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Abstract

This work deals with a research on the development of a spedigype of radiating antennas which are known as the
Harmuth large current radiators. Discussed are physical pheomena and technical problems, encountered when
the radiators were being designed, as well as ways to settldném.

1. Introduction in radiolocation and radio communications. The
proposed revolutionary changes are based on the use

Publication of the scientic works by Professor of carrier-free pulsed electromagnetic elds (or non-
H.Harmuth  (Catholic  University, Washington, sinusoidal waves) as probing and data-transmission
District of Columbia, USA) ushered in a new era signals. The employment of the proposed innovations
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in various applications allows to increase the radar
resolution to such a degree when it becomes possible
to reproduce the shape of object illuminated. At that,
the probing will not be detectable at all. It is quite
reasonably supposed that the impulses should detect
objects shielded by radiation-absorbing materials
coatings. The use of non-sinusoidal radio waves in
radio communication systems allows not only for
a considerable increase in the data transfer rate,
but also for a noticeable increase in the number
of communication channels not interfering with
each other and with existing channels. This is very
important for the modern world where the frequency
range is already packed full to the limit.

After the Authors of this article have familiarized
themselves with the works written by Professor
H. Harmuth [1,2], they became interested in the
development of radio systems based on non-sinusoidal
waves. (At present, the term non-sinusoidal waves
is rarely used, being replaced by the term ultra-
wideband (UWB) waveforms .) In 1991, the Authors
of this paper got in touch with Professor H.Harmuth.
They have been working e ectively since on one of the
most di cult and, at the same time, most important
problems that the researchers of the non-sinusoidal
technique face: the development of high-e ciency
antennas for radiation of UWB electromagnetic eld
impulses without afterpulse oscillations.

Whereas H.Harmuth suggested that non-sinusoidal
waveforms be used for radar and radio communication
applications [1,2], he, quite logically, raised a
problem of making a special radiator for emission
of UWB pulsed electromagnetic elds and proposed
to introduce the notion of large current radiators
(LCR) [3 5].

LCRs are a kind of dierent from the well-known
classical Hertzian electric dipoles and magnetic loops
(Fig. 1).In[6], it was suggested to designate the LCRs
as special electromagnetic radiators. As distinct
from the loops, the LCRs radiate in a more e ective
dipole mode like the Hertzian electric dipoles. At
the same time, in contrast to the electric dipole, the
LCRs have a low resistance permitting to excite large
currents in it at a low driving voltage like in magnetic
dipoles. It has an improved radiation e ciency, as
well. Thus, based on the Harmuth argument, the LCR
should be viewed as the most e ective radiator.

The LCR design is a loop, the perimeter of which is
small as compared with the spatial duration of the
driving signal A = c¢t, where c is the speed of
electromagnetic wave propagation in free space and
¢ t is the driving signal duration (Fig. 1). The metal-
ferrite shield with the relative ferrite permeability 4
and relative permittivity " divides the loop into a
region containing the radiating element and a region
with the return loop. Due to the shield the radiation
from the return loop does not interfere with the
eld of the radiating element, causing appearance of
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Fig. 1. LCR combines dipole radiation mode and low
resistance.

Pulse generator

Matching

section
(o (o))
8J> £
= 8 c
= R
> c
5 ] s
0 \)

Fig. 2. LCR as a loop.

the dipole radiation moge. As the impedance of the
ferrite Bcreen isZs = Lorts=("0"s) > Zo, where
Zo = 19="p is the impedance of free space with
the permeability o and permittivity "o, the shield
re ectivity is positive. Therefore, the eld re ected by
the ferrite shield does not compensate for the eld
formed by the radiating element.

Considering the design philosophy of the LCR, and
taking the fact into account that the active resistance
of the radiator is very small, it is generally connected
as a load directly to the output of the pulse generator.
Due to the small active resistance, the LCR has a large
current even at a low voltage of the driving signal.
(Hence is the name of large current radiator ).

Another design of the LCR [5,7], where the
inherent di erence between the radiation e ciencies
of radiating plate and return loop should prevent the
cancellation of radiated elds, is the LCR as a loop
(Fig. 2). Here, the radiating element is a wide plate,
and the return loop is a thin wire. The radiating
element and the return loop are connected each other
with metal triangular matching sections that close the
exciting circuit of the LCR.

The small sizes of the antenna, as compared
with A, predetermine the biggest advantage of the
LCR: electromagnetic eld pulse radiation without

48 Yeaeodiiadieoind Ragaiey, 0.7, «1 (18), 2007 a



Large Current Radiators. Problems and Progress

0.015

2
0.010 [\
0.005
LA
-0.000 \ \V"
-0.005

-0.010

E, V/im

-0.015

t, ns

(a) Strength of electric eld.

4.0E-05

2.0E-05 / ]

% 0.0E+00 \

-2.0E-05
2

-4.0E-05

A/m

H
A

0 1 2 3 4 5 6 7 8 9 10
t, ns

(b) Strength of magnetic eld.

Fig. 3. 1 electric dipole; 2 LCR.

afterpulse oscillations. But, on the other hand, the
radiation e ciency proved to be low due to those very
small sizes. As has been shown in the reference [16],
on the basis of calculations (Fig. 3) and experimental
results (Fig. 4), the eld strength radiated by the
electric dipole with the length " is lower approximately
by 4.5 times than the eld strength radiated by the
LCR (Fig. 2), the length and width of the radiating
element being equal to~ and the length of the
matching sections being0:75 . But, in spite of this
fact, to make the LCR applicable to wide practical
uses, its radiation e ciency should be increased even
higher.

Since the LCR is a new radiator, studied little to
date, both theoretical and experimental research has
been carried out in order to investigate the radiator
properties, the mechanism of radiation of UWB
impulse electromagnetic elds, the dependence of
radiated eld parameters on dimensions of constituent
parts (radiating element and matching sections, etc.),
modes of excitation, shield designs of the return
loop, etc. Many researchers, among whom are Malek
G.M.Hussain [8], Robert Fleming (AetherWire and
Location), N.J.Mohamed [9] and the Authors of this
paper and their colleagues, continue the studies of
H.Harmuth on the LCR development in order to make
the LCR more e ective.

The LCR design is very simple in its outward
appearance. This implies that a part of the e ects
that emerge during LCR excitation by UWB impulse
waveform can be studied theoretically on the basis
of calculation results. Modern computers are used
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Fig. 4. Signal amplitudes at output of receiving
antenna during radiation by: 1 LCR; 2 dipole.
(Output resistance of driving signal source is 50 Ohm.)

to simulate the radiation process of this antenna.
But this applies only to the simplest designs of this
radiator (Fig. 2). Calculations are much more di cult
for the LCR, corresponding to the circuit shown
in Fig. 1, as well as for antennas investigated by
the Authors of this article. Though the computer
simulations of the electromagnetic processes simplify
the research activities quite a lot, the physical
experiment is the most important part of research
work, as yet. A well-arranged experimental setup is
exactly what allows to study the physical principles
of electromagnetic wave radiation and then to choose
the way to increase the LCR radiation e ciency. The
large current radiator is a suitable object for that kind
of research activities.

Considered in this work are the physical principles
of radiation of UWB impulse electromagnetic elds
by large current radiators, as substantiated by the
Authors of this research, physical and engineering
problems tackled during the LCR development, as
well as such approaches to address those problems,
as suggested by Professor H.Harmuth and by the
Authors. Represented as illustrations are the results
of theoretical and experimental investigations carried
out for 15 years by the Authors of this paper with
active participation by Professor H.Harmuth in the
discussion of results.

2. Basic Principles of Radiation
The electric and magnetic eld strengths E and H

radiated by a small dipole (Fig. 5) in the far zone are
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known as follows [2]:

1Zo dlyag ¥E (F£ )
E= - — =~ - ‘- 1

r 4%c dt erz @)
1 ° dlig TE*

r4vc dt Cer
where |5q is the radiator current, ~ is the dipole

length and * is the radius vector of the observation
point.

()

Fig. 5. Electric dipole.

The Egs. (1) and (2) show that the larger is the
time derivative of the antenna current, i.e. the higher
is the current rate in the antenna, the larger would be
the eld strengths in the far zone. It is obvious also
that the larger is current amplitude in the antenna,
the higher would be the eld strength in the far zone.

It follows from Egs. (1) and (2) that the radiated
eld pulse duration is determined by the rise time
of the current to its maximum value (Fig. 6). That
is why the assignment of the radiated pulse duration
determines completely the current rate in the antenna.
Thus, to achieve a higher radiation e ciency requires
just increasing of the current in the antenna.

3
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Fig. 6. Temporal dependence of radiated elds on
current in antenna.

3. Drive-signal Generators

The LCR is supposed to have a low resistance of
the radiator, R ! 0. It means that the source output
resistance should tend to zero for more e ective power
transmission from exciting signal source to radiator.

There is another singularity of the LCRs. These
radiators should be designed without feeder lines for

drive signal transmission from generator to radiator,
because no transmission line exists yet for the
wave impedance of less than 1 Ohm. Therefore, the
generators of the pulses that are used to excite the
LCRs are placed directly on the radiator.

