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ABSTRACT: In this paper, a radiator employing the Cherenkov mechanism for electromagnetic energy transfer from an optically less dense
medium into a more dense one is developed and studied using a two-dimensional numerical model. The radiator’s principal components
are a dielectric prism and an open dielectric waveguide, where the phase velocity of waves exceeds that within the prism. For two linear
polarizations in the 24 to 64 GHz range, and this radiator exhibits high efficiency (over 93%) and radiation patterns with main lobes
that closely coincide in both direction and width. The direction of radiation demonstrates strong agreement with predictions from the
Cherenkov wave theory and shows weak dependence on frequency. These characteristics make the developed antenna suitable for the
directional emission and reception of electromagnetic pulses of various polarizations with spectral bandwidths of up to one octave or
more. It is demonstrated that the radiation patterns of such antennas can be electrically controlled by altering the permittivity of the
dielectric waveguide using an external control signal. The proposed antenna design avoids expensive fabrication processes and can be

scaled to sub-millimeter wave ranges without significant modifications.

1. INTRODUCTION

hen a charged particle travels at a speed exceeding the
Wspeed of light in the surrounding medium, it becomes a
source of Cherenkov radiation [1-3]. This radiation is linearly
polarized, anisotropic, and generated through a simple physi-
cal mechanism. The electric field of moving charged particle
polarizes atoms of the medium along its trajectory. The sub-
sequent depolarization of these atoms leads to the emission of
secondary waves and their interference. When the mentioned
condition on the charged particle’s speed is met, the interference
of all waves emitted by the polarized atoms results in the forma-
tion of Cherenkov wavefronts in the form of Mach cones. The
particle’s kinetic energy is thereby converted into the energy of
outgoing electromagnetic waves. This effect finds its use in a
wide range of fields, including particle physics and astrophysics
experiments [4], nuclear power engineering [5], and biomedical
applications such as radiotherapy and imaging [6]. The energy
transfer is also possible in the opposite direction, from elec-
tromagnetic waves to charged particles. This phenomenon is
known as inverse Cherenkov effect and is widely used in the
development of compact charged particle accelerators [7].

The same effect can be realized without a charged particle
[8-11]. In this scenario, the field that polarizes atoms of the
medium originates from a wave propagating in an open wave-
guiding structure, such as an open dielectric waveguide. The
fields of such waves are not strictly confined within the wave-
guide but partially extend beyond it. This part of the wave de-
cays exponentially with distance from the waveguide and trav-
els along the waveguide together with the main part of the wave.
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If this evanescent wave encounters another medium where the
speed of light is lower than its own speed (Fig. 1), the same
polarization mechanism for generating Cherenkov waves oc-
curs. The energy of the primary guided wave is transferred into
the optically more dense medium, from which it can be subse-
quently emitted into free space. This phenomenon can be con-
sidered as a wave analog [12—14] of the “classic” Cherenkov
effect [15—-18], and it forms the basis for the development of
Cherenkov-type antennas [8—11]. It should be noted here that a
similar effect of Cherenkov radiation generation is also theoret-
ically predicted for electrodynamic systems without a feeding
waveguide [19, 20], i.e., for pulse waves propagating in homo-
geneous media. However, in this case, strict requirements are
imposed on the frequency, spatial, and energy characteristics of
both the primary pulse and the medium.

Cherenkov waves

Primary wave &1

FIGURE 1. Schematic illustration of the surface-to-volume wave con-
version in a Cherenkov radiator. €2 > £7.

The reciprocity theorem [21,22] ensures that this energy
transfer process can also occur in the reverse direction, from an
optically more dense medium into a less dense one (wave ana-
log of inverse Cherenkov effect). This principle is employed
in prism couplers, which are used to lead light energy into thin
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dielectric films [23]. In such cases, the energy transfer between
media can also be physically explained “...by partially frustrat-
ing the total internal reflection and by distributed coupling.”
([23], p. 149). Despite being accurate, this explanation is not
as elegant as the one offered by the Cherenkov wave theory.

Despite simplicity of the concept of converting surface
(guided) waves into volumetric ones, radiators based on this
principle have not seen widespread development yet. This is
likely because such devices require a dielectric filling of a vol-
ume whose linear dimensions are tens of times larger than the
operating wavelength. In the most common microwave bands
(with wavelengths in the order of centimeters), this requirement
leads to antenna designs with unfavorable size and weight
characteristics. However, shifting towards higher-frequency
bands, this drawback becomes less significant, and factors
such as efficiency, directivity, and broadband operation take
precedence. Since the polarization (Cherenkov) mechanism of
energy transfer between media is possible at any wavelength
where the macroscopic averaging of material parameters is
applicable, it is reasonable to expect that Cherenkov-type
antennas will find their niche for applications in the millimeter
and submillimeter wave ranges. This statement can be partly
supported by works [24-26], where structures similar to that
shown in Fig. 1 are used to convert infrared pulses propagating
in a dielectric waveguide with nonlinear permittivity into
terahertz waves and their subsequent radiation into free space
by generating Cherenkov waves.

The current study aims to investigate fundamental wave phe-
nomena occurring in Cherenkov-type antennas and assess their
potential for practical applications. We focus on three main as-
pects of their functioning: broadband performance, polariza-
tion sensitivity, and the ability to manipulate radiation.

Previous studies [8—11] on Cherenkov-type antennas clearly
explain the physical mechanism of their functioning and pro-
vide assessments of their basic characteristics. However, de-
spite the use of pulse excitation in their model prototypes,
the characteristics calculated by the authors (efficiency, radi-
ation pattern [ 10, 11]) were obtained only for narrow frequency
ranges. On the other hand, work [9] demonstrates the possibil-
ity of emitting a short pulse (with a duration much shorter than
the propagation time along the antenna) as a pulse wave with a
wide (of the order of the antenna aperture size) and nearly plane
wavefront. This gives reason to expect broadband behavior of
such radiators, in particular a weak dependence of the radiation
direction on frequency.

