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Partial Discharges in Solid Insulation
Cavities: Basic Concepts, Definitions and
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Abstract

This paper refers to some basic definitions of partial
discharges (PD), a most important phenomenon taking place in
insulating materials under high voltages. There is a brief
description of PD modeling as well as a description of the
means of detecting and registering such phenomena. This pa-
per concentrates mainly on the PD phenomena taking place in
enclosed cavities in solid insulation. Some directions of

future research are discussed.

Keywords

Solid insulation, partial discharges, dielectric break-

down, dielectric strength,
strength

Introduction

Partial discharge (PD) is
the name given to the elec-
trical discharge, which in-
volves only a portion of the
dielectric between two elec-
trodes and which does not
bridge the electrodes [1]. PD
may happen in a cavity (or
void) in a solid insulation
(and such PD are usually re-
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electrical strength, breakdown

ferred to as internal PD), on
a surface or around a sharp
point subjected to a high
voltage. Internal PD are ex-
tremely harmful to solid in-
sulating materials and start
appearing when a cavity is
subjected to an AC stress-
greater than 1its breakdown
value. They occur at each
half-cycle of the applied si-
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nusoidal voltage [2]. PD are
intimately 1linked with the
notion of PD energy, as was
explained in [3], where the
PD energy (w) of a single PD
is given as

W=0.7qVi (1)

where, g is the apparent char-
ge of the PD and Vi, the dis-
charge inception voltage.

PD develop in inclusions
is a solid dielectric. Such
inclusions have a lower di-
electric strength than that
of the surrounding material.
With rising applied voltage,
the voltage at which PD start
occurring in an inclusion is
called inception voltage.
When the voltage is decreas-
ing somehow, PD stop occur-
ring. That voltage is called
extinction voltage [4]. It
must be emphasized that the
guantities "inception voltage"
and "extinction voltage" de-
pend on the sensitivity of
the detecting apparatus avail-
able [5 - 8]. It must also be
pointed out that, reference
[4] written by a most distin-
guished scientist, restricts
the definitions of "inception
voltage" and extinction volt-
age" to AC conditions. Inclu-
sions in a so-1lid insulation
can be gas-filled -cavities
found in extruded plastics,
lapped impregnated paper and
cast re-sins, cavities filled
with oil (as in layers and in

FUNKTECHNIKPLUS # JOURNAL vl-6

M. G. DANIKAS, R. SARATHI

butt gaps of oil impregnated
paper insulation) or may con-
sist of various foreign par-
ticles (such as textile
fibers or dirt). The problem
of PD and their injurious ef-
fects on so-lid insulation
has been studied for many
years [7, 9, 10 - 12]. This
paper will concentrate on the
PD in enclosed cavities 1in
solid insulation. Some as-
pects of PD will be reviewed.
Some of the remaining prob-
lems in conjunction to PD in
cavities will be discussed.

PD modeling

The most popular and wi-
dely used model for the de-
scription of the behavior of
PD in enclosed cavities 1is
the well known a-b-c model or
capacitance model [13, 14].
The model represents the en-
closed cavity as a capacitor
(Cc), with another capacitor
the adjacent insulation (Cb)
and yet another capacitor the
rest of the healthy insula-
tion (Ca). In case of an ap-
plied AC voltage Va to the in-
sulation sample, another volt-
age Vc appears in the cavity,
with these voltages related
with the following equation

Ve = Va[Cb/ (Cb + Cc)] (2)
According to appropriate ana-

lysis [3], it follows that
the apparent charge (q) of a
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PARTIAL DISCHARGES IN SOLID INSULATION CAVITIES: BASIC CONCEPTS. ..

discharge in a cavity can be
expressed as

g = Cb AVc (3)

with AVc the voltage drop in
the cavity during the PD.

Another model - based on
the electromagnetic theory -
is the model proposed in
[15], where the charge (q) in-
duced on the measuring elec-
trode by the PD in a cavity
of geometric factor (k) and
having a volume (Q), with the
inception electric field for
streamer inception (Ei) and a
limiting electric field for
ionization (El), the relative
permittivity of the surround-
ing insulation (&r) with (e€o)
the permittivity of the free
space, and VAe the function
giving the ratio of the elec-
tric field at the position of
a cavity (in the absence of
the cavity) to the voltage
between the -electrodes, 1is
given in the following equa-
tion

g=kQereo(Ei - E1) VAo (4)

This model was based on the
streamer criterion and it was
proved adequate for initial
experimental conditions. The
criticism which was Tleveled
by Pedersen and colleagues
against the a-b-c model was
that an enclosed cavity can-
not be represented as a capa-
citance since a capacitance
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by definition requires a me-
tallic surface facing a me-
tallic surface. In a paper
[16], some criticism was le-
veled against Pedersen’s mo-
del, namely that whereas pu-
blication [15] takes into
account the occurrence of
sustained discharges, it does
not take into account the
eventuality of non-sustained
discharges. Non-sustained dis-
charges may well not only
lead to a redistribution of
charges inside a cavity, but
they may also have an effect
on the lifetime of the insu-
lation. Later on, there was
additional criticism of Pe-
dersen’s model in a number of
publications [17 - 19].
Another model - which pre-
ceded Pedersen’s model - was
proposed in [20]. Although
the models of [15] and [20]
present some similarities,
they differ in that the lat-
ter 1is based on Townsend’s
criterion. The equation ex-
pressing the apparent charge
g of a PD taking place in a
cavity is given in Eq. (5)

g = ereeEzyV/ la (5)

where, €r, €0 as in Eq. (4)
above, Ez the electric field
given from Paschen’s curve, y
a parameter related to the
electrode arrangement, V the
cavity volume and la a geome-
trical factor depending on
the cavity dimensions, 1i.e.
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on the ration a/b if the ca-
vity is ellipsoidal. The mo-
del proposed in [20] seems to
be more appropriate for ra-
ther aging conditions whereas
the model of reference [15]
seems to be more suitable for
initial experimental condi-
tions.

