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A New Approach to Formation and Directed
Radiation of Powerful Short Radio Pulses

Yuriy Sirenko

Abstract— This article details a new method for formation and
directional radiation of short high-power electromagnetic (EM)
pulses, which is based on a wave analog of the Smith—Purcell
effect. The presented device cycles through two stages. At the
stage of energy accumulation, a slow wave of an open guiding
structure interacts with a periodic chain of storage resonators
and excites high-Q free field oscillations in each resonator of
this chain. The phase of oscillations inside the storage resonators
differs by a constant value, and the amplitude increases with
time. At the radiation stage, the chain of storage resonators is
opened to radiation (as it usually happens in active compressors
of EM pulses), and short powerful pulses burst out into free
space in strictly defined directions. The proposed design is
considered in detail for the simplest model of a device. The
results obtained during its rigorous electrodynamic analysis look
rather promising; the continuation of this work can contribute to
solving a number of urgent problems of physics and technology
of millimeter and submillimeter waves.

Index Terms— Accumulation of electromagnetic energy, active
compression of electromagnetic pulses, antenna arrays, boundary
conditions, boundary value problems, computational electromag-
netics, electromagnetic analysis, electromagnetic radiation, exact
absorbing conditions, lamellar gratings, leaky wave antennas,
planar dielectric waveguides, powerful short pulses, pulse com-
pression methods, time-domain analysis.

I. INTRODUCTION

LECTROMAGNETIC (EM) or microwave energy com-

pressors are devices that convert long-duration low-
amplitude input pulses into short high-amplitude output.
Active compressors achieve it via accumulation of input
energy in resonant cavities for (relatively) long time and sub-
sequent much faster release of the accumulated energy [1]-[4],
and in passive compressor, input pulse becomes shorter
and grows in amplitude as it travels through waveguides
with specially designed geometrical and/or material properties
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[5], [6]. Compressors find their use in many fields where
high-power EM pulses are needed: radars, particles accelera-
tors, biomedical applications, EM launch systems, and plasma
heating, to name a few [3], [7].

Compressed pulses could reach gigawatt power level [5],
and this toughens requirements to compressors’ output compo-
nents, which must be able to handle such power. Reducing dis-
tance traveled by high-power pulses, i.e., placing compressors
closer to target loads or radiators, could reduce weigh, size,
cost, and complexity of devices and also decrease wall loss and
distortion of compressed pulses. In [4, Ch. 6] and [8], we pre-
sented combined compressor/radiator, which completely elim-
inates waveguide between compressor and radiator. Also, a
possibility to assemble such devices into arrays for directional
radiation was demonstrated. However, in order to unleash the
full potential of array beam formation and steering, precise
timing of excitation and switching (from energy accumulation
to release) is required for each array element. In this article,
we present a novel design, which enables feeding of all
array’s compressor/radiator elements simultaneously from a
single source. The essence of this design is the realization
of a wave analog of the Smith—Purcell effect in a periodic
structure, i.e., generation of plane EM waves by means of
the interaction of the field of an open waveguide’s surface
wave with a periodic grating [9]-[12]. Our past studies of
this effect resulted in the development of a whole new class
of diffraction antennas (also known as leaky-wave antennas)
with unique characteristics [4, Ch. 7], [11]-[17]. Deriving
inspiration there and in our experience with compressors [3],
[4, Ch. 6], [8], [18]—-[20], in this work, we present a novel
device, which receives and radiates energy in a way similar to
diffraction antennas, and accumulates and store it like active
compressors of EM pulses. The proposed construction consists
of a periodic chain of identical resonators in a vicinity of
an open dielectric waveguide. The resonators accumulate and
store EM energy during the energy accumulation stage. They
are excited by the exponentially decaying part of a slow
wave, which is guided by the dielectric waveguide. During the
long-lasting excitation, high-Q oscillations are excited inside
the resonators, their amplitudes increase with time, and thus,
EM energy is accumulated. At the moment when the process
of energy accumulation is complete, the excitation ends, the
resonators are opened to release the accumulated energy (as it
usually happens in active compressors), and short and powerful
EM pulses are radiated into free space in strictly defined
directions.

We proposed in [3] and [18] and practically implemented
in [4], [8], [19], and [20] basic design principles of active
compressors of EM pulses on segments of regular waveguides
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and open compact resonators. There, practically for the
first time, energy accumulation and release processes were
accurately modeled in time domain from the very begin-
ning of excitation to the end of energy release; important
dynamic characteristics of storage resonators were rigorously
calculated; switches (locks) allowing efficient, quick, and
well-timed release of the accumulated energy into output
waveguides or free space have been synthesized. The obtained
methodological conclusion says that the design of compressors
with required characteristics is possible only after thorough
and accurate mathematical modeling and simulation. Such
preliminary semianalytical intellectual work simplifies sig-
nificantly the optimization process and makes it more cost-
effective. Naturally, compressors are resonant devices, and
thus, it is a challenging task to simulate them accurately and
efficiently in the time domain. For numerical simulations in
this article, we use the method of exact absorbing condition
(EAC-method) [4, Ch. 5], [21]-[26]. The EAC-method is
well adapted for problems of analysis and synthesis of active
compressors and their functional units [3], [4], [8], [18]-[20].
It is fast and does not distort the physics of processes under
study [4], [23]-[25]. Its computational schemes are stable
and virtually with no additional errors run through tens of
millions of time steps, the duration common for problems
under consideration [3], [4], [18]. It has proved itself to be
more accurate and efficient than other popular methods for
truncation of computation domains that exploit approximate
or heuristic absorbing conditions [22], [26].

