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FDTD ANALYSIS OF THE ULTRAWIDEBAND PERFORMANCE OF
FLARED-HORN ANTENNAS

1. INTRODUCTION

Flared antennas are appropriate for applications in which directive energy and wideband behavior are
required. Figure 1 shows a prototype linear flared-horn with the salient features. In this basic configuration,
the antenna is transverse-fed by a coaxial transverse electromagnetic (TEM) mode into the parallel-plate feed
region. The plates are flared out along the boresight direction of radiation, which in the present coordinate
system is the x-axis.

a) side view —» flare €¢—
length : aperture
feed flare | Sizé

>

plate region

hickness Y.
" g \s

' |\|\S.ate ~C

feed
termmatlon eparation /4 f
aperture

Coax  tarmination

b) bottom view

I
\F,)V%tteh flare region

Fig. 1—The geometry of a flared horn

The primary factors that affect flared-horn radiation of an ultrawideband (UWB) signal include the
waveguide modes present in the feed region, the spatial point-to-point characteristic impedance of the
transmission line, the discontinuities present at the aperture and feed termination of the antenna, the flare taper
shape and length, and the aperture size. The UWB pulse performance of various flared-horn configurations
is investigated through a finite-difference time-domain (FDTD) [1] Maxwell equation solver. An UWB pulse
is defined by a fractional bandwidth exceeding 0.25, where the fractional bandwidth is defined as the ratio
of the half-power bandwidth of the signal to its center frequency. TEM horn antennas, which have a linearly
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expanding plate width along the flare region, are a subclass of flared-horn antennas, which, in general, can
have any plate width or thickness variation in the flare region. For pulse time widths greater than the time for
electromagnetic energy to traverse the flare arc-length, flared-horn antennas tend to radiate a boresight field
that is a scaled replica of the derivative of the input voltage. The Carson-Rayleigh reciprocity theorem [2]
states that the time-domain received response of an antenna due to an incident field E'(z, 6, ¢) will be
identical to the transmitted response in the direction (0, ¢) if the excitation is of the form fot Ei(1,0, ¢)dt. It
follows that because flared-horns tend to transmit the temporal derivative of the input voltage, they also tend
to receive a voltage that is a scaled replica of the incident field.

The radiation performance of good pulsed-UWB antennas is distinct from the behavior of many good
conventional wideband antennas. Good UWB pulse radiators produce far-zone fields that tend to preserve
the temporal shape of the input voltage pulse (or some function of it) over a preferred range of angles,
whereas good conventional wideband antennas have relatively constant frequency-domain parameters in-
cluding voltage standing wave ratio (VSWR), polarization, gain, and radiation pattern over the required
bandwidth. In general, radiators judged to be good UWB pulse radiators also will be good conventional
wideband radiators. However, good, conventional wideband antennas can have far-zone fields that severely
distort the shape of an UWB pulse, rendering their performance inadequate for some UWB applications.
This far-field distortion occurs if the antenna has a shifting phase center in space or time-delayed radiation
of frequency components within the pulse bandwidth. Therefore, the time-domain far-fields of an antenna
must be evaluated to determine whether the antenna can be classified as a good UWB pulse radiator. In this
report, the time-domain far-zone and near-zone fields of various flared-horn configurations are studied, and
the data can be applied to improve their UWB pulse-radiation performance. Moreover, this report provides
performance data for the cornu flared horn antenna, which was designed during the research and resulted in
United States patent US5973653A [3].

When antenna geometries are both complex and varied, it is convenient to employ numerical methods for
the solution of their radiation characteristics [4—8]. Time-domain computational electromagnetic techniques
are appropriate for the present task because they permit pulse excitation of the antenna, and thus far-zone
time-domain fields are directly evaluated for UWB performance criteria including signal fidelity and energy
as a function of angle. In addition, frequency-domain quantities such as reflection coefficients can be found
with the application of a Fourier transform. The FDTD near-zone time-domain fields can be stored and
viewed graphically as the time progression of the fields about the antenna. Simulations of this kind are a
valuable analysis tool in identifying dominant radiation mechanisms. It should be mentioned that analytical
techniques have been applied to tapered-slot antennas by Janaswamy [9], but the class of geometries is too
limited for this study.

2. PULSE BEHAVIOR OF FLARED-HORNS

Many researchers [2, 10, 11] indicate that a perfect UWB antenna will receive or radiate a scaled replica
of the input signal (or some function of the input signal without pulse-stretching) at angles not far from the
far-field boresight of the antenna. The boresight is defined as the direction about which the antenna radiation
performance parameters are most symmetric. At angles far from boresight, directive antennas will tend to
distort the time response compared with the input signal. However, directive antennas such as flared-horns
receive or radiate a large portion of the field energy at angles not far from the boresight direction, so that
significant distortion off boresight does not undermine their UWB behavior.
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Robertson and Morgan [11] outlined the frequency-domain characteristics necessary for the transmission
of a pulse signal with no distortion. These frequency-independent characteristics include a complex conjugate
match between the source impedance and the input impedance of the antenna, a constant gain over a preferred
angular sector, and an effective height with a linear phase response, where the effective height is defined
as the ratio of the open circuit receive voltage to the incident electric field. To receive a voltage that is a
scaled replica of the incident field time-variation, an antenna should have a gain proportional to the square
of the frequency as well as an effective height with a linear phase response. Because of the differing gain
requirements on transmit and receive, it is not possible for an antenna element both to radiate a scaled replica
of the input voltage signal and to receive a scaled replica of the incident field. It is desirable, however,
to achieve predictable antenna time-domain behavior. In this paper, UWB flared-horns are designed that
transmit a close approximation to the derivative of the input voltage signal and receive a voltage that is nearly
a replica of the incident field.