Another issue that, in our opinion, requires clarification con-
cerns the polarization sensitivity of Cherenkov-type antennas.
Works [8—11] demonstrate promising results of modelling the
radiation of waves with different polarizations, which allows us
to assume that Cherenkov antennas are highly efficient for two
orthogonal polarizations. However, the difference in the phase
velocities of E- and H-waves in a dielectric waveguide can
lead to significant differences in the corresponding frequency
dependencies of antenna efficiency and directivity. Therefore,
a comparison of these characteristics for the two polarizations
in a single antenna should be performed.
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Finally, the specific dependence of the radiation direction of
Cherenkov-type antennas on the phase velocity of the primary
wave in a dielectric waveguide allows us to expect the possi-
bility of tuning their radiation patterns by changing this phase
velocity. Assessing this possibility is also important for the fur-
ther development of such antennas.

We employ numerical simulation, focusing primarily on the
microwave frequency range, while keeping in mind that all geo-
metric parameters of the analyzed structures can be scaled for
the operation at shorter wavelengths. To calculate all electro-
dynamic characteristics presented in this work, the method of
exact absorbing conditions (EACs) was used [27-33]. EAC
method is based on a mathematically rigorous transformation
of initial boundary value problems in open (unbounded, ex-
tending to infinity) domains into their equivalent counterparts
in closed domains bounded by virtual boundaries with EACs
on them. These problems are then solved numerically. In this
work, finite-difference time-domain (FDTD) method [34] was
used, although other numerical methods (e.g., DG-FEM [32])
may also be applied. EAC method has proven to be a reliable,
highly efficient, and relatively simple tool for modeling tran-
sient processes in the time domain. The use of EACs on virtual
boundaries enclosing a domain of computation prevents the re-
flection of outgoing waves from these boundaries, as if they
were fully absorbed by these boundaries (hence the name “ab-
sorbing”), thus, effectively simulating outgoing waves’ undis-
turbed propagation to infinity. This property is independent of
the temporal duration of simulated processes, which is partic-
ularly crucial when analyzing resonant situations. This distin-
guishes EAC method from mathematically non-rigorous alter-
natives [35], such as those based on perfectly matched layers
(PML, see [34]).

The paper is organized as follows. In Section 2, we briefly
formulate the initial boundary value problems considered in this
work and explain main stages of our numerical experiments.
Section 3 presents the results of preliminary numerical experi-
ments that are essential for the subsequent model synthesis of
the Cherenkov radiator. Section 4 provides results of this syn-
thesis, including energy and spatial-frequency characteristics of
the Cherenkov antenna for two linear polarizations. In Sec-
tion 5, the possibility of creating a beam-steering Cherenkov
antenna is investigated.

2. EAC METHOD AS A TOOL FOR NUMERICAL EX-
PERIMENTS

We consider initial boundary value problems that describe
the evolution of pulsed E- and H-waves in analysis domains
Q,, which represent a fragment of the Cartesian plane {y, z}
bounded by rectangular virtual boundary L, see Fig. 2. This
boundary encloses all field sources and scatterers essential for
models under study. The geometry and number of scatterers,
in general, can be arbitrary and are defined based on a spe-
cific structure being modeled. The only constraint is that an
entire modeled structure and electromagnetic field are indepen-
dent of the coordinate x. In addition, structures considered
in this work include one or two waveguide ports, which, be-
ing finite geometry-wise (Fig. 2), mimic the behavior of semi-
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FIGURE 2. General view of the analysis domain. Projections of metal
elements onto the plane {y, z} are shown in black, and dielectric ele-
ments in gray. Black dashed lines represent virtual boundaries. Green
dashed line is the reference circle R inside the computation domain for
radiation pattern finding.

infinite, plane-parallel waveguides [33]. At cross-sections of
these waveguide ports, the analysis domain Qy, is bounded by
virtual boundaries L,,, where p is the port number. Electromag-
netic energy may enter the domain Qy, (as incident waves) or
exit it (as scattered or reflected waves) through these ports.

For E-waves (E,, Hy,, H, # 0), the initial boundary value
problem is as follows
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Here, £, E,, E, and H,,H,, H, are Cartesmn compo-
nents of electric and magnetic field vectors E = E(y, z,t) and
H=H (y,2,t); € and o denote the relative permittivity and
specific conductivity; B and M represent the projections of
three-dimensional surfaces of dielectric and metal objects onto
the plane {y, z}, while points V represent the projections of
metal and dielectric objects’ edges onto {y, z} (V is an arbi-
trary finite region that includes point V); ¢’ is the time vari-
able; ¢ = 299792 458 m/s is the speed of light in vacuum;
Mo = v/ po/€0 = poc = 376.730 ... Ohm is the impedance of
free space, with y1g &~ 47 x 1077 H/m and £ ~ 8.854 187 8 x
10~'2 F/m being magnetic and electric constants. The interna-
tional system of units (SI) is assumed, and the relative magnetic
permeability ¢ = 1 for all considered objects.

The mathematical content of problems (1) and (2) is fairly
straightforward. The first two lines in (1) and (2) are Maxwell’s
equations for the non-zero field components at each polariza-
tion. The third lines define domains of the definition of inde-
pendent variables y, z, and t. The fourth and fifth lines specify
trivial initial conditions. The sixth, seventh, and eighth lines are
boundary conditions on surfaces of metal and dielectric objects
(with ¢, j denoting their respective indices). The ninth lines
define the conditions at edges [36,37]. The remaining lines in
(1) and (2) represent the exact absorbing conditions on virtual
boundaries L,, and L, which form the core of EAC method.

