
balun (a balanced to unbalanced adapter), and
avoid using a T-shaped structure (as for the
two-wire dipole). Since coaxial antennas ex-
tend along a straight line and can have almost
any radius, they may be easily inserted into
confined spaces that require an antenna. For
example, in cancer therapy, the cancerous re-
gion may be heated by microwaves using an
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Coaxial antennas with properties similar
to those of a two-wire dipole antenna
are developed and analyzed in this arti-

cle. In order to simulate the characteristics of
a two-wire dipole antenna with a 50 Ω coaxial
line, the inner and outer conductors of the
coaxial line are altered in specific ways. It is
advantageous in certain applications to use
such coaxial line antennas rather than a two-
wire dipole antenna. Coaxial antennas are easy
to construct, naturally adapted to a coaxial in-
put connection, thus avoiding the use of a
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Coaxial antennas with properties similar to those of a two-wire dipole antenna are presented and
analyzed. Since coaxial antennas extend along a straight line and can have almost any radius, they
may be easily inserted into confined spaces that require an antenna. Coaxial antennas are easy to
construct, naturally adapted to a coaxial input connection, thus avoiding the use of a balun (a
balanced to unbalanced adapter), and avoid using a T-shaped structure (as for the two-wire dipole).
By altering in specific ways the inner and outer conductors of a 50 Ω transmission line, four different
coaxial antennas are formed that have characteristics similar to those of a two-wire dipole antenna.
These antennas are compared and discussed, while noting the similarities and differences between
them and the two-wire dipole antenna. The antenna parameters determined are the near-field and 
far-field radiation patterns, the input impedance and the input reflection coefficient (S11). The
antennas are modeled using a high frequency structure simulator (HFSS), then constructed and their
properties measured to confirm the calculations and simulations.
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interstitial or intercavitary antenna,
especially in the case of brain or
prostate tumors. Coaxial antennas
also have applications in wireless
communications; the monopole an-
tenna used on mobile telephones is
similar to one of the coaxial antennas
discussed herein. 

The measured and simulated re-
sults of the coaxial dipole antennas
approximate the characteristics of the
two-wire dipole, especially in terms
of radiation pattern. Thus, the stan-
dard two-wire dipole antenna is pre-
sented to serve as a basis for compari-
son with the coaxial dipole antennas.
Four types of coaxial antennas were
constructed. The first type of coaxial
antenna (antenna 1) was made by
simply stripping off the outer conduc-
tor to extend the inner conductor by
a quarter-wavelength and is shown in
Figure 1. This antenna (referred to
as the extended inner conductor an-
tenna) is analyzed and measured to
show that simply removing part of the
outer conductor is not enough to ade-
quately simulate a standard dipole
antenna. A series of additional struc-
tural changes are made to make coax-
ial dipole antennas with radiation pat-
terns that more closely approximate
the standard dipole pattern. 

For the next coaxial antenna (an-
tenna 2), a small gap in the outer con-
ductor, spaced a quarter-wavelength
back from the end of the coaxial line,
is added to the simple extended inner
conductor antenna. Its cross-section
is shown in Figure 2. This gap serves
to cancel waves traveling back toward
the source, and the resulting radia-

tion pattern approximates that of the
standard dipole. This antenna is re-
ferred to as the quarter-wavelength
back-gap antenna. The third type of
coaxial antenna (antenna 3) is made
by adding a quarter-wavelength
choke sleeve to the quarter-wave-
length extended inner conductor
coaxial antenna, which also prevents
wave propagation back along the out-
er conductor. Its cross-section is
shown in Figure 3. This antenna is
referred to as the quarter-wavelength
choke-sleeve antenna. Finally, the
fourth coaxial antenna (antenna 4)
modifies the quarter-wavelength ex-
tended inner conductor coaxial an-
tenna by having both a choke-sleeve
and a quarter-wavelength spaced
back-gap. This final version is shown
in Figure 4 and is referred to as the
back-gap choke-sleeve antenna.
These antennas are compared and
discussed, noting the differences be-
tween them and the two-wire dipole
antenna. The antenna parameters de-
termined are the radiation pattern,
the input impedance and the input
reflection coefficient (S11). The an-
tennas are modeled using a high fre-
quency structure simulator (HFSS).
In addition to the simulations gener-
ated, the coaxial antennas are con-
structed and their properties are
measured to confirm the calculations
and simulations.