Kraus [12] points out that it is possible to deduce the qualitative behavior of an antenna from its
appearance. In particular, a flared antenna that has a twin-conductor transmission line separation much less
than the highest frequency, an aperture size greater than a wavelength at the lowest frequency, a constant
characteristic impedance up to the aperture, and no discontinuities will tend to have wideband characteristics.
Although flared antennas are noted for wideband performance [13], a distortionless UWB receiving flared-
horn is not achievable.

2.0.1 Parallel-Plate Modes

Several waveguide modes can exist in the parallel-plate feed region of the antenna depending on the
geometry and source fields, although the primary mode is the TEM mode. For the TEM mode, all frequency
components will propagate down the waveguide at the same velocity, so they will tend to arrive at the flare
region in time synchronization. Higher-order TE,, or TMy,, modes travel down the waveguide at velocities
that vary with frequency. As a consequence, if parallel plates support TEg,, or TMy, modes, the propagating
signal will tend to distort. A parallel plate waveguide will cut off higher-order mode propagation above the
wavelengths given by [10]

28
/lcutoﬁ" = 7’ (D

where Ao 1s the wavelength corresponding to the cutoff frequency, S is the plate separation in the same
units as Acurof, and n is the mode number. Thus, to propagate only a TEM wave, the parallel plate waveguide
should have a plate separation no larger than one-half wavelength at the highest frequency component of
the input signal. The width of the parallel plates sets the characteristic impedance and should be chosen for
maximum or constant wideband energy transfer from the coaxial line.

2.0.2 Impedance Transitions

The antenna input impedance should remain nearly constant across the frequency band so that the in-
dividual frequency components propagate with nearly equal transmission and reflection. The impedance
is defined as the ratio of the voltage to the current at a reference point along the transmission line. For
reflectionless transmission, the complex conjugate input impedance of the antenna should equal the charac-
teristic impedance of the transmission line across the bandwidth of the signal. Because the coaxial TEM
transmission line has a purely real characteristic impedance, the input impedance of the antenna should
be nearly real. If the antenna is treated as an extension to the transmission line, then the characteristic
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impedance should transform very gradually from the coaxial line impedance to the characteristic impedance
at any point along the antenna to keep wave reflections small. The initial impedance transition encountered
by a propagating signal is from the coaxial line to the parallel plates. The parallel plate impedance for plates
of a given thickness can be evaluated from the work of Fisk [14].

Two methods for transitioning from a coaxial line to parallel plates are the transverse feed and the
inline-balun feed, as shown in Fig. 2. The transverse feed is the most popular method owing to its simplicity
of construction. The transverse feed connects perpendicularly with the parallel plates and, in many UWB
designs, includes a half-bicone or tuning stub at the upper plate. Electromagnetic waves emerging from the
coaxial line propagate toward the aperture as well as toward the feed termination. The pulse reflecting from
the feed termination will not be in time phase with the pulse traveling directly toward the aperture from the
coaxial line, thus causing distortion. As a consequence, closing the parallel plates at the feed termination to
mitigate backlobe radiation appears to be deleterious to UWB performance. However, if a high-impedance
section is formed by an increased parallel plate separation and a short circuit at the feed termination, the
larger characteristic impedance of the section relative to the parallel plate feed region will tend to force the
wave toward the aperture. This approach was attempted with reasonable success in this work. The open
sides of the parallel plates will permit undesirable radiation out of the plane containing the flare, although the
majority of the energy propagates toward angles not far off the boresight of the antenna. Closing the plates
sides is not desirable because only dispersive waveguide modes would propagate, which would cause signal
distortion. When compared with the transverse feed, the most striking difference of the balun feed is its
alignment along the boresight of the antenna. The inline-balun is based upon a Klopfenstein [15] impedance
transition, in which a specified maximum reflection coefficient is not exceeded over the entire bandwidth with
a minimum length of line. The balun was first applied by Duncan and Minerva [16] for a coax to twin-wire
transition and later was applied to parallel plates by Foster [17]. The balun was applied to TEM horn designs
by Foster [10] and Kolobov [18], although neither reference presented a detailed account of the antenna
pulse behavior. As seen in Fig. 2, a widening slot in the outer conductor of the coax gradually increases
the line characteristic impedance toward the characteristic impedance of the parallel plates. Eventually, the
outer conductor is transitioned to the bottom plate and the center conductor is transitioned from a circular
cross section to the top plate with super-elliptic functions. The inline orientation of the balun feed with the
parallel plates reduces the amount of radiation out of the plane of the flare compared to the transverse feed.
The disadvantage of the balun feed compared to the transverse feed is its complex construction. In this work,
a comparison of the two coax feed methods is made, and it is seen that inline balun-fed flared-horns have
much lower VSWR values and radiate pulses with less far-field signal distortion at the expense of a slightly
asymmetric far-zone radiation pattern.
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Fig. 2—(a) The inline-balun feed and (b) transverse feed shown with an elliptical taper

2.0.3 Discontinuities

Sharp geometrical features or sudden impedance changes are electromagnetic discontinuities that cause
reflections and diffractions of waves. As aresult, time-delayed radiation occurs and represents distortion of the
far-field in relation to the input pulse. Discontinuities also increase VSWR, adversely affecting the wideband
input impedance of the flared-horn. When sharp geometrical discontinuities are not avoidable, researchers
have employed resistive or capacitive loading to mitigate the performance degradation, although generally
dissipative losses rise with resistive loading and far-field fidelity declines with capacitive loading [19]. For
example, a Wu-King resistive taper applied to monopoles [19] leads to 55 percent of the energy dissipated
in heat and 21 percent of the incident energy reflected. In addition, discrete loading can be difficult to
implement, expensive, and degradable. Therefore, antenna shaping should be considered the first design
step, with modest applications of resistive or capacitive loading applied at the end to smooth out any
performance anomalies.

