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ABSTRACT: The article presents a method that allows for the high gain of a stacked microstrip antenna on an air substrate in an ultrawide
frequency range. The method uses an active exciter in the form of a modified E-shaped patch, as well as four single-sided bowtie passive
elements placed in the corners above the active one. The active element can match an antenna in an ultra-wide frequency range (up to
100%) with an impedance bandwidth matching of 10 dB or better, whereas passive elements are able to produce unidirectional radiation in
the range of approximately 70–80% with a gain of more than 10 dBi. Based on the method under study, an ultrawideband antenna design
was made which operates in a frequency band of 3,915 to 11,046MHz (95.3%) with an impedance bandwidth matching of 10 dB and a
bandwidth about 83% with |S11| ≤ −15 dB; the usable bandwidth with a gain of more than 10 dBi in the normal direction to the antenna
plane with a cross-polar discrimination more than 55 dB is 77% (3,925–8,837MHz). At frequencies below 4GHz and above 9GHz,
the phase center shifts, and accordingly, the main lobe of the radiation pattern (radiation maximum) deflects. All antenna elements (one
active and four passives) are made of sheet metal (e.g., stainless steel) and are connected to the conductive screen by steel or dielectric
racks. The antenna dimensions are 1.05λmax × 1.2λmax × 0.1λmax (1.7λ0 × 1.9λ0 × 0.2λ0). Owing to its high performance, the antenna
may be used as a measuring device in radio monitoring systems or in laboratories.

1. INTRODUCTION

As it is known, the 3.1–10.6GHz frequency range is allo-
cated by the Federal Communications Commission for ul-

trawideband (UWB) radio systems. In order to provide radio
coverage over a small area, usually indoors or within the op-
erational range of an object, such as a person or a machine,
radio transmitting devices in this range are typically needed to
run at low power [1]. Subsequently, several UWB antenna de-
signs with an omnidirectional radiation pattern (RP) or a shape
similar to omnidirectional one are being developed, as methods
for designing such antennas. In particular, [2–13] illustrate that
different frequency bands ranging from 40% to 80% or more
can be potentially acquired with a matching level of more than
10 dB. Moreover, for the proposed antennas, there are methods
for obtaining both one linear polarization [2–8] and two orthog-
onal ones, including circular [9–13]. The challenge of design-
ing such antennas originates predominantly from the necessity
to match the antenna across a very wide frequency range while
simultaneously guaranteeing stable characteristics throughout
this range, such as the shape of the radiation pattern and polar-
ization (axial ratio).
In addition to the use of UWB antennas with an omnidi-

rectional RP (or close to it), unidirectional antennas are often
used, having a gain at least 9–10 dBi in an ultrawide frequency
range. Such antennas are usually used as receiving antennas in
radio monitoring systems or for measurement purposes (for ex-
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ample, as a measuring or reference antenna for measurements
in an anechoic chamber). Among the antennas operating in
an ultrawide range (more than 40%) with a unidirectional pat-
tern and gain more than 9–10 dBi, one can distinguish the so-
called Vivaldi antennas [14–23], logarithmic-periodic antennas
(LPAs) [15, 16, 23–29], and horn antennas with a rectangular
aperture shape (pyramidal horn) [15, 16, 23, 30–34]. These an-
tennas include a number of drawbacks, including highly com-
plicated designs, large sizes relative to the wavelength, and in-
consistent gain over the operational range.
Aside from the common Vivaldi antennas, LPAs, and horn

antennas, unidirectional UWB antennas with operating fre-
quency bands of more than 40% and a gain of no more than
7–8 dBi are being designed and studied [35–39]. It has been es-
tablished that combining several elements into an antenna array
may boost the antenna gain. Fortunately, developing a feed net-
work for such systems that would stimulate the elements with
a suitable phase and amplitude distribution becomes incredibly
complicated if the systems have ultrawide ranges [40–49].
The article presents an innovative technique for obtaining

high gain in an ultrawide radio frequency range for a microstrip
stacked antenna. This approach refers to the application of four
passive single-sided bowtie elements at the corners above the
active exciter, which is a modified E-shaped patch placed above
a metal screen. The antenna manufactured using the proposed
method operates in a frequency band of 3,915 to 11,046MHz
(∼ 95%) with an impedance bandwidth matching of 10 dB; the
antenna has a gain of more than 10 dBi in the frequency band
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FIGURE 1. The basic geometry of a Vivaldi antenna. FIGURE 2. The relationship between Vivaldi antenna length and width depend-
ing on its gain and bandwidth.

of 3,925 to 8,837MHz (∼ 77%) in the normal direction to the
antenna plane with cross-polar discrimination (XPD) of more
than 55 dB. The antenna under study can be used as a measur-
ing device in radio monitoring systems or in laboratories.