More recently, a detailed
account on PD modeling was
reported in [21], where the
authors analyzed - apart from
the capacitance model and Pe-
dersen’s model - the pros-
and cons - of other models,
such as Niemeyer’s model, the
plasma model and the Finite
Element Method (FEM) model.
It is a general truth that
modeling cannot fully de-
scribe all the PD workings
occurring in a cavity. There-
fore, the above mentioned mo-
dels have their own advanta-
ges and limitations. Nie-
meyer’s model, for example,
correctly proposes cavity sur-
face emission and volume ion-
jzation but it assumes that
the cavity internal field re-
mains constant and the dis-
charge process takes place in
the entire cavity. The plasma
model gives details of the
physics of the discharge but
it cannot analyze multiple PD
activities (e.g., 1in case
there are multiple cavities
in an insulation). The FEM
model may well give accurate
distributions of the electric
fields but in case of complex
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physical activities may need
extensive computing facili-
ties [21].

PD in cavities

Mason [22] testing with
plane discs from clean poly-
ethylene with small cylindri-
cal cavities and using uni-
form electrode arrangement,
calculated that about 10-15
cm3 of polyethylene is eroded
by each PD having a 10 pC
magnitude. The same resear-
cher reported that deteriora-
tion of the dielectric in-
creased with raising the ap-
plied voltage above the PD
inception 1level. Among the
main factors affecting the
rate of deterioration of an
insulating material are the
ratio of the applied voltage
to the PD inception voltage,
the magnitude and energy of
the PD, the waveform and fre-
quency of the applied volt-
age, the resistance of the ma-
terial both to PD erosion and
to chemical attack by bypro-
ducts generated by the dis-
charge and finally the elec-
trical and chemical charac-
teristics of the surrounding
medium [23]. The energy of
the discharges affects the
local temperature rise at the
point of impact of the PD and
subsequently the value of the
attained intrinsic strength.
(it must be noted that the no-
tion of "intrinsic strength",
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PARTIAL DISCHARGES IN SOLID INSULATION CAVITIES: BASIC CONCEPTS...

although still employed when
referred to very localized phe-
nomena, is not generally used
[24]).

Earlier work [25], inves-
tigating the behavior of dis-
charges in air gaps facing
solid insulation, indicated
that the increase of PD mag-
nitude with increasing volt-
age was due to a continuous
recombination and neutraliza-
tion of deposited surface char-
ges which reduce the shield-
ing effect. Rogers [26] re-
marked that cavities adjacent
to electrodes cause more dam-
age than cavities inside the
main body of the solid insu-
lation, something that was
also noted before [22]. More-
over, PD in cavities with a
large diameter/depth ratio
cannot extinguish as in cavi-
ties with a small diameter/
depth ratio. The former type
of cavities is likely to have
the more injurious effect on
the insulation. Such observa-
tions were also made by Nos-
seir and co-workers [27], whe-
reas decades later, the ob-
servations by Rogers were also
confirmed in [28].

Another researcher [29],
many decades ago, tested two
types of insulating specimens,
namely one with artificial ca-
vities and another with natu-
ral cavities and he found
that the inception voltage of
natural cavities was two to
four times the calculated in-
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ception voltage, assuming the
field was uniform in the cav-
ity. Echoing such work, Kreu-
ger [30] observed that PD
magnitude increases with cav-
ity area, with the number of
PD per wunit time increasing
proportionally with frequency.

Quite early, particular at-
tention was paid to the in-
terconnection between insula-
tion damage and chemical
changes. Thus, it was repor-
ted in [31] that on non-uni-
form electrode system and po-
lyethylene samples, the main
chemical changes occurring -
by the activity of PD - are
crosslinking, increase in un-
saturation and hydrogen evo-
lution. The rate of chemical
change depends on the total
PD energy and the concentra-
tion of the end products. The
total volume of hydrogen evo-
lution V (in ml) in a system
at a time t (in sec) was em-
pirically given in Eq. (6)

V=2 kt (6)

with k the hydrogen evolution
coefficient, which is direct-
ly proportional to the total
PD energy per cycle. In the
same publication it was poin-
ted out that weakly conduct-
ing films play a significant
role in retarding the ultima-
te failure of the solid insu-
lation, agreeing in this re-
spect with Kreuger [30, 32].
Somehow coupled with the pre-
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viously mentioned work 1is a
paper published in 1965, whe-
re it was shown that the PD
rate rises almost Tlinearly
with the applied voltage ir-
respective of the gap setting
and the vapor pressure in a
spark gap [33].

