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Impulse-Radiating Antenna With an Offset Geometry

Kangwook Kim, Member, IEEE, and Waymond R. Scott, Senior Member, IEEE

Abstract—An offset impulse-radiating antenna (IRA) is numer-
ically analyzed and compared with a typical centered IRA. In the
typical centered IRA, the transverse electromagnetic (TEM) feed
arms block the aperture because they are located at the center of
the aperture. This blockage causes multiple reflections inside the
antenna and, thus, ripples in the tail of the radiated waveform. In
the offset IRA, the TEM feed arms are removed from the aperture,
lowering the tail ripples caused by multiple reflections between the
TEM feed arms and the reflector. The boresight gains and the im-
pulse amplitudes are seen to be essentially the same for both IRAs.
The monostatic radar cross section of the offset IRA is significantly
lower than that of the centered IRA for the plane wave incident
from the boresight direction because the wave incident to the offset
IRA is diverted toward the focal point of the reflector, which is
away from the boresight direction. The offset IRA has a shadow
behind the reflector. This feature can be useful in bistatic radar
applications because the antennas can be placed in the shadows of
each other.

Index Terms—Impulse-radiating antennas (IRAs), offset re-
flector antennas, ultrawide-band (UWB) antennas.

1. INTRODUCTION

typical impulse-radiating antenna (IRA) consists of a cir-
A cular parabolic reflector and one or two pairs of conical
transverse electromagnetic (TEM) feed arms whose apex is lo-
cated at the focal point of the reflector (centered IRA) [1]-[5].
The TEM feed arms guide a spherical TEM wave originating at
the apex toward the reflector. The reflector converts the spher-
ical wave into an equi-phase aperture field, which is focused at
infinity in the boresight direction. The resulting boresight radi-
ation is an impulse-like waveform when the antenna is excited
by a step pulse. This short-pulse radiating capability makes the
IRA useful in many applications such as remote sensing, ultra-
wide-band weapons, and nondestructive testing [6]-[10].

One problem associated with the centered IRA, however, is
the aperture blockage caused by the presence of the TEM feed
arms in front of the reflector [11], [12]. The blockage causes the
reduction in the impulse amplitude and multiple reflections in-
side the antenna. The multiple reflections cause ripples in the
tail of the radiated waveform, which should be avoided in cer-
tain remote sensing applications. The blockage can be lessened
by reducing the size of the TEM feed arms. However, this leads
to the increase in the characteristic impedance of the TEM feed
arms, making it difficult to match the antenna to the source [13].
Another method of reducing the blockage is using an offset ge-
ometry (offset IRA). This has been suggested in the literature
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Fig. 1. Comparison of the geometries: (a), (c) diagrams of the centered IRA
and (b), (d) diagrams of the offset IRA.

[3], [14], but has not been investigated. In this geometry, the
TEM feed arms are tilted away from the aperture, and therefore
the blockage can be minimized [15], [16].

In this paper, we investigate the characteristics of the offset
IRA both in the frequency and the time domains. The frequency-
domain results show the characteristics of the antenna indepen-
dent of the input-pulse waveform. The time-domain results pro-
vide the basic idea of how the antenna operates and often show
the advantages of the offset IRA more clearly. In Sections II and
III, we discuss the advantages of the offset IRA over the centered
IRA in detail, which include smaller tail ripples and lower RCS.

II. GEOMETRY

The geometries of the centered IRA and the offset IRA are
compared in Fig. 1. In the figure, the reflector is a portion of a
paraboloid that is carved out by the intersection of the parabo-
loid and a cone. The equation of the paraboloid in the rectan-
gular coordinate system is

22 P =4F(z + F), (D)

where F' is the focal length of the paraboloid. The paraboloid

is rotationally symmetric with respect to the z-axis and has the

focus at the coordinate origin. The equation of the cone is
cosxvVrZ+y?+ 22 =xsinff — zcosf, 2)

where yx is the interior half angle of the cone, and /3 is the angle
between the rotational axis of the cone and the z-axis. The angle
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(a) Diagram of the offset IRA when projected onto the plane normal to the axis of the cone. (b) Mesh for the numerical model of the offset IRA. (c) Cross
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section of the TEM feed arms at distance L from the apex. (d) Mesh around the apex. (¢) Mesh around the electrically small resistor. The TEM feed arms are
curved along the surface of the cone. The angle 2a is 16.3° in the projected plane.

