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Abstract—A compact, ultra-wideband (UWB) antenna oc-
cupying a cylindrical volume and providing omni-directional
monopole-like radiation is introduced. The antenna consists of
two closely-placed three-dimensional (3D) loops, two parasitic
small loops, and a circular top hat. Two strip-shaped probes, each
coupling with one loop, are used to feed the antenna in common
mode. UWB operation is achieved by taking advantage of the
magnetic coupling of the parallel-fed 3D loops. Small electrical
dimensions of the antenna are due to the special capacitive
proximity feeding scheme and the presence of the top hat. A
prototype with 4.1:1 bandwidth is designed, fabricated, and
characterized. The antenna demonstrates a VSWR better than
2:1 and monopole-like omni-directional radiation characteristics
across this entire band. It occupies a cylindrical volume with a
diameter of 0.14)\,,,;,, and a height of 0.09\,,.;,,, where \.,;, is the
free-space wavelength at the lowest frequency of operation. The
antenna has a k,,;na = 0.73, where k,,;, is the wavenumber
at its lowest frequency of operation. The fabricated prototype
is demonstrated to have a lowest frequency of operation that is
only 10% above the theoretical limits on UWB antennas. Further
miniaturization of the antenna using a spherical top hat is also
examined and demonstrated to be capable of reducing k..i.a
values down to 0.60.

Index Terms—Broadband antennas, electrically small anten-
nas, ultrawideband antennas, omnidirectional antennas.

I. INTRODUCTION

LTRAWIDEBAND (UWB) technology has many appli-
U cations in wireless communications and sensing systems
ranging from ground penetrating radars and high data rate
short-range wireless networks to civilian and military com-
munications systems [1]. UWB antennas are critical parts of
any UWB wireless systems. The design of a UWB antenna
becomes very challenging for systems operating at the lower
RF/microwave frequencies. This is due to the fact that the
wavelength is very large at these frequencies and generally
having physically large antennas is not desirable due to space
limitations. This problem is particularly severe in military
communications systems that operate at HF, VHF, and UHF
bands because in such applications, having antennas with low
visual signatures is of paramount importance. Such antennas
are generally required to radiate vertically-polarized waves
with omni-directional radiation patterns similar to a monopole
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antenna. The current antennas of choice for these applications
tend to be monopole whip antennas used in conjunction with
automatic impedance tuners [2]. These antennas, however,
suffer from two major drawbacks. The first drawback is the
relatively large heights of a conventional monopole whip
antenna. When mounted on a vehicle, such an antenna signifi-
cantly protrudes from the top surface of the vehicle drastically
increasing the visual signature of the vehicle. The second
issue with monopole whip antennas is their narrow bandwidths
which limits the types of waveforms that they can receive
or transmit. Therefore, development of compact, low-profile,
and ultra-wideband antennas is of particular interest in many
communications systems that operate at HF, VHF, and UHF
frequencies.

In the past several decades, considerable efforts have been
devoted to conducting research on investigating the funda-
mental limitations of electrically-small antennas as well as
designing antennas providing performance levels close to
these fundamental limitations. Since Wheeler [3] and Chu [4]
derived the well-known theoretical limits on the performances
of electrically-small antennas, a number of designs have been
reported that approach these fundamental limits. A rather
comprehensive survey of these antennas is provided in [5],
where the performances of the most promising designs in this
area are compared against the theoretical limits derived by
Chu. Several specific examples of innovative designs for small
antennas whose performances are compared in [5] include
linear helix [6], spherical electric [7] and magnetic [8] dipoles,
dual-mode spherical dipoles [9], miniaturized monopoles [10],
[11], metamaterial inspired [12], and dielectric resonator [13]
antennas. Among these antennas, the spherical electric and
magnetic dipole antennas have performance levels that nearly
approach the fundamental limits predicted by Chu. However,
the bandwidth provided by these antennas is still not sufficient
to meet the stringent demands of many UWB systems.

To increase the bandwidth of monopole-type radiators, a
number of different techniques have been examined. A variety
of printed monopole antennas that provide UWB operation in
a planar form factor are examined in the 3.1-10.6 GHz band
[14]-[16]. However, at its lowest frequency of operation, a
printed monopole tends to have relatively large dimensions.
Specifically, most printed monopole antennas have k,,;n,a
values larger than 1, where k,,;, is the wavenumber at the
lowest frequency of operation of the antenna and a is the
radius of the smallest sphere that circumscribes the antenna.
Thus scaling these designs to HF-UHF frequencies results
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Fig. 1. Topology of the proposed antenna. (a) 3-D view. (b) Side view in the

L))’ Port 1 Port 2
Line * *
f M2
_* 50-ohm Line
@ ¥~ SMA Connector

x — z plane. (c) Side view in the y — z plane. (d) View of the bottom side of

the ground plane showing the feed network of the antenna fabricated on an FR4 substrate.