The question of PD and
their relation to energy as
well as to insulation damage
is one of the most crucial
ones. Megahed and co-workers
[34] thought preferable to
measure continuously both PD
magnitudes and repetition ra-
tes in order to correlate PD
damage with PD activity ra-
ther than measure either the
maximum PD magnitude or the
total PD energy. Later [35],
Megahed confirmed the above
conclusions studying the PD
repetition rates in cavities
in epoxy resin, polyethylene
and mica under AC conditions.
At about the same period,
other researchers working on
internal PD behavior in poly-
ethylene with artificial cav-
ities, reported that PD gen-
erally decrease in magnitude
and repetition rate with time
and that absorbed water can
greatly influence the pattern
of discharges [36]. The de-
crease of repetition rate of
PD with time occurs because
of a voltage decrease on the
side wall due to the decline
of the side wall resistance
in the «cylindrical cavity.
The apparent charge of maxi-
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mum PD (ga) in a cylindrical
cavity is given by Eq. (7)

ga = (€e€Veos)/ (D - d) (7)

with €eo the dielectric con-
stant of vacuum, € the die-
lectric constant of the solid
material, D the thickness of
the specimen, d the cavity
depth, s the area of the cav-
ity and Veo the inception
voltage of the cavity. The
diminution of ga with time is
due to the narrowing of the
discharge area by the deve-
lopment of low resistance to
inner top and bottom sur-
faces. Results published in
[37] at about the same period
showed that the impulse in-
ception stress increases with
decreasing cavity diameter at
constant cavity depth as well
as with decreasing depth at
constant cavity diameter. Such
data on the effect of cavity
dimensions on the PD activity
and on inception voltage were
confirmed in more recent re-
search [38 - 40].

Okamoto and co-workers [41]
pointed out that the nature
of internal PD is greatly af-
fected by the assembly of the
electrode system and the ad-
hesion of films. This means
that the preparation procedu-
re plays a pivotal role on
the experimental results one
can get. Furthermore, they re-
ported that internal dischar-
ges become unstable as time
goes on and this in turn may
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result in very long lifetimes.
Such conclusions were confir-
med later in [42, 43].

Selvakumar and Nema [44]
found that the PD inception
voltage depends on both the
pressure within the cavity and
on the cavity diameter, with
the PD inception voltage de-
creasing at low pressures. PD
inception voltage also de-
creases approaching a minimal
value as the diameter becomes
larger. The extinction volt-
age, on the other hand, de-
pends on the conditions of
charges trapped on the sur-
face of the insulation. They
reported that, for consistent
measurements of quantities
such as inception voltage, of
stress across the cavity and
of extinction voltage, long
periods of stressing are rec-
ommended and not overvoltages
since the latter may damage
the insulation. The effect of
cavity pressure on PD behav-
ior was confirmed the same
year by other researchers [45].
Important work done in [27],
indicated that a hysteresis
effect exists between incep-
tion and extinction voltage,
i.e. for the same applied
voltage V, the PD magnitude
recorded was less when the
voltage was being decreased
than when the applied voltage
was being increased. The hys-
teresis effect was more pro-
nounced for deeper cavities.
The authors attributed this
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to the slower rate of dis-
charge leakage in case of dee-
per cavities. The hysteresis
effect - as noted in [27] -
was studied and wused many
years later as an effective
diagnostic tool for electri-
cal machine insulation ageing
and degradation [46 - 48].

A direct relationship be-
tween PD intensity and the
rate at which deterioration
takes place in an internal
cavity was observed by Reyn-
ders [49], who worked with
low density polyethylene
(LDPE). His observations were
confirmed in another paper
published a few years Tlater
[50]. Reynders noted a phe-
nomenon observed also by oth-
ers before, namely that PD
initially of 1large magnitude
decrease with time. Such a
behavior may be attributed to
the diminishing of the cavity
area associated with each PD
with time and this can happen
if the PD occur between sites
where degradation products
accumulate. As the degrada-
tion products spread over the
cavity surface, smaller areas
between them are available to
PD [51]. Regarding the degra-
dation of LDPE, two degrada-
tive processes were observed:

(a) crosslinking of polyethy-
lene, which may be due to
ultraviolet radiation and
electrons and this is evident
by hydrogen evolution, and
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(b) erosion of polyethylene,
which may be due to ion bom-
bardment and the evolution of
organic gases, such as carbon
monoxide, methane and carbon
dioxide [52].

With respect to process (a),
publication [52] did not dif-
fer from the explanation of
[31].

Researching the notion of
inception voltage, Golinski
and co-workers [53] studied
PD activity in cylindrical
cavities enclosed in epoxy
resin specimens with various
electrode geometries. They ob-
served that the effect of po-
larity is distinct only in
the region where V = Vvi (V
being the applied voltage and
Vvi the inception voltage for
the cavity). At V = (3 or 4)
Vvi the effect of polarity
almost disappeared. They spe-
culated that at higher volt-
age the important secondary
phenomena (photoionization,
dissociation of the negative
ions formed by the preceding
PD) in gas breakdown origi-
nate from the gas and not
from the metal electrodes.