[ is zero for the centered IRA. The intersection of the two sur-
faces is an ellipse and its projection onto the z-y plane is a circle
whose equation is [17]

D\ 2
(& — o) +y* = <5> 3)
where
2F sin g3
9 = ————, and
cos 3 + cos x
_ 4Fsiny
" cosfB+cosy’

The reflector forms an aperture of diameter D, which is focused
at infinity on the z-axis when it is fed a spherical TEM wave
launched at the coordinate origin.

The spherical TEM wave is guided by a pair of TEM feed
arms. A pair of conical coplanar plates is used in the centered
IRA as TEM feed arms. Conical coplanar plates are advan-
tageous in the centered geometry because they do not cause
blockage in the geometrical optics sense. However, they cause
significant aperture blockage in the offset geometry. Thus, in the
offset IRA, a pair of conical curved plates [13], [18] is used as
TEM feed arms because they can be made to cause almost no
blockage. A diagram of the cross section of the conical curved
plates is shown in Fig. 2(c).

In this paper, the focal length to diameter ratio has been
chosen to be F//D = 0.5 for both IRAs, and the angles associ-
ated with the TEM feed arms are such that they form a spherical
TEM transmission line with the characteristic impedance of

TABLE 1
GEOMETRICAL PARAMETERS OF THE IRAS
| F/D L/D Ze | B | TEM feed arms
Offset IRA 0.5 0.625 400 | 82.9° curved
Centered IRA 0.5 0.5 400 © 0° coplanar

400 2. The geometrical parameters of the two IRAs are sum-
marized in Table I, where Z, is the characteristic impedance of
the TEM feed arms.

Note that in both IRAs, the arms are conical within a sphere
of radius L centered at the apex, where L is chosen to be the
shortest distance from the apex to the reflector. Each arm is then
linearly tapered and terminated with an electrically-small 200 2
resistor outside the spherical region so that the series resistance
of one pair of TEM feed arms at zero frequency is 400 2. Note
that the spherical TEM wave launched at the apex propagates
outwardly without a disturbance within the spherical region.
The first possible disturbance is the negative reflection from the
reflector. This will be compensated at the apex by the positive
reflection from the taper [19].

To analyze the radiation characteristics of the IRAs, a numer-
ical model has been built using EIGER, which is a method of
moments code suite [20]. The mesh for the numerical model of
the offset IRA is shown in Fig. 2(b)—(d). To reduce the com-
putational load, symmetry is utilized, so only one half of the
geometry is meshed. The results for the full geometry can be
obtained from the results of the half geometry model by simple
algebraic manipulations [15]. The electrically small resistors are
modeled using a delta-gap lumped impedance model. The mesh
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Fig. 3. Radiated field on boresight from the offset IRA (solid line) and the
centered IRA (dotted line) for a step-like pulse with tlofgo%/ 7, = 0.1.

is excited by a delta-gap voltage source placed at the apex of
the TEM feed arms. The numerical calculations are conducted
on the Beowulf cluster at the Electromagnetics/Acoustics Lab-
oratory at the Georgia Institute of Technology. The responses
are obtained at 120 frequency points for the centered IRA and
150 frequency points for the offset IRA within a normalized fre-
quency range of D/A = 0.102to D /A = 15.3. The responses in
the time domain are obtained using the Fourier transform tech-
nique. The total run times for the primary quantities (mesh cur-
rents) are approximately 74 hours for the centered IRA and 86
hours for the offset IRA using 32 computer nodes; each node
is equipped with an AMD Athlon 2200+ processor. The perfor-
mance of the numerical model has been validated in [21].