2. THE UWB HIGH-GAIN ANTENNA TECHNIQUES
OVERVIEW
In terms of antenna technologies, let us propose the concept
of “ultra-wideband.” According to [1], on the one hand, the
frequency range from 3.1 to 10.6GHz is allocated for UWB
systems. On the other hand, from the perspective of signal
theory, a system is considered UWB where the signal must
at any time have a fractional bandwidth (FBW) equal to or
greater than 20% or have a bandwidth of 500MHz regardless
of the FBW [16, 23]. Antenna technology is not covered by
either term in its whole. According to [50, 51], a wideband
(or broadband) antenna is an antenna whose operating band-
width exceeds 10%; obviously, the operating bandwidth of the
UWB antenna should greatly exceed this value. A variety of
authors [16–49] define UWB antennas as those whose lower
limit of the operating frequency band which varies from 25%
to 40%; this means that some authors classify UWB antennas
as having an operating range of more than 25%, while others
range from 40% and higher. Based on the above definitions
and taking into account Kotelnikov’s theorem, we will further
assume that UWB includes antennas with an operating range of
more than 40%, where:

BW =
fu − fl

fc
· 100% = 2 · fu − fl

fu + fl
· 100%, (1)

where fu is the upper frequency of the operating range; fl is
the lower frequency of the operating range; fc is the central
frequency of the operating range.
The largest number of antennas operating in an ultrawide fre-

quency range are designed to meet the requirements of [1], i.e.,
they operate in the range of 3.1–10.6GHz at a low signal power
level at the input with an omnidirectional RP. These antennas

are exemplified in [2–13]. In the general run of things, the
antennas are similar to each other in their design and operat-
ing principle and consist of printed UWB elements of various
shapes, fed by a microstrip transmission line. It is illogical to
combine such antennas into an array in order to increase direc-
tivity. In this regard, unidirectional UWB antennas are vital to
consider for high gain applications.

2.1. Vivaldi Antenna and Its Modifications
The Vivaldi antenna is a wideband tapered slot antenna with
an exponentially tapered profile, first introduced by Gibson in
1979 [14]. The basic geometry of the antenna is shown in Fig-
ure 1. The design consists of a slot of size λs/4, which ex-
pands exponentially to a size of Wmax. The slot is excited by
a microstrip transmission line coming from the bottom surface
of the substrate. An alternative Vivaldi antenna design uses a
square or circular resonant region instead of a λs/4 slot, which
is also excited by a microstrip transmission line. Due to the
printed design in the Vivaldi antenna, it is possible to achieve
high dimensional accuracy in its manufacture, while the an-
tenna has a low cost. Obtaining high directivity (or high gain)
in the antenna is achieved by increasing the length L of the an-
tenna.
The bandwidth of such an antenna is limited by the width

Wmin and the aperture widthWmax of the antenna. For the most
effective radiation, according to [15, 16], the antenna length L
must exceed one wavelength λmax at the lowest frequency fl of
the operating range:

L > λmax = c/fl. (2)

An increase in antenna gain is achieved by increasing its length
L, so, for example, to achieve a gain of approximately 10 dBi,
the antenna length L = λmax is sufficient; to achieve a
gain of 14.5 dBi, the antenna length should be approximately
3λmax [15, 16]. The value of the aperture widthWmax should be
in the range betweenWmax 1 andWmax 2, where:

Wmax 1 ≈ λ0=
c

fc
, (3)
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Wmax 2 ≈ λmin
2

=
c

2 · fu
. (4)

From (2)–(4) it can be seen that the wider the operating range
of the Vivaldi antenna is, the higher the relationship is between
its length L and widthW , which can be seen in Figure 2.
Thus, a UWB Vivaldi antenna with a max gain about 15 dBi

should have a length of more than 3λmax, while its dimension
ratio will be at least 6 : 1 and higher for a wider operating
frequency range. The main drawback of such an antenna is that
its design would be highly fragile in terms of its application.
Based on the classical geometry of the Vivaldi antenna, a

large number of different designs have been developed, and
the authors were able to improve the performance of the an-
tenna. For example, [17] discusses antipodal Vivaldi antenna
(AVA) designs. The advantage of such antennas compared to
the classical topology is an increase in gain and, as a result,
an increase in efficiency; nevertheless, the maximum gain of
such designs rarely exceeds 10–11 dBi. Gains of more than
10 dBi were achieved with Vivaldi antennas with different cor-
rugation structures [17–21]. Thus, the authors, according to a
study from [17], managed to achieve an antenna max gain of
more than 15 dBi, and some corrugated AVAs have gain up to
18–20 dBi in an ultrawide frequency range. It is worth noting
that not all designs provide stable efficiency over the entire op-
erating frequency range, and the dimensions of such antennas
often exceed 5λ0 or more, up to 10λ0. In [22], the authors were
able to achieve a Vivaldi antenna gain of 9 to 15 dBi in the fre-
quency range of more than 100% by combining two elements
and placing them on a flexible substrate. Despite the high per-
formance, the main disadvantage of the antenna is still its large
size, so the length of the antenna is about 5λ0.