in structures with larger than desirable physical dimensions.
Multi-resonant structures have also been investigated for band-
width enhancement of small antennas. One of the earliest
examples of such structures is the antenna invented by Goubau
[17]. This structure occupied a cylindrical volume with a
diameter of 0.14\,,;, and a height of 0.09)\,,;, resulting
in a kyina 0.73. Subsequently, other versions of this
antenna were reported by Friedman [18] and other antenna
designers [19], [20]. The designs presented in [17]-[20] can
provide wideband response in a compact volume. However, the
bandwidths of these antennas are limited to about one octave.
More recently, several antennas were investigated for their
very wide impedance bandwidths [21]-[29]. Among them,
a low-profile UWB antenna with monopole-like radiation
characteristics was reported in [28]. This antenna consists
of two diamond-shaped loops and a rectangular top hat and
exhibits more than two octaves of bandwidth. Subsequently,
modifications were made to this antenna to further increase
its bandwidth [29]. One of the main attractive features of
the antennas reported in [28], [29] is their extremely small
heights compared to the wavelength. However, this comes at
the expense of increased lateral dimensions. Consequently, for
the lowest frequency of operation that these antennas offer,
they have larger maximum linear dimensions compared to the
Goubau antenna for example (i.e., the k,,;,a values of the
antennas reported in [28], [29] are 1.09 and 1.19 respectively
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whereas that of the Goubau antenna is 0.73).

In this paper, we present a new type of small, ultra-
wideband antenna. At its lowest frequency of operation, this
antenna has a k,,;,a 0.73, which is the same as that
of the Goubau antenna. However, it provides a significantly
wider bandwidth of more than two octaves (4.1:1). The
proposed antenna occupies a cylindrical volume with a radius
of R 0.072\,s, and a height of H 0.09X in-
A prototype of the proposed antenna is designed, fabricated,
and experimentally characterized. The fabricated prototype is
shown to operate over the frequency band of 0.69-2.84 GHz
with monopole-like omni-directional radiation patterns and a
VSWR better than 2:1. The performance of this antenna is also
compared against the Sohl-Gustafsson theoretical limits on the
performances of UWB antennas [30]. It is demonstrated that
the proposed design is a nearly optimum design, operating to
within 10% of the theoretical limitations. We also report a
version of this antenna with a spherical form factor in which
the lowest frequency of operation of the design is further
reduced without increasing its maximum linear dimension
resulting in reduction of the %,,;,a value of the antenna
down to 0.6. To the best of our knowledge, this is the lowest
reported k,,,;,a of any monopole-type, ultrawideband antenna
reported to date.
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II. ANTENNA DESCRIPTION AND PRINCIPLES OF
OPERATION

Fig. 1(a) shows the three-dimensional (3-D) view of the
proposed antenna. The structure is composed of two primary
3D loops each split with a series distributed capacitor, two
parasitic open loops, and a circular top hat. The primary loops
have their inner ends shorted to the ground plane and their
outer edges open circuited. The small, parasitic loops have
their outer edges short circuited to the ground plane and their
inner edges are left open circuited. Together with the top hat,
the small loops are used to improve the impedance matching
and reduce the lowest operating frequency. Two metallic strip-
shaped probes located on the outside of loops are used to feed
the antenna with a distributed capacitive coupling arrangement.
The feed points are labeled as Ports 1 and 2. The proximity
coupled feeds help with reducing the lowest frequency of
operation of the antenna by introducing a series capacitance in
line with the feed. The antenna is fed in the common mode by
exciting Ports 1 and 2 with signals having the same magnitudes
and phases.

Fig. 1(b) shows the side view of the antenna in the
x — z plane. The proposed antenna is mounted on a ground
plane with dimensions of 430 mm x 430 mm. Most of
the simulations conducted in this work assume an infinite
ground plane size primarily to reduce the simulation time.
In practice, however, the ground plane cannot be infinite but
should be large enough to ensure that the antenna performance
is not affected drastically. On the bottom side of the ground
plane, a thin dielectric substrate with small dimensions of
70 mm x 70 mm is placed (FR4 with ¢ = 4.4 and thickness
= 1.58 mm).

Fig. 1(c) shows the side view of the antenna in the y — 2
plane. The impact of the infinite ground plane can easily
be taken into account by examining the image of the active
parts of the antenna (shown with dashed lines in Fig. 1(c)).
The primary half loops together with their images construct
two full loops split with two distributed capacitors, which are
placed very closely and excited in parallel. These split loops
are strongly coupled with each other. As can be seen, the
excited currents on the two loops are in the same direction
and mirror image of each other. The currents flowing in each
loop generate equivalent magnetic currents along the directions
shown in Fig. 1(c). However, the excited equivalent magnetic
currents at the center of the loops are oppositely directed
resulting in strong mutual coupling between the two loops.

