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Physical Characteristics of Plasma Antennas
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Abstract—This experimental and theoretical study examines the
excitation of a plasma antenna using an argon surface wave dis-
charge operating at 500 MHz with RF power levels up to 120 W
and gas pressures between 0.03 and 0.5 mb. The results show that
the length of the plasma column increases as the square root of
the applied power and that the plasma density decreases linearly
from the wave launcher to the end of the plasma column. These re-
sults are consistent with a simple global model of the antenna. Since
noise is critical to communication systems, the noise generated by
the plasma was measured from 10 to 250 MHz. Between 50 and 250
MHz the excess noise temperature was found to be 17.2 1.0 dB
above 290 K. This corresponds to an ohmic thermal noise source
at 1.4 0.3 eV, compared with an electron temperature of 1.65 eV
predicted by the global model. Estimates of the electrical conduc-
tivity of the plasma column based on measured electron number
densities lead to an antenna efficiency of about 65% at a transmis-
sion frequency of 100 MHz and an increase in total antenna noise
of 1 dB due to the plasma. Theoretical modeling and experimental
observations of the radiation pattern of the antenna show that the
linear variation of conductivity and finite resistance of the column
lead to a reduction in the depth of the nulls in the radiation pattern
and a consequent increase in the width of the main lobe.

Index Terms—Plasma antennas, plasma density, plasma
electrical conductivity, plasma noise measurements, radiation
efficiency, radiation patterns.

I. INTRODUCTION

APLASMA antenna is a radio frequency (RF) antenna using
plasma elements instead of metal conductors. Such an-

tennas are constructed from insulating tubes filled with low-
pressure gases. Plasma is rapidly created and destroyed by ap-
plying bursts of RF power to the discharge tubes so the antenna
can be rapidly switched on and off. When it is off, plasma is non-
conducting and has no effect on the radiation pattern of other an-
tenna elements. When it is on, plasma is an electrical conductor
and, therefore, can provide the conducting medium for the radio
signal.

Recent experiments have demonstrated that such antennas
can be efficient and generate sufficiently low noise as to be
useful for narrow band high-frequency (HF) (3–30 MHz) and
very high-frequency (VHF) (30–300 MHz) communications
[1], [2]. Plasma elements have a number of potential advan-
tages over conventional metal elements for antenna design as
they permit electrical, rather than mechanical control of their
characteristics, including the following.
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1) For military HF communications, an unenergized plasma
element using single-ended excitation can be difficult to
detect by hostile radar if its tube is properly designed.
The antenna is only energized for a very short time as
communication takes place.

2) Antenna arrays can be rapidly reconfigured without
suffering perturbation from unused (i.e., switched off)
plasma elements. For situations that require different an-
tennas for several communications systems to be in close
proximity (e.g., shipborne maritime communications),
there is the ability to switch off antennas that are not in
use. Thus, unused antennas will not couple unwanted
high-power signals into nearby receivers, thus simpli-
fying the layout of on-board communications systems.

3) With appropriate design, plasma elements can be en-
ergized and de-energized in microseconds. An antenna
transmitting data at rapid rates on a low-frequency carrier
could be switched at the end of each bit, thus minimizing
signal degradation by antenna ringing.

4) The effective length of the antenna can be changed by
controlling the applied RF power, thus allowing rapid re-
configuration of the resonant length of the antenna for dif-
ferent transmitting frequencies.

In addition to antennas, related areas of telecommunications
where the use of plasmas have been investigated involves the
production of planar plasmas for redirecting microwave signals.
The frequencies used are much higher than those in this paper,
as they are more geared to radar system components than to
communication systems. Plasmas for possible use as microwave
components include plasma sheets as reflectors for “agile” mir-
rors ([3]–[5]), phase shifters and plasma switches [6] which
may be used in a radar system. References [7] and [8] used
a hollow-cathode mechanism to produce a plasma in helium.
The mechanism is similar to the aforementioned references, but
the studies (so far) have been on the plasma rather than on mi-
crowave radiation properties.

References [9] and [10] produced a planar plasma by laser
ionization of a gas with a low ionization potential organic
impurity. The ionization mechanism is like that suggested in
[3]. Experiments and theory were performed regarding both the
plasma and the microwave reflection, measuring the plasma
density and two-body recombination coefficient by means
of microwave back-scatter plasma reflectivity and Langmuir
probes.