This article is organized as follows. Section II presents
the mathematical model under consideration, and geome-
try and operating principles of the proposed construction.
Section III details the design steps for the proof-of-concept
device and suggests possible measures to improve its char-
acteristics. Section IV demonstrates that suggestions from
Section III indeed grade up characteristics of the device.
The Appendix details the device’s characteristics under
study.

We use SI, the International System of Units, for all physical
parameters except the time ¢ that is the product of the natural
time and the velocity of light in vacuum, and thus, 7 is
measured in meters. In this article, all dimensions are omitted.
According to SI, all geometrical parameters (a, b, c¢, and
so on) are given in meters. However, there are obviously
no obstacles to scale the results to any other geometrically
similar structure. For the sake of convenience, as a frequency
parameter, we use wavenumber since it remains invariable
under the aforementioned normalization of time.

II. MODEL PROBLEM AND THE OBJECT OF INTEREST

This section introduces rigorous mathematical formulation
of a model problem describing the EM behavior of the
construction of interest (Section II-A), and details the geom-
etry and principle of operation of the device under study
(Section II-B).

A. Mathematical Problem

Consider the object shown in Fig. 1, it is a periodic structure
in the vicinity of a dielectric waveguide. For now, we note that
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Fig. 1. Geometry of the model problem (1), section by the plane x = const.

it is uniform along the x-axis and will discuss its geometry
and material features in Section II-B. Let this object be excited
by eigen TEy,-wave V,(g,t) = v,(z,)up(y), § € A of
the plane-parallel waveguide A through the virtual boundary
L*. Under this conditions, space-time transformations of TEy-
waves (E, = E;, = H, = 0 and 0, = 0) by the object of
interest are described by the following scalar initial boundary
value problem [3], [4]:

[—e(8)8? — noP + 02 + 82| E(g. 1) = 0;
g€ Qiy, t>0
E.(2,00=0, 8E. (g 1)],_o=0: geQin
D7LEx(g, t)]|gEL’ =0, D+[EX(g’ 1) —Vp(s, t)]|geL+ =0,
DIE.(g, )]l =0; >0,
(D

Here, P[E.] = dlo(g,t)Ex(g,1)]; E(q,t) = {E\, Ey, E;}
and H(q,t) = {H., H,, H;} are the electric and magnetic
field vectors, respectively; ¢ = {x,y,z} and g = {y, z}; the
piecewise-constant functions (of the argument g) o(g,t) >0
and ¢(g) > 0 are the specific conductivity and relative permit-
tivity of nonmagnetic elements; and 7 is the impedance of free
space. The conventional assumptions of the properties of tan-
gential field components and the smoothness of surfaces of
perfect electric conductors (PECs) and dielectric elements are
assumed to be fulfilled.

The computation domain Qjy in (1) is the part of the plane
y0z bounded by the PEC surfaces together with the virtual
boundaries L* (input and output ports in the cross sections
of the virtual [25] waveguides A and B) and the rectangular
virtual boundary L, which separates Q;,; and the free-space
domain Q. The circular virtual boundary Cg, which has
radius R and center at the beginning of the Cartesian (y, z) and
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Fig. 2. Geometry of the device, section by the plane x = const. Proportions
preserved.

polar (p, ¢) coordinates, covers all scattering inhomogeneities
of the domain Q;,; and is completely contained in it.

The boundary conditions for L* and L, namely, EACs
D*[...] and DI.. ], are explained in the Appendix.

B. Geometry and Operating Principle of the Device

The Smith—Purcell effect is generation of homogeneous
plane EM waves when a plane, density-modulated electron
flow moves at a constant speed over a 1-D periodic grating.
The number of waves, their wavelength, and directions are
defined by parameters of the electron beam and the grating’s
period. The field of plane EM waves is generated by the
eigenfield of the electron flow [9], [10]. Studies of relevant
phenomena have enriched modern physics and made possible
the creation of unique devices. Also, it laid the foundations
for mathematical modeling of diffraction radiation, which in
turn allowed to widen the range of phenomena under study
with the so-called wave analog of the Smith—Purcell effect.
In this case, the part of the eigenfield of the electron flow
is played by the field of an inhomogeneous plane wave or
the field of a surface wave guided by an open waveguide.
In the case of H-polarization of the field, these waves generate
the same field as the eigenfield of a plane, density-modulated
electron flow [12], [24]. In this article, the wave analog of the
coherent Smith—Purcell radiation is realized via the diffraction
of a surface wave of an open dielectric waveguide by a grating
formed by an array of storage resonators.