Garcia and Fallou [54] pro-
posed discharge energy as a
reliable and useful tool in
evaluating the relationship
between loss of weight and
dissipated power since the
apparent charge reflects just
the voltage pulse induced at
the terminals of the test ob-
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ject providing thus little in-
formation concerning the de-
teriorating effect of the PD.
The energy delivered to the
test object is expressed ac-
cording to these authors as

ET = = UiQi (8)

where, ET is the energy sup-
plied by the source over a
period T during which N dis-
charges have taken place, Qi
and Ui being respectively ap-
parent charge of the PD and
Ui the instantaneous value of
applied voltage when the PD
takes place. The conclusions
of [54] were not different
from those reported in [55,
56]. The notion of discharge
energy was adopted by a va-
riety of researchers later,
especially with the advent of
Pulse Height Analyzers (PHA)
and Phase Resolved Partial
Discharges Analysis (PRPDA)
[57 - 65]. The latter two tech-
niques also greatly contri-
buted in observing various PD
patterns as was reported and
analyzed in [21, 66] as well
as in analyzing in detail the
cavity physics and chemistry
when this 1is under PD acti-
vity. Furthermore, relatively
recent studied successfully
exploited PHA and PRPDA in
order to relate energy pat-
terns of delaminations, slot
and cavities in high voltage
rotating machines with tand
measurements [67].
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Ideas as to the importance
of PD energy in relation to
insulation damage were ex-
pressed quite early. The com-
plexities of PD energy vs. PD
magnitude were very early no-
ted by Mole [68], who sug-
gested that the energy dissi-
pation of an individual dis-
charge in a cavity appeared
to be more important than the
PD magnitude. In the same pa-
per it was pointed out the
significance of the cumulati-
ve energy dissipation in a
cavity (which was determined
by the individual energy dis-
sipation together with the PD
repetition frequency in a par-
ticular cavity). Building on
earlier ideas and concepts,
Bartnikas [2] expressed the
energy dissipated in each dis-
charge as

AW = Cv (AV)2/ 2 (9)

where, Cv the cavity capaci-
tance and AV the voltage drop
in the cavity during a dis-
charge. The same author cor-
rectly pointed out the great
significance of the PD energy
because of its direct relation-
ship to the degradation of an
insulation subjected to PD.
Starr [69] reported that the
spatial concentration of the
PD energy is very important,
since 1in some cases, dis-
charges alter the material on
which they impinge rendering
it partially conductive and
consequently removing the elec-
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trical stress from the area
where the discharges firstly
occurred. This may well cause
the discharge mechanism pro-
cess to cease or start some-
where else. A consequence of
the above is that a discharge
energy / material damage rela-
tionship may be different from
what is expected.

The question as to how we
can relate insulation damage
with PD parameters is one of
the crucial problems. Insula-
tion damage, depending on the
material and the experimental
and/or the service conditions,
may manifest itself in vari-
ous forms, e.g. discolored
areas, chemical alterations,
solid by-products, 1liquid by-
products, gaseous by-products
etc. It was reported that
even very small PD may cause
some insulation damage, and
consequently affect the life-
time of an insulation [70Q].
This statement is at variance
with earlier findings of [30],
where it was reported that
"...very small discharges may
not influence the lifetime of
the insulant". 1In [70] as
well as in more recent publi-
cations [71 - 75], it was in-
dicated that even very small
PD may have a cumulative ef-
fect and be harmful since in
the mid- and 1long- term may
produce more carbonization,
disruption of the polymer mo-
lecules and release of gaseous
by-products.
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The failure of earlier re-
searchers [76] to obtain a
more explicit quantitative re-
lationship between insulation
damage and PD parameters was
remedied in more recent years
with the advent of powerful
tools of PD analysis, such as
the PHA and the PRPDA men-
tioned above as well as the
Pulse-Sequence Analysis (PSA)
[77 - 80]. Needless to say that
such techniques also help with
the identification of the ty-
pes of the defects in an in-
sulation and also with the
clarification of the kind of
PD mechanisms involved [81 -
84].

Some further thoughts on
partial discharges

In this paper, an effort
was made to present a blend
of older and more recent re-
search regarding partial dis-
charges in enclosed cavities.
It is evident that scientific
research has a continuity and
it is always very interesting
to see how recent techniques
may tackle older problems.
Although there was not a dra-
matic change in basic PD de-
finitions - albeit sometimes
of efforts in introducing ne-
ologisms [85, 86] -, the de-
velopment of PD analyzers and
related detecting techniques
emphasized the need of defin-
ing in greater detail what is
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inception voltage and what is
extinction voltage. With the
passing of the years, the
refinement of detecting
apparatus and the advent of
the fast digitizers, more
attention - and rightly so -
was paid to the fast
measurements of PD [87, 88].
The latter may supply useful
information as to the PD
mechanism inside a cavity,
whereas the techniques PHA
and PRPDA, mentioned above
[67 - 65], are an excellent
tool for monitoring the PD
cavity development and
consequently the insulation
behavior in the mid- and the
long- term. Some criticism
against the PHA and PRPDA
techniques was leveled
recently, by pointing out
that the former two methods
are sometimes susceptible to
losing useful information
when multiple PD sources are
in action [89]. Possible
future research may enlighten
further the pros- and cons-
of the various diagnostic
techniques.