A. Plasma Antenna Noise

Noise introduced by the plasma itself is a crucial issue when
considering the use of plasma antennas for reception and trans-
mission. Plasmas are well-known sources of noise through to
microwave frequencies particularly for dc, or mains driven ac
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Fig. 1. Experimental arrangement. Details inside the coupling box are given in Fig. 2.

fluorescent tubes. In a communication system identification and
control of the various sources of noise is of critical importance
in determining the overall link budget. Early attempts to use a
plasma glow discharge as an antenna were largely unsuccessful
because of the amount of noise introduced by the plasma. In-
deed, discharges in fluorescent tubes have been routinely used
as standard noise sources up to microwave frequencies [11].

For a low-pressure glow discharge excited by a dc or low-
frequency ac current a number of possible noise sources can be
identified including:

1) thermal (Johnson) noise due to the random motion of
the electrons characterized by the electron temperature of
noise power spectral density WHz ;

2) shot noise due to the dc current of spectral density
A W ;

3) cathode processes including thermionic and secondary
emission;

4) noise in the vicinity of the ion plasma frequency [12].
For a surface wave discharge as used in the present experi-

ments, however, many of these processes do not occur, leaving
thermal noise and the noise associated with the ion plasma fre-
quency being the most likely contributors.

B. Paper Organization

This paper is organized as follows: Our experimental setup
is described in Section II. In Section III, we determine the RF
power required to excite a surface wave discharge that produces
a plasma column of a specified length (Section III-D), and to

establish the form of the electrical conductivity profile along the
column. We then characterize the noise generated by a plasma
column excited by a surface wave (Section III-E). Results that
test and confirm this theory are given in Section IV. We investi-
gate the effects of the plasma column’s conductivity profile on
traditional antenna analysis in Section V and we summarize this
investigation in Section VI.

II. EXPERIMENTAL SETUP

Two different plasma antennas excited by surface waves were
employed in this investigation, using the arrangement shown in
Fig. 1. Antenna 1 consisted of a conventional 1.2-m fluorescent
tube, filled with mercury vapor and argon at a nominal pres-
sure of 0.4 mb. The surface wave launcher consisted of a copper
“pump” collar of length 25 mm mounted 3 mm below a circular
hole cut in the top of a grounded diecast box as shown in Fig. 2.
RF power up to 120 W at 500 MHz was applied via a directional
power meter and double stub tuner. The intense electric field
developed in the gap between the collar and the box was suf-
ficient to break down (ionize) the gas. The field then drove the
resulting surface wave along the interface between the plasma
and the glass tube, igniting the plasma along the column.

Experiments were undertaken for different RF power levels
to determine the length of the plasma column as a function
of applied RF power and the line-averaged plasma densities at
heights of 15 and 36 cm above the top of the launcher using a
10 GHz microwave interferometer.
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Fig. 2. Pump and transmission collar arrangement inside the coupling box of
Fig. 1.

A second “transmission” (or receiving) coupling collar was
mounted 10–20 mm above the tube’s end cap (150 mm below
the pump collar, see Fig. 2). This transmission collar was used
to apply communications signals between 10 and 250 MHz to
the antenna via an eight-pole low-pass filter with a corner fre-
quency at 250 MHz when using the antenna for transmission
experiments. The filter rejected the 500 MHz pump signal and
also the noise associated with the 55 dB RF power amplifier
used to pump the antenna. Qualitative observations have con-
firmed that the antenna can be used for transmitting AM or FM
audio signals or TV (video) information.

Tests were also conducted using the plasma column as a re-
ceiving antenna over the range from 10 to 250 MHz for a range
of RF power levels and hence different effective lengths for the
antenna. Received signal strengths from a variety of laboratory
and commercial sources, such as the local FM radio stations,
were measured using a spectrum analyzer.

Experiments were undertaken over the range from 10 MHz
to 250 MHz to determine the plasma noise (excess noise tem-
perature) recorded at the transmission collar using an RF noise
analyzer, and the antenna impedance as seen at the transmission
collar using a vector network analyzer.