In addition to the requirement for the output
resistance of the generator, this generator, as a
component of the radiating system, should also satisfy
the following requirements: capability of timimg from
external signals and action-trigger timing stability,
a small size and a low power consumption. Pulse
generators with semiconductor switching elements
meet completely these requirements.

3.1. Switches with Bipolar Transistors

A generator with bipolar switches (Fig. 7) was
proposed in the reference [10]. When a positive pulse
feeds the terminal In 1 and a negative pulse feeds
the terminal In 2, the transistors VT2 and VT3 will
become conducting and a current will ow from the
terminal +U via the resistor R4 and the transistor
VT3, the radiating antenna, and the transistor VT2
and the resistor R3 to ground. Since the radiating
antenna not only radiates, but also produces a near
(or inductive) eld, it acts like inductor and stores
magnetic energy. The peculiarity of this circuit is such
that, after the current stops in the transistors, the
magnetic energy stored near the radiator when the
currentwas owing through it, returns by means of the
special diodes D3 and D6 back to the power source.
Similar processes take place when the transistors VT1
and VT4 are engaged in the forming of pulse radiated,
while the antenna radiates the opposite polarity pulse.
Thus, the stored (not radiated) energy does not
dissipate but returns to the power supply producing
high-e ciency operation of the antenna, as was pre-
supposed from the very beginning.

However, in the 90s, it was dicult to get hold
of complementary pairs of bipolar transistors with
the low on-resistance that could be switched in times
that are approximately one nanosecond or less (The
complementarity is necessary for symmetric excitation
of the radiator, which promotes decreasing of the
afterpulse oscillations in signal radiated.) Another
problem was the necessity to use the diodes B3D6
with a very low transition capacitance (to avoid
resonance oscillations in the antenna) and the ability
to conduct currents of large magnitude (to convert the
stored energy faster). Therefore the circuit (Fig. 7)
was not used widely.

3.2. Switches with Avalanche
Transistors

The peculiar feature of pulse generators with
avalanche transistors [11] is such that during pulse
forming the generator output resistance decreases
down to the value of the order of fractions of
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Fig. 8. Driving circuit for LCR represented by
radiating antenna with avalanche transistors as
switch.

Ohm. At that, the switching time from blocking
state to maximum open state is within fractions of
a nanosecond, and amplitudes of generated pulse
voltage amount to hundreds of volts.

The power consumption of the pulse generators with
avalanche transistors is quite low. It popularizes these
switches among developers of UWB radar systems.

The results of experimental investigations of LCR
designed with avalanche transistors as switching

elements are presented in the references [12, 13]. Fig.

Electromagnetic Phenomena, V.7, «1 (18), 2007

8 shows the basic layout and a picture of the large-
current pulse generator used in [12]. The avalanche
transistor VT1 is the key component. The transistor
is brought into operation by an external trigger pulse
via the transformer T1, which also decouples the
avalanche transistor pulse generator from the trigger
pulse generator. The capacitor C1 and the resistor
R2 provide a reliable shut-o of the transistor and
a reliable turn on when the trigger pulse arrives. The
capacitors C2 and C3 serve as energy storage. The
resistors R1 and R3 limit the current owing through
the transistor when it is turned on. These resistors can
also regulate the charging current.

Fig. 9 shows the time variation of the magnetic
eld strengths in the near zone of the LCR at a
distance 0.1 m from the antenna. It corresponds to
the time variation of the current owing in the emitter
conductor (left-hand representation) and collector
(right-hand representation). In spite of the symmetry
of the LCR design, the amplitudes and time variations
of the eld strengths measured near conductors
that are connected to the transistor's electrodes are
dierent. This is caused by the dierence between
the emitter and collector currents during the rst
nanosecond after avalanche breakdown. The collector
current is equal to the sum of base and emitter
currents. The base current ows through the timing
circuit which consists of the capacitor C1 and the
transformer T1 (Fig. 8). The timing circuit changes
considerably the base current time variations which
brings about dierent time variations of the eld
strengths near the emitter and collector outputs.

A switch with the avalanche transistor also provides
an opportunity to create multistage circuits that
increase essentially power characteristics of the
exciting signal.

In the circuit shown in Fig. 10 (see reference [13]),

seven avalanche cascades are used as switches each of

which was assembled in accordance to the relaxation
circuit. When the feeding voltage U is applied, all
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Fig. 9. Time variation of magnetic eld strengths observed in near zone.

generator capacitors are charged through resistors.
Then, if all seven switches are closed simultaneously,
the seven capacitors that have been charged until
reaching the voltageU, would be connected in series.
And the voltage pulse whose amplitude is close tqU
would be generated at the generator output terminals
connected to the radiating antenna. This voltage pulse
drives the radiating antenna.

For the avalanche cascades not to generate pulses
in the self-oscillation regime, the voltage applied
to capacitors of all the seven avalanche transistors
must be less than the avalanche breakdown voltage
(» 150 V). Being in the pre-breakdown condition,
the transistors are easily switched on when a small
base current appears or the voltage increases in the
collector. Therefore, the central (fourth) switch is
the rst one started through the pulse transformer
to actuate the generator by locking the pulse from
the external generator. Then, after the avalanche
breakdown, two waves of the current with opposite
polarity are formed in the central cascade. They go
out from this cascade to the adjacent third and fth
cascades and initiate the avalanche breakdown there.
Then, the second and sixth cascades followed up by
the rst and seventh ones are simultaneously started.
When initiating every subsequent cascade, the energy
stored in capacitors of the avalanche switches is added
to the traveling wave energy. Thus, while the drive
pulse is propagating in the generator towards the
radiating antenna, its amplitude increases and the
synchronism of the drive pulse arrival at the radiating
antenna terminals is obtained. Since the wave process
takes place, when the LCR drive pulse is formed,
this pulse generator is quite correctly referred to as
a traveling wave pulse generator.

In the references [12,16], a feeder line consisting
of two segments of the coaxial transmission line is
used as a return loop to excite the radiating plate,
the ends of which connected to the generator stand
away from each other. The reference [13] suggested
that a traveling wave pulse generator placed inside
a metallic shield be used instead of the small-size
generator and the segments of the coaxial transmission
line. Let us replace the segments of the coaxial
transmission line with the traveling wave generator
placed inside a metallic shield. An advantage of the

pulse generator, as shown in Fig. 10, is a possibility
to have it inserted into a su ciently long shielded box
with a small diameter. As a result, we obtain a large
current radiator with a space-distributed power pulse
generator which is built as a traveling wave generator
that substitutes for the return loop and matching
sections. Now, the generator output terminals are
located directly at the edges of the radiating plate,
and the return loop is absent (Fig. 11). In this way, the
most preferable dipole radiation mode is achievable
owing to the possibility to make the radiating antenna
as straight conductor instead of as loop.

It follows from the experiments that these
generators are undoubtedly promising from the power
transmission standpoint, but the asymmetry of the
amplitude and time responses of pulses formed at
the emitter and collector of transistor(s) leads to
afterpulse oscillations in the signal radiated.

3.3.

Unlike the three-electrode switches, the pulse
asymmetry of which is conditioned by current
ow in the third electrode (base current in the
avalanche cascade), in the two-electrode switches, this
asymmetry is impossible in principle.

Step recovery diodes [14] as well as S-diodes [15]
can be used as active elements of switching circuits
for LCR generators. The latter (diode type AA742A
(USSR)) was used in the LCR [16]. The corresponding
circuit diagram of pulse generator is shown in Fig. 12.
The power supply voltage is provided by a storage
battery. A DC/DC high-voltage converter is used
to charge the storage capacitors C1 and C2 up to
the avalanche breakdown threshold of the S-diode.
The resistors R1 and R2 with the capacitors C1
and C2 represent a repetition rate controlling circuit.
Avalanche breakdown of the S-diode occurs when
the breakdown threshold is exceeded. The discharge
current ows through the radiating antenna and
produces radiation of a short electromagnetic pulse.

The amplitude of generated pulses amounted
to 560 V. The diode design permitted generator
synchronization by irradiating a semiconductor crystal
with infrared pulses from a semiconductor laser. This,
as well as the use of the small-size DC-to-DC converter
which is employed to feed generator, provided the

Switches with S-Diodes
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Fig. 12. Circuit diagram of pulse generator with S-
diode switch.

excitation symmetry and excluded the necessity in
cables and wires near the LCR. The radiated signal
had singular purity and good power characteristics.

But since the maximal repetition rate of generated
pulses could not exceed 1 kHz and the S-diodes went
out of production, they were never used in the LCR
any longer.

3.4. Switches with Silicon Field-E ect
Transistors

Out of the fact that there is no charge storage

Electromagnetic Phenomena, V.7, «1 (18), 2007

in eld-e ect transistors, which is typical of bipolar
transistors, arose the necessary prerequisite for the
development of high-power current pulse generators
for an LCR [17] with the eld-eect transistors
EI907A (USSR).

The equivalent circuit of LCR may be represented
by the circuit (Fig. 13) consisting of the following
components: the radiating element inductanceL, ; its
loss resistanceR,; the radiation resistance R;; the
capacitance between the radiating element and LCR
shield C; ; and the pulse generatorG with the output
resistanceRyg.