Thus, the device of interest consists of a periodic structure
in the vicinity of a dielectric waveguide, namely, a periodic
chain (array) of identical storage resonators located near an
open planar dielectric waveguide, see Fig. 2. The storage
resonators are excited through the cutoff coupling windows
by the exponentially decaying part of a slow wave, which is
guided by the dielectric waveguide. The storage resonators
accumulate and store EM energy as high-Q eigen oscillations,
which are excited if the frequency of excitation coincides
with the real part of one of the eigenfrequencies of the
resonators. The amplitudes of these oscillations continuously
grow during the excitation, and the phase differs by a constant
value determined by the moderating coefficient of the primary
wave and the resonator chain’s period. When the energy
accumulation ends, the resonators are opened, and the accumu-
lated energy is released in strictly defined directions as short
and powerful EM radio pulses, which are analogs of spatial
harmonics of a periodic structure [11], [22], [24].

This construction allows to radiate the accumulated energy
in a way resembling phased array antennas or some

diffraction antennas (which are also called leaky-wave anten-
nas). However, in contrast with the former, elements of
periodic structure (storage resonators) are excited not indi-
vidually but simultaneously from one common source of
energy, namely, the field of a surface wave of a planar
dielectric waveguide. This excitation method is another sim-
ilarity between the presented device and diffraction antennas
[4, Ch. 7], [11]-[17]. However, in contrast with them, there is
energy accumulation stage between excitation and radiation.
In other words, the radiation is “delayed” until the end of
energy accumulation in storage resonators.

The main electrodynamic characteristics of the device are
determined by the parameters of its functional elements
(see Fig. 2) which are listed next.

1) Periodic chain of storage resonators has period /.
Each storage resonator is a segment of plane-parallel
waveguide with the width d and height &, and they
have PEC walls. The storage resonators are coupled with
the field of a wave guided by the dielectric waveguide
through the cutoff coupling windows (with the width d)
in the thin (only 0.02 thick) wall located at the aiming
distance ¢ from the dielectric waveguide.

2) Planar dielectric (¢ = const > 1, ¢ = 0) waveguide
has the width a. It supports propagation of a slow
surface wave with the frequency-dependent moderating
coefficient y (k). This wave is fed through the virtual
boundary L™ by TEg-wave of the virtual waveguide A
and outgoes through the virtual boundary L™ into the
virtual waveguide B. Uniform phase shift between the
storage resonators is ensured by the absence of phase
distortions in the excitation wave [constant moderating
coefficient y (k)] throughout the whole length of its
interaction with the chain of resonators [11], [14].

3) Dielectric (¢ = const > 1) screen on the top of the
storage resonators has thickness s. This screen locks
the chain of resonators when the device operates in
the energy accumulation mode and quickly unlocks the
device when switched to the radiation mode. In the
energy accumulation mode, the conductivity o;(¢) of
the screen is high, and this makes it nontransparent for
EM waves and therefore locks the storage resonators.
In contrast, in the radiation mode, o;(¢) is low, and
thus, the energy accumulated in the storage resonators
could be released. The switching between accumu-
lation and radiation modes is achieved via quickly
changing o (¢).

ITII. PRELIMINARY ANALYSIS

Let us consider the device shown in Fig. 2 with the
following values of parameters: ¢ = 2.1 (corresponds to that
of Teflon), a = 1.0, d = 1.5, h = 2.0, = 1.8, d; = 0.22,
¢c =05 =03, & =1, and 6y = 57 - 10 (energy
accumulation mode), see Section II-B for the description of
these parameters. Let this device be excited by TEy;-pulse

Vig,1): vi(z:g €Lt 1) =4sin[Ak(t —T)](t - T)_l

xcos[k(t = T)]|x (T —1). (2
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Fig. 3. Geometry of the device with observation points.

Here, y(...) is the Heaviside step function, k = 3.2 is
the wavenumber defining the central frequency of the signal,
T = 50 and T = 100 are the signal’s delay and duration,
respectively, and Ak = 0.9 sets the range of wavenumbers
covered by the signal (and thus defines its frequency band):
k—Ak <k <k+Ak (2.3 <k <4.1) [3], [22]. We would like
to note here that we consider TE,-waves only in this article.
It is preferred as utilization of this kind of waves usually leads
to reduced heat loss in walls of real-world devices. However,
there are no principal differences from the case of TM-waves,
and similar discussion is valid also for compressors utilizing
TM-waves [8], [18].

Letk, = nx /a(e)'/?, n = 1,2, ..., denote cutoff wavenum-
bers of monochromatic TEp,-waves in a plane-parallel
waveguide of the width « filled with a material with permittiv-
ity ¢ (i.e., k, is the lowest wavenumber for which waves prop-
agate without attenuation). For k within the excitation’s band
(2.3 <k <4.1), only TEy;-waves propagate in waveguides A
and B without attenuation, as the cutoff wavenumbers there
are k; ~ 2.17 and k, =~ 4.34. The storage resonators are
formed by segments of plane-parallel waveguides with the
cutoff wavenumbers k; =~ 2.09 and k, =~ 4.19, so again,
only TEj;-waves can propagate without attenuation there. The
coupling windows remain beyond cutoff up to k ~ 14.28.