For comparison, an aluminum tube with the same dimensions
as the fluorescent tube was used in place of the plasma antenna.
For these tests the lower part of the tube was wrapped in Mylar
sheet to provide an insulating layer roughly equivalent to the
glass, with the two collars mounted on the tube in the same
positions as for the plasma antenna. Transmission, impedance,
reception, and noise measurements were repeated for the alu-
minum tube both with and without the pump power applied.

Antenna 2 consisted of a Pyrex glass tube with a length of 1.5
m and diameter of 20 mm connected to a vacuum pump and gas
handling system that admitted argon at pressures between 0.01
and 1.0 mb to the tube in order to determine an optimum pres-
sure for the antenna. Fig. 3 shows the simple launcher consisting

Fig. 3. Launcher pump collar arrangement for the glass antenna (Antenna 2).

of a square ground plane of side 6 cm and a collar of length 20
mm mounted 2 mm above the ground plane employed for this
antenna. The launcher could be slid along the antenna to de-
termine an optimum position for launching surface waves. This
was found to be about 15 cm from the glass end cap which cor-
responded to a standing wave distance of 4 for the 500-MHz
drive signal employed.

III. THEORY

A. Electron Temperature

The antenna is modeled as a plasma column of radius sur-
rounded by an insulator of dielectric constant and length
determined by the RF power used to launch a surface wave at
the interface between the plasma and the insulator.

A global model for a plasma source sustained by a surface
wave discharge has been developed [13] and further interpreted
in [14]. The electron temperature is found from a number den-
sity balance where the rate of production of electron-ion pairs
by electron-neutral ionizing collisions is balanced by the ra-
dial loss of electron-ion pairs to the wall at the Bohm velocity

, where is the electron temperature and the details of
the process employed to excite the plasma are not important.
Thus, for unit length of the column

(1)

where is the rate coefficient for ionization, is the
neutral number density (and is a function of the filling pressure

), is the electron density and is a factor that relates the
electron density at the edge of the sheath to its value at the center
of the column. Since for the antenna , losses through the
end of the column can be ignored. If an explicit expression for

is substituted into (1) then it may be solved for as a
function of pressure and radius . Fig. 4 shows for an argon
plasma over a range of pressures and radii typical of those en-
countered in these experiments. These values are comparable to
those observed in Langmuir probe measurements in commer-
cial fluorescent tubes of 1.6 eV for pressures between 0.1 and
0.4 mb dropping to 1.4 eV at 1.0 mb and 1.1 eV at 10 mb [15].
In particular, for cm and b, Fig. 4 predicts
an electron temperature of 1.65 eV.

B. Plasma Density

Following the analysis of [13], the plasma density is found
from a power balance in which the power absorbed per unit
length by the plasma from the surface wave at a position along
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Fig. 4. Electron temperature for the plasma antenna as a function of argon pressure and tube radius, predicted by the global model.

the plasma column is balanced by the power per unit length
lost to the walls from the plasma by the migration of elec-
tron-ion pairs at the Bohm velocity . is given by

(2)

where is the attenuation coefficient and is the wave
power at .

For a given tube radius , is given by

(3)

where is the effective surface area per unit
length of the column. is the energy loss per electron–ion
pair, is the electron number density and is a function
of position and the filling pressure . The total energy loss per
electron-ion pair is made up of several contributions and is of
the form ([14, p. 304])

(4)

where is the collisional loss per electron–ion pair due to ion-
ization, excitation and elastic scattering from neutral atoms ([14,
p81]). The term represents the mean kinetic energy loss per
electron while is the energy loss per ion due to acceleration
across the sheath ([14, p. 307]). For the conditions encountered
in this investigation 120 eV.

Since and are functions of the electron temperature
and hence of pressure from (1), and also depends only on
pressure, we may define a function

(5)

which is a function solely of pressure for a given geometry.
The attenuation coefficient may be determined from the dis-

persion relation for surface waves, with allowance being made
for losses via collisions. Based on this calculation, [13] shows
that is essentially a function of the plasma density
and suggests that a reasonable analytical approximation is of
the form

(6)

where is a constant with a value 5 10 m s for
these experiments and is the electron-neutral col-
lision frequency for momentum transfer. is a characteristic
number density at a plasma frequency corresponding to the RF
frequency of the source, modified by the dielectric constant

of the insulator (usually glass) surrounding the plasma and
given by

(7)

If the antenna is excited at the base of the column ( ) by
an input power of W and the corresponding density

, as is the case in these experiments, then combining (2) to
(6) gives

(8)

where

(9)

and is a constant for a given pressure.