HALF-WAVELENGTH 
DIPOLE STANDARD

A half-wave dipole antenna is used
as a standard of comparison. Two im-
portant properties of the finite-length,

center-fed dipole antenna are the radia-
tion pattern and the input impedance.
The radiated electric field is found
through Maxwell’s equations, and in
the far-field it is given by1

where 

I = the antenna current flow 
η = 377 Ω
r = distance from the dipole 
θ = the polar angle 

The distance to the far-field of an
antenna is given by the approximate
expression,1 rfar ≅ 2D2/λ, where D is
the largest dimension of the antenna
and λ is wavelength. Thus, for the λ/2
dipole, rfar ≅ λ/2. Due to the approxi-
mate nature of the expression cited
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the near-field will be considered to
be in the region r ≤ λ/2 and the far-
field to be in the region r ≥λ.

The far-field radiation pattern for
the two-wire dipole and all of the
coaxial antennas, determined using
HFSS, are shown in Figure 5. In this
figure, the normalized magnitude of
the electric field versus angle θ is
shown with θ varying from 0° to 180°.
A 360° azimuthal rotation of this pat-
tern yields a full 3-D doughnut-
shaped pattern, in full agreement
with equation (1-1). The two-wire di-
pole shows a circular-shaped pattern
with maximum directivity occurring
at θ  = 90°, as expected.

The near-field of a dipole antenna
has a distribution of electric field in-
tensity that is very different from that
given in Equation 1 for the far-field.
In the near-field, the electric field in-
tensity has components in both the
radial (r) direction and the θ direc-
tion given by8

where 

p = Ih/(jω) is the electric dipole
moment 

h = the dipole length 
ω = the radian frequency 
ε = the permittivity of the

surrounding region 
(for air, ε = εo = 8.854 pF/m) 

Thus, the near-field drops off very
rapidly with distance and is larger
along the polar axis of the antenna
where θ is 0° or 180°. For comparison
purposes the near field-field will be
simulated using HFSS for each an-
tenna, but not measured.

EXTENDED INNER CONDUCTOR
COAXIAL ANTENNA

Antenna 1 is constructed by simply
stripping off the outer conductor of a

regular coaxial line to extend the in-
ner conductor by a quarter-wave-
length. This antenna does not emu-
late a standard dipole antenna, but it
forms the starting point that is used
for each of the three later coaxial di-
pole antennas. Thus, its properties
are important to note in order to
show how each additional modifica-
tion serves to shape the near-field
and far-field radiation patterns. For
this basic structure, the wave propa-
gates along the coaxial line and di-
vides at the open end. Part of the
wave continues along the extended
inner conductor, and the other part
travels back toward the source on the
outside of the coaxial outer conduc-
tor. Thus, while energy will be radiat-
ed from the quarter-wavelength ex-
tended inner conductor, there will
also be radiation from the outer con-
ductor that is distributed over much
more than a quarter-wavelength. 

The wave traveling along the out-
side of the outer conductor of the
coaxial line is a surface wave. The
electric field lines emanating from
positive charges and terminating on
negative charges are distributed ap-
proximately sinusoidally along the out-
er conductor. These field lines also
form a radiating structure, and as the
wave propagates along the outer con-
ductor the antenna radiation pattern is
pulled downward toward the source,
as shown by the simulation. The maxi-
mum directivity of the pattern is seen
to occur near θ = 160°. The full radia-
tion pattern is obtained by rotating it
through 360° about the vertical axis. 