2.2. Logarithmic-Periodic Antennas
Log-periodic dipole array (LPDA) antennas were introduced
and became widespread in the late 1950s. It is the first
frequency-independent type of antenna [15, 23]. The LPDA
consists of two in-plane sets of crisscrossed monopoles whose
lengths and separations are related via the growth rate τ , as
shown in Figure 3. The length of the first element depends on
the minimum wavelength λmin of the required operating fre-
quency range:

lmin = 0.3 · λmin = 0.3 · c/fu. (5)

The last, largest element is calculated based on the maximum
wavelength λmax of the required frequency range:

lmax = 0.5 · λmax = 0.5 · c/fl. (6)

The distance between the largest element and the next one is
calculated by the equation:

S1 = σ · λmax, (7)

then the distances between the elements are equal:

Sn = S1 · τn−1, (8)

where the spacing factor σ can be founded from Figure 4.
Analyzing all the above, we can conclude that to achieve a

gain of more than 10 dBi, the value of τ should be about 0.95,

FIGURE 3. The basic geometry of a LPDA.

FIGURE 4. The relationship between τ and σ of an LPDA.

with the optimal value of σ being approximately 0.16–0.18.
Then, a log-periodic dipole array antenna with an operating
bandwidth of at least 50% must at least have a length of more
than 3λ0 and consist of at least 19–20 elements. It is evident
that such a design is highly difficult from both the manufactur-
ing and application viewpoints.
There are a large number of modifications of log-periodic

antennas, most often developed on the basis of printing tech-
nologies, where elements take on very different shapes, from
bowtie-shaped to fractal structures [24–28], combining into a
single system, as presented in [29]. These designs make it pos-
sible to expand the frequency range of the antenna, up to 100%
or more, while reducing its size. Yet, all the antennas con-
sidered do not allow obtaining a maximum gain of more than
10 dBi, which determines their main drawback.

2.3. UWB Pyramidal Horn Antennas
The description, basic principles of operation, and types of horn
antennas are given in sufficient detail in [15, 16, 23]. Horn an-
tennas themselves are not ultra-wideband or even wideband.
Despite the possibility of achieving high gain, the disadvan-
tages of such antennas include their large size, poor cross-polar
discrimination, and differences in the width of the main lobe of
the radiation pattern in the two main planes.
There are designs of horn antennas with a gain of more than

10 dBi and having operating bands in an ultrawide frequency
range, sometimes exceeding 100%. For example, in [30], a
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modification of a pyramidal horn antenna was proposed, which
made it possible to obtain a symmetrical pattern in two planes
with a gain of 12–14 dBi and a bandwidth of about 89%. Ba-
sically, the ability to operate a horn antenna in an ultra-wide
range is ensured through the use of a ridge. The authors in [31–
33] demonstrate the possibilities of expanding the operating fre-
quency range with high gain using ridged horn antennas with
metallic grid sidewalls. Such designs make it possible to ob-
tain an operating frequency bandwidth much higher than 100%
(180% in [32] and 167% in [33]), while the antenna gain ranges
from 10 to 18 dBi, growing progressively as the operating fre-
quency increases. In [34], the authors additionally use a lens,
which improves the gain uniformity across the frequency band.
Among the disadvantages of the UWB horn antennas consid-

ered, we can highlight: differences in the width of the RP in the
main planes [31, 32], shift of the maximum; bifurcation of the
main lobe [32–34], low XPD, large sizes (7.6λ0× 5λ0× 8.5λ0

in [31], 4.8λ0 × 3.3λ0 × 11.6λ0 in [32], 8.1λ0 × 4λ0 × 3.5λ0

in [33], 6λ0 × 4.5λ0 × 8.4λ0 in [34]), heavy weight of the an-
tenna (on average from 0.5 to 1.5 kg), requirements for high
precision manufacturing of all antenna elements, and highman-
ufacturing cost.