2.0.4 Radiation Mechanisms and Flares

From the electromagnetic field expressions derived from the Lienard and Wiechert potentials [20], it
is evident that radiation occurs because charge accelerates. Although linear charge velocity contributes
to near-zone fields, these terms are inversely proportional to the square of the far-field distance, whereas
the acceleration terms are inversely proportional to the far-field distance. Accelerating charge is thus the
sole cause of far-field radiation. In free space, the determination of the radiated fields is trivial, but in the
presence of antenna conductors, it is a complex boundary-value problem. Practical calculation of radiated
fields must be performed by considering average electron accelerations together with the electromagnetic
boundary conditions, and not on the complex individual electron accelerations. Consider the introduction



6 Mark Kragalott and Michael S. Kluskens

of a static electric field in a straight infinite conductor. Electrons accelerate under the force of the applied
field and collide with the positively charged ion lattice, ultimately achieving a steady average velocity that
is proportional to the electric field. Apparently, the time between no field excitation, when the average
electron velocity is zero, and the achievement of the constant average electron velocity is the period that
radiation occurs. Acceleration terms not only include linear acceleration, but also centripetal acceleration,
which is associated with a charge traveling along a trajectory at a constant velocity but finite curvature. The
acceleration a,. owing to a trajectory curvature « and a tangential velocity v is given by

ac = Kkv?, @)

where k measures the magnitude of the derivative of the angle formed by the tangent to the the trajectory and
the x-axis with respect to the parametric coordinate on the trajectory path, and is expressed in units of inverse
meters. Another radiation mechanism is caused by charge accumulation at a location in the wire, such as
a sharp discontinuity. Electrons incident on the location will decelerate rapidly under the repulsive forces,
causing radiation. Determination of the quantitative relative contributions from each radiation mechanism
is a complex task even with the most trivial geometries or field excitations and is beyond the scope of this
paper. Instead, an attempt is made to isolate the effects of curvature and discontinuities to determine their
impact on the UWB pulse performance of flared-horns.

As an UWB pulse fields travel down the feed region of the antenna and encounters the flare region, the
induced surface charge radiates owing to the curvature of the flare. While a large portion of the energy tends
to radiate in the desirable boresight direction of the flare, some of the wave energy reflects back toward
the feed due to impedance changes caused by the flaring of the plates. To mitigate the the reflection, the
flare-plane transition from the parallel-plate feed to the flare should be gradual.

Some UWB TEM horns are designed by maintaining a constant characteristic impedance along the
linear-tapered flare region through a constant ratio between the width the plates and their separation along
the flare length. The majority of the radiation occurs at the sharp aperture termination. With a constant
plate-width flared-horn, the flare causes an increasing characteristic impedance with the decreasing aspect
ratio of the plate width to plate separation. Linearly tapering the separation of the parallel plates without
also flaring the plate width produces a sharp characteristic impedance transition at the beginning of the flare.
To form a smoother impedance transition, many antenna designers employ an exponential taper [13]. Other
authors [21] have synthesized the linear and exponential tapers to produce optimal tapers for a performance
characteristic. Poveninelli [22] applied a Klopfenstein impedance taper to the flare, which theoretically
goves a minimum taper length for a specified maximum reflection coefficient over the signal bandwidth.
The linear, exponential, and Klopfenstein flares are shown in Fig. 3. Each of these designs suffers from a
sharp aperture discontinuity which, for aperture sizes smaller than a wavelength, cause UWB performance
degradation. The deleterious effects of the discontinuities can be mitigated to a degree if material loading
or shaping of the aperture discontnuity is applied. It is recognized that many designers employ modified
exponential curvatures to avoid discontinuous second derivatives at the start of the flare.
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Fig. 3—The element flare tapers

Since charge acceleration due to curvature is a radiation mechanism, it is natural to study its influence on
UWB radiation. In particular, flare-taper functions that avoid sharp aperture discontinuities are examined.
Three such tapers are shown in Fig. 3. The elliptical taper produces a constant curvature when the ellipse
degenerates to a circle. The cornu element comes from the cornu spiral [23], and it is formed by plotting the
cosine fresnel integral against the sine fresnel integral. The cornu element has the property that the curvature
increases linearly with the arc length. The sici element arises from the sici spiral [23], and it is formed
by plotting the cosine integral against the sine integral. The sici spiral has the property of exponentially
increasing curvature as a function of arc length. None of these elements has a sharp aperture discontinuity
because the functions taper back from the aperture plane.

Flare length, which is defined as the distance along the boresight direction from the start of the flare to
the aperture, is another geometrical feature to consider. If the flare length is at least one wavelength at the
lowest frequency, then the antenna will tend to be in the traveling-wave region of operation. This region of
operation allows radiation of the frequency components before encountering the aperture termination and
results in less pulse distortion.

