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Abstract—A novel ultra-wideband (UWB) dielectric rod antenna
fed by a planar structure is presented. The planar structure con-
sists of a circular slot antenna supplied by a dipole. This planar
antenna excites the HE;; mode of an attached circular dielec-
tric rod. Due to this combination, a broadband and low-dispersive
overall antenna performance is achieved. Furthermore, an addi-
tional reflector at the backside of the antenna increases the direc-
tivity. With this configuration, a return loss better than 10 dB from
3.5 to 11.8 GHz is achieved with a nearly constant gain and a mean
gain of 8.7 dBi. Beside the standard characterization, the system
performance of the antenna is evaluated by means of the fidelity
factor calculated from time-domain measurements and applying a
UWRB impulse generator.

Index Terms—Antennas, dielectric antennas, directive antennas,
ultra-wideband (UWB) antennas.

1. INTRODUCTION

HE ultra-wideband (UWB) technology offers a vast

bandwidth of 7.5 GHz at a center frequency of 6.85 GHz
according to the Federal Communications Commission (FCC)
regulations [1]. The resulting high range resolution of 3 cm
brought up various novel sensing applications in different
areas. Ground penetrating radars mainly investigated in the past
for land-mine detection in the military sector [2], [3] became
interesting for civilian applications like detection of trapped
people [4] or nondestructive evaluation of concrete, pavements,
and walls [5], [6]. Other industrial utilization of UWB can be
found in tank level gauging in order to separate different liquid
layers [7] and for material identification, e.g., to distinguish
human tissue from wood on table saws for safety purposes
[8]. Some products are already commercially available, e.g.,
a wall scanner for the analysis of building material.! In the
medical environment, further emerging UWB applications are
considered reaching from breast cancer detection [9], [10] and
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vital signs monitoring [11], [12] to tracking of inner organs for
improved magnetic resonance tomography [13].

Directive UWB antennas are required for most of these ap-
plications. Beside the mandatory electrical characteristics like
broadband matching, constant radiation pattern, uni-direction-
ality, and a low dispersion, aspects like light weight, cost ef-
fectiveness, compactness, and ease of fabrication are important,
in particular if an industrial product is targeted. Hence, planar
antennas are often preferred. Tapered slot antennas (TSAs), es-
pecially the exponentially tapered Vivaldi antenna [14], show
a broadband behavior and are used in many applications [12],
[15], [16]. Frequently, they are applied in combination with an-
tenna arrays due to their low lateral dimensions [17], [18]. How-
ever, this antenna type has an undesired broad radiation pattern
in the H-plane, a low front-to-back ratio, and is mechanically
instable. In contrast to this, stacked-patch antennas [19], [20]
are robust, flat, and compact, but they achieve only a relative
bandwidth of about 70% and cannot cope with the demanded
value of 110%. Another idea is to place a reflector behind or be-
side an omnidirectional planar UWB antenna like a fat dipole or
monopole. Thus, the gain of the antenna can be increased. The
shortcoming is a decrease of the return loss at lower frequen-
cies [21], a strong variation of the radiation pattern, and a bulky
structure [22].

A more promising approach is to exploit dielectric rod an-
tennas. In [23], a dielectric rod is placed around a Vivaldi an-
tenna to get a similar beamwidth in both planes. This method
circumvents the aforementioned drawbacks of the TSA; how-
ever, it is mechanically difficult to integrate the rod around the
planar antenna while keeping a good return loss. An even more
complicated structure is presented in [24]. In that paper, a half
biconical dipole is combined with a dielectric rod antenna and
a reflector. This combination leads to an outstanding electrical
performance, but at the cost of a very sophisticated, and hence,
expensive antenna manufacturing.

In this paper, a similar concept is proposed. Instead of a 3-D
structure, a simple planar circular slot antenna is applied to feed
a dielectric rod antenna. As will be shown, the antenna exhibits
very good electrical properties in the frequency and time domain
due to its traveling-wave characteristic, while keeping a simple
fabrication and assembly. Since the antenna is fed by a planar
structure, active components can be directly integrated on the
feeding substrate giving the potential for a very compact overall
system. Furthermore, the dielectric rod protects and insulates
the sensor electronics. Such an arrangement could be beneficial
for tank level gauging with chemically aggressive or conductive
liquids.