2.4. Other UWB Unidirectional Antennas

Besides the most common UWB antennas, such as Vivaldi an-
tennas, pyramidal horn antennas, LPDAs, and their modifica-
tions, there are various unidirectional UWBantennaswith a low
gain (on average no more than 7–8 dBi). Therefore, for exam-
ple, in [35], a construction composed of a planar electric dipole
and a shorted patch antenna is given. The antenna has a match-
ing bandwidth of about 44% with a gain of 7 to 8 dBi in the op-
erating range. In [36], the author presents an antenna that has
the semblance of LPA based on broadband printed elements.
The antenna provides a wide impedance bandwidth of 103%
and a usable bandwidth of 84% and has a gain of 4 to 7 dBi
in the working frequency band. In [37], the authors present a
printed horn with significantly smaller dimensions compared to
a classical pyramidal horn. Moreover, such an antenna is much
easier to manufacture. A low level of matching (around 6 dB)
and a low gain (about between 2.5 and 8 dBi in the operating
frequency band) serve as two of the antenna’s drawbacks.

FIGURE 5. A modified E-shaped patch for UWB high-gain stacked
microstrip antenna.

The authors from [38] and [39], where designs of UWB uni-
directional antennas with circular polarization were presented,
were able to achieve high performance. The antennas have
impedance matching bandwidths of 71% [38] and 125% [39],
while the axial-ratio bandwidths are 50% [38] and 120% [39].
Both antennas have a stable form of RP throughout the entire
operating frequency range; the measured antenna gain in [38]
is 8.7 dBi and is stable throughout the entire operating range;
in [39], the measured gain varies from 6 to 12 dBi, and the av-
erage gain is about 9 dBi.
There are various modifications of UWB antenna arrays,

both in-phase and with scanning capabilities [40–49]. As is
known, combining several elements into a single system can
significantly improve the directivity of the antenna; however,
in an ultrawide frequency range, this approach has a number
of disadvantages. In particular, it is rarely possible to achieve
a stable shape of the RP throughout the entire operating range
since the distance (relative to the wavelength) between the el-
ements varies greatly depending on the frequency; in addition,
the feed network in the UWB range is difficult to implement,
and depending on frequencies within the operating range, it can
introduce phase and amplitude distortions into the shoulders.
Thus, by using an antenna array, we significantly increase

the size of the antenna, but it is not always possible to achieve
high performance. For example, in [41], a 2 × 4 array with a
bandwidth of about 57% was proposed, while the average gain
that the authors managed to achieve was only 13.2 dBi. A simi-
lar situation is observed in [44], where a 4×4 array is proposed
(4.5λ0 × 3.8λ0 × 0.05λ0); the antenna radiation efficiency in
the operating range varies from 26% to 72%, while a shift of the
main lobe is observed on some frequencies without scanning.
In this regard, we can judge that the development and re-

search of new types of antennas with a simple design capable
of providing high performance in an ultrawide frequency range
is a crucial and up-to-date issue.

3. THE UWB HIGH-GAIN STACKED MICROSTRIP AN-
TENNA DESCRIPTION
Many resources are devoted to wideband microstrip antennas
based on the use of passive elements jointly active ones. Exam-
ples of such designs can be found in [15, 16, 23, 50–52], where
it was possible to achieve a unidirectional antenna bandwidth
of more than 30% with stable performance in the operating
range. In [53], a stacked microstrip antenna was studied, re-
sulting in a design with a matching bandwidth of 33% at a level
of |S11| < 10 dB with a gain of more than 10 dBi. In [53], in
the classical antenna presented in [54], the active exciter was
replaced with a wider-bandwidth E-shaped patch, which made
it possible to significantly improve the performance of the an-
tenna. However, the results achieved in [53] and the conclu-
sions obtained give reason to believe that the performance of
the proposed antenna can be significantly improved.

3.1. Active Exciter Bandwidth Enhancement
In [53], the possibility of expanding the operating bandwidth
of a stacked microstrip antenna through the use of an E-shaped
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FIGURE 6. The current distribution on the surface of the modified E-shaped active exciter.

active exciter, which is described in many papers, for ex-
ample [15, 16, 23], was demonstrated. Yet, there are a large
number of modifications of E-shaped antennas where the au-
thors were able to significantly expand their operating band-
width [55–57]. Thus, it is suggested to replace the active exciter
in the design proposed in [53] with a wider-bandwidth one, as
given in Figure 5. Firstly, the arms of the patch have become
longer, and the dimensions of the cutouts have changed. Sec-
ondly, the rectangular design of the central element has been
replaced by a symmetrical step in width where, following the
example from [58], by shifting the power point, it is possible to
achieve the desired matching in the required frequency range.
Previously, variants of equivalent circuits of a conventional