2.0.5 Aperture Size

Researchers have determined [5] that flared-horns begin significant radiation of a frequency component
when the flare separation exceeds 0.4 wavelengths. Therefore, the aperture size of the antenna should be
at least one-half wavelength at the longest wavelength present in the input signal. In general, apertures
wider than one-half wavelength at the lowest frequency will be more efficient radiators of the low-frequency
energy, but practical designs must be concerned with spatial constraints. When phase-steered arrays are
designed, the element spacing at the highest frequency is required to be less than one-half wavelength to avoid
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grating lobes. In such instances, it is important that the antenna radiate efficiently even when the aperture
at the lowest frequency is much smaller than one-half wavelength. In this paper, a waveguide simulator
example utilizing an UWB cornu element shows excellent VSWR values even with these restrictions. If the
array is steered by time-delayed pulses at each element, then grating lobes, which occur at varying far-field
angles with frequency, appear as low-energy-level radiation over several angles off boresight [10]. In this
case, larger spacing between elements may be possible. Larger element spacings permit increased element
aperture sizes conducive to good radiation efficiency at the lower frequencies, although boresight energy is
reduced, owing to higher levels of off-boresight radiation.

3. FDTD ANTENNA MODELING

A standard Yee algorithm [1, 24] is employed to simulate pulse excitation of the flared-horns. Owing to
the staircased approximations of the flare curvatures, an investigation into the convergence of the solution
for various cell sizes is necessary. Previous research [4] has demonstrated that when modeling a smooth
curvature, artificial reflections will appear if the horizontal steps of the staircased approximation to the
surface are near one-half wavelength at a particular frequency. In the present research, the horizontal or
vertical steps are generally much less than one-half wavelength for all of the UWB frequencies. Thiele [5]
has found that in flared-horn problems, staircased algorithms are nearly as accurate as conformal algorithms
when more than 33 cells per wavelength are employed. Our investigations indicate that for large curvatures
in the flare region, the solution is essentially converged if 40 cells per wavelength were employed at the
highest UWB pulse frequency. At the lowest UWB frequency, the resolution is 120 cells per wavelength.
For a prototype flared-horn, the FDTD algorithm shows agreement to within 1 dB over most angles against
the pattern calculations of a method-of-moments algorithm.

3.0.1 Coaxial feed model

For some antenna geometries [6], a single-cell FDTD coaxial-feed model is sufficient to calculate antenna
performance parameters very accurately. However, in antenna problems that require very high cell resolution,
there is little cost in modeling a close approximation to the physical structure of the coaxial cable. Further,
the geometrical complexity of the inline balun pictured in Fig. 2 requires detailed modeling.

The FDTD modeled coaxial line is shown in Fig. 4. In the cross-sectional view of the FDTD cellular coax
in Fig. 4(a), the shaded triangles represent current sources that radiate in time synchronization and have a 1/p
amplitude scaling of the source function, where p is the the distance from the center of the inner conductor to
the source location. Because the current sources mimic the electric field variation of the TEM coaxial mode,
a TEM mode is set up in the coax very short distances from the excitation point. The type of FDTD source
utilized is called an additive source, which means that the current source appears as a excitation current in
Maxwell’s equations. This type of source is advantageous in the present application because it is transparent
to reflected fields passing the source location after the source amplitude is zero [25]. Energy radiated from
the current sources will propagate between the conductors in both directions, although energy propagation is
desired only in the direction of the antenna. The coaxial line end opposite the input of the antenna must be
terminated within the FDTD space without allowing non-physical waves to reflect and become an antenna
source. Thus, perfectly matched layers (PML) [26] of absorbing material are placed between the conductors
near the coax termination end-cap as shown in the longitudinal cross-section depiction of the coax in Fig.
4(b). A 13-layer PML is found to reduce wave reflection in excess of 80 dB across the frequency band, which
agrees well with previous waveguide results employing a PML [27].
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Fig. 4—The FDTD coax feed (a) transverse cross-section and (b) longitudinal cross-section

The coaxial feed is designed to support only a TEM mode at frequencies below 40 GHz. The highest
frequency in the UWB pulse is 12 GHz, which corresponds to a cell size of 0.0623 cm at 40 cells per
wavelength. As depicted in Fig. 4(a), the FDTD cellular cross-section of the inner and outer conductors of
the coax is not perfectly circular, so it is not possible to precisely fix the characteristic impedance of the coax
by selecting a ratio of inner to outer radius. Thus, it is necessary to compute the wideband characteristic
impedance of the coaxial line. First, both ends of the coax are terminated with a PML, a pulse is sent down
the line, and magnetic and electric field data are accumulated for all times at a reference plane. Next, the
voltage at a particular time step and spatial reference plane is found from the line integral of the electric field
from the inner to the outer conductor, and the current at a particular time step is determined by the closed line
integral of the magnetic fields around the inner conductor. The voltage and current are Fourier transformed,
and the ratio of voltage to current at a particular frequency determines the characteristic impedance. For
the coaxial line shown in Fig. 4, the real part of the characteristic impedance is 56.8 ohms to within 0.03
percent from 4 to 12 GHz, and the magnitude of the imaginary part never exceeds 0.3 ohms. This flat and
essentially real characteristic impedance, together with the observed 1/p variation of electric field, indicates
an excellent coaxial line model.