Despite the novel compressor’s design, its development fol-
lows the standard design scheme for EM energy compressors,
which is detailed in [3] and [18]. First, the function E, (g, )
is computed for 0 < r < T = 2000 (well after the source
is turned off at + = T = 100) at the points g; and g,
which belong to the axis of symmetry of one of the storage
resonators, see Fig. 3. Then, E, (g, k) is calculated as a result
of applying the transform (A2) to E (g, t)x(t — T)x(T —1t)
[the transform (A2) is defined in the Appendix]. Peaks of the
curves E,(g;, k) point to real parts of complex wavenumbers
k = Rek + iImk (Imk < 0) defining eigenfrequencies of the
storage resonators [3], [22], [27]-[29]. There are only two of
them (Rek; ~ 2.6075 and Rek, ~ 3.745) within the band of
interest 2.3 < Rek < 4.1, see Fig. 4. For the selected values
of h and d, they correspond to Hy i ;- and Hy  »-oscillations
in the storage resonators (Fig. 5, lower fragments). The points
g1 and g, almost exactly coincide with antinodes of these
oscillations, see Fig. 3, and the lower fragments of Fig. 5.
The obtained values of Rek; determine resonant frequencies
at which the accumulation of energy in the storage resonators
is possible under long-duration excitation by the corresponding
monochromatic signals. Thus, these frequencies are candidates
for the device’s working frequency [3], [4], [18].
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Fig. 4. Real parts of complex wavenumbers defining eigenfrequencies of the
storage resonators.
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Fig. 5. Excitation of the device by the signal (3) with (a) k = 2.6075 and
(b) k = 3.745: time signatures of E,(g,t) at the points g; and g», and field
patterns (E, component) at the time moment ¢ = 145.

Repeating this procedure for the points g; in one of the
neighboring resonators (see Fig. 3), the function ®y(k) =
[arg Ex(g,-, k) — arg Ex(gj, " s computed. It character-
izes the phase shift of the field along the chain of resonators
(which could also be considered as finite grating) and deter-
mines the number and spatial orientation of plane waves
traveling away from the device into free space [8], [11], [22],
[24], [30]-[33]. Assuming qualitatively identical role of spatial
harmonics of infinite and finite gratings in the formation of
radiated field, we conclude that the main lobes of the radiation
pattern are oriented approximately in the directions ¢, =
90° — arcsin(®,, / k), where ®,, = Oy +2zn/l, n: k > |D,|
[4], [11]. The angles ¢ are measured counterclockwise from
the axis z, see Fig. 1. In our case, we have the following values:
for the first candidate frequency, ®y(Rek;) = 1.98, and for
the second candidate frequency, ®o(Rek,) = 0.95. Therefore,
when the device is opened for radiation, the radiation mainly
goes in the directions ¢ ~ 41° and ¢ ~ 125° for the
first candidate frequency and in the directions ¢ ~ 75° and
¢ ~ 133° for the second candidate frequency. These directions
correspond to the fundamental (zeroth) and the minus first
spatial harmonics of infinite grating.

Now, we determine the field configuration and the quality
factor Q = Rek/2|Imk| of the oscillations on the can-
didate frequencies. For it, the device is excited with the
narrowband signal

Vi(g, 1) : vl(z 1g € L+,t) = P(1) cos[lz(t — T)] 3)
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Here, k = Rek; is the wavenumber defining the central _ _

I . . u, \t,z:gel
frequency of the signal, 7 = 0.5 is the delay, and P(¢) : 1

0.1 =5—-995—-1000 (P(t) : T1 —Th —T3 —T4is a
trapezoidal envelope, which equals one for 7, < ¢t < T3 and
is zero for t < Ty and t > Ty = T). After switching OFF
the source (¢ > 1000), the field of each storage resonator
is dominated by the oscillation with complex wavenumber k.
Its real part is set by k of the excitation. In the case of the
first candidate frequency (k = Rek;), the behavior of the
module of the envelope A exp[Imk,(t — T)] of the function
E.(g, )yt —T)yy(T—1), T <t < T = 2000, uniquely
determines the imaginary part’s value Imk; ~ —0.00198,
see Fig. 5(a) [3], [18], [22], [27]-[39]. In the case of the
second candidate frequency (k = Rek,), this technique does
not work: in the free oscillation mode (¢ > 1000), E, (g2, t)
first decreases exponentially and then begins to grow again, see
Fig. 5(b). This unusual behavior is explained by the fact that
each storage resonator is coupled with the neighboring ones.
The level of this coupling is determined by the size of coupling
window and the frequency. The higher this coupling is, the
more the basic oscillation gets distorted by oscillations of the
same type (but shifted in phase and with lower amplitudes)
imposed by the neighboring resonators. This, in particular,
leads to the splitting of the resonance peak of E. (g, k)
associated with the corresponding oscillation. This splitting
becomes noticeable only with a significant zoom into the small
vicinity of the point k = Rek,, see Fig. 4. Such behavior
excludes the second candidate frequency from consideration
for the working frequency. The further analysis is focused
on Hy  -oscillation in the storage resonators, whose complex
wavenumber is k; = 2.6075 — i0.00198.