E-shaped exciter were proposed [56, 59–61]; in the simplest
case, the E-shaped patch is considered as two LC resonant cir-
cuits, the first of which is tuned to the frequency of the middle
element (high frequency), the second at the frequency of a rect-
angular exciter, the size of which is equal to the size of the patch
itself (low frequency).
If we consider the proposed modified E-shaped exciter, it

consists of three parts: the first part is the smallest in size,
to which the coaxial connector is directly connected, expand-
ing into a wider part by symmetrical step, which is connected
through a T-junction to the outer arms of the exciters.
Figure 6 shows the current distribution on the exciter surface

at different frequencies. The current distribution calculation
was performed in ANSYS EM Suite software without taking
into account the influence of passive elements. It can be no-
ticed that three resonant frequencies are being distinguished:

• in the frequency region of 5000MHz, surface currents are
concentrated on the edge of the largest rectangle, that is,
the exciter itself;

• in the 8000MHz frequency region, currents are concen-
trated at the edges of the larger center part;

• in the frequency region of 9500MHz, currents are con-
centrated at the edge of the smallest center rectangular el-
ement of the exciter under consideration.

The mechanism for expanding the antenna’s bandwidth can be
shown as follows: as in the classical E-shaped antenna, the
largest part can be considered as an LC resonant circuit with
a frequency corresponding to the frequency of a similar rect-
angular microstrip antenna (with a resonant size of about λ/2);
however, in the proposed exciter, the central part is not a sin-
gle, but two resonant circuits, designed for frequencies in ac-
cordance with their sizes.
For understanding the principle of antenna operation, a di-

agram is presented in Figure 7. The left part shows the trans-
formation of a conventional rectangular microstrip antenna into
the proposed modified E-shaped exciter, where the central part
is stepped with a transition from a narrower element to a wider
one. The middle part shows the equivalent circuits of the an-
tenna in the process of its transformation. The right side shows
the reflection coefficient (absolute S11) plots calculated for se-
quential LC circuits, each tuned to its own resonant frequency,
approximately corresponding to the element size of the pre-
sented E-shaped exciter.
If we look at the bottom plot in Figure 7, we can see that three

successive LC circuits correspondingly form resonances in the
|S11| plot; it is determined by the smallest amplitude values
(three reductions corresponding to three frequencies). How-
ever, for such circuits, a single matching band is not formed,
and, in fact, such a circuit is multi-band rather than ultrawide-
band. For an antenna, such a plot will be smoother due to the
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FIGURE 7. The wideband mechanism of the proposed modified E-shaped exciter.

FIGURE 8. The simulated reflection coefficient magnitude of the stacked
microstrip antenna with a modified E-shaped active exciter and four rect-
angular passive elements.

FIGURE 9. The simulated gain plot of the stacked microstrip antenna
with a modified E-shaped active exciter and four rectangular passive
elements.

fact that there is a coupling between the three main patch ele-
ments, as shown in Figure 8.
Figure 8 demonstrates the correspondence with the behav-

ior of the |S11| plots predicted in Figure 7, that is, for a con-
ventional E-shaped exciter we see two resonances, for the pro-
posed modified one, three resonances. At the same time, due to
the coupling between the patch elements, the plot is smoothed,
forming a single matching band in an ultrawide frequency

range. When designing a proposed antenna, one should con-
sider the influence of passive elements on the active one, lead-
ing to the need to reduce the size of the last.
Figure 9 shows the antenna simulated gain plot. It can be

noted that, in comparison with [53], the antenna bandwidth at
the matching level of 10 dB has increased significantly (95%
versus 33% from [53]). However, from the plot in Figure 9, it
is clear that the antenna gain exceeds 10 dBi in a significantly
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FIGURE 10. Stacked microstrip antenna with a modified E-shaped active exciter and four bowtie passive elements.

(a)

(b)

FIGURE 11. The E-field distribution on the surfaces of stacked microstrip antenna elements ((a) passive elements are on metal racks, (b) passive
elements are on dielectric racks).

smaller band and is only 44% (3,727–5,841MHz), which ap-
proximately corresponds to the results from [53], from which
we can conclude that it is also necessary to modify passive an-
tenna elements.

3.2. Passive Element Modifications

To replace passive rectangular exciters, bowtie elements are be-
ing considered, which are often used in wideband and ultraw-
ideband antennas [62–64]. Figure 10 shows an example of such
an antenna, where four passive bowtie patches are used. The
sizes of the bowtie element correspond to the sizes of a rect-
angular element with a size designed for the lower part of the
operating frequency range of the antenna; the element narrows
towards the center. In the center of the element, a rack (metal
or dielectric) is supposed to be installed to mount the element
to the ground plane.
Figure 11 shows the E-field distribution on the surfaces of

the elements of the proposed antenna with four passive bowtie

elements. It can be noticed that the main part of the E-field is
concentrated on half of the passive exciter, directed inside the
antenna; the second part does not participate in the formation
of the electromagnetic field. It follows that it is permissible to
replace the passive bowtie element with a single-sided one. At
the same time, the use of metal racks ensures both the strength
of the structure and a more uniform field distribution among the
passive elements.
Figure 12 shows the evolution of the passive elements of the

