RF DESIGN

Building on Wu and
King’s landmark paper
on continuously loaded
anfennas, Richard
Formato’s design
procedure for
impedance-loaded
wideband antennas
maximises bandwidth
while improving
radiation efficiency.

mix, at least most of the time. The classic example of an abso-

utely terrible ‘antenna’ with an excellent standing-wave ratio is
a dummy load. A good dummy load’s response is nearly flat well into
the uhf range. But because essentially all input power is dissipated as
heat from 2R (Joule heating) losses, for practical purposes its radiation
efficiency-is zero.

Adding resistance to an antenna invariably reduces efficiency and, as
a general rule, adding more resistance makes the antenna worse.

But resistance isn't always bad. As the dummy load shows, resistance
can broaden an antenna’s response by flattening the variation of input
impedance with frequency. Certaiil types of Commusication SyStem
benefit substantially from wideband antennas, typical examples being
spread spectrum, frequency-agile, and ALE, or automatic-link-estab-
lishment, systems. In each case, it is desirable to maximise antenna
bandwidth while maintaining acceptable power gain and radiation pat-
tern.

One way to accomplish this objective is to add resistance. The ques-
tion is: how much resistance should be added to strike a reasonable bal-
ance between wider frequency response and reduced radiation effi-
ciency?

Adding the correct amount of resistance at the proper location can
significantly extend an antenna’s frequency range while still providing
quite acceptable efficiency and gain, This article desecribes an improved
technique for computing the required loading profile for simple wire
antenna elements. A typical monopole antenna is then discussed that
provides continuous coverage from about 12MHz to beyond 150MHz
with no tuner or matching network.

n ntennas and resistors are usually like oil and water — they don’t

This is not the first time

The idea of adding resistors to an antenna to improve frequency
response has been around for quite some lime. In 1953, Willoughby!
discussed resistively loaded wires in a variety of configurations, includ-
ing Vees and Rhombics, that provided wideband transmit and receive
antennas.. The wires were loaded either with discrete resistors or with
a gradually tapered resistance profile such that the end nearer the rf
source had the lowest resistivity and the end farther from the source had
the highest.

Resistanice can transform a resonant, standing-wave antenna element
into a non-resonant, travelling-wave element, thereby increasing the
loaded antenna’s bandwidth, The distinction between resonant {stand-
ing wave) and non-resonant (fravelling wave) antenna elements can be
iHustrated by considering the centre-fed dipole, or efd, antenna in Fig.
1. In the unloaded antenna, resonance results from the superposition of
outward-travelling waves produced by the 1f source and reflected waves
generated at the impedance discontinuity at the ¢fd’s free ends,
~ These two oppositely propagating waves combine (0 produce a stand-
g wave which determines the c¢fd’s resonant frequency, If, however,
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the outward-travelling wave were not reflected, then no standing wave
would exist, and the ¢fd would not exhibit resonance.

One way to minimise reflections is to add resistance near the ends of
the element. The resistors absorh incident energy that has not been radi-
ated away from the antenna, thereby reducing the reflected wave ampli-
tude. This general principle underlies all resistive loading schemes. Of
course, there are many ways in which resistance can be added to an
antenna, and different approaches can produce dramatically different
results. ’

Altshuler? provided the first analysis of the effect of adding a discrete
resistance to the cfd. He found that an essentially travelling wave cur-
rent distribution restlted froii inserting a 240£2 resistor in each arm of
the dipole a distance A/4 from the end, where A is the wavelength.
Radiation efficiency was reduced by about 50%, but the input
impedance was essentially constant over a 2:1 frequency range.

Abtshuler’s work provided impetus for W and King’s® landmark
paper on contintously loaded antennas. Their work forms the basis of
recent efforts to improve bandwidth by adding resistance. It is discussed
in more detail below.

Some of the results achieved with loaded antennas have been impres-
sive. Kanda® built a very small receive-only field probe — a loaded cfd
— that exhibited essentially flat frequency response from hf to beycad
1GHz. This sensor was so heavily loaded, however, that its radiation
efficiency was far too low for it to be useful as a transmit antenna.
Rama Rao and Debroux™® described a 351t loaded hf monopole with
swr<2 from 5-30MHz and radiation efficiency ranging from about
15%-36%.

This antenna used a fractional loading profile equal to 0.3 times the
Wu-King profile and a fixed, lumped-clement matching network. Other
loading profiles have been proposed that combine resistance and induc-
tance to improve bandwidth and efficiency’.

This article describes a modification of the original Wu-King profile
that increases antenna bandwidth by creating a travelling-wave element

Fig. 1. Centre-fed
dipole helps
illustrate the
difference between
the resonant and
non-resonant
antenna elements;
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~hile at the same time improving radiation efficiency by increasing the

.atenna’s average current. Because the radiated fields are proportion-
al to the antenna’s Idf product, a higher average current increases the
radiated fields, which in turn improves efficiency. The motivation for
this new profile is the realisation that the Wu-King current profile is a
special case of a more general travelling-wave current distribution with
higher average antenna cwrent.