For waveguide ports, these conditions are applied to
space-time amplitudes u® (z,t) = ug ?Out(z, t) [27-31] of
outgoing waves at virtual boundaries L,. These conditions
are convolutions of the space-time amplitudes’ values on
boundaries L, at all preV1ous moments of time with the
kernel K2 )( ) J1(Am AP t)/t. Here, .J; is the Bessel function;
)\7(5) = mm/a(P) are eigenvalues of plane-parallel waveguides

(p is the waveguide number); a(?) :ygp ) fy(()p ) is their
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width; y(()p ), y%p ) are coordinates of their walls. Regardless

of the waveguide port, the upper sign in these convolutions
corresponds to waves propagating in the direction of increasing
z, while the lower sign corresponds to waves propagating in
the direction of decreasing z.

The same convolution is used to find the longitudinal deriva-
tive 3u£3 znc(zﬂf) /0z of space-time amplitude uf} Z»n (z,t) of
the primary (excitation) wave. We assume that it is defined only
at 1port I on the boundary L;. The combination of functions
u;;nc(z,t) and 8u£ll’2nc(z, t)/0z allows us to correctly em-
bed pulse primary waves into the initial boundary value prob-
lems (1) and (2) and avoid problems associated with incorporat-
ing such primary waves into difference schemes equipped with
PML [34].

The system of eigenfunctions ugﬁ) (y) for plane-parallel
waveguides is defined as

PP (y) = 1/2/a®@ sinAn(y — y?), m>1 ()

for E-waves, and as
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The operator Ay[. . .| formally represents EAC on the rect-

angular virtual boundary L. This EAC is formulated for the
2 component of the outgoing wave’s field U,(y, z,t) at this
boundary. This component is obtained as the solution to the
following auxiliary initial boundary value problems on each
straight segment of the boundary L [28, 29]:
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Here, V,, = Vi (2,t, ¢;y;) and V, = V,(y, t, ¢; 2;) are auxil-
iary functions; y; and z; are parameters specifying the straight
segment of the virtual boundary on which the corresponding
function is defined. At corners of boundary L, functions V,
and V, are related by the following expression:

ov. . V. ™/2 WOV (=2
o TSmeG, =T { R(p, @) ~dy {Z_O},

v, . 9V, /2 OV, y=Y
ad} s} EALP Y :
g TSine g =F Of R(p,¢') v :
(10)
where
2
sin® ¢
R(p, o) = . 1
(0,) sin? ¢ + sin? ¢’ cos? ¢ (1n

Once the geometry of objects of interest and the temporal

profile of incident wave amplitude ugf' znc(z, t) (including its

number n) are specified, problems (1)—(11) describe the space-
time transformations of pulsed E- and H-waves within the
analysis domain Qy . Their solutions represent nontrivial com-
ponents of the electromagnetic field in Qy, as functions of Carte-
sian coordinates ¥, z and time variable ¢.

In numerical experiments conducted in this work, these so-
lutions were obtained using the FDTD method with a standard
second-order accurate difference scheme and a staircase ap-
proximation of physical objects’ boundaries [34]. The time in-
terval for simulating transient processes was selected individu-
ally for each problem, based on its specifics and goals of a par-
ticular numerical experiment. In most cases, the natural limit-
ing factor for this time interval is the requirement that the total
electromagnetic energy within the entire computation domain
is reduced to a negligibly small level compared to its maximum
value.

The solutions to the initial boundary value problems de-
scribed above were obtained using the custom-made software
developed by the authors. It is a Windows® desktop appli-
cation, which incorporates performance optimization through
parallel processing across multiple (typically 5 to 20) threads.
In addition, the computation of convolutions, which are present
in EAC for waveguide ports (see (1), line 10), is optimized us-
ing the fast Fourier transform algorithm [28, 33].

Besides the field components’ values themselves, it is also
possible to compute integral characteristics of structures under
study. In this work, we have used the following ones:

« U, (k) } p, — the Fourier spectrum of the field at a fixed ob-
servation point P; inside the computation domain. Here,
U, is the  component of the field (as defined in equation
(7)), and tilde “~” denotes the Fourier image of a function
U, (t), as described below.

* Frequency-dependent energy reflection and transmission
coefficients of the primary wave from a feeding port
through a structure under study [28]:

'Es,)out (Zpa k) |2 Re Fgﬁ)

’,a(p) (Zp,ki)‘Q Fglp)

n,inc

=3

Ron(k) = | . k>EP, (12)
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Here, p is the number of waveguide port from which the
primary wave arrives (p = 1, as mentioned above); its
amplitude is ﬂggnc(zp, k), and the mode number is n; ¢
is the number of port into which the scattered wave ex-

its; its amplitude is ufn)out (zq, k), and the mode number is

m; TP (k) = \/k2 — (kﬁf’))Q; " represents the cut-off
wavenumber for the n-th mode of the p-th port. In all ini-
tial boundary value problems considered in this work, all
ports are aligned along the z-axis (Fig. 2), and z,, z, are

the corresponding coordinates of virtual boundaries.

* Antenna radiation pattern [27, 28]

~ 2
D(6,k) = lim [Us(r 6, 1) o (14)
T max |U (r, @, )|
0< <27

This limit is computed using the asymptotic rep-
resentation of the Hankel function Hr(,,l)()
in the expansion of the a: component of field
Uo(r, ¢, k) = 12 am(k)HS (kr)eme [28]
into angular harmonics in free space (area outside the
reference circle R, see Fig. 2).