proposed antenna and a comparison of this process with the re-
sulting characteristics. At the first stage, the rectangular ele-
ments are replaced with a bowtie; then the bowties change to
single-sided (which in turn significantly reduces the antenna
area); rectangles are added to the passive elements, with the
help of which it is possible to optimize the antenna matching.
The last step is to replace the single-sided bowties with ring
single-sided bowties.
From the results given in this section, it can be seen that,

firstly, the impedance matching bandwidth of the antenna can
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FIGURE 12. The evolution of the passive elements of the proposed stacked microstrip antenna (using only metal racks to mount passive elements).

(a) (b)

FIGURE 13. The E-field distribution on the antenna element surfaces
with an E-shaped active exciter mounted (a) with metal rack having
U-shaped isolating slot and (b) without it .

be considerably expanded by using a more wideband (ultra-
wideband) active exciter; secondly, the antenna bandwidth in
terms of gain level can be expanded by using wideband (ultra-
wideband) passive elements. This article considers an E-shaped
modified exciter as an active one and single-sided bowtie ele-
ments as passive ones.

3.3. Active Exciter with Metal Rack

In [50] and [65], it was proposed to use metal racks to mount the
exciters, placing them in the center of the element (circular or
rectangular) at the point of zero potential. Nevertheless, results
in [53] showed that for an E-shaped patch, the use of a metal
rack has an effect on the radiation characteristics, resulting in a
shift in the maximum of the RP. To reduce the influence of the
metal rack, an additional modification of the active E-shaped
exciter is proposed by adding a U-shaped slot cut around the
installation point of the rack.
Since the presence of a short-circuiting element generally

changes the wave impedance of the active exciter, as shown, for
example, in [15, 16], then, besides the addition of a U-shaped
slot around the place where the metal rack is attached, the di-
mensions of the exciter itself, or more precisely its internal
components, also change. Figures 13 and 14 show the E-field
distribution on the antenna elements and the antenna gain pat-
terns when using a metal rack to mount E-shaped patch. As can
be seen from presented Figures, the U-slot provides isolation of
the rack and equalization of currents (E-field) on the surface of
the exciter and antenna respectively.
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(a)

(b)

FIGURE 14. The XZ-gain patterns of the proposed stacked microstrip antenna (a) with using of a metal rack to mount the active modified E-shaped
exciter having U-shaped isolating slot and (b) without it.

(a) (b)

FIGURE 15. The models of the proposed UWB stacked microstrip antenna with four single-sided bowtie passive elements and a modified E-shaped
active exciter mounted with a (a) metal rack and (b) dielectric racks.

4. THE UWB HIGH-GAIN STACKED MICROSTRIP AN-
TENNA SIMULATION RESULTS

This section contains comprehensive simulation results of two
antenna variants (Figure 15), whose designs were obtained
through optimization in the ANSYS EM Suite software (Fig-
ures 16–17). The first version of the antenna involves mount-
ing an active exciter with a metal rack; the second involves di-
electric ones. Both variants allow for passive elements to be
mounted on metal racks.
From the simulation results, we can see that the antenna,

where the active exciter is mounted using a metal rack, has
a matching band of 77% (3,952–8,884MHz) with |S11| ≤
−10 dB and about 45% with |S11| ≤ −15 dB; the usable
antenna BW (with a gain of more than 10 dBi) is 4,131–

8,105MHz (65%) with XPD greater than 60 dB; the peak gain
is 14.2 dBi at 6,445MHz. An antenna where dielectric racks
are used to mount an active exciter has better performance:
the matching BW is 94.3% (3,947–10,991MHz) with |S11| ≤
−10 dB and about 60% with |S11| ≤ −15 dB; the usable BW
is 3,925–8,837MHz (77%) with XPD greater than 55 dB; the
peak gain is 13.85 dBi at 6,655MHz; and the front-to-back ratio
(FBR) is more than 17 dB at frequencies higher than 4.5GHz.
The antenna size, excluding the connector, is 80×90×10mm3,
which corresponds to 1.05λmax×1.2λmax×0.1λmax or 1.7λ0×
1.9λ0 × 0.2λ0. At frequencies below 4GHz and above 9GHz,
the phase center in both types of antennas shifts, and, accord-
ingly, the main lobe of the radiation pattern (radiation maxi-
mum) deflects. The RPs of an antenna with a dielectric rack
are more stable in the working band.
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FIGURE 16. The simulated gain patterns of the proposed ultrawideband stacked microstrip antennas with a modified E-shaped active exciter mounted
with a metal rack (green) and dielectric racks (red).