C. Plasma Density Distribution Along the Antenna

The variation of density with distance along the column is
found by noting that from (2) to (6)

(10)

Differentiating this expression with respect to and putting

(11)

yields

(12)

At the top of the antenna and , where is
the minimum value of for which the wave propagates. Inte-
grating (12) with this boundary condition gives at any position

(13)
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where is a characteristic length scale given by

(14)

In most circumstances, , hence

(15)

so that the plasma density decreases in an approximately linear
fashion along the antenna. Since surface waves do not propagate
for , the condition defines the top end of the
antenna. For a high-conductivity antenna with a well-defined
end point, (7) shows that it is desirable to make the excitation
frequency as high as possible in order to increase the value of

.

D. Antenna Length

At the base of the antenna and so that

(16)

Substituting for from (8) and recognizing that generally
, (16) may be written as

(17)

where

(18)

Equation (17), therefore, shows that for a given pressure the
length of the antenna should increase as the square root of the
applied RF power. Hence, for a given transmitting frequency it
should be possible to produce the correct resonant length for,
say, a quarter wave monopole by controlling the applied power.
However, since the plasma density and, hence, conductivity
of the antenna varies along its length the physical length of
the plasma column is not necessarily the same as the electrical
length of the antenna.

E. Antenna Noise

In this investigation, the frequency of the surface wave (500
MHz), and the signal frequencies (up to 250 MHz) are small
compared with a typical plasma frequency 10 GHz. Signals
within the plasma, including those due to thermal noise fluctu-
ations, are therefore evanescent with attenuation , in the ab-
sence of collisions, given by [14]

(19)

where is the plasma frequency, is the velocity of light,
and the signal frequency is large compared with the collision
frequency.

The opacity of the plasma is given by

(20)

from which the radiation temperature may be determined from

(21)

where is the electron temperature.
If is assumed constant with respect to radius with a value

equal to the line averaged number density across the tube
determined from, say, a microwave interferometer then from
(19)–(21)

(22)

For a typical plasma density in these experiments of
10 electrons m , a plasma frequency 10 GHz and
tube radius 1.3 cm gives an opacity 2.5, which im-
plies an optically dense plasma. Hence, from (22), the radiation
temperature should be comparable to the electron temperature.

For a plasma sheet operating as a microwave phase shifter
where , the attenuation of the microwave
passing through the plasma sheet is very small from which it
may be shown that so that the thermal noise contri-
bution is very small [5], [16]. Similarly, for a plasma sheet oper-
ating as a mirror with , very little microwave
energy is absorbed by the reflector and again [6].

In the case of an antenna, the geometry of the rod is such that
the structure is optimized to enhance radiation (and reception).
This is in contrast to a mirror where the geometry is optimized to
maximize reflection. Hence, it is expected that even an optically
thin plasma rod, because of its geometry, should still act as a
radiator with a consequent radiation temperature close to the
electron temperature.

When making noise measurements the noise source
impedance compared with the input impedance of the
noise meter needs to be considered. Thus, if the antenna has an
impedance at the transmission collar of then
the available noise power recorded by the meter is given by

(23)

where is the noise source power. In particular for a thermal
noise source and matched system where and

, then .
For a thermal noise source the effective excess noise, is

often expressed in decibels relative to the noise at 290 K. Thus

(24)

In absolute terms, a temperature of 290 K corresponds to an
available noise power of dBm Hz.

F. Effect of Plasma Noise on Total Antenna Noise

An antenna with a radiation resistance “sees” an effec-
tive temperature due to its environment of which depends
on the actual temperature field around the antenna, weighted
by its radiation pattern. In addition, the plasma antenna has an
ohmic resistance at an effective temperature assumed to be
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Fig. 5. Height of the plasma column as a function of (RF Power) for the fluorescent tube.