Experimental Results for the
Extended Inner Conductor Antenna

In constructing the extended inner
conductor antenna, Styrofoam spacers
were used to keep the inner conductor
in the center of the air-filled coaxial
line. The measurements were made us-
ing the constructed coaxial antenna as
the transmitting antenna, and the re-
ceiving antenna was a microstrip dipole
that functioned well over the frequency
range of interest. A network analyzer
(HP 8720C) served as both the trans-
mitting source and the receiving detec-
tor. The transmitting and receiving an-
tennas were placed inside a small (two
feet on each side) anechoic chamber
made of two-inch thick absorbing ma-
terial (Eccosorb). The anechoic cham-
ber served to minimize outside inter-

ference as well as reflections from oth-
er objects nearby. 

The magnitude of the input reflec-

tion coefficient (S11), expressed in
dB, is S11 (dB) = 20log|S11|, which is a
negative quantity since |S11| < 1. The
return loss (RL) in dB is 

RL (dB) = –S11 (dB) = 10log|S11|2 (3)

since |S11|2 is the ratio of power reflect-
ed to power incident upon the antenna
input. For 10 percent reflected power,
|S11|2 = 0.1, S11 (dB) = –10 dB and RL
(dB) = 10 dB. For 1 percent reflected
power, |S11|2 = 0.01, S11 (dB) = –20 dB
and RL (dB) = 20 dB. 

Assuming no losses, the remainder
of the incident power (the part not re-
flected) is radiated. For measuring S11,
or the return loss in dB, the coaxial an-
tenna is placed in the anechoic cham-
ber while connected to the network
analyzer. For the extended inner con-
ductor antenna (antenna 1), the mea-
sured return loss is approximately 10
dB from 2.5 to 3.7 GHz, as shown in
Figure 6. For this antenna and all of
the others that are discussed and com-
pared, no attempt was made to reduce
reflected power by matching the input
impedance to the 50 Ω source. 

The measured radiation pattern
for the extended inner conductor an-
tenna is shown in Figure 7. The elec-
tric far-field at each point, a set dis-
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tance away from the antenna, was
measured and recorded. The radia-
tion pattern for this antenna shows
that a considerable amount of energy
in the wave is traveling back towards
the source along the outer conductor,
thus producing a maximum in direc-
tivity at θ = 135° instead of at θ = 90°.

COAXIAL DIPOLE ANTENNA 2
WITH A GAP SPACED A
QUARTER-WAVELENGTH BACK

The previous section shows that
the extended inner conductor coaxial
antenna does not behave as a normal
dipole antenna because an excessive
amount of energy is radiated back
along the outer conductor. However,
adding a gap in the outer conductor
(antenna 2) that is spaced a quarter-
wavelength back from the extended
inner conductor, makes the radiation
pattern of the coaxial antenna very
similar to that of a two-wire dipole
antenna. The gap in the outer con-
ductor limits the amount of current
or signal power that flows back to-
ward the source past the quarter-
wavelength section of the outer con-
ductor so that microwave power is
concentrated along two quarter-wave-
length conductive sections at the ra-
diating end.

To demonstrate how cancellation
and enhancement occur, the path of
the wave of energy from the source is
traced in the diagram of antenna 2.
The wave of energy from the source
travels up the coaxial line to the gap
in the outer conductor. Part of this
source energy travels out of the gap
and onto the outer conductor, and
the other part continues along the
quarter-wavelength region between
the inner and outer conductors. The
part that continues inside the coaxial
line divides two ways upon reaching
the end of the outer conductor. One
part of this energy radiates into the
space surrounding the extended in-
ner conductor, and the other part
travels back down the outside of the
outer conductor a quarter-wave-
length. The latter combines 180° out
of phase with the wave that leaked
out through the gap originally. The
size of the gap allows these two sur-
face-guided waves to have similar
amplitudes and they tend to cancel
each other, so that radiation back
down the outer conductor toward the
source is minimized or eliminated. 