(a) (b)

FIGURE 17. (a) The simulated reflection coefficient magnitudes and (b) the simulated realized gain plots of the stacked microstrip antennas with a
modified E-shaped active exciter mounted with a metal rack (a) and dielectric racks (b).

5. THE UWB HIGH-GAIN STACKED MICROSTRIP AN-
TENNA EXPERIMENTAL RESULTS
The manufactured antennas are shown in Figure 18. The an-
tenna elements (active, passives, and ground plane) are made

of stainless steel sheets 1mm thick using laser cutting with an
accuracy of no worse than 0.1mm. The passive elements for
both antennas are mounted on brass racks with a diameter of
3mm and a height of 6mm. The active exciter is mounted in
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FIGURE 18. The proposed UWB antenna with four single-sided bowtie passive elements and a modified E shaped active exciter mounted with a
metal rack (left) and dielectric racks (right).

FIGURE 19. The radiation patterns of the proposed ultrawideband antenna with a metal mounting rack under the active exciter.

one case by a brass rack with a diameter of 3mm and a height of
3mm; in the second, by two nylon racks, also 3mm in height.
An SMA connector is installed: the outer part is screwed to the
ground plane, and the inner conductor is soldered to the input
of the active E-shaped exciter.
The measurement results of both antennas are given in Fig-

ures 19–22. It is evident from Figures 19 and 20, that the co-
polarization RP shapes of both prototypes are close to those
obtained from the simulation results, and the measured cross-
polarization component in the Y Z-plane (H-plane) is much
lower than that obtained from the simulation. Both antennas
have a symmetrical RP’s shape in the Y Z plane (H-plane); the
maximum is oriented normal to the antenna plane.

According to the measured RPs, the main radiation charac-
teristics of the antenna are determined. The FBR has its lowest
value at the lower edge of the operating range and is about 12 dB
for both types of antennas; at frequencies from 5–5.5GHz, the
FBR increases to 17 dB or more (similar for both antennas).
The measured XPD value in the direction of maximum radia-
tion is not worse than 50 dB; in the main beam region (at half-
power beamwidth level, HPBW), XPD does not exceed 40 dB.
An antenna with a metal rack under the active exciter provides
better XPD. In the Y Z plane, in the lower half of the operating
range, the HPBW is 50–60◦ and about 30–40◦ in the upper half;
in the XZ plane, in the lower half of the operating range, the
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FIGURE 20. The radiation patterns of the proposed ultrawideband antenna with dielectric mounting racks under the active exciter.

FIGURE 21. The measured reflection coefficient magnitudes of the
stacked microstrip antennas with a modified E-shaped active exciter
mounted with a metal rack (a) and dielectric racks (b)

FIGURE 22. The measured gain and aperture efficiency (AE) plots
of the stacked microstrip antennas with a modified E-shaped active
exciter mounted with a metal rack (a) and dielectric racks (b)

HPBW is about 40–45◦ and about 30–35◦ in the upper half for
both types of measured antennas.
Figure 21 shows that the antenna with a metal rack has the

matching BW of about 79.1% (3979–9186MHz) with |S11| ≤
−10 dB and about 50.2% with |S11| ≤ −15 dB; the antenna
with dielectric racks has the matching BW more than 103%
(from 3853MHz to 12GHz and above) with |S11| ≤ −10 dB
and about 85.5% with |S11| ≤ −15 dB. The convergence of
the measured and simulated plots is quite high; the discrepan-
cies are most likely caused by inaccuracy in the manufacture of
the antenna elements.

The antenna patterns and gainmeasurements were performed
in an anechoic chamber. The radiation patterns were evaluated
using the general method by direct measurements in the far field
of the antenna, using an SMR 20 Rohde & Schwarz generator
connected to the antenna under study and a Rohde & Schwarz
ESU EMI Test Receiver to measure the power received by the
measuring horn UWB antenna. Themeasured antenna is placed
on a rotating stand, as shown in Figure 23.
To determine the antenna gain, an additional reference an-

tenna HF907 Rohde & Schwarz with known characteristics is
used. The reference antenna is installed instead of the one being
measured, and the received power is measured. Next, knowing
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TABLE 1. Comparison between the proposed design and the most effective previous studies in high-gain UWB antennas.

Antenna Type
BW, %

(S11 ≤ −10 dB)
BW, %

(S11 ≤ −15 dB)
BW, %

(G ≥ 10 dBi)
Gain, dBi
(peak / av.)