A common-driven antenna with two ports can be regarded as
a single-ended two-port network as shown in the inset of Fig.
1(c). The two ports fed together in parallel can be designated
as a Common Port 1. Thus, the common-to-common reflection
coefficient of the Common Port 1 (S..11) is defined as [31],

See11 = %(511 + S12 + Sa1 + Sa2). (1)
If the antenna is a symmetrical structure and a reciprocal
network, then S7; = Soo and S12 = Soi, and therefore (1)
can be rewritten as,

Sece11 = S11 + Si2, ()
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Fig. 2. Various stages of evolution of the proposed antenna. (a) A single
loop with 3D surface. (b) Center-fed twin coupled loops. (c) Outer-fed twin
coupled loops. (d) Outer-fed twin coupled loops with a rectangular top hat. (e)
Outer-fed twin coupled loops with a circular top hat. (f) Capacitively-fed twin
coupled loops with a circular top hat. (g) Final design utilizing two parasitic
smaller loops for improved impedance matching.
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Hence, the mutual coupling between the two ports (S12) can
be used as a means to reduce the spectral variations of the
self impedance of each loop. In other words, if the spectral
variations of Sy; and Sio cancel each other, a wideband
impedance match at the common port 1 can be obtained [32].
This is done primarily by shaping the primary loops through
controlling the folding and slanting of the arms. Additionally,
the placement of a pair of parasitic, open small loops inside
the main loops is used as an additional tuning mechanism to
improve the impedance matching of the antenna towards the
band edges.

Fig. 1(d) shows the microstrip feed network printed on
the FR4 substrate placed underneath the ground plane of the
antenna. The input signal is fed into a 50 €2 line from an SMA
connector and split between two microstrip line branches each
with a 100 € characteristic impedance through a microstrip
T-junction. Thus, the antenna should be designed to have an
input impedance of ~100 €2 at each of the two input ports.
This way, the antenna can be matched well to the two output
branches of the feed network.

III. DESIGN PROCESS AND GUIDELINES

Fig. 2 shows the different stages of evolution that resulted in
the antenna proposed in this work. Comparison of these seven
different stages of the development of the antenna reveals the
role of each significant part of the structure in obtaining the
desired UWB response. In the following sub-sections, we will
present full-wave simulation results that describe the role of
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Fig. 3. Simulated input resistances, input reactances, and VSWRs of the

single loop, the center-fed twin coupled loop, and the outer-fed twin coupled
loop antennas shown in Figs. 2(a)-2(c).

each part of the structure. All simulations were done using the
time domain solver of CST Microwave Studio. The response
of the antenna (i.e., Scc11, VSW R, and Z..11), is obtained
by combining the S-parameters of the two-port antenna shown
in Fig. 1 using an ideal power splitter modeled in CST.

A. Twin Loops

The design of the antenna starts from the structure shown in
Fig. 2(a). This antenna is a single loop (or folded monopole)
antenna including two metallic plates. One of these plates is
slanted and short-circuited to the ground while the other is
vertically placed and has one end as the feed point. The input
impedance of this antenna as well as its VSWR are shown in
Fig. 3. Observe that the antenna barely shows a VSWR of 2
at around 1.3 GHz and does not offer a wideband impedance
match. However, examination of the resistance and reactance
of the single loop reveals that, while impedance mismatched,
the resonances of this loop are not very high Q. Therefore, this
structure has the potential of providing wideband impedance
match if an appropriate impedance matching technique is used.

To improve the impedance matching of the antenna, two
identical single loops of the type shown in Fig. 2(a) are
used in the arrangement shown in Fig. 2(b). The feed points
are located at the inner positions of the loops. The input
impedance of this antenna as well as its input VSWR are
also shown in Fig. 3. In this structure, the two ports are
fed in the common mode and the results shown in Fig.
3 represent the common-mode input impedance and input
VSWR of the system. While the impedance matching of this
structure is deteriorated compared to that of the single loop

case, examination of its input resistance and reactance reveals
that the antenna Q at each of its resonances is lower compared
to the previous case. This is primarily due to the mutual
coupling between the two loops as discussed in [32]. However,
due to the large antenna reactance the input VSWR of this
structure is quite high. This large input reactance is due to the
fact that the loops have a relatively large height to width ratio.
This, combined with feeding the loops at the center, causes
their oppositely directed effective magnetic dipole moments
to be closer to each other as shown in Fig. 2(b) resulting
in strong reactive near fields. For each loop, the equivalent
effective magnetic dipole moment is closer to the feed point
than the shorting point. This is verified by examining the
electric current distribution on the loop arms as well as the
electric and magnetic field densities in the antenna’s near field.

To circumvent this problem, the feed points are moved to
the outer positions of the loops and the inner positions are
shorted to the ground as shown in Fig. 2(c). This change causes
the oppositely-directed magnetic dipole moments of the two
loops to separate apart, thereby reducing the strength of the
reactive near field. This drastically reduces the input reactance
of the antenna and allows for a wideband impedance match
to be achieved. This change also reduces the frequency of the
first parallel resonance of the antenna while slightly increasing
that of the second one. As a result, the input impedance is
increased below 1100 MHz and decreased in the frequency
band from 1100 to 2500 MHz, creating much better conditions
for improving the impedance matching of the antenna. Fig. 3
shows the input impedance of this antenna as well as its input
VSWR. Observe that the quality factors of the resonances
of this structure are very low and the input resistance and
reactance of the antenna are rather constant over a broad
frequency band. Therefore, the input VSWR of the antenna
is reduced significantly and a broadband impedance match is
obtained.