Regarding the modeling of
PD in a cavity, discussions
still go one regarding the
preponderance of Pedersen’s
model [15] w.r.t. the more
classical capacitance model
[13, 14]. The issue is not
yet settled, as some recent
publications indicate [17 -
19, 90, 91].
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Conclusion
In the context of the pre-

sent

partial discharges in enclo-
sed cavities have been par-
tially
issues, such as inception and
extinction voltages,

[1]

[2]

[3]

[4]

[5]

[6]
[7]
[8]
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ergy and its relation to in-
sulation damage, have been
discussed. The interconnec-
tion between PD energy and
what can be taken as "insula-
tion damage" 1is still one of
the vital subjects for fur-
ther research.

paper, some aspects of

reviewed. Important

PD en-
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TELECOMMUNICATIONS ENGINEERING APPLICATIONS

The Overall Antenna Bandwidth
with an Application to the Improved Study
of Radial Discone

N.I. Yannopoulou, P.E. Zimourtopoulos
Antennas Research Group, Austria - www.op4.eu
Abstract

Broadband antenna characterization is usually referenced
implicitly to SWR bandwidth, which is often reported to have
an unrealistically huge value without consideration of any
other antenna property. The definition of the Overall An-
tenna Bandwidth is introduced in order to generalize the
broadband characterization to include simultaneous broadband
antenna properties - in our classification: field, circuit,
or field-circuit - needed in practical situations. As an ap-
plication, a radial discone antenna, i.e. a radial outline
of the well-known broadband discone, was studied computa-
tionally, for its broadband operation improvement. Simula-
tion was performed using the [RichWire] program. To ad-
equately serve UHF non-GPS wireless 50 Ohm applications, nor-
mal/tight criteria were imposed on appropriate antenna prop-
erties for their value variations. The resulted bandwidths
of 4:1 for horizontal directivity/power gain greater than -
3dB (field), 6:1 for mismatch loss ML greater than -0.5dB or
SWR less than 2 (circuit), and 4:1 for horizontal radiation
intensity greater than -3dB (field-circuit), define a simul-
taneous broadband operation in 800-3000 MHz. Web animations
demonstrate the results of the generalized broadband antenna
characterization using the definition of the overall antenna
bandwidth.

Keywords

Broadband antennas, overall antenna bandwidth, wireless
applications, antenna simulation

Introduction

Broadband antennas can be
used, among others, in wire-

less applications where still
a large number of bands lie
above 800 [MHz] [1], [2], in
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N.T.

UHF. Simple wire (or patch)
loaded monopole disc antennas
for multi-broadband wireless
applications were proposed by
Suh et al. in 2003. However,
from the just three given ra-
diation patterns concluded
that there are low normalized
radiation intensity values
(band-gap), of the order of
-20 to -30 dB, from ~2000
[MHz] to ~2400 [MHz] operat-
ing sub-bands [3]. Notably,
this behavior of low SWR in
connection with high band-
gaps 1is observed in the work
of Kim et al. who presented
an extraordinary ultra-wide
band 100:1 Double Discone An-
tenna With the Tapered Cylin-
drical Wires but with radia-
tion intensity band-gaps [4].

Observing the practical de-
viation between high broad-
band SWR characteristics and
radiation band gaps we uni-
fied the circuital and field
properties in the broad band-
width formation of an antenna
by introducing the definition
of the overall antenna band-
width. This definition was
then applied to design a sim-
ple variation of the discone
- a radial discone antenna -
for wireless applications from
copper wire fed by an N-type
female connector for opera-
tion from 800 to 3000 [MHZz]
[5], and can be used as a
guide.

An extensive investigation
has been carried out for the
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radial discone antenna that
covered: 1) the possible cone
flare-angles from 15° to 180°,
2) three different values of
the gap between the disc and
the cone part of the antenna
which proved to be a very im-
portant parameter and 3) two
different values for the disc
diameter.

Simulation was based on a
suite of developed by us vis-
ual tools supported by a ful-
ly analyzed, corrected and re-
developed edition of the ori-
ginal thin-wire computer pro-
gram by J.H. Richmond [6].

Broadband definition

First of all, we downgrade
the common, currently in use,
definition of "antenna band-
width", to what it really is,
that is as its "SWR-band-
width" only. Next, in order
to form the Overall Bandwidth
of an Antenna by taking into
account any number N of its
frequency dependent proper-
ties Qi, 1<i<N, we like, we
give the following definition
of Q-Bandwidth of any Q of
these Qj:

If a frequency dependent
antenna property Q is mathe-
matically expressed by a real
valued function of frequency
f, that is as: Q=Q(f) or by
Q: R, R and we want to get
the interval of Q property
values Io=1[Q, Q'] =R4, then
the Q-bandwidth Q-BW can be
always defined as the set of
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f frequency values for which
the Q has values between Q
and Q', or as the inverse im-
age of Iy by Q: Q-BW=Q1[Iy].

This definition stands for
any real quantity, i.e., the
norm of a vector function,
the dimensionless quantities
for example those expressed
in dB, for the real or imagi-
nary part of impedance or the
magnitude of impedance. It is
possible to be used even for
complex '"quantities", if we
combine it with the concept
of the circular region in C.