It is obvious that in order to increase |;yq, we
should reduce the loss resistanc®,. But here it is
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necessary to take into account and satisfy the following
conditions:
- The current in LCR should be aperiodic, then

|
Re+Ri, 2 Li=G; €)

- Lest the capacitanceC, should smooth out the
drive signal, it is necessary to choose it in such a
way as to satisfy the following condition for the
time constant:

(R + Ri)C; ¢ ¢t (4)

- The exciting current rise time in the LCR circuit
to its peak value should not be less than the
characteristic time of the circuit, i.e.

Ly

¢t, ——:
R+ R

(5)

The conditions (3) and (5) indicate that the factor
limiting a possibility to reduce R, at the xed value of
¢ tis, rstof all, the radiator inductance L. The less
the inductance radiator is, the lower R, is possible in
the LCR circuit, and the larger current |54 can be in
it.

The radiator inductance L, is determined, by and
large, by its length. For example, for the ultimate
radiator in the form of a wide rectangular plate, the
length of which is ™ and the width is w, the inductance
is determined by the expression

1
L, = 2—1"/4 (In("=w) + 0:08): (6)

Clearly, the radiator length reduction leads to the
reduction in its inductance Eq. (6) thereby permitting
to decreaseR; (5) and increase l5q. Yet, in the
meantime, the strength of the radiated elds E Eq. (1)
and A Eqg. (2) changes insigni cantly. For example, by
reducing the radiating element length ~ by the value
-, we reduce its inductancel, approximately by the
value - . Thus, it is possible to reduce proportionally
the loss resistanceRr, and, in this way, to increase the
current amplitude in the antenna |,5q by - times. For
the case of the current linear rise in the antenna during
the xed time ¢ t, the strengths of the elds E and H
are reduced by the value- due to the reduction of °,
with the elds E and H increasing simultaneously by
- times due to increasing of the valuel 5q .

For the most e ective transfer of the drive signal
energy from pulse generatolG to LCR, the condition
should be satis ed

Zy= 24, ()
where Z; = R, + Rj + jX 4 is the antenna complex
impedance, the active part of which is the sum of
radiation resistance and loss resistance, while the
reactive part jX  is determined by the radiator

inductance; Zg = Rg + jX ¢4 is the complex output
resistance of the drive signal source consisting of the
active part Ry and the reactive oneX 4. The condition
(7) can be written down as

Yo

Rr + Ri=Rg;
Xa =i Xg: ®)
In practice, the active part of the output resistance
of generators of high-power pulse signals with the
nanosecond duration, as assembled from powerful
microwave semiconductor elements, is usually a few

tens of Ohm. Considering that the LCR radiation
resistance does not exceed several Ohm, and the loss
resistance in the radiating element conductor amounts
to just fractions of Ohm, to satisfy the rst condition

(8), it is necessary to insert the additional resistorRy
connected in series withR; and R; in the LCR exciting
circuit so that

So, the factor that limits the possibility to increase
laq IS the output resistance of the drive signal source
Rg.

As distinct from switches (Section 3.2 and Section
3.3), where the o -on transition time does not depend
on the load parameters, the silicon FET switches
considered in this work can be converted from the
switch mode of operation into the mode of linear
ampli cation. In this mode, the time characteristics
of the signal exciting the radiating element repeat the
time characteristics of the input signal (the signal from
external generator). This implies that, as follows from
(1) and (2), the duration of radiated electromagnetic
pulse can be changed by varying the rise (decay) time
of the pulse that excites the radiating element.

Upon the development of a tunable LCR, with the
radiated pulse duration ranging from ¢ t,,x to ¢ tmin
according to the condition (5), we shall determine the
maximum allowable inductance of the radiator:

Lrmax - Rg(]:tmin : (10)

Then by using the relations that establish
the correspondence between the radiating element
dimensions and its inductance (for example, Eq. (6)
for a wide plate), we select the radiator form and
dimensions. The best is a radiator with the largest
length °, because its radiation resistanceR; is the
highest one.

Following the choice of the radiator length
and cazlculation of its radiation resistance R; =
Zy
6Y4(c ¢¢ )2
duration in the duration range is ¢ tnax , We determine
the value of the additional resistor Ry, using the
condition (9).

As a rule, the value of the capacitance cannot
be actually calculated beforehand owing to the

[2,5] for a pulse with the maximum
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complexity of this problem. Therefore it is necessary
to follow the requirement (4) and try to make this
capacitance minimal.

To increase the amplitude of the radiated eld
strength and, simultaneously, for the sake of the
radiator symmetrical excitation, the pulse generator
(Fig. 14) was composed of 4 cascades, switching the
current in pairs on and o symmetrically in the
antenna.

An external pulse generator drives the preampli er
with the transistor VT1. This one forms the pulses
that excite a phase inverter on the transistor VT2
which produces pulses of equal amplitude but opposite
polarities at its 2 outputs. Then, each of the phase
inverter outputs drives a pair of power ampliers.
The power ampliers 14 generate current pulses
lrad1, i lraq4 Of the trapezoidal form with the rise
and the decay times being equal to¢t (Fig. 15)
in the radiating antennas 14. These currents are
oriented in space in such a way thatl aq1 and I 592
are in-phase, co-directional and directed opposite to
the reversed phase currentd 4q3 and laq4 (Fig. 15
and Fig. 16). It is necessary to provide summation
of the eld strengths from four radiating antennas
E,+ E>+ E3z + E4 in the far zone.

The driving generator could operate both in the
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Fig. 16. Principle of operation of four-element radiator
of tunable LCR.

switch mode (rise and fall times of pulses were minimal
and depended on the transistor characteristics) and in
the linear ampli cation mode (rise and fall times of
pulses were higher than those in the switch mode, as
speci ed by the external generator).

The modes used in the generator allowed for
discovery of a whole series of regularities of operation
of an LCR, composed of several radiators [17,18] (as
well as Section 4.5), leading to a better understanding
of LCR excitation and electromagnetic eld radiation.
However, because of a relatively high working voltage
of the transistors EI907A (USSR) and in order to
save their operability, it was imperative to limit the
transistor current by means of resistors. At that, a
considerable part of the energy was dissipated, and
the power consumption value got as high as 115
Watt. Therefore this LCR did not nd its practical
applications.

3.5. Switches with GaAs Field-E ect
Transistors

The feeding voltage and power consumption
respectively were reduced essentially owing to the
use of GaAs eld-e ect transistors 3[915A-2 (USSR)
as switching elements (Fig. 17 a,b). The on-state
resistance of this transistor verges upon 0.5 Ohm,
which causes large current to ow in the radiating
antenna of the LCR.

The driving circuit of the antenna represents

Radiating antenna

Fig. 17. Driver circuit a), and its PCB b).

two switches with the high-power eld-e ect GaAs
transistors  31915A-2 (USSR)(VT3 and VT4)
connected in series with the radiating antenna.
Together they provide the balanced excitation.

Two resistors R14 and R15 with the resistance
of 51 Ohm each are connected in parallel with the
transistors (between source and drain). They are
intended to x the potential on the drains VT3 and
VT4, and, together with the diode D1, to promote
the decrease of the voltage overshoot at the instant
of switching-o of the drains VT3 and VT4, and,
also, they attenuate oscillations occurring in the
antenna after switching-o of the drains VT3 and
VT4. Obviously, the connection of the resistors R14
and R15 increased the power consumption by 50 mA
for each driver, but we just must reconcile ourselves
to it so far.

As the resistance of two fully open transistors VT3
and VT4 is equal approximately to 1.2 Ohm, the R14
and R15 do not bypass the antenna during excitation.
Nearly the total current exciting the antenna ows
through the circuit: + of the power supply is VT3;
the radiating antenna VT4 is - of the power supply.

However, this switching element is not optimal
for the LCR. The problem is that GaAs eld-e ect
transistors do not permit voltage buildup between
source and drain to the value more than 15 V even
for a short period of time, and when the current is
switched o, a pulse of EMF surges in the conductor
with such inductance that exceeds this threshold.
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Besides, there is another problem, not unlike that
mentioned in Section 3.1, which is the necessity to use
the diode D1 with a very low transition capacitance
(to avoid resonance oscillations in the antenna) and
the ability to conduct current of large magnitude (to
suppress high EMF voltage).

3.6. Microcircuits as Switches

Among high-speed digital integrated circuits
employed for various applications, there are such
microcircuits that can be used as switches in LCR.
Thus, for example, Professor H.F. Harmuth has
proposed to use the 25 bu ers/drivers with three-
state outputs SN74BCT25244-D (Texas Instruments)
to 8 outputs. And in each of these outputs it is possible
to switch the current up to 160 mA for the time of the
order of 1 ns at the supply voltage 5 V (Fig.18, a).
If a positive pulse comes to Input A, and a negative
pulse comes to Input B, the terminal of R1 which is
connected to the microchip comes under the voltage
+U/2, while the terminal of R2 which is connected to
the microchip as well comes under the voltage -U/2.
As a result, the current ows through the radiating
antenna. After polarity of the pulses at the Inputs is
changed, the current in the radiating antenna acquires
the opposite direction. So, this allows for radiation of
the positive and negative pulses of the electromagnetic
eld strength. The amplitude of the current in the
radiator can be augmented by increasing the number
of microchips used. The four microchips (two of them
on PCB A and two on PCB B) drive sixteen
radiating antennas in experiment (Fig. 18, b).