Simulated Results 
for the Quarter-wavelength 
Back-gap Antenna Using HFSS

The aforementioned gap in the
outer conductor makes the pattern of
electric field intensity on and near
conductors similar to that of the two-
wire dipole antenna. This is the elec-
tric field intensity in the near-field
due to the charge and current distrib-
ution on conductors, as shown in Ap-
pendix A, where the back-gap anten-
na is on the left and the extended in-
ner conductor antenna is on the right.
As seen in this comparison, the wave
traveling back down the outer con-
ductor is practically eliminated by the
gap in the outer conductor. Thus, the
electric field lines in the near-field re-
gion closely surrounding the antenna
are mostly confined to the half wave-
length region at the end of the anten-
na. On the other hand, the near-field
electric field intensity for the extend-
ed inner conductor antenna (no gap)
clearly extends back along the outer
conductor toward the source.

The circular-shaped normalized ra-
diation pattern simulated using HFSS
for the coaxial antenna with a gap
spaced a quarter-wavelength back
from the end of the outer conductor
is shown in a previous figure. It is
seen that an almost circular-shaped
pattern is obtained, and maximum di-
rectivity occurs at θ = 90°, as it does
for the two-wire dipole antenna. 

Experimental Results 
for the Quarter-wavelength 
Back-gap Antenna (Antenna 2)

The measured S11 for antenna 2 is
shown in a previous graph. At the de-
sign frequency of 3.5 GHz, the return
loss is 33.75 dB. This antenna is fairly
broadband, with a bandwidth of 
800 MHz between points where S11 ≤
–15 dB. 

The measured radiation pattern
for this antenna has been shown for a
vertical orientation of the antenna.
The measured field pattern agrees
reasonably well with the HFSS simu-
lation. Both patterns approximate the
doughnut-shaped radiation pattern
that is characteristic of the two-wire
dipole. This constructed antenna has
a small amount of wave energy travel-
ing down the outer conductor to-
wards the microwave source, which is
not cancelled out by the gap. Still,
this antenna is a vast improvement

over the extended inner conductor
antenna in terms of radiation pattern
and making the λ/2 end a more effec-
tive radiator.

COAXIAL ANTENNA 
WITH QUARTER-WAVE 
CHOKE SLEEVE (ANTENNA 3)

An alternative way of making a
coaxial antenna that also simulates
the best features of the two-wire di-
pole is to place a quarter-wavelength
choke sleeve around the outer con-
ductor. Due to the shorted end of the
choke sleeve, an open circuit is pre-
sented to a microwave signal that
would travel back along the choke
sleeve toward the source. This tends
to confine the radiating source to the
half-wavelength region between the
open end of the choke sleeve and the
extended inner conductor of the
coaxial line. From the end of the
coaxial line, part of the wave radiates
outward from the extended inner
conductor, and another part radiates
from the quarter-wavelength choke-
sleeve section that presents an open
circuit on the end. 

HFSS Simulation Results 
for the Choke-sleeve Antenna

The electric field lines in the near-
field of the choke-sleeve coaxial an-
tenna are similar to what would be
expected for the near-field lines of
the two-wire dipole. From this HFSS
simulation, the magnitude of charge
distribution (electric field intensity)
on conductors is shown in Appendix
B for the choke-sleeve antenna (left)
and (for comparison) the extended
inner conductor antenna (right).
Thus, in the region immediately sur-
rounding the choke-sleeve antenna,
the magnitude of the electric field
varies in an apparent sinusoidal man-
ner with a minimum where the ex-
tended inner conductor begins and
maximum points on each leg of the
antenna. It is again quite clear that
the simple extended inner conductor
antenna has a significant propagation
of energy back toward the source on
the outer conductor, whereas very lit-
tle of the wave energy travels along
the outer conductor past the open
end of the choke sleeve.