The antenna-reflected voltage is determined by subtracting the coaxial line voltage without the antenna
from the line voltage with the antenna at the reference plane. With the characteristic impedance of the coaxial
line and the reflected voltage, it is a simple matter to determine both the input impedance and the VSWR of
the antenna.
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4. RESULTS

Lamensdorf and Susman [2] have defined performance measures for short-pulse antennas. Two of these
quantities are fidelity and energy. Fidelity measures the ability of the antenna to reproduce a scaled replica
of the excitation (or some function of the excitation) on receive or transmit. For a voltage v(f) and the i
component of field E;(z), the fidelity F is

F = max/mL[f/(t)]E,-(t+T)dt (3)
oy = 20
[ v(n)2at
E,’(l‘) — Ei(t)

I EPar

where 9(¢) and E;(¢) are the voltage and field component normalized to unit energy, 7 is a time variable
representing cross-correlation, ¢ is the independent time variable, max, means the maximum value of the
integral for all values of 7, and L is an operator. In this work, L is the derivative with respect to time on
transmit, whereas on receive L is a multiplication by one. If L[?(¢)] and the field component are scaled
replicas of one another, the fidelity is one. Any value over 0.95 is considered to have good fidelity, whereas
values over 0.98 are considered excellent. On transmit, the energy radiated U(8, ¢) is given by

1 (oo}
v = 5 / IEJ? (6, 6. 1)d1, 4

where E is the far-zone electric field, and Zj is the ambient medium impedance.

The input signal is shown in Fig. 5(a). The signal is a modulated gaussian sine wave, which is given by
Vi(1) = Aexp(=[(r = 37) /7]?) sin(we [1 - 37]), ®)

where A is the maximum amplitude, ¢ is the time, 7 = 1/[7(f, — fc)], f¢ is the center frequency of the pulse
(8 GHz), fj, is the e~! decay frequency point of the pulse (12 GHz), and w. = 27 f... The lower-frequency
e~ ! voltage falloff point is 4 GHz, and the 3 dB fractional bandwidth of the signal is 60 percent. This signal
is the incident electric field pulse in receive problems and the input voltage pulse in radiation problems.
The base pulse-width of the signal is approximately 318 picoseconds and the signal bandwidth normalized
to peak amplitude is shown in Fig. 5(c). The input signal is the reference signal for calculating fidelity for
antenna reception. The current signal is a scaled replica of the voltage signal. The derivative of voltage
signal shape, shown in Fig. 5(b), is the reference for calculating the fidelity of far-zone fields radiated by the
antenna. Time-domain differentiation corresponds to a frequency-domain multiplication of the input voltage
frequency components by jw. Thus, an antenna that produces a temporal derivative radiates a scaled product
of the input voltage frequency component and frequency. For flared-horns, this translates to a lower radiation
efficiency as the frequency decreases because of a decreasing aperture size in terms of wavelengths.
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Fig. 5—(a) The incident coax voltage, (b) the temporal derivative of the coax voltage, and
(c) the coax voltage spectrum

4.0.1 Transverse vs. Inline-Balun Coaxial Feeds

The initial investigations involved the manner of feeding the UWB flared-horns. The transverse coaxial
feed and the inline balun feeds are shown in Fig. 2 with an elliptically tapered flared-horn attached. The
elliptical taper is chosen because of the absence of sharp aperture terminations, which would complicate the
comparison between the feeds because of increased reflections. The aperture size is nearly 4.1 cm, which is
slightly more than one-half wavelength at the lowest UWB frequency, and the flare length is 3.4 cm. The
width of the parallel plates for the transverse-fed antenna is set at 1.79 cm, and the parallel plate width of
the balun-fed antenna is 0.623 cm. The parallel plate width of the inline-balun antenna is slightly larger than
the inner coax diameter, but the transverse-fed antenna must have a plate width at least as wide as the outer
coax diameter. The parallel plate separation for the inline balun-fed antenna is 0.3738 cm, and the separation
is 0.7 cm for the transverse-fed antenna, which from Eq. (1) is sufficient to cutoff higher-order modes for
both antennas. It was found that setting the parallel-plate separation of the transverse-fed antenna to 0.3738
cm to match the characteristic impedance of the coaxial line led to highly degraded VSWR and fidelity
values, so the better-performing larger plate separation is selected for comparison. The plate thickness for
both antennas is set at 0.25 cm. The parallel-plate length of the transverse-fed antenna is 5 cm, whereas
the parallel-plate length of the balun-fed antenna is 1 cm. The backplane of the high impedance section on
the transverse-fed antenna is one-quarter wavelength from the coaxial line at the center frequency, and the
plate separation in this region is approximately 4 cm. The inline-balun is designed to transition from a coax
impedance of 56.8 ohms to a parallel-plate impedance of 109 ohms, with a maximum reflection coefficient
of 0.01 over the frequency band, which causes a balun length of approximately 5 cm. The parallel-plate
separation of the flared-horn is the same as the difference of the outer and inner radii of the coaxial cable, but
the separation could be made greater if the ratio of width of parallel plates to their separation is maintained
after the balun section.
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Figure 6(a) shows a comparison of the reflected voltage at a reference plane in the coax for the balun-fed
and the transverse-fed antennas. The transverse-fed antenna has a significant reflected voltage compared
with the incident voltage shown in Fig. 5(a). By contrast, the balun-fed antenna has a relatively small
reflected voltage. Correspondingly, Fig. 6(b) shows a vastly inferior VSWR for the transverse-fed antenna
compared with the balun-fed antenna. The lowest VSWR of the transverse-fed antenna is 1.5 at a frequency
of 5.25 GHz, and has a peak VSWR of approximately 7.33 at 7.15 GHz. Other transverse-fed designs [28]
demonstrate a similar peak within their designed frequency bandwidth, and a much higher VSWR off the
peak compared to the in-line balun. The VSWR of the balun-fed elliptical flared-horn never exceeds 1.75
over the frequency-band, and above 6 GHz never exceeds 1.25. The VSWR can be expected to be even
lower if the balun is made longer, which, with a Klopfenstein taper, implies a lower reflection coefficient
over the band. The VSWR of the FDTD balun transition from coaxial line to parallel plates also is plotted,
and it is seen that the VSWR remains below 1.22 across the entire band. The FDTD balun is not a precise
implementation of the theoretical balun, owing to the noncircular cross section of the FDTD coax and the
discrete angular cuts created in the outer conductor slot. As a consequence, the calculation understates the
effectiveness of the balun, as evidenced by FDTD convergence tests that show the balun VSWR decreasing
as cell size decreases.