But the problem is such that outputs of this
microcircuit cannot be connected to the same load in
parallel. That is, only one radiator can be connected
to each of the microcircuit outputs. The number of
radiators should be increased in order to increase the
current in the LCR. But this spells trouble from the
electrodynamic point of view. (Problems of this kind
are considered below, in Section 4 of this article).

3.7. Conclusions

In this way, the experimental verication of
various excitation circuits for the LCR, based on
di erent types of switches, has shown that the diode
pulse generators are the superior and, at the same
time, energy-optimized excitation circuits for the
LCR. Circuits with switches that employ avalanche
transistors are just a little inferior to them because
of the forming signal asymmetry. Circuits with FET
switches consume more power and break down more
often due to surge overvoltage. The asymmetry of
exciting signals relative to generator ground is typical,
more or less, of all circuits with the exception of the
diode ones.
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Fig. 18. Radiating antenna driving circuit a), and PCB
A of driver exciting sixteen radiating antennas b).

4. Radiation of UWB Pulsed
Electromagnetic Fields

The feasibility of controlling two of the variable
parameters in the expressions (1) and (2): the current
amplitude |59 and the time derivative of the current
dl aq =dt have been analyzed above. There is one
more parameter in the expressions (1) and (2) to
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It

Fig. 19. Coordinate system, its relation to LCR design,
LCR dimensions.

be accounted for. This geometric parameter is the
radiator length ~. At the same time, it should be
noted that the indicated expressions are valid only
for a short electric dipole (Fig. 5) and are just a
case in point of our considerations. The LCR design
proves much more intricate (Fig. 1 and Fig. 2).
There are other elements in this design, such as
matching sections, return loop and screen, which
are also very important for generation of the eld
radiated. Therefore we will consider the inuence
of LCR geometry and related design, as well as
screen con guration designs of the return loop, on
the characteristics of electromagnetic pulses radiated.
And then we will analyze enhancement of the LCR
radiation e ciency.

4.1. Geometry

As it follows from Egs. (1) and (2), the radiated
eld strength is proportional to the radiating antenna
length. However it should be taken in account that
these idealized expressions were derived under the
assumption that the radiating antenna length should
be small and the current amplitude should change a
little within the radiator. In addition, the fact that the
circuit should be closed in order to ow large current
is not considered in these expressions.

The in uence of the actual radiator geometry (Fig.
19) on the characteristics of radiated electromagnetic
eld pulses were discussed in the references [18,19]
by considering the results of electrodynamic FDTD
simulations of UWB impulse radiation by an LCR
made as asymmetrical loop.

The origin of the coordinate system coincides with
the radiating plate (radiating antenna) center. The
plate is in the plane Y = 0, and the driving current
direction coincides with the direction along the axisZ.
The Gaussian pulse with duration of 1 ns is used as a

I, ml
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Fig. 20. Current pulses in radiator at 1 w =4 mm;
2 w=40 mm;3 w=160 mm.

driving pulse. The simulations were carried out using
the FDTD method. Now, we will analyze how the
LCR sizes, namely, the radiating plate width w, the
matching section length d and the radiating element
length °, in uence the radiated eld intensity.

4.1.1. Inuence of Radiating Plate Width on

Parameters of Radiated Field Pulse

Let * =40 mm and d = 30 mm. We will vary w from
4 mm to 160 mm. The current pulses in the generator
when connecting radiators to the radiating plates with
the widths 4 mm, 40 mm and 160 mm are shown in
Fig. 20,a. One can see that, when the radiating plate
width increases, the current pulse rise and decay times
decrease and the pulse amplitude goes up.

The inductance L of at plate with the length ~,
the width w and the thickness+ (the magnitudes are
speci ed in cm) is described in [20]

VO VO |
L=2"In -2 +ouatVr®, !
+ + 2 2

[nH]:

Increasing the conductor width results in reduction of
its inductance values and in decreasing of the current
settling time in the circuit. When the driving pulse
rise and decay times are less than the antenna time
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Fig. 21. Electric eld pulses at distance of 1.2 m from
radiator1 w=4 mm;2 w=40mm;3 w =160
mm.

constant L=R (R is the generator output resistance),
then the decrease inL results in increasing of the
amplitude of the current in the radiator.

Fig. 20,b presents the diagram of relationship
K(W) = lmax (W)=max (W = 4) of the current pulse
maximum amplitudes in the antenna at dierent
values ofw vs. the current amplitude at w = 4 mm.
The most considerable increase in the current pulse
amplitude is observed upon increasingw of from 4
mm to 60 mm. Later on, the rate of increase begins
to slow down. At w = 160 mm k = 1:42,

Pulses of the electric eld intensities at a distance
D =1:2 m are shown in Fig. 21. The minimum pulse
amplitude corresponds to the radiator with the value
of w = 4 mm. The tenfold increase in the value ofw
up to 40 mm results in increasing of the eld intensity
by a factor of 1.5 for the electric component and by
a factor of 1.3 for the magnetic component. A further
increase in the value ofw up to 160 mm will lead to
the increase in the eld intensity by a factor of 1.8 for
the electric component and by a factor of 1.44 for the
magnetic component.

The diagrams of relationship of the maximum
amplitude of the eld created by the radiator with
the value of w vs. the maximum amplitude of the eld
created by the radiator with the value of w =4 mm,
both for the electric eld component is m and for the
magnetic one isn, are shown in Fig. 22. The greatest
e ect is observed at the increase of its width up to 60
mm. A further increase in w has less in uence onm
and n.

The increase in the intensity of the elds E and
H with increasing of the value of w is typical of
all eld H components, except for the eld which is
adjacent to the radiator, the eld strength of which
increases with w. At the increase in w, the eld
intensity begins to increase at rst, and then, after
reachingw = 40 mm, it decreases. This dependence
of the eld amplitude on the radiating plate width
is caused by the current amplitude distribution. The
maximum current amplitude of a fast process in at
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Fig. 22. Dependence ofm and n on radiating plate
width w for elds E and H.

plates is observable on the edges of these conductors.
By widening the radiating plate, we remove the
edges from the point of observation, which is near
the radiating plate center, decreasing thereby the
magnetic eld pulse amplitude in this point. At the
increase in D, this e ect has less inuence on the
radiated pulse intensity. As a result, at long distances
from the radiator the increase inw leads to increasing
of the pulse amplitude.

The diagram n(w) for D = 1:2m (Fig. 22) coincides
almost accurately with the diagram k(w) (Fig. 20, b).
Consequently, the increase in the radiated eld pulse
amplitude is caused exceptionally by increasing of the
current pulse amplitude.

4.1.2. Dependence of Radiated Field Pulse
Parameters on Matching Section

Length

Let us consider an LCR with * = 40 mm, w = 40
mm. We will change the matching section lengthd
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Fig. 23. Pulses of electric eld at a distance of 1.2 m
from radiatorat 1 d=10 mm;2 d=40 mm; 3
d=80 mm; 4 d=100 mm;5 d=120 mm.

from 10 mm to 160 mm. Pulses of the electric eld
intensities at a distance D = 1:2 m from the LCR
are shown in Fig. 23. The minimum pulse amplitude
corresponds to the radiator with d = 10 mm. The
fourfold increase ofd up to 40 mm leads to the twofold
increase of the eld intensity, and the increase ind up
to 80 mm results in increasing of the eld intensity by
a factor of 2.75. A further increase ind leads to the
onset of oscillations in the signal radiated, the increase
in the radiated pulse amplitude being insigni cant.
When d = 100 mm, this means that the radiator
perimeter tends to A (spatial pulse duration) which
causes the onset of oscillations in the antenna.

The increase in d is likewise accompanied by
increasing radiated pulse rise and decay times. When
d = 10 mm, the radiated signal rise time reaches its
maximum value at 5.84 ns, and, whend =80 mm, at
a value 6.1 ns (Fig. 23). The di erence is about 0.26
ns. This value multiplied by the speed of light comes
out with 78 mm. This is close to the di erence of the
matching section lengths. Consequently, the distance
between the loop bends in the observation direction
in uences the radiated signal rise and decay times.

The loop bends turn out to be the radiator regions
from which the maximum radiation emerges. The
radiated electromagnetic eld is formed due to the
interference of elds coming out from all of the four
bends (Fig. 26) and the radiator excitation region. It

is obvious that, by spacing these strongly radiating
regions, we change the time delay between radiation
moments of each of these regions and, respectively,
between the moments of radiation emergent from
each of the regions into the observation point. Thus,
through the delay arising owing to the increase ind,
the maximum amplitude of the radiated eld pulse
shifts along the time axis from the pulse initiation
point thereby increasing the radiated signal rise time.

The diagrams of dependence of the maximum
amplitude of the eld created by the radiator with the
matching section lengthd on the maximum amplitude
of the eld created by the radiator with d = 10
mm, both being for the electric eld component m
and for the magnetic componentn are shown in
Fig. 24. These diagrams show that the increase in
d up to 40 mm leads to an increase in the eld
intensity near the radiator, but at a great value of
d, this growth is insigni cant. There is a monotonous
growth of the eld amplitude in the far zone at the
increase ind up to d = 0:1 m, when the radiator goes
into the oscillatory mode. That leads to the onset of
oscillations in the signal radiated.