B. Top Hat

Using a capacitive top hat to load a monopole antenna
is a classical technique for reducing its lowest frequency of
operation for a given occupied volum [17], [18], [23], [25].
The top hat serves to add capacitance to the upper end of the
monopole, which reduces the antenna’s resonant frequency but
increases its Q. In the next stage of evolution of the proposed
antenna, this technique is applied, where first a rectangular
top hat is added to the top of the twin loops as shown in Fig.
2(d). Fig. 4 shows the input impedance and the input VSWR
of this antenna. Observe that the first resonant frequency of
the loops with the rectangular top hat is shifted downwards
in comparison with the loops without the top hat. This mod-
ification, however, results in increasing the in-band VSWR
of the antenna. To efficiently utilize the entire cylindrical
volume occupied by this antenna, the shape of the top hat
is then changed to a circular one as shown in Fig. 2(e). The
circular top hat has a larger coupling surface and introduces
more capacitance, thereby offering further miniaturization of
the antenna. This can be observed from Fig. 4 as well where
it is seen that the frequency of the first series resonance
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Fig. 4. Simulated input resistances, input reactances, and VSWRs of the
outer-fed twin coupled loop antenna, the twin coupled loop antenna with a
rectangular top hat, and the twin coupled loop antenna with a circular top hat
seen in Figs. 2(c)-2(e).

of the antenna is further reduced. However, this additional
miniaturization comes at the expense of further worsening of
the antenna’s input VSWR in the middle of its frequency band,
where the VSWR is now raised to approximately 3. Using
the circular top hat instead of the rectangular one does not
increase the radius of the smallest circumscribing sphere of
the antenna, a (i.e., the Chu’s sphere) and enables a more
efficient utilization of the volume within Chu’s sphere.

C. Capacitively Coupled Feeds

At this stage of the evolution, the antenna shown in Fig.
2(e) offers a wideband impedance matching and a relatively
low, minimum frequency of operation. However, its in-band
VSWR of 3:1 can still be improved. To accomplish this,
we propose using a capacitively-coupled feed to feed the
antenna. Capacitively coupled feeds are sometimes used to
increase the impedance bandwidths of microstrip patch an-
tennas [33]. In such structures, a capacitively coupled small
patch or microstrip open stub is combined with the vertical
feed probe to compensate the inductance introduced by the
probe itself. Fig. 5 shows that the input impedance of the
antenna shown in Fig. 2(e) (the twin loops with a circular top
hat) is inductive in the frequency range from 500-2200 MHz.
Hence, using capacitively coupled feeds can compensate for
the inductance in the lower frequency band of the structure.
This is accomplished by modifying the structure of the antenna
as shown in Fig. 2(f). Two strip-shaped metallic probes are
used as capacitively coupled feeds to feed each loop of
the antenna. The input impedance and the input VSWR of

Fig. 5. Simulated input resistances, input reactances, and VSWRs of the twin
coupled loop antenna with a circular top hat, the capacitively-fed twin coupled
loop antenna with a circular top hat, and the final proposed antenna shown
in Figs. 2(e)-2(g).

this antenna are shown in Fig. 5. Observe that the input
resistance of this antenna is very similar to that of the structure
shown in Fig. 2(e). However, the input reactance is reduced
significantly in the frequency band of 500-2300 MHz and
increased above 2300 MHz where the coupled feeds turn to
be inductive. Introduction of this capacitively-coupled feeding
scheme introduces a series resonance with a frequency lower
than that of the main parallel resonance of the loops. This
allows for reducing the input reactance of the antenna at
lower frequencies and further reducing the lowest frequency
of operation of the structure. In this case, the lowest resonant
frequency of the antenna is reduced significantly down to 580
MHz.

The introduction of the capacitively-coupled feeding scheme
is effective in reducing the lowest frequency of operation of
the antenna and it also slightly improves the in-band input
VSWR of the structure. However, the in-band VSWR can still
be further improved and reduced ideally to a level lower than
2:1. To accomplish this, the primary twin loops are deformed
at the slanted portions of the loops and two parasitic loops
are inserted in the volume below the bent primary loops as
shown in Fig. 2(g). This modification to the antenna topology
offers another degree of freedom in controlling the mutual
coupling between the two loops and fine tuning the impedance
matching of the antenna. Fig. 5 shows the input impedance
and VSWR of this antenna. Observe that the input VSWR is
reduced to a level below 2 over practically the entire frequency
band of the structure. However, the lowest resonant frequency
of the antenna is also shifted higher to around 680 MHz.
Moreover, a strong parallel resonance is also introduced in the
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Topology of the dipole version of the proposed antenna fitted inside the Chu’s
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general structure shown in part (a).

