to port 2 is taken as unity, waves incident to port 2 is taken as unity, then the
then the amplitudes of the wave incident to ports 3, 4, 5, amplitudes of the wave incident to ports 3, 4, 5, and 6
and 6 are 1/2; are 1/4;
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(e) the directions of the vectors £ and H of the
electric and magnetic fields and the vectors of the
energy flux densities of the waves incident to port 2and
transmitted to ports 3, 4, 5, and 6 of the external
Sestroretskii cube are shown in Fig. 30.

2. The fraction of the radiated energy tends to unity
as the edge length of the external Sestroretskii cube
tends to the wavelength; in this case, K,,;, tends to
11.82 dB.

3. For the external Sestroretskii cube (with the edge
length greater than 11/50 of the wavelength), the free
space is a sort of a below-cutoff waveguide and the
energy loss by radiation exceeds —3 dB.

4. The gain factor of the external Sestroretskii cube
becomes positive when the edge length of the external
Sestroretskii cube becomes smaller than 11/60 of the
wavelength.

5. The external Sestroretskii cube may be consid-
ered as a frequency diplexer and quadruplexer.

CONCLUSIONS

Numerical modeling of the external Sestroretskii
cube has been performed by means of the ANSYS
HEFSS v.15 code for electrodynamic simulation. It has
been shown that the external Sestroretskii cube has the
properties of a double waveguide triplexer for wave-
lengths greater that 4/75 of the edge length of the
external Sestroretskii cube. The external Sestroretskii
cube has the properties of a frequency diplexer and
quadruplexer.
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