Thus, increasing of the length of matching sections
d is accompanied by an increase in the rise and decay
times of the radiated eld pulse. With increasing of
d, the eld pulse amplitude increases rapidly at rst,
slowing down later on. Starting from such value ofd,
at which the radiator perimeter becomes equal toA,
the radiator goes into the oscillatory mode.

4.1.3. Dependence of Radiated Field Pulse

Parameters on Radiating Plate Length

Let us consider an LCR with d = 30 mm, w =
40 mm. We will change the radiating plate length °
from 10 mm to 200 mm. Pulses of the electric eld
intensities at a distanceD =1:2 m from the LCR are
shown in Fig. 25.

The minimum pulse amplitude corresponds to the
radiator with ~ = 10 mm. The fourfold increase of"
up to the value 40 mm results in increasing of the
eld intensity by a factor of 2.4 for the electrical
component, and by a factor of 2.4 for the magnetic
component. A further increase in” up to 80 mm results
in increasing of the eld intensity by a factor of 3.55
for the electrical component, and by a factor of 3.57
for the magnetic one.

With increasing of the pulse amplitude, the growth
of * is accompanied by an increase in the pulse rise and
decay times not unlike as it was upon the increase in
d. Thereby the length of both rst and second half-
waves at the amplitude level 0.5 remains constant. As
in case of the increase ird (Section 4.1.2), the increase
in the rise and decay times is caused by the increase
in the distance between strongly radiating regions.

A further increase in °~ leads to the onset of
oscillations in the signal radiated (Fig. 25). Here, the
radiated pulse amplitude continues to increase. When
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Fig. 24. Dependence ofm and n on length of matching
sectionsd for elds E and H.

* = 120 mm, this means that the radiator perimeter
tends to A, which creates the conditions for the onset
of oscillations.

The diagrams of dependence of the maximum
amplitude of the eld created by the radiator with
* on the maximum amplitude of the eld created by
the radiator with ~ = 10 mm, both for the electric eld
componentm and for the magnetic eld componentn,
are depicted in Fig. 26. These diagrams show that the
increase in" near the radiator leads to a practically
linear increase in the eld intensity. However, from
Fig. 25 it follows that, if it is necessary to radiate
a clear signal, the length of the radiating plate
should be™ = 120 mm. Then the radiator goes into
the oscillatory mode. And, here, the electric eld
amplitude increases only fourfold.

Consequently, the rise and decay times of the
radiated eld pulse increase with the radiating
plate length . The eld pulse amplitude increases
practically linearly with ~. Starting from °, at which
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Fig. 25. Electric eld pulses at a distance of 1.2 m

from radiator at: 1 "~ =10 mm; 2 "~ =40 mm; 3
=80 mm;4 " =100 mm;5 "~ =120 mm; 6
=160 mm; 7 =200 mm.

the radiator perimeter becomes equal to A, the
radiator goes into the oscillatory mode.

4.1.4. Directional pattern

Let us consider the relationship of radiated pulse
parameters vs. direction. There, the radiator (Fig. 19,
Fig. 2) will be excited by the pulse signal, while the
electric and magnetic eld strengths will be registered
at a distance of 1 m from the radiator in the planes and
in sectors0¥ 360" at the pitch 15°. In this problem,
the plane XY is the planeE, and the planeY Z is the
plane H.

Calculated pulses of the eld strength in the plane
E (the plane containing the loop) are depicted in
Fig. 27, b. The results of the simulations indicate
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that the radiated signal waveform does not depend on
the radiation direction. Corresponding pulses of the
electric eld strength at di erent angles in the plane
H are depicted in Fig. 27, a. In this case, there is the
peak eld amplitude in the directions 0* and 18C".

Pulses with the minimum amplitude of the eld
strength are radiated in directions perpendicular to
the loop plane are90* and 27@. The polarity inversion
is observable near these directions. The direction of
the electric eld vector is reversable.

The normalized directional patterns of the LCR
with respect to the peak amplitude were plotted on the
basis of the present results of the simulations (Fig. 28)

JE(u;t= t9)] ;
Fl= ————— " _-atA=0;
W= Ew=wt=1
) JE(A;t = 19
F(A) = ERA= iz ratp=0;

?év

%%éy
%2”

Fig. 27. Field pulses in planes XOY and ZOY.

where p and A are the values of angles calculated
in two mutually perpendicular planes: (planesE and

H, respectively), t® is the time point corresponding

to the peak amplitude of the eld strength, p° and

AV correspond to the directions with the peak eld

strength amplitude.

The eld distribution (Fig. 27) and directional
patterns (Fig. 28) are typical of the magnetic radiator,
the loop. In this connection, it turns out that, by
making an asymmetric design of radiator, it cannot be
(Fig. 19 or Fig. 2) converted into the radiation mode
that is typical of the electric dipole.

4.1.5. Conclusions

The increase in the radiated pulse intensity with
increasing of the radiating plate width is caused by the
increase in the current amplitude, as conditioned by
the decrease in the antenna inductance. The radiated
eld pulse is formed due to the interference of four
pulse electromagnetic waves radiating from the loop
bends and waves emergent in the excitation region.

Representative e ects that accompany the increase
in the matching section length and the increase in
the radiating plate length are the increase in the
rise and decay times and the growth of the radiated
pulse amplitude. At that, the increase in °~ causes
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Fig. 28. Directional pattern of LCR with respect to
peak amplitude.

a threefold increase in the amplitude. There are
maximum allowable values for geometrical parameters
of the LCR components. In the case of radiator
excitation by a Gaussian pulse they are determinable
by the conditionsd < 0:5¢c¢j ~and ™ < 0:5c¢i d, where
¢is the drive pulse rise (fall) duration. The violation
of these conditions leads to oscillations in the radiator
and, consequently, to the afterpulse oscillations in the
signal radiated.

The directional patterns and eld distribution near
the LCR (Fig. 2) indicate that in spite of the fact that
the design of this LCR is an asymmetric loop, it has
not the dipole mode of radiation.

4.2. Near and Far Fields

Theoretical studies in the references [2,5] show the
dependence of radiated electric and magnetic eld
strengths on distance as follows:

_Zo ldlrag t£ (£ 7)

T 4vc r o dt Ser
7 A I#
He v q m 3(7¢r) oF
+ r—2|rad+r—3 l'raq dt ez 1T
11)
_ o Midg o Yoo (12)
T auc r dt o orz " T
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Fig. 29. LCR with pulse generator.

It follows from (11) and (12) that elds formed by the
LCR are composed of components of di erent physical
nature. There are components inE and H that are
inversely proportional to r and responsible for the eld
radiated. Besides, there are components, related to the
induction eld, that are proportional to the current in
the antenna and damped asl=r? when the distance
increases. There also is a component that characterizes
the energy of the driving signal and is proportional to
the time integral of current and damped as1=r3.

It turned out that this behavior of eld components
of the LCR is observable if the trapezoidal voltage
pulse with a at top that exceeds signi cantly the
rise and decay times is used as a signal driving
the antenna. This signal was used in experiments
mentioned below.

A pulse generator (Fig. 17) was used to excite the
LCR. The output resistance of the generator was
» 1:2 Ohm. The LCR was connected directly to the
generator output (Fig. 29). The length of the LCR
radiating plate was 40 mm and its width was 40 mm.
In the course of the experiments, parameters of the
eld pulses were measured at a distancer, ranging
from 0.1 m to 1.5 m, and at the pitch 0.1 m during
antenna excitation by 15 ns pulses. The voltage at
the output of the magnetic receiving antenna [21]
is shown in the experimentally obtained waveforms.
These waveforms correspond to the magnetic eld
strengths measured. The factor of conversion from
voltage to eld strength equals to 0.3 (A=m)=V.

4.2.1. Dependence of Field Pulse Parameters

on Distance

Signal waveforms at the output of the receiving
antenna that records the magnetic eld strength are
shown in Fig. 30. The diagrams represent both the
near elds and far elds and show the shaping of the
radiated eld pulse.

When r = 0:1 m, the eld pulse almost follows the
pulse shape of the antenna driving current. There are
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two distinctive sections: with a short pulse rise and

a long pulse rise. The section with the short pulse
rise time takes up from 3.5 ns to 4 ns and has the
amplitude 1.7 mV. The section with the long pulse

rise time lasts as long as 17 ns and has the amplitude
9 mv.

The entire length of the radiating element
(perimeter) is ¥ 150 mm. The eld pulse driving
the radiator runs over this distance for nearly 0.5
ns. In the experiment, the rise time of the driving
pulse was 0.7 ns. This time is comparable with the
time of its propagation along the whole antenna.
Therefore, almost during the whole rise time, the
antenna is considered as a system with distributed
parameters. Only after the short process, the antenna
goes into such operation mode, when the current ows
through the entire antenna and its inductance a ects
the current rise time. Starting from this moment on,
the lumped parameters of the antenna can be used to
determine time characteristics of the driving current.

The short pulse rise is accompanied by a small
droop of the pulse (about 10 % of the short rise time)
and then by the long pulse rise that indicates that the
whole inductance of the radiator is engaged. And the
current rise time in the antenna is determined now
asL=R, where L is the radiator inductance and R is
the output on-resistance of the pulse generator. In the
course of the current rise time in the radiator (when
L =40 nH and R = 1:2 Ohm, the current rise time
in the loop is 33 ns) , while the entire time of the
driving signal is about 15 ns, the energy is stored in
the inductive eld.