III. ANALYSIS

The primary motivation to use the offset geometry is to lower
the tail ripples in the radiated waveform. Fig. 3 shows the ra-
diated waveforms on boresight as functions of retarded time

t. =t — r/c for the step-like pulse
1 1 t
VtZVO{—-i-—erf<k1 )}7
2 2 t10-90%

ki =2erf™1(0.8) ~ 1.8124

“4)

where erf(¢) is the error function, and ¢;¢_gq¢ is the 10%-90%
rise time of the step-like pulse [22]. Here, the input pulse is inci-
dent in the 400 (2 transmission line, and the input pulse rise-time
is t10—go% = 0.17,, where 7, = D/c is the time required by
light to travel the length of the aperture diameter. For this input
pulse, the aperture is roughly 10 times as long as the leading edge
of the pulse. The figure shows that the offset IRA has a smaller
and simpler tail waveform than the centered IRA. This is because
the TEM feed arms are mostly removed from the aperture in the
offsetIRA, which causes the amplitude of the multiple reflections
between the TEM feed arms and the reflector to be significantly
reduced, and therefore the radiation from the multiple reflections
is reduced. The figure shows that the impulse amplitudes are es-
sentially the same. The prepulse amplitudes are slightly different
because of the difference in the TEM feed arm geometries.
Because the impulse amplitudes for the two IRAs are essen-
tially the same, and the radiated energy is mostly contained in
the impulse, the gain on boresight must be comparable. Fig. 4
shows the gains of the two IRAs and a uniformly illuminated
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Fig. 4. Gain versus frequency for the offset IRA (solid line), centered IRA
(dotted line), and the uniformly illuminated aperture (dash-dot line).
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Fig. 5. Power budgets of the offset IRA (solid line) and centered IRA (dotted

line).

aperture on boresight plotted as a function of frequency. Here
the gain for the two IRAs is defined as

Uo

P &)
where Uy is the radiation intensity on boresight, and P, is the
power incident in the transmission line. The power radiated by
the uniformly illuminated aperture is assumed to be equal to P, .

Fig. 4 shows that the gain on boresight is essentially the same
for both IRAs as it is expected. The small ripples in the gains for
the IRAs are due to the direct radiation from the TEM feed arms
(prepulse). Note that the gains for the IRAs are approximately
6 dB lower than that of the uniformly illuminated aperture at
most frequencies (25% aperture efficiency). This loss is mostly
due to the spill over and nonuniform aperture illumination (am-
plitude and polarization) [23]-[25]. At frequencies lower than
D/X < 0.5, the gains for both IRAs are less than 0dB because
the incident power is mostly dissipated in the resistors at the
junctions between the TEM feed arms and the reflector.

One may be interested in the power budgets of the IRAs to
see how much of the incident power is eventually radiated or
dissipated in the resistors. The power budgets are plotted against
frequency in Fig. 5. The figure shows the power reflected back

Gain = 47
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Fig. 6. Radiation patterns of the offset IRA (solid line) and centered IRA (dotted line) at four frequencies. The patterns are plotted in dB-scale (0 to —30 dB)
relative to the maximum of both antennas at each frequency. In the E-plane, ¢ = 90° and 270° for the right and left halves of each graph, respectively. In the

H-plane, ¢ = 0° and 180° for the right and left halves of each graph.

in the transmission line (P,.. fl), power dissipated in the resis-
tors (Pjiss), and the power radiated in free space (P,.q). For
both IRAs, Py;ss dominates at low frequencies, and P,.,q dom-
inates at high frequencies. Thus, the radiation efficiency of the
IRAs improves with increasing frequency. The reflected powers
for both IRAs are small over the entire frequency range shown
in the figure because both IRAs are well-matched to the 400 §2
transmission line. Note that the centered IRA is seen to radiate
more power and dissipate less power than the offset IRA at most
frequencies. Because the gain on boresight of the two IRAs were
essentially the same, the figure implies that the offset IRA radi-
ates less in the off-boresight directions than does the centered
IRA, which is a desired characteristic in many applications, such
as ultrawide-band weapons and remote sensing.