120
110

180 100

Fig. 7. The minimum required a value (@, ) to obtain a given combination
of £ (height-to-width ratio) and lowest frequency of operation for the generic
UWB antenna discussed in Section IV-A. This generic antenna occupies the
cylindrical volume shown in Fig. 6(a) and its other attributes are described in
detail in Section IV-A.

vicinity of 3.25 GHz, which reduces the impedance bandwidth
of the proposed antenna at higher frequencies. This is due
to the fact that the parasitic loops resonate at around 3.25
GHz. Nevertheless, the design shown in Fig. 2(g) provides a
decent compromise between wide bandwidth, low minimum
frequency of operation, and a low VSWR below 2.

IV. COMPARISON OF THE PERFORMANCE OF THE
PROPOSED ANTENNA AGAINST FUNDAMENTAL LIMITS

A. Examining the Fundamental Limits

The fundamental limits on the performances of small an-
tennas proposed by Chu [4] and investigated later on by
many other researchers assume that the antenna is a single
mode structure that fits within a spherical volume of radius
a. Most antennas, however, are not spherically shaped for
various reasons including ease of fabrication and conformality
to the structures that they are mounted on. Therefore, most
electrically-small antennas do not efficiently utilize the volume

within the Chu’s sphere and thus, the fundamental limits
that govern their performances is not accurately predicted
by the Chu limit. Additionally, many small ultra-wideband
antennas are multi-resonant structures and the Chu limit
does not directly apply to them. In [34], Gustafsson e al.
proposed a method for determining the fundamental limits
on the performances of electrically-small antennas, which
takes the general form factor of the antenna into account.
In [30] Sohl and Gustafsson presented a similar method
that examines the fundamental limits on the performances
of compact, ultra-wideband antennas. This analysis takes into
account the tradeoffs between the operating frequency band,
form factor, size, and the partial realized gain of the antenna.
The study presented in [30] is one of the most rigorous
published studies that quantify the fundamental limits on the
performances of compact UWB antennas. In this section, we
compare the performance of the proposed antenna against the
Sohl-Gustafsson fundamental limitations on UWB antennas
discussed in [30].

Consider an antenna with an arbitrary shape as a scatterer,
placed in free space and subject to the excitation of an incident
plane wave. The antenna’s realized gain must satisfy [30]:

o] . A . .
[ R D~ L e et hx ) (@) )
0

where g(k; k, &) is the realized gain of the antenna in the k di-
rection with respect to the é polarization, k is the wavenumber
in free space, 7 is the absorbtion efficiency, and ~, and =, are
the electric and magnetic polarizability dyadics, respectively.
In this method [30], the antenna is considered as a scatterer
placed in free space. Absorbtion efficiency is defined as the
efficiency of power absorbed by the scatterer which is excited
by an incident plane wave. Polarizability dyadic is a 3 x 3
rank tensor. Each element in the matrix describes the response
parallel or perpendicular to the direction of the incident field.
The detailed derivation is given in the Appendix of [34]. This
equation is valid for antennas having an arbitrary geometry
and including electric and magnetic materials. If the material
properties are not considered, we can introduce the high-
contrast dyadic, 74, defined as the limit of either v or v,
when the electric or magnetic susceptibility dyadic becomes
infinitely large in the volume circumscribing the antenna [34]:

5 PN )
X &) Ym - (k x &)
In microwave regime, magnetic materials are usually not used
in antennas due to their lossy characteristics and the lack of
availability of magnetic materials operating at frequencies be-
yond a few hundred megahertz. Therefore, only ~, is required
to be considered for most cases as well as the case examined
in this work. Assuming ., is 0, (3) can be simplified as,

0
g(k) m
——Ldk < — 5
L - . (5)
where v = &~ - €. The method for calculating v, for an

antenna is described in detail in [35].
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TABLE I
PHYSICAL DIMENSIONS OF THE PROPOSED ANTENNA.

Parameter W7 Wo Wiz Wi Ws Ws fi  fu g
Value (mm) 2 41.3 20 1 30 2 37 2 1

Parameter Ly Ly Ls Ly Ls My M D H
Value (mm) 38 27.5 18.1 13.7 30 3 035 62.6 39

Next, we consider the case of a hypothetical vertically polar-
ized, omni-directional antenna that fits within a cylindrically-
shaped volume having a height of [ and a diameter of d, as
shown in Fig. 6(a). The height-to-diameter ratio is defined as
¢ = l/d. This cylindrical volume is confined in the Chu’s
sphere with radius of a. We make a number of assumptions
about this hypothetical antenna. These include: (i) The antenna
is well matched (i.e., 7 = 1/2); (ii) The antenna bandwidth is
4.1:1 (i.e., the same as the bandwidth of the proposed antenna
shown in Fig. 1); and (iii) At each frequency within this
bandwidth, the antenna has a gain similar to that of an ideal
dipole with a physical length of [. With these assumptions, we
use (3), (5) to determine the lowest possible k,,;,a value for
this UWB antenna.