Whenr increases up to 0.2 m, the relative amplitude
of the slow pulse becomes lower. When = 0:3 m, the
amplitudes of sections with the short and long rise
times of the pulse become even. At that moment, an
observation is made of separation of the short pulse
from the remaining slow part of the eld pulse.

The faster decrease in the amplitude of the slow
part of the eld pulse is a distinctive phenomenon
that accompanies the further increase in the distance
running up to the observation point within 0:3 m-

r - 0.9 m. As a result, whenr = 0:9 m, there are only
short pulses remaining in the radiated eld that are
generated by the fast current in the radiator.

The diagrams in Fig. 30 depict how the radiated
eld pulse is formed during the rapid process. During
the slow process, the energy is stored as a magnetic
eld in the near eld of the radiator. After the
generator is switched o, this part of energy of the
driving signal stipulates the appearance of emf of
induction in the antenna terminals.

In Fig. 31, a) and b), the amplitude values of the
eld pulses at corresponding distances are marked
with dots. There also is the dependence graptu(r) »
1=r in Fig. 31, a). Starting from r = 0:6 m, the
amplitude values of the short eld pulse coincide quite
a lot with the corresponding values in the graph. This

dependence is typical both of the radiated eld and
far zone.

The dependence graphdJ(r) » 1=r? and U(r) »
1=r® are represented in Fig. 31, b). The amplitude
values of the slow part of the radiated pulse are found
between these curves nearer to the last one. The slow
part of the eld pulse is the near-zone eld of the
antenna investigated.

It should be noted that at long distances ( |,
0:9 m), the radiated eld pulse is close in shape to the
unidirectional one. It has a short positive part with an
amplitude exceeding considerably the one of a longer
negative part.

4.2.2. Inuence of Radiating Plate Length on

Near and Far Field Pulse Parameters

In this experiment, we compare pulses of the eld
H, as generated by radiators with a small radiating
element ( = 10 mm) and with a large radiating
element ( = 40 mm). Of particular interest is the
spatial dependence of the amplitude ratio of short eld
pulses generated by the small (U1) and the large (U2)
radiators (Fig. 32 fast part). At short distances, (for
example, 10 cm) this ratio is small (about 1.5), but
when the distance increases, the ratio increases as well
and tends to 4. This is exactly the ratio of lengths
between the large and small radiating elements. This
dependence is found in the expressions (11) and (12)
at long values ofr.

The spatial dependence of the ratio of slow eld
strengths, generated by the small (U1) and the large
(U2) radiators, is represented by the curve denoted
as slow part. At a distance of 10 cm, this ratio is
of the order of 1.7. When the distance increases, the
ratio increases at rst, and then it decreases. The
cause of it is the inductance of the small radiator
being by 3.5 times smaller than that of the large
radiator. The current rise time in the small radiator is
shorter, respectively. During the driving pulse time,
the current in the small radiator amounts to its
maximal value, and the eld strength of the slow
process has the maximum amplitude. Due to the
relatively large inductance in the large radiator, the
current rise time in it is greater than the driving signal
time. Therefore, the driving signal is cut o before the
current amplitude reaches its maximum. As a result,
in this experiment we have the ratio of eld strengths
1.7 instead of the expected value 4. When the distance
increases, this value also increases a bit, and then it
tends to 1.

The experimental results demonstrate the near and
far elds of dierent nature. The near eld is shown
to be inductive eld of the LCR. This interpretation
implies that there is a possibility to move the far-zone
boundary by changing the quantity of energy stored
in the inductance.

While moving away from the radiator, the ratio of
amplitudes of the radiated eld pulses generated while
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Fig. 30. Change of eld pulse when moving away from radiator.

driving the large and the small radiator by the high-
speed current droop, increases and tends to the ratio
of radiator lengths. At the same time, with increasing
r, the ratio of eld strengths generated by the slow
part of the driving current tends quickly to 1. This
indicates that for the LCR the near-zone boundary is
determinable rather largely by time characteristics of
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the driving signal than by radiator sizes.

4.2.3. Dependence of Field Pulse Parameters
on Active Resistance in Radiating
Element Circuit
The reference [18] contains also experimental

results showing that the near- eld component can be
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essentially reduced by controlling the radiator current
without changing greatly the amplitude of the far
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Fig. 33. Fragment of output part of the driver.

eld component, at that. To conduct the experiment,
we connect the antenna to the driving generator
and measure the eld pulse parameters at separation
values ranging from 10 cm to 120 cm, with the pitch
10 cm, during excitation of the antenna with pulses of
15 ns, 35 ns and 55 ns duration. The results obtained
correspond to the resistance in the antenna circuit,
equal to 1.2 Ohm. Then we insert two resistorsR;
and Ry, 1 Ohm each, in series with the radiating
antenna. A fragment of the output part of the driver
is shown in Fig. 33. As a result, the total resistance
in the antenna circuit becomes equal to 3.2 Ohm. We
perform measurements of the eld pulse parameters at
assigned distances and durations of the driving signal.
Then we connect two resistors of 4.7 Ohm each in
series with the radiating element. As a result, the total
resistance in the antenna circuit becomes equal to 10.6
Ohm. We measure the eld pulse parameters.

Fig. 34 demonstrates that the resistance in the
radiator circuit a ects most strongly the near eld
components. So, at R = 1:2 Ohm, the near
eld components are well-observed even at distances
running up to 90 cm, while at R = 3:2 Ohm, they grow
considerably smaller, and atR = 10:6 Ohm, they are
practically negligible.

The clearest pulse can be observed atR =
10:6 Ohm. Both the leading and trailing edges of the
driving pulse form relatively clear pulses. This cannot
be said in regard to the antennas withR = 3:2 Ohm
and, especially, with R = 1:2 Ohm. Both antennas
have oscillations in the time interval between pulses
of the leading and trailing edges and after them.
Moreover, the antenna with R = 1:2 Ohm has quite a
higher relative level of them.

Fig. 35 demonstrates the amplitude dependence of
a short pulse forming the radiating signal on distance
for antennas with R = 1:2 Ohm, R = 3:2 Ohm and
R =10:6 Ohm. The curves t pretty close. The ratios
of signal amplitude for antennas withR = 1:2 Ohm to
the signal amplitude for antennas with R = 10:6 Ohm,
as well as the ratio of signal amplitude for antennas
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with R = 3:2 Ohm to the amplitude for antennas with
R = 10:6 Ohm, are shown in Fig. 36. One can see that
the antenna with R = 10:6 Ohm radiates a signal
1.2 times smaller on the average, as compared with
the antenna with R = 3:2 Ohm, and that 1.4 times
smaller on the average, as compared with the antenna
with R = 1:2 Ohm. The advantage in amplitude for
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the antennas with low resistance is not very high, but
they come short of the clearness of radiated pulses, as
compared with the antenna with R =1:2 Ohm.

The experiment allows to make the following

conclusions:

2 |n the antenna investigated, the short pulse signal
radiation occurs in the time interval t¢ < ¢ t, for
which the antenna is still represented as a line
with distributed parameters (¢t = c=).

2 Then, during the current rise (droop) in the
antenna, there is the energy storage in the
inductive eld of the antenna, which is hardly
accompanied by radiation. This eld of the
antenna with R = 1:2 Ohm stretches for more
than 30 cm.

2 The process of energy storage is dominant at
a high inductance of the radiating element and
a low resistance in the radiator circuit L >
ty ¢R. Otherwise the process of energy radiation
prevails.

2 The power stored in the inductive eld precludes
formation of a clear pulse during the exciting
signal fall-o .

The following observation is of interest. When we
compared amplitudes of pulses radiated by the single
radiator at the series-connected active resistances,
we noted that upon increase in the resistance,
the radiated eld pulse amplitude decreases not
in proportion to the resistance value, but rather
quite di erently. When the resistance increased nearly
tenfold, the radiated eld pulse amplitude decreased
only by 1.4 times. A rapid decay of the near eld
component amplitude is to be observed at this increase
in resistance. This e ect is conditioned by the decrease
in current amplitude in the antenna. Although it is
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still to be understood why a non-proportional decrease
in the eld pulse amplitude occurs upon increasing of
the resistance value.

Thus, since the near-zone boundary s,
conventionally, a distance at which the far eld
strength is equal in amplitude to the near-eld
strength [2], the latter depending increasingly on the
radiator current, then the far- eld boundary can be
shifted within certain limits.

4.2.4. Conclusions

The above-mentioned results of experimental
investigations describe physical mechanisms of
electromagnetic eld generation by large current
radiators. The most important results are:

1. Demonstration of the fact that near and far elds

di er in the nature of generating processes;

2. Experiments described in Section 4.2.3 have
shown that the relation between eld strengths
can be changed regardless of each other.

4.3.

As shown in Section 4.1.4, the asymmetrical shape
of the LCR is not good enough to attain the high-
performance dipole mode of radiation. To prevent
compensating eld radiation by the return loop, it is
necessary to shield this element of LCR. Harmuth,
Mohamed, and Hussain [2-5,8,9] have used planar
ferrite or metal-ferrite shields in order to separate
the half-space with radiator from the half-space with
return loop, as shown in Fig. 1, and thus to eliminate
the interfering radiation from the return loop. This
design of the LCR has a number of disadvantages that
limit the e ciency of radiation:

Return Loop Shielding

To the radiating anten

Metal shield
LF ferrite

Return loop \

To the pulse generator

Return loop

HF ferrite

To the radiating antenna

Fig. 37. Cross-section of cylindrical shield.