The simulated far-field radiation
pattern for this antenna, obtained us-
ing HFSS, has been shown previously
and approximates the two-wire di-
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pole’s 2-D circular shape. The radia-
tion pattern is tilted slightly upward,
so that maximum directivity occurs at
θ = 90°. This upward tilt is probably
due to the necessarily larger radius of
the choke sleeve fitted around the
outer conductor.

Experimental Results 
for the Choke-sleeve Antenna

The measurements of S11 in dB
versus frequency for a constructed
choke-sleeve antenna confirm that
this antenna is an improvement over
the previous unaltered, quarter-wave-
length extended inner conductor an-
tenna. The S11 of the choke-sleeve
antenna shows that at the design fre-
quency of 3.5 GHz (where each leg is
λ/4 in length) the input reflection
(S11) is –25 dB. On the other hand,
this antenna had a relatively narrow
bandwidth of 100 MHz.  

The measured radiation pattern for
this antenna has been shown in a pre-
vious graph. This pattern is similar to
the doughnut shape of the two-wire
dipole, and is in agreement with the
HFSS simulation in exhibiting the
slight upward tilt of the pattern. How-
ever, the measured pattern is notice-
ably flatter than the simulation. This is
probably due to measurement error,
since the detector on the receiving an-
tenna is less sensitive to the lower field
values in the polar regions.

COAXIAL ANTENNA 
WITH QUARTER-WAVELENGTH
CHOKE SLEEVE AND ADJACENT
GAP (ANTENNA 4)

The rationale for fitting the coaxial
antenna with a choke sleeve and a
quarter-wavelength spaced back-gap is
similar to that of the previous sections.
It would be interesting to know if fur-
ther improvements can be obtained by
combining the choke sleeve (better ra-

diation pattern) with the back-gap
(better return loss). Adding a choke
sleeve to the quarter-wavelength
spaced back-gap antenna should result
in a further reduction of the current
traveling back toward the source along
the outer conductor, and thus, an im-
provement in the radiation pattern
may occur. In a manner similar to pre-
vious diagrams, the wave from the mi-
crowave source travels from left to
right, radiates from the quarter-wave-
length outer sections and interacts
with other parts of the wave. 

As illustrated earlier, the gap
serves to cancel 180° out of phase
parts of the wave on the outer con-
ductor. There is a part that travels
past the choke sleeve on the outer
conductor that has been delayed by
approximately 180° more than a part
that leaks through the gap and travels
toward the source. The size of the
gap should be such that the ampli-
tude of the wave that leaks onto the
outer conductor from the choke
sleeve is equal to the amplitude of
the wave that leaks out of the gap.

HFSS Simulation Results for the
Choke-sleeve, Back-gap Antenna

The normalized far-field radiation
pattern obtained from the HFSS sim-
ulation has been shown previously.
The antenna was placed along the θ =
0° axis and points of the radiation
pattern were simulated by varying θ
from 0° to 180°. A radiation pattern
very similar to that of the two-wire di-
pole is observed.

Measured Results of the 
Choke-sleeve, Back-gap Antenna

This antenna was constructed and
measurements were taken. First, S11
for this antenna was measured by the
network analyzer and plotted, as
shown in a previous figure. As seen,
the frequency for minimum reflec-

tion (maximum radiation) is 3.86
GHz, where S11 is 40 dB down. At
the design frequency of 3.5 GHz, S11
is approximately 7 dB down. This up-
ward frequency shift of approximate-
ly 0.36 GHz is probably due to inter-
actions between the choke sleeve and
the back-gap. Clearly, the choke
sleeve will alter the wave energy that
reaches the gap by traveling along the
outer conductor. Therefore, some
further optimization of dimensions
will be needed to center the response
at 3.5 GHz. 

The far-field radiation pattern of
this antenna was closer to that of
the two-wire dipole than any of the
previous antennas. This is probably
because the wave traveling down
the outside of the outer conductor
is most effectively eliminated by us-
ing both the back-gap and choke
sleeve. 