In this paper, the design of the proposed antenna will be de-
scribed in detail and the characteristics of the antenna will be
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Reflector

Fig. 1. Sketch of the proposed UWB antenna fed by a slot antenna. The rod
and substrate are drawn semitransparent to show the planar feeding.

shown. A special focus will be on the antenna characterization
in the time domain. Finally, the properties of the antenna will be
compared to recent developments of alternative UWB antennas.

II. BASIC ANTENNA DESIGN

The basic antenna concept is the combination of a planar
UWB antenna with a circular dielectric rod, where the planar
antenna acts as feed for the rod antenna. For a unidirectional
radiation pattern, a reflector is added at a certain distance be-
hind the feeding element. In Fig. 1, the final structure including
all three main components (planar UWB antenna, dielectric rod,
metallic reflector) is sketched. The 3-D simulation software Mi-
crowave Studio [25] has been used for the complete antenna de-
sign.

For the planar UWB antenna, a differentially fed circular slot
antenna is chosen [26], where a coplanar stripline feeds two
open-circuited stubs (cf. Fig. 2). These stubs act as a broadband
dipole and provide, together with the slot in the ground plane,
a uniform radiation pattern over frequency. Hence, the dielec-
tric rod is excited very uniformly. The differential feeding of
the basic antenna avoids parasitic radiation by the feeding line
or by cable currents [27]. In addition, the benefits of differential
monolithic microwave integrated circuits (MMICs) can be ex-
ploited for a complete system, e.g., improved power supply re-
jection and less susceptibility to interferences. The dimensions
of the planar antenna without the rod are designed to obtain a
return loss better than 10 dB starting from 3 GHz. The simulated
gain of the basic planar antenna is shown in Fig. 3. Within the
FCC frequency range from 3.1 to 10.6 GHz the gain variation
is £1.7 dB with a mean gain of 5.2 dBi.

Due to the field distribution within the slot antenna, the fun-
damental mode HE;; of the circular dielectric waveguide is
predominantly excited. This hybrid mode possesses no cutoff
frequency, and hence, provides an inherently broadband per-
formance. The diameter of the dielectric waveguide is slightly
larger than the feeding slot and is a compromise between single-
mode operation and good field excitation by the planar feed.
A linear taper at the open end of the dielectric radiator acts as
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Fig. 2. Sketch of the planar feeding structure including: balun (fop) and cross
section (bottom) of the rod together with all design parameters.
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Fig. 3. Simulated gain in main beam direction for different antenna evolution
stages assuming lossless materials.

smooth transition to free space and gives a good return-loss be-
havior. As can be seen in Fig. 3, the gain increases significantly
adding the dielectric rod to the basic planar antenna.

Due to the permittivity of the rod with ¢, = 2.8, the electro-
magnetic fields are mainly concentrated in the dielectric mate-
rial, in particular at higher frequencies. Therefore, the primarily
bidirectional planar antenna now basically radiates in direction
of the rod (positive z-direction). In order to further increase the
gain and the front-to-back ratio, especially at lower frequen-
cies, a reflector is placed behind the planar antenna. The chosen
reflector distance of 14 mm corresponds to A/4 at 5.35 GHz
and leads to a constructive superposition improving the gain
by about 2 dB from 3.1 to 8 GHz. If only the planar antenna
together with a reflector are considered, the increased gain at
lower frequencies and a decrease at higher frequencies up to
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TABLE 1
DIMENSIONS OF THE ANTENNA

e! dAPEX dy drop ds
110° 2 mm 5.5mm 43 mm 4.8 mm
dsLor haPEX hREFL hrop hsus

33.9mm 20 mm 14 mm 30 mm 0.8 mm

I l2 I TSTUB SCPS
99 mm 33 mm 14 mm 149mm  0.3mm

w WCPS, | WCPS, 2 WMSL, 1 WMSL, 2

44.8 mm 1 mm 048mm 1.86mm 0.4 mm

11 GHz due to destructive superposition can be observed (see
Fig. 3). This illustrates that the basic planar antenna combined
with solely a reflector does not provide a UWB solution.