Notably, the theoretically
resulting Q-BW set of fre-
guencies may happen to be any
subset of IR, e.g. a single
frequency, a number of fre-
guencies, a finite interval
of frequencies, a combination
of them, or even the whole
R., or the empty set #. But,
in practice, since the oper-
ating frequencies of the
source feeding the antenna
are just those representable
by rational numbers with a
given finite 1length of dig-
its, the domain of function Q
is just a subset of a finite
interval [f, f'], so the same
will be hold for the Q-BW it-
self, it will be just a sub-
set of this practically well-
known set of operating fre-
guencies.

After that, for more than
one antenna properties, that
is for Qj quantities with
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1<i<N, we define the Over-
all Antenna Bandwidth as the
common intersection of all Qj

bandwidths:

?Qi:Q1szm' < NQy (1)

In this study, three quan-
tities were selected, the
usually most interesting in
antennas, in order to esti-
mate the bandwidth of the ex-
amined radial discone anten-
nas, as an attempt to quantify
their broadband property. These
Qi are:

a) Qq: the 50-Q Voltage Stan-
ding Wave Ratio SWR, as the
most common used circuit cha-
racteristic,

b) Q,: the Power Gain Gp at
the horizontal plane where
(6=mn/2, 9), as the field pro-
perty and

c) Q3: the Radiation Intensi-
ty U at the horizontal plane,
as the mixed circuit-field
characteristic.

To avoid excessive repeti-
tion of theory we consider as
granted that Z=R+ 1X as in-
put impedance and Gp as power
gain are the given output of
Thin-Wire (RichWire) computer
program via simulation, Zo
the characteristic impedance
and Vg the input source volt-

age. Then the radiation in-
tensity is given [7 - 9] by
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1
2+ SWR+ —=

(2)

SWR

Discone and Simulation

The design parameters of a
discone (more exactly, a disc
over a frustum cone) is shown
in Fig. 1, where D 1is the
disc diameter (t is its ra-
dius), d is the small (upper)
diameter of the frustum cone,
C is the large (lower) diame-
ter of the frustum cone, s is
the slant height, a 1is the
flare-angle and g 1is the
spacing (gap) between disc
and cone. While this antenna
was an invention of Kandoian
[10], the first design rela-
tions was given by Nail [11]:

s=u(Aq/4), D=vC, g=wd (3)

where A; is the wavelength at

the 1lowest ‘'"operating fre-
gquency" f4, and the paramet-

ers are:

u=1, v=0.7, w=0.3 (4)

It 1is worth mentioning
that Nail also stated the
following hypothesis: "al-

though no investigation has
been made, it appears that
the larger flare-angle dis-
cones (a = 90°) give better
performance in the horizontal
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plane over large frequency
bands than the smaller-flare-
angle discones".

Later Rappaport designed
discones using an N-type male
connector feed and suggested
other values for the parame-
ters [12]:

u=1.15, v=0.75, w=0.5 (5)

The implementation of the
discone antenna outline with
wire radials may be called,
among other names, a "radial
discone" and Cooke observed
that the following u parame-
ter value is more appropriate
for such antennas [13]:

u=1.33 (6)

Fig. 1: Discone antenna
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Although there are authors

proposed different, rather
slight, modifications on the
parameter values, those of

(3)-(5) may considered as the
most accepted ones.

Additionally, since the
lower f4 and upper f, "broad-
band" frequency limits result
as the most distant frequen-
cies for which a designer-se-
lected quantity is bounded
between two designer-selected
values, it is not possible to
have in advance a guaranteed
broadband zone. These facts
keep open the discone and ra-
dial discone investigation of
which the [f4, f,] zone is
rather an unknown result than
a given datum.

To the best of authors'
knowledge:

(a) The radial discone anten-
na study is more or less ex-
perimental and there 1is no
systematic study, which com-
bines analysis, simulation,
construction and measurements.

(b) There 1is no definite
value for the flare-angle, of
either radial or ordinary di-
scone, other than the one re-
sulting from the obvious tri-
gonometric relation:

C=2ssin(a/2) (8)
(c) The broadband characteri-

zation 1is given wusually by
circuital SWR, while the ra-
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diation properties of the an-
tennas are either neglected
or limited to pattern illus-
trations in a number of spot
frequencies into the claimed
bandwidth. Thus, if the main
interest is for a base sta-
tion scanner antenna, with
omnidirectional radiation pat-
tern near-by the horizontal
plane, as 1in the case of
[14], care must be taken in
order to achieve a rather
constant radiation pattern.

d) For applications such as
wireless communication, with
the demand for operation on
an 1increased frequency band
there is a need for an upper
operation frequency direct-
ive.

A visual program was spe-
cifically developed to design
a broadband radial discone
with bare wires embedded in
free space when the wire con-
ductivity, the type of feed-
ing connector and the fre-
quency band are given. Con-
structional details of the
used technique have been
given analytical in [15].

The consideration of ra-
dial discone as an array of
at least 8 V-dipoles produces
a theta-polarized vector ra-
diation pattern with magni-
tude a surface almost by rev-
olution around z-axis. So the
radial discone has indeed on
horizontal plane x0y the ba-
sic properties of a verti-
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cally polarized almost omni-
directional antenna, a fact
that encouraged design of a
broadband model by simula-
tion. The model that was used
for the simulation is shown
in Fig. 2.