L
©
S

transverse-fed ------
balun-fed — 1

nNn = == N
o O o o o
T T T T

Reflected Voltage (1V)

w
o
T

0 _400 800 1200 1600 2000
Time Step (1 step = 1.2 ps)

6
b) 5|
c 41
=
> 3¢ ftransverse-fed -,
v/ balunfed —
2t % / isolatedbalun ---

1
4 5 6 7 8 9 10 11 12
Frequency (GHz)

Fig. 6—The transverse-fed and balun-fed elliptical flared-horns are compared for (a)
reflected voltage and (b) VSWR

Figure 7 shows the boresight (¢=0, #=90) radiated ¢-component of electric field, or co-pol, for the
transverse-fed elliptical flared-horn and the co-pol radiated by the balun-fed ellipse. Although the shape of
the signals is very similar from the start of each pulse to 350 time steps later, there is a considerable amount
of late-time radiation from the transverse-fed antenna owing to multiple internal reflections. Further, the
magnitude of the pulse peak is larger in the balun-fed antenna compared with the transverse-fed antenna.
Both antennas have cross-pol peaks that are 60 dB down from the co-pol peaks.
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Fig. 7—The radiated ¢-component of electric field, or co-pol, is compared for the balun-fed
and transverse-fed elliptical flared-horns

Figure 8(a) shows the energy, normalized to the boresight far-field energy, of the two designs radiated in
the H-plane (xz plane in Fig. 1). The inline-balun is seen to have a half-energy beamwidth of 52 degrees,
whereas the transverse-fed design has a half-energy beamwidth of 36 degrees. In a array environment, large
transverse radiation energy levels at 8 = 0, ¢ = 0 lead to far-zone pulse stretching [10], and this level is
considerably higher in the transverse-fed design than in the inline-balun design. The H-plane cross-pol is a
significant factor in the inline-balun antenna, with a peak level of 8 dB down from the boresight co-pol at 27
degrees off boresight compared with a peak level for the transverse-fed antenna of 15 dB down at 30 degrees.
Nevertheless, the wider energy pattern and lower transverse radiation of the inline-balun make it a more
attractive alternative. Figure 8(b) shows the asymmetrical energy patterns in the E-plane (xy plane in Fig. 1)
of the geometrically asymmetric transverse and inline feed designs. The half-energy beamwidth of each
design in the E-plane is approximately 70 degrees. The large asymmetry in the energy pattern of inline-balun
horn can be mitigated by increasing the width of the plates in flare region, increasing the thickness of the
plates in the flare region, or increasing the flare length. In both antennas, the peak energy of the cross-pol in
the E-plane is at least 50 dB down compared with the boresight energy.
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Fig. 8—The transverse-fed and balun-fed elliptical flared-horns are compared for (a) the
total and cross-pol energy normalized to boresight energy in the H-plane and for (b) the total
normalized energy in the E-plane

Figure 9(a) shows the fidelity compared to the derivative of the input voltage signal of each design in
the H-plane, and Fig. 9(b) shows the fidelity in the E-plane. The inline-balun design has a superior far-zone
fidelity over all angles for which the radiated energy is significant. As a result of the balun’s superior UWB
performance, all following examples employ the inline balun as a feed. It should be noted that it is possible to
employ tuning stubs in the transverse-fed antenna to mitigate the peak VSWR, but such narrowband solutions
could lead to degradation in performance in other frequency ranges.
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Fig. 9—The fidelity of the transverse-fed and balun-fed elliptical horns are compared for (a)
H-plane fidelity and (b) E-plane fidelity

4.0.2  Effects of Discontinuities at the Aperture

From Fig. 3, it is evident that the linear, exponential, and Klopfenstein elements have sharp aperture
terminations that are absent in the elliptical, cornu and sici elements. The radiation characteristics and
VSWR of linear, exponential, and Klopfenstein flared-horn tapers are compared with the performance of the
cornu taper. The aperture size of each element is 4.1 cm, which is slightly greater than one-half wavelength
at the lowest UWB frequency of 4 GHz, and the flare length is approximately 3.4 cm. The plate width is
0.623 cm and the plate thickness is 0.25 cm.