Wu-King explained

Figure 1 shows a centre-fed dipole antenna consisting of two elements
of length % and radius . Amplitude of the current profile is plotted
schematically along one element’s length. Maximum current occurs at
the rfsource at the feed point, and the magnitude decreases along each
arm until it reaches zero at the end. In the Wu-King model, the centre-
fed dipole is assumed to have an internal impedance proﬁle along the
wire clement given by Zifz)= Rifz)+7X(z), where Z! is the (complex)
internal impedance per unit length (C/m), consisting of lineal resistance
R and reactance X', and where j=V—-1.

Wu and King develop the differential equation satisfied by the current
[,(z), and then determines by inspection that a travelling-wave current
mode exists for one particular impedance profile, Z'. The Wu-King cur-
rent distribution is,

Hz)= (1 —%Jexg (—jk,|=f) (n
travelling wave factor

tinear amplinede decay

which consists of the product of a linearly decreasing (*straight line’)
amplitude and a travelling wave propagation factor in the complex
exponential term. The wave number is k,=27/A. The propagation fac-
tor represents a current wave progressing outward along each dipole
arm, There is no reflected wave propagating toward the source to form
a standing wave pattern, and consequently no resonance effect.

This current distribution exists only when the cfd element has a spe-
cific *1/2* internal impedance profile. The required profile is given by:

zmzﬂ@%P )
|y
h

where W=+, is the compiex expansion parameter discussed in
Altshuler?, with real and imaginary parts subscripted R and I, respec-
tively. The ratio of the antenna element’s vector potential to current is
w, and is approximately coustant along its length. Because y varies
with frequency, it is usually evaluated at the fundamental cfd reso-
nance, that is, when A=21/4 (see ref. 3). The 1/z profile in equation (2)

.-.is the basis for the resistive loading used in refs. 4, 5 and 6.

Improved loading profile

An improved loading profile — that is, one that provides better radiation
efficiency than the I/z profile — can be obtained by generalising the
Wu-King results. The first step is to assume a power law travelling-
wave current distribution, of which the Wu-King current distribution is
a special case.

The next step is to substitute the assumed current distribution into the
current equation developed by Wu and King, which then yields the
condition that must be satistied by the element’s internal impedance in
order to generate travelling-wave only modes.

This approach is fundamentalty different from the one in Wu-King
because the loading profile for a particular traveiling-wave current
mode is now an unknown which is determined by solving the appro-
priate equations.

The generatised cfd current distribution is assumed to be of the form:

L= Cla-ld) exp (=) 3)
pawer law amglitude decay ravelling wave factor .
where € is a complex constant determined by the current at the feed
poini. Note that the amplitude decay is a power law variation with
exponent v. The Wu and King case is recovered when v=1, but when

" =1 the more general case is obtained.

The intemal impedance profile shat produces travelling-wave only
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currents of the form in equatlon (3) is determined as follows. The
derivatives dl/dz and ¢21,/dz? are computed and substituted into the
equation satisfied by /,{z} (Wu and King’s equation'!). This generates
the equation that must be satisfied by the auxiliary function f(z) intro-
duced in Wu-King equation (9). Its solution is,

f(Z).= (k- |Zf)v_2 {] - jif}lzh_“l—lzi)} )

fz} determines the impedance profile. Equation (4) generalises Wu and
King’s eguation (12), and recovers their results exactly when v=1.

Figure 2 shows several current amplitude distributions parametric in
the power law exponent v. It is apparent that values of v less than I can
lead to significantly higher average antenna currents. Radiaiing ele-
ments with these current distributions are more efficient than those
using the 1/z loading profile which results by setting v=1.

The loading profile resistance and reactance per unit [ength are com-
puted from f{z) and are given by:

- R'(z)=60v(k— Ez{)pfz {WR - %} (5a)
X' (z)=60v(h *H)H{% + _Z(IZE; )_ﬁ)} o

The corre:spomﬂhnU lineal inductance (henry/metre) or capacitance
{farad/metre) is given by Li=X%e and Ci=(wX’)~!, respectively, for
X'>( and Xi<0. The circular frequency is w=2xf where f is the fre-
quency (Hz) at which v is computed.

* It is apparent from equation (5) that the improved loading profile in
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Fig. 4. Monopole feed-point resistance plot.-

general contains both resistance and reactance. But adding reactance to
the antenna, especially capacitive reactance, can complicate construc-
tion. As a consequence, mary practical designs employ only resistive
loading (see refs. 5 and 6, for example), because excelient results are
aften achieved even without the loading profile’s reactive component.

Loaded hf-uhf monopole
To iilustrate the degree of broadbanding achievable, a loading profile
was computed for a monopole element fed at its base against an infi-
nite, perfectly conducting ground plane. The radiating clement height
is 5.83m, and its radius 2:54cm. The design frequency for evaluating ¥/
is 12.86MHz, and the power law exponent v is 0.03. yis 8.961-2.431.