Now, let o1(t) = 5.7 - 10* for 0 < ¢ < 3000 (energy
accumulation mode), o;(t) = 0 for + > 3001 (radiation
mode), and o () is continuous and decreases exponentially
on the interval 3000 < ¢t < 3001. The device is excited with
the long quasi-monochromatic signal (3) with the following
parameters: k = Rek;, T = 0.5, and P(t) : 0.1 —5—
2995 — 3000. Characteristics of the device operating in the
energy accumulation mode (0 < t < ftaeeum = 3000) are
presented in Figs. 6 and 7. Fig. 6(a) and (b) plot time
signatures of the amplitudes of the waves transmitted through
the virtual boundaries L™ and L" into the virtual waveguides
B and A, respectively. See the Appendix for definitions of
the amplitudes uli] (z, ). Fig. 6(a) and 6(b) allow observation
of these (wasteful) waves’ evolution in time as the energy
accumulates in the storage resonators. Fig. 6(c) shows how
the field strength E,(g;,t) grows in the storage resonator
during the energy accumulation. It worth noting that for
the considered device, E, (g, ) reaches its maximum at the
moment of time ¢t = 2140 [marked in Fig. 6(c)] and then
gradually decreases. This means that after this moment, the
device does not accumulate the input energy anymore and
there is no point to continue excitation. Fig. 6 gives a fairly
complete picture of all space-time transformations of the
field during long and constant pumping of the device by the
narrowband signal whose central frequency almost exactly
coincides with the first candidate frequency. With an absolutely

1.0

(b)

2000 t

!
0 1000

Fig. 6. Energy accumulation mode. Amplitudes of the waves (a) transmitted
into B and (b) reflected into A. (c) Field strength at the antinode of the
working oscillation.

exact coincidence (and with a very weak coupling between the
storage resonators), there would be no decrease of E,(gy,1?)
for ¢+ > 2140, see Fig. 6(c) [3], [4], [18]. The curves in
Fig. 7(a) plot the input energy against the time t (Wi, +(t; 0))
and its (wasteful) distribution between the waveguides A
and B (Wi 1+(t;0) and W4 -(;0), see the Appen-
dix for definitions). These values allow to calculate the
energy accumulated in the storage resonators by the moment
of time f: Waceum(£;0) = Wipe 1+ (#;0) — Wia, 1+(£;0) —
Wiag, - (¢; 0). The main characteristic of the accumulation
mode is the accumulation efficiency (as a function of time ¢)
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Fig. 7. Energy accumulation mode. (a) Input energy and its distribution
between A and B. (b) Accumulation efficiency as functions of time.

Haceum(t) = Waccum (£5 0)/ Wige, 1+(£; 0), and it is plotted in
Fig. 7(b). It allows to determine the moment of time when the
efficiency of the device reaches its maximum. In general, this
is the right moment to switch from the energy accumulation
mode to the radiation mode. We would like to note here
that the maximum values of #ccum(f) in the case under
consideration are not inferior to the ones obtained for direct-
flow waveguide compressors in [3], [4], [8], and [18].
Within the interval fyccum = 3000 < ¢ < 3001 = fq, the
device switches from the energy accumulation mode to the
radiation mode, the dielectric screen covering the chain of
storage resonators becomes transparent for EM waves, and
the energy accumulated in the storage resonators is released
into free space as a short powerful radio pulse. Fig. 8 details
the characteristics of this process. The time signatures of
E,(g,t) recorded at the points g;—gjo located on the line
y = const with the distance [ between each other (see
Fig. 3) allow us to estimate the effective duration of the
radiated pulse Afesreer = 25 and the degree of compression
(compression ratio) f = ftaccum/Aletrece ~ 120. The ratio
of the energies in the radiated pulse (Wi, 1.(3050; traq) =
2.55) and in the input signal (Wi +(faccum; 0) =
3.25) determines the radiation efficiency of the device
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frad = Wrad, 130505 traa)/ Wine, 1+ (faccum; 0) & 0.78 and its
power amplification factor ¢ = S - #raq & 93.6.

The energy characteristics of the considered device are
satisfactory. The obtained orientations of the far-field radiation
pattern’s lobes [¢; &~ 42° and ¢, = ¢ ~ 123°, see Fig. 8(b)]
perfectly match our theoretical predictions from the beginning
of this section (¢ &~ 41° and ¢ =~ 125°). At the same time,
the radiation pattern [see Fig. 8(b)] has undesirable features,
namely, two beams, large width of the main lobes, and high
level of sidelobes. Naturally, they should be eliminated when
designing real-world devices. In Section IV, we demonstrate
the possibility of improvement and optimization of the radi-
ation characteristics. However, first, we discuss the main
shortcomings of the design, what causes them and how to
treat them.

The first noted drawback is the splitting of higher reso-
nant frequency due to the coupling of neighboring storage
resonators. The negative consequences of this coupling can be
minimized by increasing the aiming distance ¢ and reducing
the size of coupling window d;.

The two-lobe pattern is addressed via tuning the period / of
the resonator’s chain and the moderating coefficient y (k) of
the surface wave of planar dielectric waveguide [4], [14].

The width of the main lobe and the level of sidelobes
could be decreased via the formation of required (in par-
ticular, uniform) amplitude distribution of the field over the
emitting aperture [14]. Apparently, it is not the case for the
considered device, and Fig. 8(a) clearly shows more than
an order of magnitude difference between amplitudes of the
waves radiated from the outermost storage resonators. It is
addressed via turning the aiming distance ¢ into a function of
the coordinate z, c(z), so that the storage resonators would
receive approximately equal shares of the input energy.