2 The magnetic eld strength is concentrated in the
ferrite shield and energy radiated into free space
is reduced.

2 The magnetization of ferrites reduces the
dissipated energy and thus the shielding e ect
[22,23].

2 Diraction eects reduce the suppression of
interfering radiation.

2 The pulse radiated directly is followed up by
shield-re ected pulse.

2 The size and weight of the shield are large.

One way to eliminate these shortcomings is the
use of a cylindrical shield, as shown in Fig. 37. The
cylinder divides the whole space into external and
internal parts. If the return loop is within the cylinder
along its axis, the energy of the pulse driver is localized
in the internal space and its e ect on the radiated
electromagnetic eld strengths is eliminated.

Yet, a voltage is induced between outer ends of the
metallic shield, when the pulse reaches the junction to
the radiating antenna. This voltage produces a current
on the outside surface of the metallic shield. This
current ows in the opposite direction to the current
owing through the radiator and the LCR works as a
quadrupole rather than a dipole radiator.

To suppress radiation from the outside surface of
the metallic shield, this one is covered with a layer
of ferrite. Electromagnetic wave radiated from the
outside surface of the metallic shield is reduced owing
to absorption of energy by the ferrite, when it is
magnetized. Part of the energy is lost because of
ferrite heating and another part is stored in the
inductive eld of the metal shield. Owing to large
inductance of the outside surface of the metallic shield,
as conditioned by the ferrite layer, the current rises
and falls more slowly there. According to the Egs. (1)
and (2), a small time derivative of the current implies
small eld strengths.
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Fig. 38. LCR described in reference [12].

Fig. 39. LCR described in reference [13].

In view of the facts that the irreversible
magnetization is the main cause of the conversion of
changing magnetic eld energy into heat in the ferrite
[23], and that the losses of energy in the ferrite are
maximal for signals whose frequency range lies within
the bandwidth of the upper working frequency of the
ferrite, for more e cient absorption of the energy
radiated from the surface of the metal shield, the
return loop should be shielded by a shield consisting
of one metal and two ferrite layers: an internal layer
that is made of low-frequency ferrite and an external
one made of high-frequency ferrite.

Hence, the combination of metallic and ferrite
shields is very e ective for the suppression of the
return loop radiation. It allows to produce dipole
radiation from the LCR without a reduction of the
amplitude of the current driven through the radiator.

Only a metal cylindrical shield was employed in the
references [12,13,16] (Fig. 38 40). In the references
[12,16], this shield was additionally coated with two
layers of LF and HF ferrite on the outside.

The space occupied by the return loop is quite large.
To use it more rationally, it has been decided to place
inside the cylindrical metal shield the traveling wave

Electromagnetic Phenomena, V.7, «1 (18), 2007

Fig. 40. LCR described in reference [16].

(Section 3.2) pulse generator composed of 7 sequence
pulse generators with avalanche transistors [13]. This
upgrading permitted to remove the return loop,
providing for the dipole radiation and an increase in
both the exciting signal and radiated eld amplitudes,
respectively, by more than 6 times (as compared with
one-stage generator).

The fact that the radiation mode obtained was
the dipole radiation mode is proven by the radiated
eld strength-vs.-radiation direction relationship
(Fig. 41,42) and corresponding radiation patterns
(Fig. 43,44) which are taken as examples from the
reference [16].

4.4. Radiator Inductance

Since the radiating antenna of LCR is, rst of
all, a metal conductor, then the amplitude and time
characteristics of current pulses owing in it depend
on the radiator inductance. Large radiator inductance
is undesirable for the following reasons:

2 The large inductance prevents current buildup in

the radiator. The transient time increases and
dl ;g =dt decreases.

2 ]t is dicult to make an aperiodic current ow
through the radiator if inductance is large and
the resistance of the LCR is small.

2 A large part of the energy of the pulse driving the
radiator is stored in local magnetic eld strength
and not radiated to the far zone.

2 Upon switching-o of the exciting pulse
generator, a high voltage EMF is produced
on the ends of the radiating element which is
hazardous for the switching elements of the semi-
conducting parts of the driving circuit.

Let us consider possible ways to decrease the
inductance. One of them is well known from radio

69



Gennadiy P. Pochanin and Sergey A.Masalov

56

56

23

56

23

oo EVIm I[\\
A\
eV o L 0S| S5 Vi
23 VM f 5% 2 8 10 23| 1
- 0
° / 330 a=0 3 ° /
56 t, ns| , t, ns|
7 8 10 566 7
56
56 E,ViIm E,VIm
= JANG . N
TV 300 60 ° TV
t, ns| N t, ns|
565 : =N \ / 565 1
56 56
EVI
2 E,V/im 23 'm
~ 270 90 °© g
7\,
c t, ns| 56 t, ns|
565 7 8 10 02 4 6 10
56
E,V/im 23 E,V/Im
N\ 0 N\
¥ N\
.23 -23
t, ns| R t, ns|
-565 7 8 10 S — 10
56
EV/m oa [ EVIm
\ o J\
23 / 150 23 \
t, ns| t, ns|
565 7 8 10 56 [Ev/m 46 10
23 \
0
23
t, ns|
560 z 10

Fig. 41. Angular dependence of form of radiated signal

in the E-plane.

56

E,V/m [\
23
JA\N
0
a1\ o
22 EVim | N 560 \/ f, "S ” EVim| N
2 f 2 /
° T/ T\
‘ \/ t, ns 5 / t,ns
] 4 8 10 9 4 10
22 Evim | A 22 EVim
: / : /
-23 / 23 /
/ t,ng N Y t,ns
56¢ 47 6 8 10 % 1 8 10
gi EVim zg EV/m
§ f : /
o Ty T/
V t,ng = vV t,ns
652 4 6 8 10 0 z 10
zg EVim iz EV/m
2 / : AN
23 ,/ -23 /
t,ns t, ns|
560 76 8 10 565 z 8 10
2‘; E.Vim 2? E.Vim
2 ANG S EPATAN
.23 / 150 -23 /
t, ns| 1, ns|
560 7 8 10 56 [Evim 565 7 8 10
23 N
gl B R /l N
23 t, ns
569 4 6 8 10

Fig. 42. Angular dependence of form of radiated signal

in the H-plane.

70

engineering. Inductance will be decreased as compared
with the inductance of a wire if several wires are
connected in parallel. Thus, it just stands to reason
to have radiating antenna composed from several
conductors.

Another way to decrease the inductance is to
increase the radiating plate width. The simulation
results [18,19] and those discussed in Section 4.1.1
demonstrate the growth of the radiated eld strength
after increasing of the radiating plate width. This
growth is caused basically by an increase in the
current, as conditioned by a decrease in the antenna
inductance.

At last, to decrease the inductance, it is possible
to use additional parts for shunting the EMF that
appears in the act of radiating antenna being excited
by the high rate large current. If a conductor with
the inductance Ly (Fig. 45a) is placed above a metal
surface (Fig. 45b) and the voltage pulseUg(t) with
a rapidly increasing leading edge is applied to its
ends, then the current l,, grows. At that, the EMF
a y1 arising in the conductor will excite, by way
of the displacement currents, the current |, in the
metal surface. Current direction is opposite to the
direction of the current in the conductor. The metal
surface would a sort of bypass a part of the EMF
voltage, thereby reducing the EMF amplitude of the
self-induction? \,; in the conductor, as well as the
inductance of this conductorL,, <L 3 (Fig. 45b).

Following this, a further decreasing in the
inductance can be provided if an identical conductor
(Fig. 45c) is placed close to the conductor through
which a fast growing current with a high amplitude
should be passed at a low applied voltage. In this
(additional) conductor, the same source will generate
the current |, by the drive pulse with the same
parameters Uy(t), but the current direction should be
opposite to the current direction in the rst conductor
lw1. At that, the nearer both conductors are arranged
to each other, the lower the EMF of self-induction? 1
and 2 ,;, is and consequently the inductance of each
ofthem Ly, = Lyo <L .

The experimentally investigated LCRs were
developed taking into account the requirements
for induction reduction. An approach based on
the radiating plate widening is used in the designs
[12,13,17]. In an LCR [16], the radiating element is
composed of ve wide plates spaced at small distances
from one another in order to reduce mutual induction.

Apart from the suppression of undesirable
radiation, the metal cylindrical shield placed near
the return loop promotes the reduction of LCR
inductance [12,16].

Extension of the cylindrical screen in the form
of TEM-horn section in [13,16] enabled to increase
almost twice the amplitude of radiated eld pulses due
to more essential decrease in inductance, improvement
in the characteristic impedance matching of radiator
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and exciting part of the LCR, as well as in directing
radiation from the horn sections.