Fig. 6. (Slope of Height) � (Power) plotted as a function of Pressure for Antenna 2.

the electron temperature . If is the total resis-
tance then the total noise temperature of the antenna is given
by [17]

(25)

The efficiency of the antenna may be defined as the ratio of
the radiation resistance to the total resistance

(26)

Thus, (25) can be written as

(27)

Equations (26) and (27) show that if so that ,
then the plasma noise is minimized.

IV. RESULTS

A. Antenna Length

The length of the plasma antenna as a function of the applied
RF power was determined by observing the output of visible
light from the plasma. The “end” of the antenna was assumed
to be the point where the light intensity decreased quite rapidly
over a distance of 5 cm. In accordance with the prediction of
(17), Fig. 5 plots the height, of the plasma column as a function
of the square root of the applied power for a typical fluorescent

tube of diameter 25-mm tube length above the pump collar of 1
m and a nominal filling pressure of 400 b. The plot confirms
that the length of the column increases as the square root of the
applied power with a slope in this case of 9.5 0.4 cm W .

The measurements were repeated for several different fluo-
rescent tubes and also for Antenna 2 over a range of Argon pres-
sures between 30 and 1000 b. In each case, the length of the
column increased linearly with the square root of the power and
the slope of the plot was determined. Fig. 6 plots the resulting
slope as a function of pressure which is compared with the the-
oretical slope derived from the global model in (18), as-
suming a value of m s. The comparison shows
that the results with the argon column at higher pressures agree
with the global model within the error bars of the slope. The re-
sults at lower pressures are somewhat lower than predicted pos-
sibly due to some leakage of gas into the system during testing.
The result for the fluorescent tube is, however, about 50% higher
than predicted. This increase may be due to the presence of the
easily ionized mercury vapor in the tube used for lighting pur-
poses or the actual filling pressure being different to the assumed
value of 400 b.

B. Variation of Number Density With Column Length

Fig. 7 shows the plasma density measured at heights of 15
and 36 cm above the launcher by a 10-GHz microwave interfer-
ometer. The results have been plotted as a function of ,
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Fig. 7. Plasma density monitored at two locations as a function of the length of the column measured from the end of the column. Measurements made with
increasing (“up”) and decreasing (“down”) power.

Fig. 8. Plasma density at the base of the antenna inferred from measurements at two points along the antenna as a function of (Power) .

the distance measured from the top end of the column. The sat-
uration beyond cm is because the density exceeds the
cut-off electron density of 1.24 10 m for a 10-GHz signal.

The results show that the density increases linearly with dis-
tance as predicted by (15) which may be rewritten in terms of
as

(28)

For a typical pressure in a fluorescent tube of 400 b,
Hz, so that upon substituting these numerical values,

(28) becomes

(29)

Plotting this equation in Fig. 7 shows agreement of better than
10% with the experimental data and confirms the linear varia-
tion of plasma density with length along the column.

C. Plasma Density at the Base of the Antenna as a Function
of Input Power

Although it was not possible to measure the plasma density
at the launcher (at the base of the antenna) it is possible to infer
values by making measurements at a fixed distance from the

base and using the linear variation in density established in Sec-
tion IV-B. Combining (8) and (15) gives

(30)

Measurements of were made at cm and 36 cm from
which was inferred using (30) and plotted as a function of

in Fig. 8. The plot confirms that increases as the square
root of the power with a slope of m W .
For a pressure of 400 b, the global model gives

m W .
The results in Section IV-B confirm the theoretical value of

, so the discrepancy in may be attributed to the ex-
perimental value of being significantly less than the value
predicted by the global model; that is, the loss of power to the
walls by migration of electron-ion pairs is less than predicted.

D. Antenna Noise

An Eaton 2075 Noise Meter was connected to the antenna’s
transmission collar. Measurements were made of the excess
noise generated by the plasma antenna indB above a noise tem-
perature of 290 K ( dBm Hz, or 0.025 eV) as a function
of frequency. The antenna impedance was also measured over
the same frequency range using a HP 7213 Network Analyzer.
Fig. 9 shows the results for three different values of the RF
pump power. The results have been corrected for the impedance
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Fig. 9. Excess noise power in decibles as a function of frequency for different pump powers.