* Poynting vector flux through the contour L

Si(t) = fL t)Hian (g, t)dl, for E-waves
fL Efan g,t)H,(g,t)dl, for H-waves

(15)
and its antiderivative with respect to the time variable
t
= / Sr(r)dr (16)
0

The first three of the aforementioned characteristics imply
the conversion of data from time domain to frequency domain.
For this purpose, we use integral Fourier transform, which re-
lates a given function f(t) to its Fourier image f(k):

—en [ metar a7)
= / f(k)e ™"t dk. (18)
Since in (1) and (2) the variable substitution ¢ = ct’ was

made (¢ is measured in meters), the unit of measurement for
the Fourier spectrum f(k) is “u'm”, where “u” is the unit of
measurement of f(¢). E.g., in the case of E-waves, the units of
measurement for U, (t), Uy (k), u,(t), and @, (k) are “V/m”,
“V”, “V-m~1/2” and “V-m!/2”, respectively.

The research methodology utilizing the initial boundary
value problems described above can be broadly outlined as

23

follows: (i) setting object of interest’s geometry and electro-
dynamic parameters; (ii) simulating its response when excited
by a pulse with the spectral width corresponding to a desired
frequency band; (iii) converting time-domain data into the
frequency domain and computing integral characteristics; (iv)
modeling the object’s response when excited by a narrowband
(quasi-monochromatic) pulse. The subsequent sections present
the results of numerical experiments conducted using this
methodology.

3. PRELIMINARY NUMERICAL RESULTS

Before constructing a Cherenkov radiator, we need to address
several auxiliary tasks related to its general design and func-
tionality.

First of all, we secure the ability to connect the proposed an-
tenna to a standard waveguide, for example, WR28 with a broad
wall of ¢ = 7.1 mm. Since antenna construction involves en-
ergy exchange between a dielectric waveguide and a dielectric
object located in its near field, it is essential to define their per-
mittivities and address the issue of coupling waveguides of dif-
ferent types. For the waveguide transmission line, a dielectric
with e; = 2.2 and tan §; = 10~ (Teflon, cyclic olefin copoly-
mer [38] or polyethylene [39]) was used, and for the Cherenkov
scatterer, a dielectric with 5 = 2.6 and tandy = 10~* (poly-
methyl methacrylate or polystyrene [39]) was chosen.

To couple two different types of waveguides, we employ
a simple approach based on the gradual transformation of
the cross-section of transmission line. First, a wedge-shaped
matcher for the transition from a standard WR28 waveguide
to an identical waveguide filled with the dielectric with ¢; is
utilized, see Fig. 3(a). Second, this coupling section is ex-
tended with a horn-shaped expansion of metal walls and a tran-
sition to an open dielectric waveguide above a metal screen,
see Fig. 3(b). The metal screen allows to limit the subsequent
analysis to the upper half-space only, while the gap between the
screen and dielectric waveguide helps to reduce undesirable ra-
diation losses.

The reflection coefficient from this matcher is less than
—20dB across the frequency range from 24 GHz to at least
64 GHz, see Fig. 3(c). This ensures that the reflection of the pri-
mary TE; wave from such a waveguide discontinuity can be ne-
glected throughout the entire frequency range of interest. In our
study, this range covers only the propagation regions of the first
and second eigenmodes of WR28 waveguide (k1 < k < ks,
where k1 A 442.4778 m! kg = 2k, k3 = 3k, are the waveg-
uide’s first three modes’ cut-off wavenumbers, which corre-
spond to cut-off frequencies f1 ~ 21.1121 GHz, fg =2 fl,
f3 = 3f1). The values of k- and k3 are marked by the vertical
dashed lines in Fig. 3(c).

Our first numerical experiment aimed to evaluate the main
spatial and energy characteristics of the Cherenkov wave gen-
eration process. We used two identical matchers (Fig. 3(b))
connected by a regular section of dielectric waveguide. When
the dielectric waveguide is excited by a primary wave from one
of the ports, this two-port configuration allows to calculate the
energy balance and to estimate the portion of energy extracted
from the dielectric waveguide and radiated into free space.
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FIGURE 3. (a), (b) Two matchers used for coupling the Cherenkov radiator with WR28 waveguide. (c) Reflection coefficient R11 of TE; wave back
into the same mode of the same waveguide from these matchers. All dimensions are in millimeters.
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FIGURE 4. Geometry of the problem demonstrating Cherenkov radia-
tion of a broadband pulse in the system “open dielectric waveguide +
dielectric prism”. The distribution of £, component in the computa-
tion domain is shown for the instant of time ¢ = 1.8 ns.

As the object where Cherenkov waves are generated, we used
a quadrilateral prism ABC D with angles 90° and 45° and per-
mittivity €9, see Fig. 4. Its face C'D lies on the surface of the
dielectric waveguide and has a length of lo = 150 mm. Its face
AD forms a triangular gap with the dielectric waveguide. The
length of the projection of this face onto the longitudinal z-axis
is [y = 100 mm, and the distance from vertex A to the waveg-
uide surface is 2 mm.

In general, this gap between the prism and waveguide is not
strictly necessary, Cherenkov radiation would still occur if the
prism is in full contact with the waveguide surface. In this as-
pect, we follow [23], where the use of such a gap (or a gradual
reduction of the distance between the waveguide and the prism)
is recommended (in reception mode) to achieve a more uniform
output in the dielectric waveguide. In the context of the radi-
ator being developed here, this gap allows (in emission mode)
to control the spatial distribution of energy in a radiated pulse,
aiming for a more uniform distribution in directions perpendic-
ular to the wave vector.