Shown in Fig. 6 are the radiation intensity patterns of the an-
tennas in the principal £- and H-planes at four frequencies.
The radiation intensities are normalized by the maximum ra-
diation intensity of both IRAs at each frequency and plotted on
a 30 dB scale. The figure shows that the directivity increases
with increasing frequency for both IRAs. The offset IRA has a
slightly broader main beam than the centered IRA, and the side-
lobe distributions are different. For example in the E-plane, the
first sidelobes of the offset IRA are somewhat larger than those
of the centered IRA, and the backward radiation of the offset
IRA is smaller than that of the centered IRA. The differences
in the sidelobe distribution may give one antenna an advantage
over the other depending on the application. The sidelobes of
the offset IRA in the ¢ = 0° direction in the H-plane are be-
lieved to be due to the wave creeping around the back of the

reflector, which may be reduced by an appropriate treatment of
the reflector edge.

Fig. 6 shows that at the low frequency (D/\ = 0.51), the
offset IRA radiates less around (§ = 90°,¢ = 0°), and the
centered IRA radiates less around § = 180°. These directions
are shadowed by the reflectors. However, at high frequencies,
the offset IRA radiates more behind the reflector than toward
other off-boresight directions. Thus, in order to determine the
locations of the antenna support structure and other equipment,
it may be useful looking at the radiated waveform in the time
domain.

Fig. 7 shows the the radiated E-fields of the IRAs as func-
tions of time for a step-like pulse with ¢19—gg% /7. = 0.1. The
impulse is clearly defined only in the boresight direction, be-
cause the impulse spans an ultra-wide range of frequency, and
the beam width for the high-frequency components are narrow.
In other directions, the waveforms are distorted. The amplitudes
are seen to be dominated by the low-frequency radiation pattern.
The reason for this is that the input pulse, i.e., step-like pulse,
has a large amount of low frequency contents. Because the IRA
is usually excited by a step-like pulse, the best place to keep
the support structure and other equipment may be behind the
reflector. However, the backward radiation of the offset IRA at
lower frequencies (D/A = 0.51) may be problematic for cer-
tain applications.

Fig. 5 showed that both IRAs are well-matched to the 400
Q transmission line. This can be confirmed by looking at the
voltage standing wave ratio (VSWR), which is plotted as a func-
tion of frequency in Fig. 8 for a 400 €2 transmission line. The
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Fig. 8. Voltage standing wave ratios of the offset IRA (solid line) and centered
IRA (dotted line) at four frequencies.

figure shows that the VSWR is much less than 2.0, and the two
IRAs are well-matched to the transmission line. The VSWR of
the centered IRA is higher than that of the offset IRA at most
frequencies. The reason for this is that the TEM feed arms are
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Fig. 9. Reflected voltage waveforms in the transmission line for the offset
IRA (solid line) and centered IRA (dotted line) for a step-like pulse with
t10—90%/Ta = 0.1.

better terminated at the reflector in the offset IRA than they are
in the centered IRA.

Fig. 9 shows the reflected voltage waveforms in the transmis-
sion line as functions of time. The figure shows the reflection
from the TEM feed arm terminations at ¢/7, ~ 1 for the cen-
tered IRA and at t/7, ~ 1.25 for the offset IRA. Note that
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Fig. 10. Radar cross sections of the offset IRA (solid line) and the centered IRA (dotted line) (a) for the x-polarized planewave and (b) for the y-polarized

planewave.

the TEM feed arms of both IRAs are linearly tapered to cancel
the signal from the reflector [19]. The cancellation is seen to be
more effective in the offset IRA than in the centered IRA. In the
figure, the first reflection at ¢/7, ~ 0 is due to the approxima-
tion made to the apex geometry. The first possible disturbance
after this reflection is the signal from the TEM feed arm taper.
However, the waveform is not exactly zero between the signal
from the apex and the signal from the TEM feed arm taper. This
is due to the small error in the characteristic impedance of the
TEM feed arms predicted by the numerical model. The errors
are less than 1% and 5% for the offset and centered IRAs, re-
spectively.