Fig. 10. Spectrum of FM radio band from 88 to 108 MHz obtained from a plasma antenna (solid) compared with an aluminum tube of the same geometry
(dashed). NB: Aluminum tube antenna spectrum offset by �300 kHz for clarity.

mismatch between the antenna and the noise meter based on
the impedance measurements. The plot shows that between
50 and 230 MHz the noise is essentially flat with an average
equivalent excess noise of 17.2 1.0 dB (1.4 eV).

Fig. 4, based on the global model gives an electron tempera-
ture of 1.65 eV (18.1 dB) at 0.4 mb dropping to 1.47 eV (17.7
dB) at 1.0 mb. These results are around 17% higher than the
measured noise temperatures but are sufficiently close to infer
that the antenna is acting essentially as a thermal noise source
operating at the electron temperature. This result is consistent
with long established practice of using low-pressure discharge
tubes as noise sources up to microwave frequencies. Above 230
MHz, the increase in noise is due to the noise generated by the
linear power amplifier beginning to interfere with the measure-
ments.

The increase in noise below 50 MHz is not fully understood.
We suggest that it may be due to oscillations at the ion plasma
frequency where

(31)

For these experiments, the plasma density ranges from 10 to
2 10 m with a corresponding range of ion plasma frequen-
cies from 3 to 50 MHz. Because of the essentially linear varia-
tion in number density along the column up to a maximum value

2 10 m for an RF power of 100 W, a continuous range

of ion plasma frequencies should exist up to a maximum around
50 MHz (as observed in Fig. 9). For an RF power of 6 W, the
maximum density is 0.6 10 m with a corresponding ion
frequency around 15 MHz compared with the 25 MHz observed
in Fig. 9 below which the noise starts to increase.

E. Electrical Conductivity

In general the electrical conductivity of a slightly ionized
plasma is given by

(32)

Substituting (30) for the density and using a value of
MHz gives the conductivity as a function of distance in

meters from the top end of the antenna

(33)

for values of where is the total length of the column,
and from Section IV-B, can be related to the RF power by

. Thus, for a given RF power the length of the
plasma column and its conductivity profile can be determined.

F. Reception of the Broadcast FM Band

Fig. 10 shows the spectrum of the local FM band in Canberra,
Australia, recorded by an Advantest 1314 spectrum analyzer. It
compares the spectrum obtained using a plasma antenna 1.0 m
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long with an aluminum tube of the same dimensions. The tube
was mounted in the box, shown in Fig. 2, normally occupied by
the plasma antenna. The tube was wrapped in a Mylar sleeve to
represent the dielectric surrounding the conductor and coupled
to the spectrum analyzer using the same coupling collar as the
plasma antenna. Thus, apart from the conductor being either the
plasma or the aluminum all other conditions should be similar
in this comparison. The spectrum for the Aluminum tube has
been offset by 300 kHz so that the comparison can be more
clearly seen. The figure shows that the performance of the two
antennas is similar in terms of the received signal strengths with
the plasma antenna being typically about 4 dB higher than for
the aluminum tube. This difference may be because the coupling
is not quite the same due to the different dielectric materials em-
ployed and the slightly different geometry of the two configu-
rations.

The difference in the noise floors shows that on average the
noise from the plasma antenna is generally about 1.3 dB above
the aluminum tube. The noise floor for the Spectrum Analyzer is
about 151 dBm Hz which translates to a noise temperature of
4.96 eV compared with the measured antenna noise temperature
of 1.4 eV. The total noise temperature of 6.36 eV is equivalent
to a noise signal of 149.9 dBm Hz or an increase of 1.1 dB,
which is comparable to the observed increase of 1.3 dB. The
plasma antenna therefore behaves similarly to a metal conductor
but at a temperature characteristic of the electron temperature of
the plasma.

Within the HF/VHF band, the elevated electron temperature
should not present a significant problem. A typical communica-
tions receiver for a wide-band AM signal might have an input
sensitivity of 1.0 V into 50 over a bandwidth of 6 kHz for a
10 dB output signal-to-noise ratio. This is equivalent to a noise
floor of 154 dBm Hz or a noise temperature of 2.5 eV. If a
plasma antenna is employed with a temperature of 1.4 eV then
the noise floor of the system becomes 152 dBm Hz so that
reception is degraded by only 2 dB when a plasma antenna is
employed.