Applying (5), a,;n can be found as a function of the lowest
operating frequency and &, as depicted in Fig. 7. Observe that
amqn increases as the lowest operating frequency decreases.
This is very intuitive, since decreasing the lowest frequency
of operation of the antenna requires increasing the size of
the structure. In addition, for any specific lowest operating
frequency, the optimized ¢ value, resulting in the smallest
Gmin, 18 always 1.26. This is because ¢ is only related to oo,
which itself only depends on the cylindrical volume’s form.
The boundary line corresponding a,,;, = 50 mm is plotted
on the curved surface of Fig. 7. The portion of the surface for
which a,,,;, < 50 mm is on the left hand side of the line. This
portion of the surface identifies the possible lowest frequencies
of operation that can be obtained from the hypothetical antenna
shown in Fig. 6(a) for any given height to width ratio satisfying
the condition of a,,;,, < 50 mm. The optimized point in
the available area that offers the minimum lowest frequency
of operation of the antenna can be found on this line. This
point corresponds to a & value of 1.26, and the corresponding
lowest operating frequency is 644 MHz. This means that the
minimum value of the lowest operating frequency that can be
expected from the aforementioned hypothetical UWB antenna,
which fits in a sphere with ¢ = 50 mm is 644 MHz.

B. Designing the Proposed UWB Antenna to Approach the
Fundamental Limits

The hypothetical UWB antenna studied in the previous
section has many of the attributes of the antenna proposed
in this work. These include omni-directionality, dipole (or
monopole) like radiation patterns with vertical polarization,
4.1:1 impedance bandwidth with a low VSWR, and a cylin-
drical form factor. Based on the study of the previous sub-
section, it can be concluded that the height-to-diameter ratio, &,
is a crucial parameter to describe the antenna’s form factor. A
small £ means the cylinder is like a planar circular disk while

VSWR
[\8]
[rgp] uren

l 1 1 1 1 1 1 1 _8
600 1000 1400 1800 2200 2600 3000 3400
Frequency [MHz]

Fig. 8. Simulated VSWR and realized gain of the dipole version of the
proposed antenna shown in Fig. 6(b).
80

[mm]

a .
min

Fig. 9. Minimum required @ (amin) as a function of the height-to-diameter
ratio, £, for the dipole version of the proposed antenna shown in Fig. 6(b).

a large £ means the cylinder is like a thin wire. Both scenarios
produce smaller polarizability dyadics, thereby leading to
increasing the lowest frequency of operation for a fixed value
of a. Since the optimized value of ¢ is 1.26 as described in
the previous sub-section, the corresponding dimensions of the
proposed antenna are H = 39 mm and D = 62.6 mm,
which satisfy ¢ ~ 1.26 and a = 50 mm. Detailed physical
dimensions of the proposed antenna are summarized in Table
L.

The ground plane of the antenna examined in Section III
was considered to be infinite. Therefore, to obtain the Sohl-
Gustafsson theoretical limit for this antenna, the antenna’s
ground plane is removed and the image of the radiator shown
in Fig. 1(c) is built and connected to the original radiator,
as shown in Fig. 6(b). Because of the differences between
the input impedances of the monopole and dipole versions
of the proposed antenna, the characteristic impedance of the
two feed ports is doubled to 200 ). These changes ensure
that the antenna with two mirrored radiators shown in Fig.
6(b) can fit in the cylindrically-shaped volume and has the
same performance and input impedance response as that of
the proposed antenna shown in Fig. 2(g). Fig. 8 shows the
simulated VSWR and gain of this antenna. The antenna has
an impedance bandwidth of 4.24:1 spanning the frequency
range of 702-2990 MHz, which is very similar to its monopole
version. Due to the absence of the ground plane, the maximum
antenna gain is reduced by ~2.5 dBi as compared to the
monopole version. Using these simulation results in (5), the
Gmin from the antenna can be obtained, as shown in Fig. 9.
Observe that the optimized value of ¢ is still 1.26, and the
corresponding a.,,;, is 45.1 mm. This means that, theoreti-
cally, an optimum UWB antenna with a lowest frequency of
operation of 702 MHz, an impedance bandwidth of 4.24:1,
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and a realized gain similar to that shown in Fig. 8 must have
a maximum linear dimension larger than 2 x 45.1 mm (i.e.,
amin = 45.1 mm). In the present design, these attributes are
obtained from an antenna with ¢ = 50 mm. Therefore, the
ratio between a and a,,;, is ~ 1.1. This demonstrates that,
for its operating bandwidth, realized gain, and form factor,
the antenna proposed in this work has an occupied volume
that is only 10% larger than the theoretical limits predicted in
[30]. Therefore, the proposed antenna has a nearly optimum
performance. The results presented in this sub-section are also
consistent with those presented in Section IV-A. Specifically,
both results demonstrate that for the same form factor and
frequency response, the antenna proposed in this work has
a kpina value that is approximately 10% greater than the
minimum achievable k,,,;,a value.