45. Multi-Element Radiators

After such generator is made that is able to excite
large current pulses with the preset durations and
rise times in the radiator, the optimum size of
the radiating antenna chosen so as to permit an
e ective radiation of the energy in the form of a
short electromagnetic pulse and without afterpulse
oscillations, the design and shield parameters for
suppression of the radiation from the return loop
de ned and the radiator inductance reduced, then
to increase the radiated eld strength, it would be
guite reasonable to increase the number of radiating
antennas that, after synchronous excitation, should
generate electromagnetic pulses, the strength of which
would be the sum of eld strengths radiated by each
of the radiating antennas. In practice, this implies
creation of an antenna array. However, in the work
considered this approach implies creation of multi-
element antennas. As distinct from the antenna arrays,
where the electrodynamic coupling between array
elements is reduced during their development, in the
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Fig. 45. Inductance decreasing techniques. a) Ly
is the inductance of single conductor; b) Ly <L y1
the inductance of conductor above the metal surface
is lower than the inductance of single conductor (in
the case a); ¢) Lwi = Lw2 <L the inductance of
two conductors with mutually antithetical currents is
lower than the inductance of single conductor above
the metal surface (in the case b) decreases.

multi-element LCR investigated by the Authors the
antenna elements are placed in immediate proximity
to each other and have a considerable electrodynamic
coupling. Their positioning is conditioned mainly by
the desire to create a small- sized LCR that would
radiate high-power electromagnetic eld impulses.

Designs of an LCR (Fig. 46) excited by four pulse
generators [17] and an LCR (Fig. 47) excited by 8-
output 250hm bu ers/drivers with 3-state outputs
SN74BCT25244-D were made in such a way as to
increase the radiated signal amplitude.

A close mutual relative position of the radiators
leads to a strong coupling between them, as
conditioned by their mutual inductance. The biggest
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Fig. 46. LCR with silicon eld-e ect transistors switch
and 4 radiating antennas.

problems occur, when the radiators are excited by
pulse generators operating in the switch mode.

This can be attributed to the fact that parameters
of a pulse formed by switches ( rst of all, pulse start
time and amplitude) depend greatly on operation
conditions of the switching element. The pulse start
time changes with electrode voltage.

Since real switching elements are always marked
for their spread in performance, there is one element
that will be switched on before all others. At a strong
coupling of the radiating elements, the EMF induced
in adjacent elements will be applied to electrodes
of corresponding switches, which will cause the time
displacement of exciting signals in the neighboring
radiators. This leads to the breakdown of radiation
synchronism and, consequently, to the decrease in the
radiated eld strength, as compared to the desired
value.

During experiments with an LCR [17] (switch
mode), only once all of the four switches were
successfully turned synchronously on. But this
operation mode is very unstable, because it depends
on many factors and, later on, we failed to adjust the
generator settings. However, in the experiment, when
switches worked almost synchronously, the radiated
eld amplitude was higher approximately by 1.8 times
than the eld amplitude in the other experiments.

The LCR excited by switches of microcircuits was
designed in such a way that the radiator should be
composed of 16 elements. While testing the radiation
eciency by increasing consecutively the number
of radiating elements connected to generators, the
following was found out. While connecting the second
element, the eld amplitude increased by a factor
of 1.8, with the third element connection causing
the amplitude to increase by a factor of 2.2. And a
further increase in the number of connected elements
inuenced just slightly the far eld amplitude,
though the antenna power consumption increased in
proportion to the number of radiators engaged.

Thus, a strong coupling between antenna elements

Fig. 47. LCR with microcircuit switch and 16
radiating antennas.

precludes the radiation e ciency of multi-element
antennas from increasing.

However, it should be noted that this applies only
to such multi-element LCRs in which the radiating
antennas are situated so that the magnetic elds
generated in every antenna during excitation by
pulsed current are co-directional (Fig. 48a) and induce
currents in the neighboring antennas that are opposite
in their direction to the driving currents. Therefore, in
every radiating antenna the total current, composed
of the driving current and the current induced by
the neighboring element, is smaller than the driving
current by the value of induced current.

In order to prevent the interference of the strong
electromagnetic coupling between radiating antennas
and to provide an increase in the LCR radiation
e ciency, Professor H. Harmuth has suggested to
place loops of the radiating antennas in a single plane
(Fig. 48b). At this arrangement, the magnetic eld,
excited by the loop 1, induces the current in the loop 2
that is coincident in direction with the current induced
in the loop 2 by the source of the driving signal.
As a result, the current amplitude in the radiating
antenna is larger than the current that rises during its
excitation in the absence of the neighboring radiating
antenna, the LCR inductance is low and radiation
e cient.

Both the theoretical estimate and experimental
data support the correctness of the assumptions of
Professor H.Harmuth about ways of increasing the
LCR radiation e ciency. The experiments carried out
by the Authors of this work on the four-element LCR
(Fig. 48c), excited by four switches with GaAs eld-
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Fig. 48. Variants of positioning of radiating antennas
in multi-element large current radiator.

e ect transistors, as described in Section 3.5, indicated
that the four-element LCR radiates elds with the
strength at least 6 times as large as strength of one-
lement array which essentially exceeds the simple sum
of eld strengths of individual elements.

Thus, the considerable electromagnetic coupling
between array elements that prevented the e ective
radiation of pulsed electromagnetic elds by multi-
element antennas, as shown in Fig. 46 and Fig. 47,
has been successfully used to increase the radiation
e ciency of the LCR (Fig. 48c).
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Fig. 49. Angular dependence of radiated signal form
after changing of pulse duration.

4.6. Control over Radiated Pulse
Duration

Experimental results indicate that the LCR (Fig.
46) can radiate pulses of dierent duration upon
changing of the current rate in the radiator [17]. The
excitation circuit (Fig. 14 16) works in the linear
ampli cation mode allowing to control pulse time
duration.

The results of measurement of the angular
dependence of the radiated pulse form of the
electromagnetic eld in the plane E, at a distance
of 1.8 m from the LCR, are depicted in Fig. 49.
Dotted curves show eld pulses radiated by LCR upon
excitation of the radiating elements by pulse signals
with the rise time of 5 ns, while solid curves stand for
those with the rise time 3 ns.

As the radiated signal eld strength appeared to be
small, it was necessary to connect to the measuring
circuit an additional wideband ampli er with the
ampli cation factor 25 dB in a frequency range of
10 MHz¥ 1000 MHz. Due to it the noise level of
signals registered during measurements increased. The
diagrams in Fig. 49 were obtained after low-frequency
Itration. But all the same the noise level remained
high. However, the diagrams in Fig. 49 bring out the
main characteristics of elds radiated.

The rst pulses with negative polarity have
durations corresponding to the drive signal rise times
with the exception of the directions 90* ¥ 120° and
240°F ¥ 270, for which the rst pulse durations are
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actually equal. The rst pulse of negative polarity is
followed by a large positive pulse that goes into the
oscillatory process with the period on the order of 10
ns. Oscillations are shown on diagrams corresponding
to the directions 90°¥ 120F and 240°¥ 27C*. Those are
pulses which came in the receiver after re ecting from
the laboratory oor and walls and also oscillations
caused by re-re ections in the receiver feeder lines and
in cables feeding the LCR. Moreover, the presence of
the rst positive pulse is caused by a small overshoot
at the top of the drive signal. This overshoot can be
suppressed by reducing the gain in power ampli ers.
This assumption was tested and has proven to be true.
But here the radiated eld strength was too low to
measure spatial characteristics of the LCR. Therefore
the full pattern of the eld spatial distribution in this
mode is not considered.

During the measurement-takings, the value of
resistanceRq in the radiating element circuit remained
unchanged. Thus the amplitude of the driving current
pulsel ¢ did not change either. Therefore according
to the Egs. (1) and (2), the amplitudes of the eld
pulse radiated in the far zone upon excitation by a
pulse with the leading edge¢ t = 5 ns are nearly twice
as low as the amplitude of the eld pulse radiated in
the far zone upon excitation by a pulse with the rise
time ¢t = 3 ns. By appropriate reducing of the value
of the damping resistanceRy, these amplitudes will
equalize.

By increasing the rise time of the driving current
pulse ¢t from ¢ tn, to ¢tnhax and, accordingly, by
proportional reducing the value Ry from Rgmax tO
Ramin , it is possible to make a proportional increase
in € lrag from € lrag min 10 ¢ a9 max - Here, the values
of strengths of the radiated eld in the Egs. (1) and
(2) will be constant for dierent durations of ¢t
from ¢ tmin to € tyax. This possibility calls for the
use of an electrically controlled resistor for practical
applications.

The experiments that were carried out support
experimentally the assumption about the feasibility of
exercising control over duration of the pulse radiated
by LCR.

5. Conclusions

The LCR is of specic interest to the date
as an object allowing to study the fundamental
properties of transient electromagnetic elds and
processes related to their radiation. The results of
the experiments carried out with LCR demonstrate
with all evidence the proof-of-the-principle regularities
that are characteristic of the electromagnetic eld
radiation.

The practical applications of LCR are limited for
the time being which is associated, above all, with no
circuit being available up to date for e ective LCR

excitation.

Investigation of the physical principles of radiation
of transient pulse electromagnetic elds by large
current radiators is not complete, yet. But the variety
of properties discovered during the experimental
studies and theoretical analysis of dierent LCR
designs inspires a hope for developing in the
foreseeable future of e cient, cost-e ective and user-
friendly radiating systems based on the principle of
operation of the Harmuth, large current radiators.
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