IV. IMPROVING CHARACTERISTICS OF THE DEVICE

In this section, we implement the suggested modifications
and demonstrate that it indeed improves the device’s char-
acteristics. For it, we change a bit the geometry of storage
resonators (d = 0.98 and / = 1.0), reduce the size of coupling
windows (d; = 0.14), and keep the other measurements
the same (¢ = 1.0 and & = 2.0). The storage resonators
and the coupling windows are filled now with the same
material as the dielectric waveguide, and it is Teflon with
& = 2.1. The aiming distance is set now by the linear function
¢(z), and it varies from ¢ = 0.1 at the exit from the virtual
waveguide A (virtual boundary L*) to ¢ = 0 at the entrance
to the virtual waveguide B (virtual boundary L™), see Fig. 9.
The dielectric screen covering the chain of storage resonators
is not flat but periodic now. It is made of isosceles triangles
with the height and base of 0.98 (see Fig. 9). Its constitutive
parameters are: ¢; = 2.1 (the same as inside the storage
resonators), oy(tf) = 5.7 - 10* for the energy accumulation
mode, and o, (t) = 0 for the radiation mode.

Let this device be excited by TEy;-pulse (2) whose para-
meters are set as k = 3.3, Ak = 1.0, T = 50, and T = 100.
This pulse occupies the band 2.3 < k < 4.3. For k within
this band, similar to Section III, the storage resonators and
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Fig. 9. Geometry with observation points.
waveguides A and B support only TEy;-waves, the coupling
windows remain beyond cutoff up to k ~ 15.48.

Following the steps outlined in Section III, we find resonant
frequencies that allow energy accumulation in the storage
resonators. For it, the function E,(g,?) is computed for
0 <t < T = 2000 (well after the source is switched OFF
at t = T 100) at the point g,, see Fig. 9. Peaks of
E (82, k), which is the result of the transform (A2) applied

|
3020 ¢

0 0.25

0.5 0.75 1.0

]
o°

135

90

45

2.55

1.0
D(¢,k,)
k =2.6075

(a) Time signatures of the radiated pulses at the points g1—gio. (b) Far-field radiation patterns for the band and for the wavenumber k = 2.6075;

to E.(82,1)x(t —T)y(T —t), suggest that there are three
eigenfrequencies within the band of interest. The real parts
of corresponding wavenumbers are Rek; ~ 2.459, Rek, ~
3.0835, and Rek; =~ 3.9075, see Fig. 10. For the selected val-
ues of & and d, they correspond to Hy 1,1-, Ho 12-, and Ho 1 3-
oscillations in the storage resonators (Fig. 11, upper fragment).
As the device’s working frequency, let us choose the one with
Rek; ~ 3.9075 since the field with higher frequency (larger
wavenumber) should leave the storage resonators faster when
the device switches to the radiation mode.

To confirm the improvement of the radiation
characteristics, we compute the function ®y(k) =
larg £ (8, k) —arg E (3, k)17, which  characterizes

the phase shift of the field along the chain of resonators.
For the working frequency, it is ®g(Reks) = 4.85. Thus,
in the radiation mode, the radiation mainly goes in one
direction only, ¢ ~ 111.5°. This direction corresponds to the
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Fig. 11. Excitation of the device by the signal (3) with k = 3.9075: field

pattern of E, component and its time signature at the point g;, zoom into the
vicinity of ¢ = 1000.

minus first spatial harmonic of an infinite grating, and the
fundamental (zeroth) harmonic is not propagating in this case
(see also Section III for details).

The field configuration and the quality factor of the oscil-
lation on the working frequency are determined via exciting
the device with the narrowband signal (3) whose parameters
are set as k = Reks ~ 3.9075, T = 0.5, and P(t):0.1-5—
995 — 1000, see Fig. 11. After switching OFF the source (¢ >
1000), the field of each storage resonator is dominated by the
oscillation with complex wavenumber k. Its real part is set by k
of the excitation, and its imaginary part is obtained by studying
the envelope of E,(g1,1)y(t — T)y(T —1t), as detailed in
Section III. In this case, Imk &~ —0.00029. The confident and
constant growth of the function E,(g;, ) until the source is
switched OFF (see Fig. 11) indicates the possibility to obtain
rather good energy characteristics of the device, as the duration
of energy accumulation can be significantly increased without
compromising the efficiency.

Setting the duration of energy accumulation as foceym =
5000, we excite the device with the long quasi-monochromatic
signal (3) with the following parameters: k ~ 3.9075, T =
0.5, and P(¢) : 0.1 —5 — 4995 — 5000. The characteristics
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Fig. 12.  Energy accumulation mode. Time signatures of the amplitudes of
the waves (a) transmitted into B and (b) reflected into A, and (c) field strength
at the antinode of the working oscillation.

of the device operating in the energy accumulation mode
(0 <t < tyceum = 5000) are presented in Figs. 12 and 13.
The coupling between storage resonators on the working
frequency and within the considered period of time does not
manifest itself—the function E,(g;,t) grows constantly and
its dynamics suggests that the duration of accumulation could
be set even longer. The amplitudes reached by the moment of
time t = fuccym are almost twice as high as those obtained in
Section III, compare Figs. 6(c) and 12(c).