III. FINAL REALIZATION

All details of the final planar feeding structure including
balun for single-ended characterization of the differential
antenna and a cross section of the complete dielectric rod
antenna are depicted in Fig. 2. The corresponding final di-
mensions of the design parameters are summarized in Table I.
The differentially fed slot and the balun are realized on the
microwave substrate RO4003 with a height of 0.8 mm and a
permittivity of €, = 3.38. The passive balun for measurement
purposes consists of two UWB transitions. Firstly, a transition
from a coplanar stripline to a slotline applying an exponential
taper and, secondly, a slotline-to-microstrip transition. For the
second part, a circular-shaped open-circuited stub in microstrip
technique and a circular-shaped short-circuited stub in slotline
technique are utilized for a broadband operation [28]. An
additional tapering of the microstrip line is required to achieve
a characteristic impedance of 50 €. The impedance of the
differential coplanar striplines is 100 2 being compatible with
available integrated circuits. Since the impedance at the antenna
feeding point in the center of the slot is slightly higher, a taper
is also used for the coplanar stripline.

The dielectric rod is made of polyvinylchlorid (PVC) with a
measured permittivity of €, = 2.8 and a loss tangent of tan 6 =
0.007. Albeit dielectric materials with a better loss performance
are available, the relative dielectric constant of PVC matches
well with the substrate material. Furthermore, it is cheap and
easily producible. An alternative material for sensors close to
strong acids would be polytetrafluoroethylene (PTFE) due to its
nonreactive property, but the permittivity of PTFE withe,. = 2.0
is much lower than that of the substrate.

A photograph of the fabricated antenna is presented in Fig. 4.
As can be seen, screws made of polyamide connect the reflector,
substrate, and rod with a 3-mm-thick flange. The exact position
of the reflector is guaranteed by four polyamide spacers. They
stabilize the antenna mechanically and their electrical influence
can be neglected as an additional simulation showed. Due to the
parasitic radiation by the stubs of the balun, the balun is placed
within an aluminum enclosure for shielding purposes. This en-
closure is also used as mount for the reflector. Beside the dis-
played version with a metallic reflector, an antenna without re-
flector has also been realized. Hence, a PVC plate is used instead

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 59, NO. 4, APRIL 2011

lsyy|/dB

30 p—e—

— -Simulation (Antenna) Y TR
35 }|— -Simulation (Ant.+Balun)|. .. . ... .00
—— Measurement .
o .
-40
1 2 3 4 5 6 7 8 9 10 11 12 13
Frequency / GHz

Fig. 5. Simulated and measured reflection coefficient of the rod antenna.

of the reflector. Most of the incident energy penetrates this plate
and only about 4% are reflected. Thus, the marginal effects of
the metallic reflector on the overall antenna performance can be
demonstrated, as will be shown in Section IV.

IV. ANTENNA CHARACTERISTICS

A. Frequency Domain

A common specification in the frequency domain for UWB
antennas is a return loss better than 10 dB. This is achieved from
3.5 GHz up to 11.8 GHz for the realized antenna with a minimal
violation at 8.1 GHz (see Fig. 5). The observed minor differ-
ences between simulation and measurement are caused by the
fact that the simulation was performed without the metallic en-
closure for the balun. As indicated by the simulation of the an-
tenna without balun, an even wider bandwidth can be achieved
by the antenna itself. The balun is the limiting factor, in partic-
ular at higher frequencies. At lower frequencies, the balun has
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Fig. 6. Simulated (fop) and measured (bottom) radiation pattern for the
E-plane (2z-plane) of the UWB rod antenna.

only little effects on the return loss and the reflector mainly leads
to a violation of the marked FCC frequency range.