Our experiment involved modeling the formation and radia-
tion of a pulsed Cherenkov wave by the system “open dielectric
waveguide + dielectric prism”, see Fig. 4. The primary wave is
a pulsed TE; wave from port I. Its time profile was defined by
the function

1))
t—T

1)

n,inc

u (z,t) = 4-S(t) - cos(ke(t — T))Sin(kL7 (19)

24

where
S(t) = 22(t) - (3 — 2i(t)), (20)
(t—t0)/(T —to), to<t<T
()= (t—t)/(T—t1), T<t<ty , (21
0, t<0,t>t

which is set in the cross-section z = z; located 3.5 mm from the
tip of the wedge-shaped matcher (Fig. 3(b)). The following val-
ues of the parameters were used: n = 1 (TE; wave), to = 0,
t; = 0.3m (approximately 1ns), T = (to + t1)/2 = 1.5m,
k. =900m™!, k, = 450m~'. Fig. 5(a) plots this excitation’s
time profile; its amplitude spectrum |ﬁ112m(k)‘ is approxi-
mately equal to 1 across the entire studied frequency range,
Fig. 5(b).

The radiation of such a pulse was simulated under the as-
sumption of lossless dielectric elements (tan d; = tandy = 0).
It demonstrated exceptionally high efficiency for this process,
nearly all the input energy was radiated into free space as a com-
pact electromagnetic pulse. It had a longitudinal spatial dimen-
sion (along the wave vector) corresponding to the duration of
excitation (1 ns), and a transverse dimension significantly ex-
ceeded the feeding waveguide’s width a.

The reflection coefficient of the primary wave back into port
1, R, and its transmission coefficient into port 7, T,,,,,, as
functions of the frequency parameter k, are negligibly small,
as shown in Fig. 6. The same figure also plots the frequency
dependent radiation efficiency coefficient

C(k) =1— Ruii(k) — Ra1(k) — Ra1(k) (22)
_Tll(k> — T21 (k‘) — Tgl(k?)

This function represents the fraction of the primary wave’s
energy that is radiated, which exceeds 0.99 in the range from
k=5042m ! tok = 1168.2m! (24.0571 to 55.7389 GHz).
A gradual decrease of ((k) with increasing k (( ~ 0.97 for
k = 1350 m~!) reflects the fact that at higher frequencies, a
smaller portion of the waveguide wave propagates outside the
waveguide and interacts with the external dielectric prism. This
characteristic can be improved by increasing the length of the
wave-prism interaction section, or in other words, the length of
the prism face C'D.

WWwWw.jpier.org



Progress In Electromagnetics Research B, Vol. 116, 19-32, 2026

rPIER B

—~
o
=

Time t', ns

00 0.1 02 03 04 05 0.6 0.7 08 09 1.0
2250 T T T | | T T | T

1500 - u) (21, 1)
750 |-

0
-750

~1500 1 | | 1 |
0.0 0.05 0.1 0.15 0.2 0.25

Normalized time t, m

Space-time amplitude, V-m™"

0.3

Amplitude spectrum, V-m"” G

Frequency f, GHz

25 30 35 40 45 50 55 60
LooE T T T T T T T
075 |ifintz, K|
0.50
0.251
0.00= L ! | L l
450 600 750 900 1050 1200 1350

Wavenumber k, m™!

FIGURE 5. (a) Time profile of the space-time amplitude of the primary wave exciting the radiator; (b) its amplitude spectrum.
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FIGURE 6. Transformation coefficients of the primary wave for the ra-
diator shown in Fig. 4 when excited from the port /. Dielectric objects
are assumed lossless.

According to the Cherenkov wave theory, the angle o be-
tween the propagation direction of Cherenkov waves and the
primary wave’s propagation direction is

a = arccos(va/v1), (23)

where v is the phase velocity of the primary wave, and v5 is
the phase velocity of the wave in the medium where Cherenkov
waves are generated. In our case, vo = ¢/ /g2, and v; = v (k)
is the phase velocity of the wave in the dielectric waveguide.
Since phase velocity vy depends on frequency (wavenumber),
the Cherenkov angle of radiation is also frequency-dependent,
a = «a(k). The function v, (k) does not have an exact analyti-
cal form but can be estimated through a separate numerical ex-
periment [11]. We conducted such an auxiliary experiment by
simulating the propagation of the pulse (19) on a regular sec-
tion of the dielectric waveguide without prism ABCD. Using
the kinematic approximation, it can be shown that [11]

ckAL
vi(k) = —= = ; (24)
arg Ea:(927 k) —arg Ew(gl’ k)
where g1 = {y,21} and go = {y, 22} are two observation

points inside the waveguide with a distance AL = |25 — 21| be-
tween them (AL < A\pin; Amin 1S the minimum wavelength in
the working pulse spectrum); and E, (g, k) is the Fourier spec-
trum of the field at a fixed point g.

Figure 7 shows computed values of the relative (to the
speed of light) phase velocity in the dielectric waveguide and
Cherenkov angle o as functions of the wavenumber. The de-
pendence «(k) predicts that Cherenkov waves will be radi-
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FIGURE 7. (a) Computed relative phase velocity in the dielectric

waveguide; (b) propagation angle of Cherenkov waves in the medium
with €5.

ated within a narrow sector, approximately 10 to 15 degrees
wide. This prediction is confirmed by our numerical experi-
ment. Within the prism and in the antenna near field, the ra-
diated pulse exhibits recognizable wavefronts with a geometry
close to planar. The angles 5 between these wavefronts and
the z-axis vary for different parts of the pulse but remain close
to each other. For the most intense part of the pulse (Fig. 4),
this angle can be estimated as § =~ 64.71°. The condition
a + B = 90° is satisfied for k ~ 924m~! (Fig. 7(b)), which
can be considered a good agreement between theoretical and
numerical values.