V. FABRICATION AND MEASUREMENT RESULTS

Fig. 10 shows the photograph of the fabricated prototype
of the proposed antenna. It was fabricated out of 10 mil-
thick brass sheets. The fabricated antenna was mounted on
a square-shaped aluminum plate as its ground plane, which
has dimensions of 430 mm x 430 mm. The antenna feed
network was fabricated on a 1.58-mm thick FR4 substrate.
After taking the thickness of the brass sheets, the FR4 feed
network, as well as the connecting wires between the antenna
and the feed network into account in simulation, we found
that the impedance matching of the proposed antenna was
changed slightly. Therefore, the two 100 €2 branch lines of
the microstrip feed network were replaced by 125 2 lines (i.e.,
My = 0.35 mm) to obtain a better impedance matching in
the fabricated prototype.

The input VSWR of the antenna was measured using an
Agilent N5225A vector network analyzer and its radiation
patterns and gain were measured using a spherical near field
system (SATIMO StarLab E-18 GHz). The measured and sim-
ulated VSWRs and the realized gain of the antenna are plotted
in Fig. 11. Measurement results show that the antenna provides
a VSWR better than 2:1 over a 4.1:1 bandwidth covering
the range of 693 to 2840 MHz. This lowest frequency of
operation corresponds to a ky,;,a = 0.726. Measurement and
simulation results are in general agreement with each other.
Within the operating frequency range, the measured maximum
realized gain increases with frequency and varies in the range
of 3.8 to 7.5 dBi and the simulated gain varies between 3.3 and
7.2 dBi. As can be seen, a reasonable agreement between the
simulation and measurement is achieved. The discrepancies
observed between the simulation and measurement results are
primarily attributed to the fabrication tolerances. Within the
operating frequency band, the total efficiency of the proposed
antenna (inclusive of the mismatch losses) remains above 80%.
At the lowest frequency of operation of the antenna, the total
efficiency is 84.5% and the corresponding radiation efficiency
is extracted by taking out the effects of the impedance mis-
match, and is found to be 95.1%.

Fig. 12 shows the measured and simulated radiation patterns
of the antenna at four different frequencies of 700, 1100,
1700, and 2600 MHz within its operating band. The results
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Fig. 10. Photograph of the antenna prototype.
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Fig. 11. Simulated and measured VSWRs and realized gains of the antenna.

are shown for two different elevation cuts (the * — z and
y — z planes) and the azimuth plane (the x — y plane). It can
be seen that the proposed antenna exhibits good monopole-
like radiation characteristic across its entire band of operation
and despite not being rotationally symmetric by 90°, the
elevation radiation patterns in the  — z and y — 2z planes
are very similar. The measured cross-polarization radiation
level is generally below -20 dB in the z — 2z and y — 2
planes. Since some of the simulated cross-polarized radiation
patterns are lower than -40 dB, they are not illustrated on
the graphs. However, in the azimuth plane (the x — y plane),
the measured cross-polarization level is higher and decreases
with frequency from -4.5 dB to -13.5 dB. This higher level
of cross polarization is due to the diffraction effects on the
outer edges of the square-shaped ground plane with a finite
size (i.e., 430 mm x 430 mm). The current density along the
edges of the ground plane can be lowered by increasing the
size of the ground plane or treating the edges with thin sheets
of absorbers. This alleviates the diffraction effects and reduces
the cross-polarization level. Alternatively, using a circular-
shaped ground plane is another effective way to decrease the
cross-polarization level. The surface currents on a circular-
shaped ground plane have the same magnitude and phase
when they reach at the edge of the ground plane. Each current
flowing along the edge can find a counterpart to cancel out
each other. Therefore, the diffraction effects on the edges
of the circular-shaped ground plane are suppressed and the
cross-polarization level can be reduced significantly. Fig. 13
shows the minimum cross-polarization discriminations of the
radiation patterns in the x — y plane, which is defined as
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Fig. 12. Simulated and measured radiation patterns of the proposed antenna at 700, 1100, 1700 and 2600 MHz. The black solid line is the measured co-pol,
the gray solid line is the measured cross-pol, the black dashed line is the simulated co-pol, the gray dashed line is the simulated cross-pol. (a) x — z plane,

(b) y — z plane, and (c) * — y plane.

the maximum co-polarization level over the maximum cross-
polarization level of the radiation pattern in the x — y plane.
The proposed antenna with a circular-shaped ground plane
has a much higher cross-polarization discrimination than that
of the antenna with a square-shaped ground plane. Up to 38
dB enhancement can be achieved by using a circular-shaped
ground plane. The difference between the discriminations of
the two scenarios is decreased with frequency. This is due
to the fact that, at the higher frequencies, the primary factor
contributing to the cross-polarization is the antenna structure.