In Figs. 6 and 7, the radiation patterns are shown for the
FE- and H -plane, respectively. A very good agreement between
simulation (including material loss) and measurement is evi-
dent. The reason for the undesired sidelobes above 6 GHz in the
FE-plane is the taper on the circular dielectric waveguide, which
acts as a discontinuity and excites a lateral radiation by a leaky
wave. A shortened taper, such as proposed in [29], reduces this
effect and decreases the sidelobes, but also decreases the return
loss. Despite these sidelobes, the beamwidth is quite constant
over frequency in both planes. This comes along with a quite
constant gain (cf. Fig. 8). The small ripple on the gain over the
frequency curve is caused by reflections within the rod. The dif-
ference between the simulated and measured gain of about 1 dB
is due to the neglected balun in the simulation. As already indi-
cated by Fig. 3, only a marginal gain decrease is measured for
the antenna version without a metallic reflector. For the mean
gain, calculated in the frequency range from 3 to 11 GHz with
(30]

f2

[etro.0)as

1
Gmean(67¢) = f2 — fl
fi

D

only a reduction of 0.7 dB is obtained without the reflector.
From the mean gain (see Fig. 9), it can be seen as well that the
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Fig. 7. Simulated (top) and measured (bottom) radiation pattern for the
H -plane (yz-plane) of the UWB rod antenna.
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Fig. 8. Gain of the realized antenna in main beam direction versus frequency.

3-dB beamwidth is almost identical for both planes, showing a
value of 30° for the H-plane and 31° for the F-plane. Further-
more, the increased sidelobes in the F-plane compared to the
H-plane are observable.

As a final characteristic in the frequency domain, Fig. 10
shows the measured cross-polarization isolation for the main
beam direction and at the edges of the main beam for both
planes. The obtained cross-polarization isolation of better than
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Fig. 9. Mean gain derived from measurements as a function of angle for both
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Fig. 10. Measured isolation of the cross polarization for different angles.

15 dB within the main beam indicates a good polarization purity
for the realized antenna.

B. Time Domain

Impulse-radio UWB systems offer a very simple architecture
with low power consumption and low cost in contrast to multi-
frequency approaches like multiband orthogonal frequency-di-
vision multiplexing (OFDM). Therefore, they are very attrac-
tive and currently mainly targeted for the applications described
in Section I. For these impulse-based systems, an evaluation of
the antenna by the gain information is not sufficient, a small
group-delay variation is essential as well. Instead of observing
the group delay, the impulse response A(t) is generally consid-
ered for all observation angles. The impulse response can be
calculated from the complex radiation pattern according to [30]
applying the Fourier transform.

Fig. 11 presents the envelope of the calculated impulse re-
sponses for both planes normalized to the maximum value of
hmax = 0.55 m/ns in the logarithmic scale. Similar to the
gain in the frequency domain, the impulse response is focused
around +15°, and more importantly, a small impulse width is
achieved proving the low-dispersive behavior of the antenna.
The figure-of-merit to describe the dispersion performance is
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Fig. 11. Normalized envelope of the impulse response obtained by Fourier
transform for the: E-plane (top) and H -plane (bottom) of the measured results.

the full width at half maximum (FWHM) of the impulse re-
sponse depicted in Fig. 12 for the £- and H -plane. In the main
beam direction, the FWHM is 160 ps. Another characteristic
in the time domain is the ringing of the impulse response indi-
cating resonant behavior. The ringing is defined by the time until
the absolute value of the impulse response amplitude has fallen
below a certain percentage of the impulse response maximum.
For the realized antenna, a low ringing of 510 ps is obtained in
the main beam direction if a common value of 10% is chosen
(cf. Fig. 13).

The description of the antenna characteristics by generic
time-domain properties is well suited to compare different
antennas, but provides less information on the real system
performance. Hence, a direct characterization of the antenna
in the time domain has been performed. The results obtained
by Fourier transform can then be additionally compared with
time-domain measurements. To this end, a UWB impulse
generator is connected to the proposed UWB antenna and a
free-space transmission measurement is carried out. For the
impulse generator, an available monolithically integrated circuit
with a fifth-order derivative Gaussian impulse as the output
signal has been used [31]. This MMIC is intended to be applied
to further sensor realizations. The measured output signal with
a peak amplitude of 330 mV is plotted in Fig. 14. The spectrum
of this output impulse is conformal with the FCC spectral mask.
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Fig. 13. Ringing performance for the UWB rod antenna for both planes.
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Fig. 14. Output signal of the impulse generator for the time-domain character-
ization with a fifth-order derivative Gaussian impulse shape.