CONCLUSIONS
The four variations of a coaxial line

antenna approximated the radiation
pattern of the standard two-wire di-
pole with different levels of close-
ness. Looking at desirable features of
return loss, S11 (dB), versus frequen-
cy and the far-field radiation pattern,
some antennas performed better than
others. For ease of comparison, the
simulated and measured radiation
patterns of all of the antennas have
been presented. As seen, all three of
the modifications on the extended in-
ner conductor antenna approximated
a 2-D slice of the typical doughnut
shape of the two-wire dipole. Howev-
er, the far-field radiation pattern of
the combined choke-sleeve and back-
gap antenna came closest to that of
the two-wire dipole antenna. 

Since the return loss, or S11(dB), is
directly related to the fraction of inci-
dent power that is radiated, a figure
of merit or quality factor for an an-
tenna may be expressed as the prod-
uct of return loss and the frequency
band or bandwidth over which an av-
erage value of return loss occurs. The
magnitude of this product of return
loss and bandwidth is the area under
the curve of S11 (dB) versus frequen-
cy. This product, frequency band-
width times return loss, is estimated
over the 2.5 to 5 GHz band for each
antenna as
Extended inner conductor antenna:
2.5 × RL = 12.5
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Back-gap antenna: 2.5 × RL = 36.5
Choke-sleeve antenna: 2.5 × RL = 33
Back-gap + choke-sleeve antenna: 2.5
× RL = 27.

Using this basis for comparison,
the back-gap antenna is the best per-
former, and the extended inner con-
ductor antenna is the worst (as ex-
pected). Again, no attempt was made
to improve the impedance match of
any of the antennas.

Figures 8 and 9 show the simulat-
ed input reactance and resistance, re-
spectively, of a two-wire dipole, a
quarter-wavelength spaced back-gap
and a choke-sleeve antenna. Of the
three, the choke-sleeve antenna ap-
pears to be most promising for addi-
tional optimization since the reac-
tance remains near zero and the radi-
ation resistance remains constant
over a range of frequencies above and
below where 2L = λ. This implies
that this antenna could be impedance
matched to a 50 Ω source over a
broad range of frequencies.

Finally, while it was assumed
throughout that the antennas are ra-
diating into air, they may well be used
to radiate into biological tissue or
some other medium. As an interstitial
applicator for hyperthermia cancer
therapy, the surrounding medium
may be composed of a thin layer of
air, a thin layer of plastic catheter and
a large mass of biological tissue. Also,
for hyperthermia cancer therapy, the
antennas may be external to the pa-
tient and radiate into a thin layer of
plastic, a larger layer of deionized wa-
ter (as a cooling bolus) and a large
mass of biological tissue. 

For illustration, assume that the
combination of all surrounding mate-
rials yields an effective permittivity of
ε = 49εo, where εo = 8.854 pF/m (the
value for air or vacuum). This will
change two parameters: both the an-
tenna input impedance and the wave
propagation velocity in the surround-
ing medium will be reduced by the
square root of 49. Consequently, the
values of reactance and resistance
will be divided by 7. Also, the wave-
length (λ) will be reduced by a factor
of 7, and since L = λ/4, the physical
length L is reduced by a factor of 7
for the same operating frequency.
Conversely, if λ is made longer by a
factor of 7 (operating frequency re-
duced by a factor of 7), the physical
length (L) would be kept the same as
in air and still be λ/4 at the reduced
operating frequency.  ■
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APPENDIX A
COMPARISON OF HFSS SIMULATION OF NEAR-FIELD 
ELECTRIC FIELD INTENSITY BETWEEN ANTENNAS 1 AND 2

ANTENNA 2 ANTENNA 1

APPENDIX B
COMPARISON OF HFSS SIMULATION OF NEAR-FIELD 
ELECTRIC FIELD INTENSITY BETWEEN ANTENNAS 1 AND 3

ANTENNA 3 ANTENNA 1

  