VI. FURTHER ANTENNA MINIATURIZATION AND
COMPARISON WITH THE STATE-OF-THE-ART

Further reduction of the k,,;,a value of the proposed
antenna is possible by utilizing the volume available within
the Chu’s sphere more efficiently. This expectation is justified
by examining (3) and observing that a sphere has the largest
polarizability dyadic (i.e., 4ra®) compared with other shapes.
Therefore, to further reduce the lowest frequency of operation
of the antenna, without increasing its maximum linear dimen-
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Fig. 13. Minimum cross-polarization discrimination of the radiation patterns
of the proposed antenna with the square- or circular-shaped ground planes in
the azimuth plane.

sion, the planar circular top hat of the antenna is replaced by
a spherical top one. The radius of the sphere, a, is maintained
at 50 mm to allow for a fair comparison with the previous
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P Spherical Top
/ / Hat

Fig. 14. Topology of the proposed antenna with a spherical top hat. Physical
dimensions are: Wy = 2, Wy = 58 W3 = 34, Wy = 1,W5 = 30, W =
2,01 =28,Ly =12.4,L3 = 23.6,L4 = 6,L5 = 10.3, f; = 38.3, fu =
2,9 =1,H =29,G = 275. All units are in [mm].
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Fig. 15. Simulated VSWR and realized gain of antenna with spherical top
hat.

design. This modification enables a more efficient utilization
of the volume within Chu’s sphere. To improve the impedance
matching of the modified antenna, two shunt 70 nH inductors
are added to the input terminals of each loop (ports 1 and 2
as shown in Fig. 1(d)). The topology of this antenna is shown
in Fig. 14. All the relevant physical dimensions of the antenna
are provided in the caption of Fig. 14.

Fig. 15 shows the simulated VSWR and realized gain of this
antenna. The antenna has the same maximum linear dimension
as the structure discussed in the previous section but provides
a wider bandwidth and operates at lower frequencies. It has
a VSWR better than 2:1 and a bandwidth covering the range
of 576 to 2985 MHz (5.2:1 bandwidth). The lowest frequency
of operation of this antenna corresponds to a k,,;n,a = 0.6.
Within the operating frequency range, the maximum realized
gain increases with frequency and varies in the range of 2 to
8.1 dBi. At the lowest frequency of operation of the antenna,
the simulated radiation efficiency is 85.1%. In addition, the
antenna exhibits good monopole-like radiation characteristic
across its entire band of operation with radiation patterns
similar to the one shown in Fig. 12.

The proposed designs are compared with a few other promi-
nent compact, UWB or wideband antenna examples reported
in the literature and the results are presented in Table II.
The antennas included in this comparison are all structures
that have compact dimensions and radiate vertically-polarized
waves with omni-directional radiation patterns (similar to a
monopole antenna). Compared with other designs, the pro-
posed antenna with a planar top hat has a small k,,;,a value,
which is equal to the k,,;na value of the Goubau antenna.
However, the proposed antenna offers a significantly wider
bandwidth compared to Goubau’s antenna. This is due to the

fact that, while both antennas have the same maximum linear
dimensions (¢ = 0.115\,,;,), the proposed antenna has the
optimum height-to-diameter radio as discussed in Section I'V-
A and the height-to-diameter raio of the Goubau’s antenna is
not optimum. Indeed the height-to-width ratio of the Goubau’s
antenna is 0.70, which is different from the optimum & value
derived in Section III. Therefore, the proposed antenna utilizes
the volume within Chu’s sphere more efficiently. As can be
observed from Table II, the spherical version of the proposed
antenna has the lowest k,,;,a value among the UWB antennas
(i.e., antennas providing at least 50% bandwidth or more)
reported in Table II. To the best of our knowledge, this is
the first design that reports such a combination of ultra-wide
bandwidth and low k,,;,a and this combination of bandwidth
and low k,,,;,a values of the proposed antennas have not been
previously achieved.

VII. CONCLUSIONS

A compact, ultra-wideband, capacitively-fed antenna de-
sign having either a cylindrical or spherical form factor was
presented. The proposed antenna takes advantage of two
three-dimensional split loops as the main radiator, a circu-
lar top hat as the capacitive loading, and two strip-shaped
probes as the antenna feeds to achieve UWB operation in
a small occupied volume. The antenna has monopole-like
radiation characteristics across its entire band of operation.
The simulated performance of the proposed UWB antenna
with a cylindrical form factor was also compared against
the Sohl-Gustafsson theoretical limits on the performance
of ultra-wideband antennas [30] and the form factor and
general dimensions of the antenna were optimized to obtain a
near optimum performance. Specifically, it was demonstrated
that, at its lowest frequency of operation, the optimized
version of the proposed antenna has a k,,;,a value that is
only 10% higher than the theoretical limits. A prototype of
this antenna was fabricated and experimentally characterized.
Experimental results demonstrated the validity of the the-
oretical predictions and were in good agreement with the
simulation results. The fabricated prototype has dimensions
of R x H = 0072\, % 0.09\,,;, corresponding
to a kyuna = 0.73 and demonstrates a VSWR lower than 2
and a consistent omni-directional radiation pattern across a
frequency band from 693-2840 MHz (4.1:1 ratio). A spherical
version of the proposed antenna was also studied and demon-
strated to offer an additional 18% miniaturization without
increasing its maximum linear dimension. This design was
shown to be capable of offering a VSWR lower than 2 over
a 5.2:1 bandwidth with a k,,,;,,a value of 0.60. To the best of
our knowledge, the combination of ultra-wide bandwidth and
the low k,,;na value of the proposed antenna is not matched
by any other UWB antenna - that radiates in a monopole-like
fashion - reported to date.
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