After a Cherenkov wave is generated in a medium that is
optically more dense than its surroundings, it can be emitted
into free space. Its passage through such an interface inevitably
leads to a reflection and loss of energy. This is a common draw-
back of dielectric antennas, though its impact can be minimized.
Fig. 8 plots the energy reflection coefficient [40]

2
_ ez cost; — /1 7€2Si1’1291'
VEzcosl; + /1 — ey sin? 6;
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FIGURE 8. Reflection coefficient of a plane wave from the interface
between the medium with €5 and vacuum as a function of the incidence
angle. The angle of total internal reflection 6;,; = arcsin (2.67/2) ~
38.33°.

as a function of the incidence angle 6; for a plane wave pass-
ing through the interface between the medium with €5 and free
space. This function has a minimum at ; = 0 (R(0) =~ 0.055),
which suggests a radiator design where Cherenkov waves strike
the boundary with free space at normal incidence. For the ra-
diator with considered geometry (Fig. 4), §; ~ 456 — a =
g — 45 = 19.71°, R(0;) ~ 0.083, and the refraction angle
6, = arcsin (/2.6 sin 0;) ~ 32.7°, which means the radiation
occurs at approximately a 12.3° angle to the z-axis.

4. ANTENNA DESIGN

The data obtained in the previous section are sufficient for the
model synthesis of a Cherenkov antenna with parameters suit-
able for practical applications. For it, we modify the radiator
shown in Fig. 4 as follows. The angle at vertex C of the prism
is set to 63°, which approximately corresponds to the middle
of the range of angles « (Fig. 7(b)) predicted by the theory for
the band k1 < k < k3. The angles at vertices B and D re-
main unchanged. Additionally, face AB is covered with metal
to suppress side lobes of the radiation pattern [11], and waveg-
uide port 17 is removed, with the corresponding cross-section
of the dielectric waveguide also being covered with metal.

The general view of the antenna is shown in Fig. 9(a). Sim-
ulating its excitation with the pulse (19) allowed us to cal-
culate its radiation pattern D(¢, k) within the range 450 <
k < 1350m~!, Fig. 9(b), and reflection coefficients R11(k)
and Ry (k) of the primary TE; wave in the feeding waveg-
uide, taking into account ohmic losses in the dielectric ele-
ments, Fig. 9(c). The radiation pattern exhibits a single domi-
nant main lobe at frequencies above 26 GHz, with its direction
# slowly decreasing as k increases. This behavior of D(¢, k)
and radiation efficiency ((k) = 1 — Ry1(k) — Ra1(k) confirms
the preliminary conclusions drawn in the previous section: the
Cherenkov antenna is capable of radiating a broad spectrum of
wavelengths into a narrow angular sector with high efficiency.
This specific property enables the antenna to emit (and receive)
pulses with a duration significantly smaller than its longitudinal
dimensions (Fig. 4 and Fig. 9(a)).

The horizontal dashed line in Fig. 9 marks the angle ¢ =
90° —63° = 27° coinciding with Cherenkov angle o, for which
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the prism geometry was adjusted. Due to the frequency dis-
persion of waves in the dielectric waveguide (Fig. 7(a)), the
direction ¢ of the main lobe of the radiation pattern exceeds
this value in the low-frequency part of the considered range
and falls below it in the high-frequency part. Thus, there is
a weak monotonic divergence of waves with respect to £ and
¢. This suggests the use of a dielectric lens to improve the
antenna’s radiation pattern. A natural solution is to integrate
such a lens with the prism where the Cherenkov wave is gen-
erated. This leads to an antenna design with a convex aperture,
Fig. 9(d). The curvature radius R of this face was estimated
using the geometric optics approximation: for the aperture size
D ~ 110 mm and divergence angle A¢ =~ 35° — 20° = 15°,
the distance from the aperture to the center of curvature should
be R~ D/(2sin (A¢/2)) ~ 421 mm. In our model, we used
R = 400 mm.

The computed radiation pattern of this antenna is shown in
Fig. 9(e), and the reflection coefficients of the TE; wave are
presented in Fig. 9(f). As expected, the dependence of the
main lobe direction ¢ on k became closer to the constant value
é(k) = 27°; however, its width increased.

A more precise energy balance calculation for the antenna
with convex aperture, based on time-integrating the Poynting
vector fluxes (16) through the virtual boundaries L; and L,
performed for primary, reflected, and radiated waves (indexes
“inc”, “refl”, and “rad”), reveals that the fractions of radi-
ated (1)rqq), reflected (9,¢ 1), and lost in the dielectric elements
(Moss) energy are

WL rad
= ——— =~ 0.938
Trad WLl,inc )
WL1 refl
Nrefl = ———— ~ 0.021, 26
! WLl,inc ( )
W inc*W ra *ere
MNioss = Luin Lrad Ly,refl ~ 0.041.

WLl,inc

Here, for brevity, the argument ¢ of W, (¢) functions is omitted.
All calculations were performed for a time value of t = 2.55m
(or 8.5 ns). This time interval is sufficient to ensure that almost
all of the energy has left the analysis domain. A similar ratio is
observed for the antenna with planar aperture.