Using equation (3a), a resistance profile was computed for 14 discrete
foading points along the anienna, Table 1. The profile increases very
oradually from 0.41902 near the base of the moropole to approximately
7870 near the top. Reactive loading (in this case, inductive) was not
included.

The monopole’s performance was computer-modelled from 1 to
150MHz. The computed input SWR for a feed system impedance of
1750 appears in Fig. 3; calculated points are marked x. Because swr
was compated for a 175C2 characteristic impedance, matching the usual
500 coaxial feed requires a 3.5:1 Unun or another suitable troadband
rransformer. .

The monopole anterna’s performance is exceilent at all frequencies
above 36MHz. The swr is below 2 from there to 150MHz (the upper
limit for the computer model), and somewhat worse from approxi-
mately 12 to 36MHz, reaching a maximum 3.3 at 25MHz. Below
11MHz, swr increases rapidly due 10 increasing capacitive reactance
and decreasing radiation resis-
tance. This behaviour is charac-
teristic  of electrically short
antennas, and is evident in the
monopole’s feed point resistance
and reactance plots in Figs 4 and
5, respectively. The data in these
curves were used to compute the
swr plot in Fig. 3.

The monopole antenna’s
impedance bandwidth is remark-
ably good - especiaily consider-
ing that there is no matching net-
work and only discrete resistive
joading is employed. In addition,
no attempt was made to further
improve the loading profile by,
for example, modifying comput-
ed resistance values or adding
reactance, Adjustments such as
these can frequently yield even
better performance, but they are
not considered further.

Table 1. Resistance profile for 14
discrete loading points along the
antenna. SRR
Height (m)
Resistance (L2
0.208 '
0.625

0.419
0.489

10.581
0.699
0.859
1.080
1.401
1.889
2.689

. 4129
7.131
15,102
49.473
786.910.

1.041
1.458
1.874

2.290
2707
3.123
3.539
3.956
4.373
4.789
5.20%
5.622
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Fig. 6. Maximum gain of the wide-band monopole antenna.

The following observation Hlustrates how dramatic the effect of load-
ing an antenna can be. For an unloaded monopole, the bandwidth for
swr<2.5 (50Q feed) is typically 15-25% of its A/4 frequency, depend-
ing on the lengsh-to-diameter ratio. A monopole A4 high at 12.86MHz,
such as the one considered here, would show a bandwidth of less than
3.2MHz. Increasing the bandwidth to greater than 115MHz, as the
improved loading profile does, is indeed a very substantial improve-
ment.

Of course, as the dummy load example teaches, impedance band-
widlth alone does not a good antenna make. Two other key measures of
the loaded monopole’s performance appear in Figs 6 and 7, maximum
gain and radiation efficiency, respectively.

Power gain, computed as the product of directive gain and efficien-
cy, is plotted in dBi (decibels relative to an isotropic radiator). For com-
parison, the maximum power gain of a half-wave cfd in free space is
2.15dBi. The loaded monopole’s gain at 10MHz is neatly 3dBi, and
from 10 to 150MHz it is mostly in the 4-6dBi range. The monopole
with the improved resistance profile thus exhibiis power gain figures
that are typical of similar antennas with no loading at all.

The point was made at the start of this article that the fundamental
issue in choosing a loading profile is the trade-off between bandwidth
and radiation efficiency. The merit of a particular profile is determined
primarily by these performance measures. An examination of Fig. 3
showed that the monopole’s swr curve is more or less flat from 36to
156MHz, with somewhat higher but still acceptable swr from 12 to
36MHz. :

The second measure of merit, radiation efficiency, is plotted in Fig.
7. The efficiency is generally above 60% over the entire range of 10 to
150MHz, with onty minor dips below 60%, and some regions where it
is near or above 70%. Even the minimuom efficiency value of 45% or so
near 35MHz is quite acceptable.

The improved resistive loading profile has produced an antenna with
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exceptionally good swr bandwidih, relatively high power gain, and very
acceptable radiation efficiency.

In summary

Adding resistance to an antenna can dramaticaily improve bandwidth,
but domg so reduces radiation efficiency. The trade-off between greater
bandwidth and efficiency is not arbitrary. Some loading profiles are
much better than others for creating wideband antenna elements.

Previous theoretical calculations of suitable profiles provide a sound
basis for loaded element design yielding very good results. But these
studies considered only a special case of a travelling-wave current dis-
tribution. The improved loading profile described in this article resulis
from extending the previous work to a power law travelling-wave cur-
rent mode.

Typical computer modelling results show that the improved profile
provides better performance than previously used profiles: The tech-
ique for calculating the improved element loading promises to yield
still better antennas in terms of bandwidth and efficiency, and may be
put to good use to accomplish this goal. ]
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