AE, %
(λmax/λ0)

Overall size
λmax/λ0

Vivaldi antenna loaded
with elliptical slots [19]

∼ 144.8 – ∼ 78.3
∼ 11.3

∼ 10.6
–

1.8× 1.3× 0.03

3.0× 2.2× 0.05

Vivaldi antenna with
reconfigurable 3D phase
adjusting unit lens [20]

∼ 100 – ∼ 100
∼ 13.8

∼ 12.5
–

1.8× 1.04× 0.3

3.6× 2.08× 0.6

Conformal end-fire
Vivaldi array [22]

∼ 102.5 – ∼ 96.9
∼ 15.2

∼ 12.6
–

0.8× 0.3× 2.5

1.6× 1.6× 4.9

3D printed horn
antenna [30]

∼ 72 – ∼ 72
∼ 14.0

∼ 13.0

∼ 60

∼ 60

1.04× 1.3× 0.8

1.63× 2.0× 1.25

Double-ridged horn
antenna [31]

∼ 184 – ∼ 151
∼ 15.35

∼ 12.0

∼ 29

∼ 3

2.03× 1.3× 2.3

8.3× 5.5× 9.3

Ridged horn antenna with
metallic grid sidewalls [32]

∼ 181 – ∼ 154
∼ 17.0

∼ 14.5

∼ 80

∼ 21

1.2× 0.8× 2.08

5.3× 3.6× 9.06

Double-ridge horn
antenna [33]

∼ 161 – ∼ 133
∼ 18.0

∼ 13.0

∼ 28

∼ 6

2.4× 1.2× 1.02

7.1× 3.6× 3.05

2× 4 array with an inclined
proximity coupled feed [41]

∼ 57.2 – ∼ 57.2
∼ 15.0

∼ 13.2

∼ 28

∼ 33

2.1× 1.4× 0.09

2.8× 1.9× 0.12

4× 4 aperture coupled
microstrip patch
antenna array [45]

∼ 42.9 – ∼ 42.9
∼ 21.0

∼ 19.0

∼ 50

∼ 68

2.8× 2.9× 0.15

3.6× 3.7× 0.19

E-shaped active exciter
and four rectangular
passive elements [53]

∼ 33.0 ∼ 26.0 ∼ 28.8
∼ 13.4

∼ 12.2

∼ 40

∼ 65

1.6× 1.6× 0.1

1.4× 1.4× 0.1

Modified E-shaped active
exciter and four

single-sided bowtie passive
elements [proposed]

> 103 ∼ 85.5 ∼ 77.0
∼ 13.5

∼ 12.5

∼ 60

∼ 55

1.05× 1.2× 0.1

1.7× 1.9× 0.2

FIGURE 23. The RPs and gain measurement process of the studied
stacked microstrip antenna.

the level of the received signal at the antenna under study, the
reference antenna and its gain, the gain of the measured antenna
at the given frequencies is calculated (Figure 22). To determine

the AE values, the equation is used:

ηap =
λ2

4π · S
G, (9)

where λ is the free-space wavelength at the given frequency f ;
S is the physical area of antenna; G is a measured gain value.
According to Figure 22, the measured antenna gain also cor-

responds to that obtained in the simulation; an antenna with ny-
lon racks for mounting an active exciter shows the best perfor-
mance. Table 1 demonstrates the characteristics of the antenna
under study in comparison to earlier publications.

6. CONCLUSION
The article provides an overview of ultrawideband antenna
technologies and examines modern achievements from both the
point of view of omnidirectional and unidirectional antennas.
The analysis shows that the best performance among unidirec-
tional UWB antennas is shown by horn and Vivaldi antennas;
nonetheless, they have several drawbacks, primarily among
them being their large size.
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(a) (b)

FIGURE 24. The proposed ultrawideband high-gain stacked microstrip antenna with (a) metal and (b) dielectric mounting racks under the modified
E-shaped active exciter.

A unique method for expanding the frequency band of a
stacked microstrip antenna to an ultrawide one (up to 100%)
is proposed. The method consists of using modified E-shaped
active and four single-sided bowtie passive exciters, which are
attached to the ground plane using racks. Based on the pro-
posed method, an antenna structure was manufactured that has
the following characteristics: the matching BW is about 100%
with |S11| ≤ −10 dB and about 85.5% with |S11| ≤ −15 dB;
the usable bandwidth with a gain greater than 10 dBi and XPD
greater than 55 dB is about 77%; and the FBR more than 17 dB
at frequencies higher than 4.5GHz. The antenna has small size
which is 1.05λmax×1.2λmax×0.1λmax or 1.7λ0×1.9λ0×0.2λ0.
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APPENDIX A. PROPOSED ANTENNAS APPEARANCE
WITH ITS DIMENSIONS
The appendix contains Figure 24, showing the appearance of
the antennas under study with dimensions in millimeters.
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