Fig. 2: Disc-Frustum Cone
radial discone model

A unified study of any ra-
dial discone may be con-
sidered as parallel to the
one of the following applica-
tion: A constant slant height
as A{/3, at the Tlowest de-
sired frequency of 800 [MHz]
that is 12.5 [cm], (equal to
A4 at 600 [MHz]) and con-
stant small cone diameter d
equal to the N-type female
connector diameter, 1.6 [cm]
were considered. Three param-
eters were variable:

(a) The cone flare angle a in
the range [15°, 180°] in steps
of 15°.

(b) The disc diameter D with
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two v values as Nail (0.7 C)
and Rappaport (0.75 C) pro-
posed.

(c) The disc to cone distance
g with three values: 3 mm as
the minimum possible one, 6
mm approximately equal with
that of (3) (~5 mm) and 8 mm
as (4) suggests. Thus, there
are 6 possible antenna models
for each different cone flare
angle.

Three arithmetic criteria
were adopted for the broad-
band characterization of a
model, as mentioned above:

a)the 50-Q SWR is lower than
2, Qswur = Q1 : SWR <2 or sim-
ilarly the mismatch 1loss 1is
greater than -0.5 dB, -0.5 dB
< ML, where ML = 101logqg(1-p2)
with p the reflection coeffi-
cient,

b) the relative Directivity
Gain Gd, or Power Gain Gp, is
greater than -3 dB on hori-
zontal plane where Gp = e Gd =
Gd for performance coeffi-
cient e=1, as it is consid-
ered for a perfect conductor,
-3 dB<GdH=Gpy : Q2 = Qgp and

c) the normalized radiation
intensity U/Umax = U, is grea-
ter than -3 dB on horizontal
plane, -3 dB< Uy Q3 = Q-

As a practical application
of the broadband design, the
2G/3G band from 860 to 2500
[MHz], extend below to 600
[MHz] to cover the case of
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A4  slant height, was se-
lected to begin with. Six
sub-bands introduced, I: 806-
960 MHz, II: 1429-1513 MHz,
ITT: 1710-1900 MHz, IV: 1910-
2025 MHz, V: 2110-2170 MHz
and VI: 2400-2499 MHz.

The 50-Q SWR, the normal-
ized radiation intensity on
horizontal plane and the rel-
ative Power Gain on horizon-
tal plane are shown in Figs.
3 - 8, for the 12x6 =72 sim-
ulated models in the fre-
guency range [600, 2500] MHz.
The vertical gray strips in-
dicate the six sub-bands,
light (I, II, III) and dark
(IvV, V, VI) correspondingly.
It is obvious that for flare
angles less than 45° and grea-
ter than 120° the frequency
range with SWR <2 is reduced,
the radiation intensity and
even more the power gain on
the horizontal plane are rap-
idly decreased below —3dB with
frequency, especially for the
larger flare angles (> 135°).
Therefore Nails claim, men-
tioned above, for better per-
formance 1in the horizontal
plane over large frequency
bands of the larger flare-an-
gle discones (a = 90°) [11],
which led on our research to
cone flare angle greater than
90°, seems that it is not
verified at least for radial
discones. To validate this
conclusion, Fig. 9 gives the
maximum of 50-Q SWR for all
the simulated models in the
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considered frequency range
while Fig. 10 and Fig. 11
give the minimum values of
radiation intensity and power
gain on the horizontal plane,
respectively.

Results

Eighteen models were se-
lected to be constructed with
cone flare angles 60° (with
the best performance), 90°
(marginal case) and 120° (the
greater cone angle with sat-
isfactory characteristics) by
applying the mixture of di-
rectives from (3)-(5), as was
aforementioned. Analytic re-
sults will be presented in a
forthcoming work.

In Fig. 12 (a)-(c) typical
simulation radiation inten-
sity 3D patterns are given
for these antennas at the cen-
ter of each sub-band, which
confirm the horizontal omni-
directional radiation proper-
ties of the broadband models.

It is obvious from Figs. 3
- 11 that the better broad-
band performance, with re-
spect to the three adopted
criteria, was achieved by the
60° radial discones. Fig. 13
shows the horizontal mean va-
lue in [dB] versus the hori-
zontal range between min and
max value in [dB], for all
the 72 simulated models. The
magnified little rectangle in
the wupper Tleft corner con-
tains the four 60° radial dis-
cones with the best values.
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Their measured and simu-
lated SWR with DERs (Differ-
ential Error Regions) as gray
clouds are shown in Fig. 14
in separate frame for each
antenna with its dimensions.

Thus, the application of
the broadband criteria for
the selected frequency range
resulted to the design of ra-
dial discone, model 3 in Fig.
13 and Fig. 14, with D = 8.8
[cm], g = 0.6 [cm], s = 12.5
[cm], d=1.6 [cm] and a = 60°
which operates from 800 to
3000 [MHz], exceeding the ini-
tial range and it was ini-
tially presented in [5], yet
using only two criteria. Fig.
15 shows the analytical pre-
dicted, simulated and mea-
sured radiation intensity on
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a vertical plane at the cen-
ter frequency of the measure-
ment band, at 950 [MHz], with
a good agreement. Fig. 16
shows the reflection coeffi-
cient in the smith chart for
this antenna, from simulation
and measurement with the DERs
as gray cloud for the mea-
surement band. The small open
circular points indicate the
corresponding explicitly gi-
ven frequencies.