V. ANTENNA RADIATION PATTERNS

Having now established the antenna’s conductivity distribu-
tion, we will investigate its effect on the antenna’s radiation pat-
tern. The elevation radiation pattern of a simple vertical dipole
of length in free space may be found from the radiation in-
tegral [18] where the phase constant is that of free
space

(34)

For the usual case of a good metal conductor, the current dis-
tribution is usually taken to be a sinusoid over the length
of the dipole

(35)

Fig. 11. Triangular varying conductivity (grey) broadens the main lobe and
fills in the nulls for the �=2 dipole antenna radiation pattern (black).

Fig. 12. Plasma (black) versus aluminum (gray) radiation efficiency.
One-meter columns radiating at 100 MHz.

Substituting this current distribution into (34) gives the (un-
normalized) radiation pattern. The variation of this expression
gives the far-field pattern

(36)

Equation (34) may be interpreted as the Fourier transform of
the current distribution to yield a far-field pattern (in terms of
the Fourier variables and the direction cosine plane
wave expansion) [19], [20]

Our investigations in the previous section have led us to
model the plasma antenna with a linearly decreasing conduc-
tivity distribution (Section IV-B and in [21]), which multiplies
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Fig. 13. Plasma antenna efficiency over the frequency band.

the usual current distribution of (35) with a triangular tapering
function, (also known as a triangular window). In the
Fourier (far-field) domain, this convolves the far-field pattern
with a squared filter

which will broaden the far-field pattern lobes and fill in the pat-
tern nulls (Fig. 11).

A. Computer Modeling

To numerically evaluate the integral in (34) and find
the radiation pattern, we used one of the many variations
of the numerical electromagnetics code (NEC) method of
Moments computer packages. Several are available from
http://www.qsl.net/wb6tpu/swindex.html. NEC is widely used
for modeling antennas and their environment. The antenna
structure is broken down into short wires and small surface
areas, from which the current distribution and the radiation
pattern may be found. Using a computer program, we may
readily change the conductivity of the small current elements
that comprise the antenna structure.

Due to the much lower conductivity of the plasma (about
100 Sm ) compared with Copper or Aluminum (more than
10 Sm ), plasma antennas have lower efficiencies; around
50%–60% for the equivalent length of metal [1]. Up to 75% is
suggested in some of our NEC computer models, as shown in
Fig. 13. RF power is lost in Joule heating of the plasma con-
ducting elements. However, the loss is not serious, as the pat-
tern plot in Fig. 12 shows. Here, two columns of 1 m length are
radiating at 100 MHz. The Aluminum column’s conductivity

Sm and the plasma column has a linearly de-
creasing conductivity from 100 10 Sm [21]. Only a
small drop in the radiated power is observed and the shape of
the radiation pattern is practically unchanged.

Over the VHF range (30–300 MHz), a plasma column plus its
image of length 1 m only forms a dipole 0.1 to about one in
length. Therefore, the antenna is “electrically short” over most
of the VHF range and the elevation angle pattern will be a slice
of a torus, as shown in Fig. 14. Only at the highest frequencies is

Fig. 14. Computed elevation radiation patterns for a plasma antenna with
linearly varying conductivity 100 � � � 10 Sm in the VHF range. Length
of plasma column is 1 m.

there any deviation from the usual “sideways figure-8” pattern
for a half-wavelength dipole.

Our plasma antennas are excited (or “pumped”) using 500
MHz to ignite and maintain the plasma. At this frequency, the
entire 1-m length of the column (plus its image) when fully lit is
about 1.67 , so the pattern structure has some distinct lobes, as
shown in the upper panel of Fig. 15 (solid and dashed lines). For
lower powers when only a short portion of the column length is
lit, the pattern becomes more like the that of a half-wavelength
dipole (dotted line).

B. Pattern Measurement

We measured the elevation patterns of our plasma antenna by
moving a probe antenna in an arc over the plasma antenna under
test (AUT) in 10 increments from 90 . The probe
antenna was attached to a 5.4-m rigid wooden rod, pivoted at
the base where the AUT was located. Our plasma antenna is
really a monopole, but this may be treated as a dipole [19] when
mounted over a perfect ground plane. This produces an image of
the monopole below the ground plane; when taken together with
the real monopole, a dipole results. We created a suitable ground
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Fig. 15. (Upper) Computed elevation pattern for plasma antenna at 500-MHz
pump frequency. Fully lit column length 1 m (solid), 0.85 m (dashed), and 0.5
m (dotted). (Lower) Measured elevation pattern (and associated measurement
errors) for the plasma antenna at 500 MHz pump frequency.

plane using the large metal mesh area of our ground reflection
antenna range.

