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Design and Characterization of Ultra-Wideband Horn Antenna
in Quasi-TEM Mode

Evandro C. V. Boas, Jéssica A. P. Ribeiro, Karine L. M. Costa, José A. J. Ribeiro,
Anténio M. Alberti and Arismar C. Sodré Jr.

Abstract - This paper describes the ultra-wideband horn
antenna design operating in quasi TEM mode. The antenna
consists of a triangular plate with an inclination angle above
a ground plane and directly fed by a coaxial cable. Broad-
band characteristics, radiation pattern, high gain, and a small
reflection coefficient were achieved. Its performance analysis and
main parameters effects were obtained by using ANSYS HFSS®
software. In the numerical analysis, an optimized model was
obtained in 1.57 to 12.85 GHz bandwidth an 11 to 14 dBi
gain. The proposed antenna was manufactured and the measured
reflection coefficient results show an operation frequency range
between 1.48 and 10.12 GHz, agreeing very well with simulations.
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I. INTRODUCTION

IDEBAND structures have been employed in differ-
Went radio communication systems. As example, ultra-
wideband radio communications systems (UWB) operating in
1 GHz to 10.6 GHz frequency band are applied in ground
penetration radars (GPRs) [2], wall imaging systems [3],
surveillance systems [4], among others [5]. With the wireless
technology advancement, radiator operations in 2.45 GHz and
5.8 GHz industrial, scientific and medical (ISM) bands are
highly applied. There are also demands on spectral sensing
systems, in 5G technologies, in more efficient cognitive radio
systems, and so one [6], [7]. Such systems must satisfy
broadband frequency specifications. These systems must en-
sure minimal mutual interference in transmission channels.
Transverse electromagnetic wave (TEM) mode is typical in
unlimited environments propagation. To avoid signal disper-
sion, the attenuation factor must be frequency independent
and the phase factor must be linearly frequency dependent
[8]. A low-loss transmission line approximately presents these
conditions. In this way, its characteristic impedance turns
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an almost real value and the same impedance load makes
its operating range very high. In this context, some antenna
models, such as the TEM horn antenna, have been developed
with a compromise between a transmission line and radiation
phenomenon behaviors. According to their geometries and
design procedures, reflections in their extremities are avoided.
These antennas assume an almost ideal transmission line
operation with a wide bandwidth because the radiated power
has a load effect close to its characteristic impedance [9].

The basic TEM horn antenna, composed of two triangular
metal plates and a feeding structure, has been widely studied
in the last years. Some researchers proposed analytical so-
lutions to evaluate its characteristic impedance in terms of
its constructive parameters. In 1958, Carrel [10] presented
a theoretical method by applying the conformal mapping
approach in calculating the characteristic impedance of two
infinite cones. This method might be extended to the analysis
of inclined biconical antennas or similar structure, as the TEM
horn antenna. After, Yang and Lee [11] combined two tech-
niques, stereographic projection, and conformal mapping, in
the calculation of two conical plates characteristic impedance.
In 1995, Lambert et al. [12] proposed a new formulation also
based on the conformal mapping approach to turn Carrels
method more accurate. In that same year, Maloney and Smith
[13] proved that the characteristic impedance obtained by
Carrels method only matched with measurements for the bow-
tie antenna case. In 1996, Shlager er al. [14] formulated an
analytical solution for the characteristic impedance in a TEM
horn antenna by considering the triangular metal plates as a
cascade of microstrip line segments. Lately, Lee and Smith
[15] compared the aforementioned analytical formulas with
a numerical solution. The results agree with the Maloney
and Smith conclusion about Carrels method. The formulas
proposed by Yang and Lee and Lambert er al. confirm the
numerical solutions and the Shlager et al. approach has a good
agreement only for small aperture between the triangular metal
plates.

Other researches related to TEM horn antenna have been
focused on a design modification to improve the performance.
Theodorou et al. [16] analyzed the characteristics of the TEM
horn antenna by derivation from a V-shaped dipole antenna.
Lee and Smith [17] presented a study about the effects of
the main constructive parameters on the TEM horn antenna as
input impedance, bandwidth, gain, and radiation pattern. Baker
and Van Der Neut [18] proposed a TEM ridged horn antenna
composed by a combination of double ridge waveguide with
a cylindrical termination and microwave absorbing material.
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This structure is presented as a solution to reduce the size of a
broadband double ridge pyramidal horn antenna. In subsequent
works, the double ridge waveguide properties were used to
design TEM horn antennas with improved bandwidth [19] as
well as the idea of loading the antenna with an absorbing
material [20]. In fact, loading the antenna with a microwave
absorbing material reduces reflections at lower frequencies,
increasing the bandwidth as a result. An alternative technique
to mitigate reflections at lower frequencies and to increase the
bandwidth is loading the TEM horn antenna resistively. It was
introduced by Kanda [21] and explored in other works [22],
[23]. However, both resistive and absorbing loading techniques
have as the main disadvantage to increase the antenna losses,
causing a reduction in the antenna gain. This drawback has
motivated researchers to propose techniques to improve the
TEM horn bandwidth without degrading other performance
parameters. By that, modification in the TEM horn cross-
section profile has been proposed as exponential [24], [25],
[26], [27], and elliptical profiles [28].