The low VSWR is particularly important in remote sensing
applications, such as the ground-penetrating radar (GPR) sys-
tems, where the ringing inside the transmission line can obscure
the signal from a target nearby the antenna. In such applications,
the signal from the target can also be obscured by the multiple
reflections between the ground and the antenna. To lower this
type of multiple reflections, the antenna should minimally re-
flect the wave from the ground back toward the ground. The
amount of power that is reflected toward the ground by the an-
tenna may be estimated by the monostatic radar cross section
(RCS) in the boresight direction. Fig. 10 shows the monostatic
RCS’s when the antennas are illuminated by a unit-amplitude
planewave. In the figure, the RCS is normalized by the aperture
area A = 7(D/2)2. The incident planewave is #-polarized in
Fig. 10(a) and y-polarized in Fig. 10(b). For these graphs, a 400
 lumped resistor is placed at the apex of the TEM feed arms
for each IRA to simulate the 400 €2 transmission line. The figure
shows that the RCS of the offset IRA is significantly lower than
that of the centered IRA at most frequencies. The reason for this
is that the incident wave is diverted toward the apex of the TEM
feed arms by the reflector of the offset IRA. The low RCS and
the radiated waveform pattern of the offset IRA shown in Figs. 7
and 10 suggest the bistatic configuration of the offset IRA for
use in GPR systems, where the antennas are placed side by side
looking in the same direction (Fig. 11). In such systems, the
coupling between the antennas may be reduced by placing two
offset IRAs in the shadows of each other.

Transmitter Receiver

returned signal
toward reflector reflected toward apex

transmitted L\J t/‘ returned
signal signal

Suggested configuration for bistatic radar systems.

apex signal

Fig. 11.

IV. CONCLUSION

An offset IRA was numerically analyzed and compared with
a centered IRA. In the offset IRA, the TEM feed arms were re-
moved from the aperture to reduce the multiple reflections be-
tween the TEM feed arms and the reflector. The offset IRA was
shown to have smaller and simpler tail ripples in the boresight
radiated waveform while the impulse amplitude was essentially
the same.

The offset IRA showed other improvements. First, the mono-
static RCS for the boresight illumination was greatly lowered
because the incident wave from the boresight direction is di-
verted toward the apex which is away from the boresight direc-
tion. This low RCS may be useful especially in the near-field
sensing applications, such as the ground-penetrating radar sys-
tems. Note that in the near-field region, the impulse is not fully
developed, so the performance of the IRA for such applications
is degraded. This may be overcome to some degree by using an
ellipsoidal reflector instead of a parabolic reflector [10].

Second, the asymmetric radiation pattern may be useful in
bistatic radar systems because the antennas can be placed where
the radiation is minimal. Finally, the offset IRA was shown to
have a lower VSWR than the centered IRA. The lower VSWR
was due to the effective cancellation of the reflector signal by
the signal from the TEM feed arm taper. It may be worth in-
vestigating the optimal taper profile for the TEM feed arm to
lower the reflected voltage. Other methods of TEM feed arm
termination may be worth investigating as well. For example,
Abdalla et al. improved the VSWR by terminating each TEM
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feed arm with a number of resistors placed in a series-parallel
combination in [26]. Their approach is particularly appealing in
high power applications, where P is dissipated in a number
of lumped resistors rather than a single lumped resistor; there-
fore, the breakdown of the resistors is prevented.

Note that one advantage of the centered IRA is that one can
add a second pair of TEM feed arms to the centered IRA to
lower the input impedance [21], [27]. The offset IRA geometry
does not allow the second pair of TEM feed arms so it will be
more difficult to match the offset IRA to the source because of
its higher impedance. Another disadvantage of the offset IRA
is that it uses a bigger reflector to achieve essentially the same
gain as the centered IRA.
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