Figure 10 shows the VSWR of the three sharp-aperture-termination elements and the cornu element.
The cornu flared-horn has a significantly lower VSWR compared with any of the sharp-aperture-termination
elements. The linear element has the most inferior VSWR, with a value of 3.25 at 4 GHz and a local peak
value of 2.75 at 7.5 GHz. The exponential and Klopfenstein tapers have similar behavior, with a VSWR
exceeding 2 below 5 GHz and a VSWR oscillating between 1.1 and 2.3 over the rest of the frequency band.
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Fig. 10—Various balun-fed flare tapers are compared for VSWR

Figure 11 shows the boresight-radiated fields of the linear and cornu balun-fed flared-horns, and it is
seen that the field variations closely resemble the derivative of the input voltage signal, which is shown in
Fig. 5(b). The linear taper has far-field late-time radiation owing to reflection and re-radiation from sharp
geometrical changes at the start of the flare and the aperture. The received voltage from the linear and
cornu tapers also are shown in Fig. 11. The received voltage closely resembles a replica of the incident field
variation, which is shown in Fig. 5(a). The received voltages are identical to the received voltages predicted
by the time-domain reciprocity theorem.
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Fig. 11—The co-pol fields radiated and voltages received are plotted for the balun-fed
linear and elliptical tapers

The E-plane far-field angular energy indicates a 70 degree half-energy beamwidth for the cornu taper, a
54 degree beamwidth for the exponential and Klopfenstein tapers, and a 45 degree beamwidth for the linear
taper. The tapered-back cornu element provides a wider angular distribution of energy as traveling waves
radiate from the gradually curved surface, whereas the sharp aperture truncation causes a more restricted
energy pattern. In the H-plane, the half-energy beamwidth of the cornu and Klopfenstein elements is
approximately 56 degrees, and the beamwidth of the exponential and linear elements is approximately 66
degrees.
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A comparison of the radiated-field fidelity compared to the signal derivative for the four elements is
shown in Fig. 12 for the E-plane. The fidelity of the sharp-termination tapers slightly exceeds that of the
cornu taper (0.995) on boresight, with the Klopfenstein taper having the highest fidelity at 0.998. At angles
exceeding 35 degrees off boresight, the cornu taper maintains a high signal fidelity (> 0.94,) owing to the
absence of the sharp aperture terminations, while the other three elements drop below a fidelity of 0.9. On
receive, the fidelity of the voltages compared to the boresight incident field is 0.987 for the cornu taper and
0.992 for the linear taper, so both elements give an excellent reproduction of the incident field.
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Fig. 12—The fidelities in the E-plane for various balun-fed tapers are compared

4.0.3 Effects of Flare Curvature

The acceleration of electrons owing to a curved surface causes a far-zone radiation component. It is
thus natural to investigate the radiation and VSWR characteristics of elements with varied curvatures. A
requirement for these tapers is the avoidance of the sharp aperture terminations, which elevate the VSWR
through reflection. Figure 3 shows the three elements employed. All of the elements have an aperture size
of approximately 4.1 cm. The elliptical element was degenerated into a circle to study a taper of constant
curvature, whereas the cornu and sici spiral elements were employed to investigate linear and exponentially
increasing curvatures, respectively, as a function of arc length. The far-field waveforms and E-plane and H-
plane fidelities and energies are not significantly different from the same quantities plotted for the elliptically
tapered flared-horn in Figs. 6-9 to warrant presentation here. However, the constant curvature (elliptical)
and linearly increasing curvature (cornu) have slightly better fidelities than the exponentially increasing
curvature (sici), and the energy patterns become slightly more directive as the taper curvatures change more
rapidly with arc length. The most noticeable difference between the elements is seen in the VSWR plot in
Fig. 13. The linearly increasing curvature (cornu), with a VSWR that exceeds 1.2 only at the extremities of
the bandwidth, has a distinct performance advantage over the constant curvature (elliptical) or exponentially
increasing (sici) curvatures, although the VSWR values for the these two elements is also very good. When
compared with other UWB designs [29], the VSWR of the tapered-back, balun-fed flared-horn antenna is
lower over most of the frequency band in spite of being an electrically smaller structure without loading.
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Fig. 13—The VSWR is plotted for various balun-fed taper curvatures

4.0.4 Flare Length and Aperture Size Effects

Since flare length and aperture size are determining factors in the traveling-wave character of the waves,
it is interesting to study UWB performance as a function of these geometrical variables for constant width
elliptical tapers. In Fig. 14(a), it is seen that with the aperture size held constant, the VSWR improves
substantially as the taper length is increased from one-quarter wavelength at the lowest UWB frequency to
lengths exceeding one-half wavelength, although the rate of performance improvement is decreasing in this
region. In Fig. 14(b), the asymmetry of the inline-balun energy pattern in the E-plane diminishes as the
flare length increases. Figure 15(a) shows that as the aperture size grows from one-quarter wavelength at
the lowest UWB frequency to one wavelength, the VSWR is reduced, although with a decreasing rate of
performance improvement in this region. Figure 15(b) shows that the asymmetries in the flared-horn E-plane
energy pattern diminish as the aperture size increases from 2.5 cm to 4.5 cm, but then increase as the aperture
size grows to 8.5 cm.
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4.0.5 Flare Plate Width and Thickness Effects

Thus far, all of the flared-horn geometries have had plate widths and thicknesses that are constant in the
flare region. If the plate width increases in the flare region, then the antenna is similar to a TEM horn, and
if the plate thickness increases and the constant plate width is relatively narrow, then the antenna is similar
to a coplanar-strips antenna. Figure 16 shows an elliptically tapered TEM horn and coplanar-strips radiator
together with a linearly tapered TEM horn.
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Fig. 16—(a) The elliptical TEM horn, (b) the linear TEM horn, and (c) the elliptical coplanar-strips
antenna are depicted

The TEM horn considered maintains the characteristic impedance from the parallel-plate section to the
aperture by keeping the ratio of plate width to separation nearly constant, and the coplanar-strips characteristic
impedance in the flare region is nearly constant by keeping the ratio of the plate thickness to separation nearly
constant. The E-plane taper dimensions are the same as the constant width elements in Section 4.0.2. As
shown in Fig. 17(a), the E-plane energy asymmetry of the narrow constant width elements evident in Fig. 7
largely has been mitigated by the gradual widening or thickening of the plates in the flare region.