Plots in Fig. 13 are similar to the ones in Fig. 7.
Knowing the input energy and its distribution between
waveguides A and B [see Fig. 13(a)], we calculate the accu-
mulated (by the moment of time f) energy in the storage
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Fig. 14. Time signatures of the radiated pulses at the points go—gio.

resonators Woceum (t; 0) = Wipe 1+(1;0) — Wyg L+ (5 0) —
Wiaa, - (#; 0) and the accumulation efficiency #iccum(t) =
Waceum (23 0)/ Wige, 1.+ (¢; 0), see also the discussion of Fig. 7.
The plot of 7accum(?) [see Fig. 13(b)] indicates that the chosen
duration of accumulation #,.cym = 5000 is close to the optimal
as the accumulation efficiency approaches its maximum at this
moment of time.

Within the short interval fyccum = 5000 < 1 < 5001 = f4q,
the device switches from the energy accumulation mode to
the radiation mode and the accumulated energy is released
into free space, see Figs. 14 and 15(b). The effective duration

(b) Field patterns (Ey component) at various instants of time during the
radiation.

of the radiated pulse Afefreer &~ 10 and the degree of com-
pression (compression ratio) f = fyccum/Alefrect ~ 500 are
obtained from the time signatures of E,(g,t) recorded at
the points g;—g;; (see Fig. 14), which are located on the
line y = const near the peaks of the dielectric screen,
as shown in Fig. 9. Knowing the energies in the radiated
pulse (Wiag, 1.(5050; traq) ~ 6.3) and in the input signal
(Wine, 1+ (faccum; 0) =~ 8.0), we calculate the radiation efficiency
Mrad = Wrad, (50505 trad)/ Wine, 1+ (faccum; 0) & 0.788 and the
power amplification factor ¢ = f - a9 ~ 394. The radia-
tion efficiency is slightly lower than the total accumulation
efficiency 7,ccum(5000) =~ 0.805, as during the radiation,
a fraction of accumulated energy is transmitted (and thus
wasted) in waveguides A and B.

Comparing the plots in Figs. 8(a) and 14, we conclude
that the efforts to ensure a more uniform distribution of the
input energy between the storage resonators turned out to
be quite effective. The difference between amplitudes of the
waves radiated from the first and last storage resonators is
much smaller now. This, in turn, affects the quality of the
radiated pulse’s wavefront and parameters of the radiation
pattern, see Fig. 15. The far-field radiation pattern has only
one lobe, and it is narrower now. The orientation of the main
lobe (¢ A~ 112°) perfectly matches the theoretically predicted
one (¢ ~ 111.5°). This once again confirms the correctness
of the design approach and modeling of the proposed device.

The wavenumber 3.9075 [rad/m] corresponds to the work-
ing frequency ~ 186.44 MHz. To be used in plasma heating
applications, the working frequency should be 20-1000 times
higher [7]. The obtained results are scalable with ease to any
geometrically similar devices. For it, all parameters bearing the
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dimension [m] (e.g., geometry parameters) should be multi-
plied by the corresponding similarity factor, and all parameters
bearing the dimension [m~'] (e.g., wavenumbers) should be
divided by it.

We would like to note that we have presented not a real-
world device, but a model aiming to demonstrate the new
method for formation and directional radiation of short and
powerful pulses and its development steps. The switching
between energy accumulation and radiation modes is briefly
touched, and the utilized switch is an “ideal” model. Designing
real-world device, one should keep in mind the importance of
thoughtful selection of the switch type and carefully tuning its
parameters. The characteristics of the switch drastically affect
the characteristics of the whole device [1], [3], [4]. This topic
lies beyond the paper’s scope, but we think that the most
suitable options for the presented devices are gas discharge
switches or switches triggered via electron injection [3]. The
latter ones switch faster between open and closed states and
thus are preferred.

V. CONCLUSION

The presented results demonstrate and prove that finite
periodic structures composed of sufficiently high-quality res-
onators are capable to form and directionally radiate short
and powerful pulses. A fairly well-grounded assumption about
such an option had been made in [34]. Now, this assumption
is confirmed by specific data obtained in experiments with
rigorous models of the method of EACs, which provide
accurate analysis of complex electrodynamic structures under
conditions of possible resonant scattering of waves. In the
functional scheme of the considered prototype of the device,
it is easy to find elements inherent in phased array antennas,
diffraction radiation (leaky-wave) antennas, and active com-
pressors of EM pulses. Therefore, the results presented here
were, of course, inspired by the results of many researchers
working in the relevant directions.

These results were obtained in computational experiments
with simple models, which allow to study and understand
features of the processes of energy accumulation, formation,
and directional radiation of short and powerful radio pulses.
Perfect understanding of these processes is a milestone for
real-world devices. Using simple and easy to understand
models, such studies could be accomplished without reference
to details of a specific device or its active elements. It is
assumed that all functionally significant features are included
in design models at the optimization stage.

APPENDIX

This details EACs, transition to frequency domain, and the
device’s characteristics available for analysis.