The main effect of the decreasing conductivity is to smear the
pattern, broadening it and reducing the depth of the nulls. This
may be seen in the measured results presented in Figs. 16 and
15 (lower panel), where the pattern has the appearance of that
expected for a half-wavelength dipole (compared with Fig. 15,
upper panel). It is only at the highest frequency measured and
at the greatest power used that other lobe structure becomes ap-
parent.

The measurements we were constrained to perform were
really too close to the AUT at the maximum plasma column
length. The Rayleigh criterion is usually taken as the minimum
distance from the AUT to the far field and hence where pattern
measurements should be made. It is usually taken to be greater
than 2 , where is the largest AUT dimension. For our
longest effective antenna length (2 m), this is about 13 m
at 500 MHz, so we are really measuring the pattern in the
radiative near field, leading to filling in of the pattern nulls
[22], especially the deep narrow null at zenith.

Fig. 16. (Upper) Cylindrical hidden line plot showing the measured elevation
pattern for the plasma antenna over the VHF frequency band. Plasma column
length: 0.85 m. (Lower) Measured elevation patterns for the plasma antenna at
various VHF frequencies. These are slices of the data shown in the upper panel.

VI. DISCUSSION AND CONCLUSION

This investigation has established a number of the character-
istics of a plasma column, when excited by a surface-wave dis-
charge, that are necessary precursors to the use of the column as
a useful antenna. It has been shown that the length of the column
increases as the square root of the applied RF power and that the
proportionality constant can be predicted from a simple global
model within a precision of 15%. It has also been shown that the
conductivity profile along the column is essentially linear. From
these results it should be possible to design an antenna with an
electrically controllable length, allowing rapid reconfiguration
for different transmission frequencies.

If the tube becomes completely filled with plasma then the
surface wave reflects from the end of the tube and deposits more
energy into the top part of the tube thus leading to a more uni-
form distribution of conductivity along the column.

Measurements of the noise generated by the antenna confirm
that above the ion plasma frequency (ie above 50 MHz) the
plasma acts as a thermal noise source operating at the electron
temperature (around 1.4 eV in this investigation). At lower fre-
quencies the noise increases rapidly, possibly due to ion plasma
oscillations.
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Equation (27) indicates that the total antenna noise tem-
perature is a function of both the antenna efficiency and the
weighted temperature of the radiation field compared and
the plasma noise temperature. Whether or not the plasma
noise is a significant factor depends on the circumstances.
For example, model calculations based on the conductivity
profile established in this paper lead to an efficiency around
60% for a 0.85 m plasma antenna at 100 MHz [23]. At this
frequency the sky temperature is 2000 K or 0.17 eV and so
the contribution from the plasma is around 10% of the total
noise temperature. Around 1 GHz, the sky temperature drops
to about 20 K (0.0017 eV) which implies that a high density
plasma would be required in order to maximize the efficiency
and hence minimize the plasma noise component.

Unlike a conventional antenna, it is not possible to make
direct electrical contact with the plasma conductor because
of the insulating outer (glass) envelope or the plasma sheaths
that would develop around any coupling wires inserted into
the plasma. It is, therefore, necessary to use either capacitive
or inductive coupling. Although capacitive coupling has been
used in the present case when making the noise measurements,
we have undertaken some studies to determine the most
effective coupling structure [24]. However, more investigation
is required to devise an efficient method for coupling the
transmission signal into the antenna.

We have presented both computer modeled and measured re-
sults for the radiation pattern of our plasma antenna, at both
signal and pump frequencies. These results have shown that
readily available computer codes may be used to predict the
radiation patterns of plasma antennas. Our investigations have
shown that although there is some loss of radiation efficiency
due to the lower conductivity of the plasma column, this loss
is not serious and may be easily made up by slightly boosting
the power used in transmission. We also found that the tapered
conductivity profile has little effect on the resulting radiation
pattern.
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