The linearly tapered TEM horn has a narrower pattern compared with the elliptically tapered elements,
and the elliptical TEM horn radiates peak energy in the boresight direction. The VSWR values of the three
antennas are shown in Fig. 17(b), with the linear TEM horn remaining below 1.9 across the bandwidth, the
elliptical coplanar-strips staying below 1.5, and the elliptical TEM horn below 1.3, which is nearly the VSWR
of the balun alone. The TEM horns are seen to provide a much wider angular H-plane fidelity compared
with the source derivative than the strip or constant-width elements, although the narrower elements have an
angular sector of 110 degrees for which the fidelity exceeds 0.9.
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4.0.6 Array VSWR

Finally, the broadside infinite-array VSWR characteristics are found for a balun-fed constant width
cornu element with less than half-wavelength spacing at the highest frequency in the E-plane and H-plane
directions. Previously, most of the elements considered have had half-wavelength apertures at the lowest
UWSB frequency, which enhances the low-frequency VSWR and radiation characteristics. The E-plane cornu
element extent (including the spiral section) is approximately 3.8 cm, which is less than one-half wavelength
at the highest frequency of 3.5 GHz. The E-plane spacing was 4.25 cm, and the H-plane spacing was 3.7
cm. Figure 18 shows the VSWR for broadside-array radiation as a function of frequency, and it is seen that
from 2.8 to 3.7 GHz, the VSWR remains below 2.
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Fig. 18—The VSWR of a balun-fed cornu element array with half-wavelength spacing at
3.5 GHz is plotted for various scan angles

In addition, the VSWR of the array for particular H-plane scan angles and frequencies are plotted. As
indicated in the figure, decreasing frequency in the waveguide simulator corresponds to an increasing scan
angle. For all angles and frequencies indicated, the VSWR remains well below 2, and only exceeds 2 for
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scan angles in excess of 70 degrees and corresponding frequencies below 2.8 GHz. The bandwidth of the
array for large scan angles is estimated at 25 percent, which is just into the UWB regime.

5. SUMMARY

In this work, UWB flared-horn antennas have been evaluated and their pulse performance improved from
FDTD simulations. The pulse width was slightly larger than the maximum dimension of any of the flared-horn
antennas considered. The transverse feed and the inline-balun feed have been compared as UWB methods
for transitioning from coaxial transmission lines to parallel plates, and it was found that antennas with the
inline-balun feed have a superior VSWR and far-field pulse fidelity, although the far-field energy pattern of
the balun-fed antenna was more asymmetric in the E-plane than the transverse-fed antenna. The radiation
characteristics of taper flares such as the linear and exponential tapers were compared with taper functions
that naturally taper back behind the aperture plane, such as the cornu tapered flared-horn. It was found that
the sharp aperture discontinuities present in standard linear and exponential taper functions limit their UWB
VSWR performance, although the balun feed permits high-fidelity boresight radiation by these elements.
By contrast, the tapered-back functions provided excellent UWB radiation performance by the avoidance of
the sharp aperture discontinuities. The curvature of the tapered-back function did not appear critical to the
antenna’s far-field fidelity or energy patterns, but the linearly increasing curvature, or cornu element, had an
advantage in lower VSWR across the bandwidth. The effects of flare taper lengths were investigated, and it
was discovered that the VSWR improved substantially as the taper length was increased from one-quarter
wavelength at the lowest UWB frequency to lengths exceeding one-half wavelength, although decreasing
rates of performance gains were apparent in this region. Further, the asymmetry of the inline-balun energy
pattern in the E-plane diminished substantially as the flare length increased. As the aperture size grew from
one-quarter wavelength at the lowest UWB frequency to one wavelength, it was seen that the E-plane energy
pattern asymmetry and VSWR were reduced, although with decreasing rates of performance improvement.
Widening or thickening the plates in the flare region had the effect of decreasing the E-plane energy pattern
asymmetry. The array behavior of one of the tapered-back elements fed with the inline balun was studied,
and the VSWR was shown to remain low for broad angular scanning even with half-wavelength spacing at
the highest UWB frequency. It should be noted that additional experiments showed that as the pulse time
width became less than the time for electromagnetic energy to traverse the flare arc length, the boresight
radiated signal became closer in shape to the replica of the incident voltage and bore less resemblance to the
shape of the derivative of the incident voltage. It should also be mentioned that the tapered-back, balun-fed,
flared-horn antennas exhibited UWB behavior well above the 12 GHz upper design frequency and slightly
below the 4 GHz lower frequency. The upper frequency limit would be determined by the electrical size of
both the parallel-plate separation and the antenna discontinuities, while the lower frequency limit could be
lowered by lengthening the balun.
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