Figure 10 shows the amplitude spectra of the radiated wave
measured at five equally spaced observation points, P; to Ps.
These points are located 25 mm apart and 2 mm from the pla-
nar aperture of the antenna, see Fig. 9(a). These dependen-
cies indicate a nonuniform spatial-frequency distribution of en-
ergy in the radiated pulse. Although all frequency components
of the primary pulse were radiated with high efficiency in ap-
proximately the same direction (Fig. 9(b)), their energy distri-
bution differs in the transverse direction (relative to the wave
vector). This is due to both the dispersion of the phase ve-
locity in the dielectric waveguide and the varying degree of
penetration of waveguide waves into the scattering prism. The
latter factor causes low-frequency components of the primary
pulse, which have larger evanescent portion outside the dielec-
tric waveguide, to transform into Cherenkov waves faster than
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FIGURE 10. Spectrum of the radiated field at five observation points
P, ..., Ps near the antenna aperture (see Fig. 9(a)).

high-frequency components. These processes can be controlled
by adjusting the geometry of the gap between the dielectric
waveguide and the prism.

Figure 11 presents the radiation pattern of the antenna with
convex aperture at 40 GHz, along with the distribution of the
electric field component in the computation domain at two dif-
ferent instants of time. This is observed when the antenna is
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excited by a narrowband pulse

ull) o(z1,) = 4:5(t) - cos(ke(t — T)), @7)
where envelope S(t) is defined by (20) and
(t—to)/(t1 —to), to<t<t
1 t t<t
#t) =1 IR e
(t—t3)/(ta —t3), t2<t<t3
0, t<0,t>13

to = 0,t; = 0.02m, to = 2.98m, t3 = 3m (pulse dura-
tion 10ns), k. = 838.33801m~! (f = 40GHz). Fig. 11(b)
illustrates the efficiency of energy transfer from the dielectric
waveguide into the prism. The intensity of the primary trav-
eling wave decreases significantly as it propagates through the
section of the waveguide adjacent to the dielectric prism. As
a result, the field amplitude in the waveguide near the antenna
aperture is reduced to just a few percent of the wave’s amplitude
in the feeding port.
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FIGURE 11. (a) Radiation pattern of the antenna with convex aperture at
40 GHz. (b) Distribution of £, component in the computation domain
at 1.5 and 3ns.

The independence of the Cherenkov wave generation mech-
anism from polarization suggests that the characteristics of the
synthesized radiator (radiation pattern, efficiency) for H-waves
should be approximately the same as for F-waves, which is
confirmed by numerical experiments.

Figure 12 presents the results of numerical modeling of the
antenna with convex aperture (Fig. 9(d)) when it is excited by
the TE M -pulse (19) from port I (problem (2), with n = 0
and dielectric losses included). The calculated radiation pat-
tern D(¢, k) (Fig. 12(b)) is similar to the one obtained for E-
waves (Fig. 9(e)). The reflection coefficient (Fig. 12(c)) of the
primary wave back into port I is slightly higher than that for E-
waves, but remains below approximately 0.08 across the entire
frequency range considered. This value can be reduced through
further optimization of the antenna geometry and its matching
to the feeding waveguide port. A more detailed comparison
of the radiation patterns D(¢) for E- and H-waves at various
frequencies (Fig. 13) reveals their differences.

At sufficiently low frequencies, where the influence of the
prism and metal substrate on the evanescent part of the wave-
guide wave is significant, notable differences may arise in both
direction and width of the main lobe of radiation pattern for two
different polarizations. However, with increasing frequency,
these differences diminish, and at certain frequencies, the direc-
tions of the main lobes for both polarizations, ¢z and ¢, be-
come nearly identical. This behavior reflects the fact that with
decreasing wavelength, a larger proportion of the waveguide
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FIGURE 12. Excitation of the Cherenkov antenna with T'E' M pulse. (a)
Distribution of H, component in the computation domain at the instant
of time ¢ = 2ns; (b) radiation pattern of the antenna; (c) reflection
coefficients of the primary wave.

wave becomes concentrated within the dielectric waveguide,
and its phase velocity approaches the constant value ¢/, /g7 for
both polarizations.

The similarity between the radiation patterns for F- and H-
waves, combined with the high radiation efficiency, suggests
that the considered Cherenkov-type antenna, once its design
is extended to three-dimensional space, will be capable of ef-
ficiently and directionally emitting and receiving pulses with
circular and elliptical polarizations. Our experience with leaky
wave antennas (conceptually similar to the antennas discussed
here) shows [41] that extending the 2D model of such a radi-
ator to 3D does not lead to drastic changes in its basic charac-
teristics. The change in the direction of the main lobe of the
radiation pattern can be about 7 degrees while maintaining its
width and high antenna efficiency. A similar behavior can be
expected for Cherenkov-type antennas.

5. BEAM STEERING

In this section, we explore the feasibility of implementing beam
steering for Cherenkov-type antennas.
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FIGURE 14. Control of (a) monochromatic and (b) pulsed radiation of
the antenna using a flat mirror. The field distributions in fragment (b)
correspond to the instant of time 3.1 ns.

First, it is worth noting that the radiation pattern of the an-
tennas discussed in the previous sections can be easily manipu-
lated using additional scatterers. For example, Fig. 14 presents
results of numerical experiments demonstrating the control of
both monochromatic (Fig. 14(a)) and pulsed (Fig. 14(b)) radia-
tions by means of a flat metal mirror that can be rotated around
its center. The mirror’s width is 260 mm, and the angle be-
tween the mirror and z-axis was set to 90° and 57.6°. The latter
value corresponds approximately to vertical (along the y-axis)
propagation of the emitted wave. The wave (27) was used for
monochromatic excitation at f = 40 GHz, while the wave (19)
with parameters n = 1,tg = 0, ¢ = 0.3m, T = (to + £1)/2,
k. =975m !, and k, = 325m~! was used for pulsed excita-
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tion. The bandwidth of such a pulse spans approximately one
octave, 31.01 < f < 62.03 GHz.