In Fig. 15, the complete measurement setup is sketched. After
free-space transmission in an anechoic chamber, the transmitted
impulse is captured with a real-time oscilloscope having a suit-
able bandwidth of 12 GHz. A low-dispersive ridge waveguide
horn antenna is employed at the receive side. The trigger signal
of the impulse generator is synchronized with the oscilloscope
to get the same time base. In this manner, the receive signals are
measured for all observation angles of the antenna under test and
are presented in Fig. 16 for both planes. A good agreement of
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Fig. 15. Measurement setup for the time-domain antenna characterization with
receive antenna (RCA), antenna under test (AUT), and impulse generator (IG).
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Fig. 16. Measured time domain receive signal for the: E-plane (top) and
H -plane (bottom).

these measurements with the impulse responses obtained by the
frequency-domain measurements (cf. Fig. 11) can be deduced.
Thus, the focus around £15° and the broad peak for all angles
in the /-plane with an additional delay of approximately 150 ps
can be clearly seen. This broad peak is supposed to be caused by
the leaky wave leading to the sidelobes in the frequency domain.

For sensing systems, mostly the correlation concept is
used at the receiver [7], [12] since the signal-to-noise ratio is
maximized if the receive signal is identical to the reference
signal. The receiver then acts like an ideal matched filter. An
appropriate measure for system characterization in case of a
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TABLE II
COMPARISON OF DIFFERENT UWB ROD ANTENNAS

TSA Rod [24] | Dipole Rod [25] This work

Dimensions /cm 6.8 X 9.3 x9.8 20 x20x 8.5 44 x46x7

[s11]< —5dB 2.5-8.5GHz 2.7-20GHz 2.7-12.5GHz

[s11]< —10dB — 3-16GHz 3.5-11.8GHz
Gmean / dBi 9.0 8.9 8.7
hmax / % 0.69 0.69 0.55
FWHM/ps 170 230 160
Ringing/ ps 445 540 510

correlation receiver is the fidelity F' defined as [32]

}o SREF(t) - SRx(t =+ T) dt
J lsrer()? dt [ |srx()[* dt

— 00

F = max
T

A fidelity of F' = 1 indicates no signal disturbance and a max-
imum system performance for the correlation receiver. Fig. 17
presents the fidelity obtained from the measurement results in
Fig. 16 if the reference signal sgrgr is identical to the transmit
impulse, which is typically true for correlation receivers.
Within the main beam of the antenna, a fidelity of at least
F = 0.85 is achieved proving a very good system performance
of the presented UWB rod antenna in combination with the ap-
plied impulse generator. In contrast to the frequency-domain
results, the insignificant dispersive influences of the receive an-
tenna are still included in this result. In the £'-plane, an increased
fidelity around +50° due to the leaky wave can be identified.

V. CONCLUSION

The highly directional UWB rod antenna presented in this
paper exhibits a UWB performance and a low dispersive be-
havior, as shown by the time-domain measurements. The return
loss of the antenna is better than 10 dB from 3.5 to 11.8 GHz,
where the balun is the limiting factor for the upper frequency.
An even wider bandwidth can be expected without a balun, and
hence, a similar bandwidth is feasible such as for the rod antenna

in [24]. Within the FCC frequency range, a flat gain is achieved
with a mean gain of 8.7 dBi. The comparison of this antenna
with recently reported UWB antennas also based on a dielectric
rod is given in Table II and shows a high directionality in re-
lation to the antenna size for this work. Furthermore, the good
time-domain behavior is expressed by this comparison since a
reasonable ringing is obtained and the impulse width of 160 ps
outperforms the previously published antennas. The suitability
for impulse-based UWB systems is demonstrated additionally
by the separately performed time-domain characterization ap-
plying an FCC compliant impulse.

Besides the good electrical properties, this planar fed rod an-
tenna offers a very simple assembly, low fabrication cost, and a
high integration level in combination with active circuits with
a very compact size. This makes the antenna very attractive
for various modern UWB sensing applications. Additionally,
the basic antenna concept features the flexibility to change the
dielectric rod material, the base substrate, or even the planar
feeding structure. Thus, the antenna can be adopted easily to
a specific environment. For instance, an unbalanced UWB slot
antenna [33] instead of the differential structure could be used
if single-ended active circuits are preferred in the sensor design.
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