A. EACs Explained

EACs  DT[E.(g,1) — Vy(g, D]lgerL+ = 0,
D7[E«(g,Dllge- = 0, and D[E(g,)]lge. = 0 for
the virtual boundaries L™, L™, and L [see problem (1) and
Fig. 1] provide an ideal model for the outgoing (from the
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computation domain Qi into the waveguides A, B, and the
domain Q.x) waves, which are defined as follows:

Ex(g» t) - Vp(g’ t)

o0
= Zuip(z, Du.(y); geA, t>0,

n=1

[e¢]
Ec(g,1) = Dy, (@ 0ua(y); g€B, >0, and

n=1
00

E.(g,t) = Z ump(p;t),am(¢); p=R, 0<¢<2rm,
m=—00

t>0. (A1)

The outgoing waves (Al) pass through the virtual bound-
aries with EACs imposed without any reflection or distortion,
as if they are absorbed by these boundaries or the domain Qy;.

The operators D¥[...], D[...] and the orthonormal systems
of complete transverse functions {u,(¥)}o2;, {Zim(P)} o _ o

are defined in [4], [21], and [22]. The space-time amplitudes
ufp(z, t) and u,,,(p, t) on the virtual boundaries L* and Cg
are determined from the solution to problem (1). The values
ump(p,t) for p > R (outside Cg), which are necessary
for calculating far-field characteristics, are obtained from the
values u,,, (R, t) (on Cg) using the transport operators, which

are detailed in [22] and [25].

B. Transition to Frequency Domain

When problem (1) is solved and the function E,(g,t) is
obtained for g € Qi U Qex¢ and all time moments 7 € [0, T],
T < oo, the transition to frequency domain is carried out using
the integral transform

T
fl) = / f(t)exp(ikt)dt. (A2)
0

Here, T is the upper time limit of the observation interval
[0, T], k =2n /A > 0is a wavenumber, and / is a wavelength
in free space; for all £ > T, the function f(¢) undergoing the
transformation is set to zero. As it was mentioned in the end
of Section I, in this article, we use wavenumber as a frequency
parameter. Thus, all frequency-domain characteristics exhibit
dependence on k.

C. Characteristics for Analysis

The following characteristics are available for the analysis
of the physics of processes [3], [4], [8], [18], [24].

1) Field patterns of E,(g,1), g € Qi and other compo-
nents of EM field, both at any fixed moment of time
t € [0,T] and within any finite time interval [}, ;] €
[0, T], in the form of a corresponding dynamic picture.
Other nonzero components of the field are defined by
the following relations: 0,H,(g,t) = —n(jl@zEx(g,t)
and 6, H.(g,1) = 15 ' 0y Ex(g, 1)

2) Space-time amplitudes ufp(z,t) and u,,,(p,t) of the
waves (A1) on the virtual boundaries L* and Cg within
any finite time interval [#1, ] € [0, T'].

3) Input energy Wi, 1+(f2; t1) (incomes from A through
L") and radiated energies W4 1=(f2; 1) (transmitted
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through L™ or L™ into A or B) and Wyg, L(f2; 1)
(radiated through L into Q.), all within a certain period
of time #; < t < t,. These energies are determined
by integrating over ¢ the instantaneous powers passing
through the corresponding boundaries within the interval
Hh=<t<n.

4) Field patterns of components of the frequency-domain
field (E(g, k), H(g, k). g € Qin.

5) Ryp(k) and T,,(k), which are the transformation coef-
ficients of incoming (from A) TEy,-wave into TEy,-
waves reflected back into A and transmitted into B,
respectively.

6) nk) =1— Was(k) — >, [W,j;,(k) + W,,(k)], which is
the efficiency of transformation of the excitation wave
into the radiation field.

_ |Ew(M.$.5)1
7) D(¢5k»M) - max |E[g(M,¢,k)|2’
D <p=Dy

0<® <¢ < d, < 360° which is the normalized
radiation pattern calculated on the arc p = M > R.

8) Angle ¢ = @ (k) which determines the orientation of the
main lobe: D(¢(k), k, M) = 1.0.

9) Half-power beamwidth ¢g5(k): ¢os(k) = ¢+ — ¢,
¢ € [¢p,¢"], where D(@T,k,M) = 0.5 and
D(¢p~,k, M) =0.5.

Here, Elg(M ,¢,k) is the tangential component of the
frequency-domain electric field on the circle p = M > R;
Waps(k) is a portion of the energy absorbed in imperfect
dielectrics; and W, (k) and W,; (k) are portions of the energy
transmitted and reflected through the virtual boundaries L~
and L into the waveguides B and A, respectively. In the
framework of the model problem (1), not only the function
n(k) is calculated but also its components Wans(k), W,,(k),
and W,j;,(k). This information allows to identify and ana-
lyze separately such important characteristics as the radiation
efficiency, the matching level of feeders with radiating ele-
ment, the conversion efficiency of dielectric waveguide surface
waves into radiation field. To calculate the far-field radiation
pattern D(¢, k, 00), which is used most in this article, the
values of E[g(oo, ¢, k) are required. They are obtained from
the corresponding entities on the virtual boundary Cg using
the transform (A2) and the transport operators [22], [25] or as
explained in [4, Ch. 5].

Ki <= k =< K,
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