Beyond this apparent method, Cherenkov antennas offer a
more elegant solution for beam steering. The dependence (23)
of the Cherenkov angle « on the phase velocity v; of the pri-
mary wave in the open waveguide enables control of the radi-
ation pattern by varying v; through an external control signal.
This variation in v; can be achieved by tuning the permittiv-
ity of the dielectric waveguide. This, in turn, necessitates the
use of tunable dielectrics [42], i.e., materials whose permittiv-
ity can be altered under the influence of an external electric or
magnetic field (e.g., liquid crystals, nonlinear dielectrics, etc.)

In our model, we investigated characteristics of the
Cherenkov radiator under variation of the permittivity of the
dielectric waveguide, without specifying the material it could
be made from. The radiator’s geometry is identical to that
shown in Fig. 4, except that port I/ was removed, and the
waveguide was terminated with a metal wall (0.5 mm thick) at
the cross-section containing the prism vertex C. In numerical
simulations, the value of permittivity €; varied from 1 (no
dielectric waveguide present) to 2.6 (the dielectric waveguide
becomes effectively merged with the scattering prism).

Figure 15 presents the results of numerical experiments for
four different values of ;. Fig. 15(a) shows the distribution of
electric field component F, in the computation domain at the
instant of time ¢’ = 1.7 ns for different values of £;. The prop-
agation speed of the primary pulse along the dielectric wave-
guide depends on &1, which leads to different inclinations of
Cherenkov wavefronts relative to the longitudinal axis. Com-
bined with the monotonic dependence of the phase velocity in
the waveguide on the permittivity, v; = wv1(e1), that results
in a monotonic shift of the radiation pattern D(¢, k) along the
coordinate ¢ as €1 changes, see Fig. 15(b).
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All four radiators demonstrate high efficiency across the en- ™
tire frequency range under study, see Fig. 15(c). However, for S D, )=
lower values of €1 (¢ = 1.5 and below), our simulations re- "§ 0.75
vealed an effect of incomplete energy transfer from the primary § 050
pulse into the dielectric prism. For such ¢, the phase veloc- ~§ 025
ity of the primary wave becomes so high that the pulse does < 0.00
not have enough time to completely transform into outgoing o 30 60 % 120 150 180
Cherenkov waves. As a result, a portion of the pulse reaches the Angle ¢, deg
metal wall located in the cross-section of the dielectric wave-
guide and diffracts there. This undesired effect can be mitigated FIGURE 16. Radiation pattern for e = 1.2 and k = 527m™".
by increasing the interaction length between the primary wave
and §cattering prism, that is, by extending the prism along the of high values of k, dg/dk < 0. As the permittivity & de-
z-axis.

creases, the angle of total internal reflection at the dielectric-
air interface increases, which leads to an increase in the cut-off
frequency of the dielectric waveguide’s fundamental mode and
causes the energy to be confined within the region bounded by
the metal wall and adjacent faces of the prism. The wave struc-
ture in this waveguide channel resembles that of classic hol-
low metal waveguides with anomalous dispersion (dv/dw > 0,
[43]), which results in a larger Cherenkov angle at higher fre-
quencies, meaning d¢/dk > 0.

Another interesting effect observed for small values of €7 is
an abrupt change in direction ¢ of the main lobe of the radiation
pattern D(¢, k) in the low-frequency region of the investigated
range. For ¢; = 1.2, this jump in ¢ occurs near k ~ 527m™".
Importantly, this is not a threshold effect, but rather a continu-
ous (albeit rapid) change in the radiation pattern’s structure. At
k ~ 527m™!, the pattern D(¢) exhibits a split main lobe with
two dominant peaks, both equal to 1, see Fig. 16. To the left
and right of this wavenumber value, one of these peaks gradu-
ally diminishes, transforming into a side lobe, and the deriva-
tive d¢/dk changes sign at this point. This behavior suggests 6. CONCLUSION

an insight into the physics behind this abrupt change in ¢. The findings from our study lead to the following conclusions.

At su.fﬁcient'ly high values of k an_d 1 the primary wave’s The Cherenkov mechanism for transferring electromagnetic en-
energy is relatively well 'conﬁr'led within the dlelthrlc wave- ergy from an optically less dense waveguiding medium to a
guide, and the normal'dlspersmn of SP‘Ch waveguldes 18 f’b' more dense one enables the design of highly efficient anten-
served (dv/dw < 0, Fig. 7(a)). For this reason, in the region nas. These antennas provide the directional emission of pulses
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of two orthogonal polarizations within a narrow sector and over
a frequency band that can exceed one octave. Such Cherenkov-
type antennas feature a simple design based on “open waveg-
uide + dielectric prism” configuration and exhibit radiation pat-
terns that are only weakly dependent on frequency. In one of
the Cherenkov antenna models examined in this study (Fig. 9),
the change in the direction of the main lobe of its pattern across
the 30—-60 GHz frequency range was 4.3° for the planar aper-
ture and 1.5° for the convex one. Cherenkov antenna designs
permit the electrical control of their parameters, including radi-
ation patterns, through variation of the phase velocity of open
waveguide waves. A drawback of these radiators is the re-
quirement for dielectric prisms with linear dimensions signif-
icantly exceeding the maximum wavelength in the spectrum of
the emitted or received electromagnetic pulse. However, this
requirement is not critical in the millimeter and submillimeter
wavelength ranges. We believe that it is precisely within these
frequency ranges, Cherenkov-type antennas will find their ef-
fective applications. It can also be expected that the use of
metamaterials [44, 45] or photonic crystals [46], exhibiting the
reverse Cherenkov effect, for the manufacture of scattering
prisms could lead to antenna designs with unique characteris-
tics.
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