In order to test the lim-
its of this antenna Fig. 17
shows its Directivity while
Fig. 18 shows the four quan-
tities of U, SWR, G, and
mismatch loss ML at the ex-
tended frequency band from
300 to 6000 [MHz].

FUNKTECHNIKPLUS # JOURNAL

N.I. YANNOPOULOU, P.E. ZIMOURTOPOULOS

2 z 72
1 I 1 II III

(c) 60°
Fig. 12: Predicted normalized radiation intensity patterns at
the center of each sub-band for 120°, 90° and 60° flare-angles
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The resulted bandwidths of
6:1 for ML <0.5dB or SWR<2
and 4:1 for -3 dB < GdH = Gpy
and 4:1 for -3 dB < Uy consi-
dered continuously excluding
the frequency gaps, proved
the successful design of the
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selected radial discone an-
tenna as a broadband antenna
with almost omnidirectional
antenna pattern on the hori-
zontal plane for the whole
band 800 to 3000 [MHz] by ap-
plying the introduced gener-
alized broadband characteri-
zation.

@+180° 0  0°<p<180°

180
Theta [°]

Normalized Radiation Intensity [dB]

Fig. 15: U pattern on a
vertical plane at 950 [MHz]

—Richwire
* Measured

0.5

Fig. 16: p in the Smith chart
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the in Fig.
is shown,
tion.

sponding Qj
19 the resulted Q-BW
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bandwidths while
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Fig. 18: U, SWR, Gp and ML at the extended frequency band
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Tab. 1: Qi bandwidths

Qi [MHz] Q-BW = NQj
800, 4540
Qs [800, ] [800, 3000]
Qep | [300, 3000]U[4400,4980]U[5640, 6000] U
[4400, 4540]
Qu | [630, 3000]U[4400,4980]U[5640, 6000]

Conclusion
During the investigation
procedure an extended study

of the radial discone antenna
behavior for various flare

angles, lower and higher of
60°, from 15° to 180° was
performed.

To the best of the au-
thors' knowledge it was the
first time that data are pre-

MONDAY 30 SEPTEMBER 2024

vi-43

sented for discones with fla-
re angle a=90°, and such an-
tennas were constructed and
measured, although it was
proved that the typical 60°
antenna had the best perfor-
mance for the purpose that
have been set. All the mea-
surements were performed ac-
cording the presented previ-
ous authors' work [15] - [17].
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26/36-Band Radial Discone Antenna

A.Vertical Pattern

B.Space Pattern
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Fig. 20: 2D and 3D U pattern, SWR and Gpy

Unfortunately, Nail's claim
in 1953 for better perfor-
mance in the horizontal plane
of discones with larger flare
angles for broader frequency
ranges than the smaller flare
angles was not proved to be
true, at least for their ra-
dial version. For instance
the radial discones with 150°
and 30° flare angle have both
a low SWR but in a narrower
frequency range and the most
essential their pattern on
the horizontal plane is al-
most zero for significant
large sub-bands. In Fig. 7
although the 150° discone
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seems to be better for Uy
than the discone with 30°
flare angle in Fig. 3, this
is not true since its hori-
zontal gain Gpy 1is much wor-
se. In the same time the
slant height dimension as A/3
at the Tlowest desired fre-
guency of Cooke was justi-
fied.

The generalized broadband
characterization of an an-
tenna introduced here as the
"Overall Antenna Bandwidth",
combines for the specific ap-
plication three quantities of
different nature with the
following demands:
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2G/36-Band Radial Discone Antenna

£=3,000MHz

+1L5

~1.5

Antennas Research Group (©) www.antennas.gr

Fig. 21: 2D U pattern, direction of maximum and
horizontal mean value

a) SWR (circuit quantity) Qq:-3dB < Uy

Qswr: SWR <2

Thus, the overall bandwidth

b) the horizontal directiv- results as

ity/power gain GdH/Gpn (field
gquantity)

Q-BW = Qswr N Qep N Qg

Qep: -3dB < GpH

It was proved that a suc-
cessful design of such an an-
tenna is possible. Two anima-
tions was prepared for the

c) the horizontal radiation
intensity Uy (field - circuit
gquantity)
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proposed radial discone an-
tenna from which the last
frames are shown in Fig. 20
and Fig. 21 respectively. The
U pattern on a vertical
plane, the corresponding 3D
patter, the SWR and the power
gain Gp in the horizontal
plane are given in Fig. 20.
In Fig. 21 the U pattern in
[dB] is compared with that of
an Isotropic antenna. The
grey and black points indic-
ate the directions of mean
value in horizontal plane and
maximum value respectively,
which are shown below with

YANNOPOULOU, P.E. ZIMOURTOPOULOS

respect to frequency. The
produced animations and all
other updated material will
be available in the authors'
website [18].

Full results of the con-
structed and measured models
as well as some details for
their fixed construction and
the performed analytical stu-
dy will be presented by the
authors as an extended report
in a future paper, as well as
a full description of the de-
veloped software for the ra-
dial discone antenna.
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