The previously related researches show structure modifi-
cation in order to improve performance, mainly increasing
the antenna bandwidth at lower frequencies. However, the
object is not to propose a design method, numerical evaluation
and prototype characterization of a TEM horn antenna as in
this paper. It discusses a design procedure by establishing a
relationship between the antenna dimensions and the lowest
operation frequency. The microstrip model approach proposed
by Shlager et al. [14] was applied in the aperture dimensions
of the triangular metal plate determination.

In this way, a horn antenna with a field distribution close
to TEM wave in a transmission line is designed. Their di-
mensions were chosen above 1.5 GHz and its development
is presented in six sections. In Section II, the antenna basic
models and their characteristics are presented. Section III
refers to a design method by assuming the quasi-TEM mode
operation, i.e., with field longitudinal components very small
compared to the transverse ones. To obtain its dimensions,
the model proposed by Shlager et al. [14] is applied. The
performance of the initial structure is verified by numerical
analysis with ANSYS HFSS® software [29]. SMA connector
with its constructive characteristics (material, dimensions) was
specified to obtain the antenna dimensions. This step is in
Section IV, where the constructive parameters effects on the
antenna performance are evaluated. An optimized model and
its reflection coefficient, input impedance, radiation pattern,
and gain are obtained. Section V presents the prototype
after different development essays. Its frequency response was
evaluated through the reflection coefficient measurements and
the results compared with the numerical analysis. Section VI
discusses the project important results and relevant conclu-
sions.

II. BAsIiC QUASI-TEM HORN ANTENNA

The radiation transmission line behavior capacity is used to
design the proposed wideband horn antenna. A null reflection
coefficient is obtained with an infinite length or finite structure
with an impedance load equal to its characteristic impedance

(matched line). In radiation structures with low reflected
energy, the performance is similar to a matched line that has
a very high bandwidth.

The proposed antenna model begins with a balanced compo-
sition of two triangular metal plates with an angular separation.
This structure demands a feed system adaptation to the unbal-
anced coaxial cable [17], [23]. Its dimensions and separations
were gradually modified to obtain the desired performance.
As there is no abrupt transition between the guided wave and
the external environment, small reflection results at its end.
The antenna design depends on three variables: the electrodes
angular aperture «, their angular separation 8 and the axial
length ¢ from the driven point to electrodes end (Fig. 1).

l
Impedance
matching
balun L

<—— Coaxial cable

Fig. 1. Symmetric structure of the horn antenna operating in quasi-TEM
mode, fed through a balun.

In the guided wave antenna section, the electric and mag-
netic fields are almost perpendicular to each other and trans-
verse to the propagation direction, in a quasi-TEM behav-
ior. The electric field must always be perpendicular to the
gradually separated conducting surfaces. In order to satisfy
the boundary conditions, the electric and magnetic fields
assume mutually perpendicular directions, as in Fig. 2 scheme.
For that, a characteristic impedance may be defined for this
structure [30] and the input impedance coincides with its char-
acteristic impedance if there are no reflections. This implies
in the total radiation of the guided energy. In the described
antenna, if the transition is soft enough so that most of the
energy is transferred to the external medium, its behavior is
similar to a matched structure and the input impedance will
have a significant contribution of its characteristic impedance.

Quasi-TEM wave
inside the structure

Fig. 2. Quasi-TEM wave formation schematic representation in the analyzed
structure.

The antenna in Fig. 1 is a balanced structure usually excited
by a 50 Q coaxial cable, an unbalanced transmission line.
For that, the radiation and matching characteristics demand
an adaptation element between symmetrical and asymmetric
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systems (balun). Its objectives must fulfill in the whole spec-
ified antenna bandwidth. This is not an easy task since the
antenna characteristics and of the adapter itself change with
frequency. In Fig. 1, there is a hypothetical reference plane
between the conductor plates. There is a voltage V' between an
antenna branch and the reference plane and another identical
voltage between this plane and the second antenna electrode.
The electric current [ is the same at both driven points. In this
way, the input impedance is [17]:

2V
Z =~ (D

Fig. 3 shows a modification in original structure with one
conductor forming a ground plane at the reference plane
position. This new version is an unbalanced structure more
convenient to a coaxial cable [31]. The applied voltage is half
the previous value for the same driven point current. The input
impedance is half of the obtained in (1):

Zy = — 2

B2

!
!

Ground plane

<— Coaxial cable

Fig. 3. Asymmetric structure of the horn antenna operating in quasi-TEM
mode. Its an unbalanced structure, directly fed.

III. ANTENNA DESIGN

The structures in Fig. 1 and Fig. 3 have the same con-
structive parameters «, 8 and £. Thus, the design procedure is
identical, except for particular characteristics of each structure.
In Fig. 1, the characteristic impedance, Z., is twice the desired
value in Fig. 3. This structure follows the description if its
axial length is equal to or greater than 1.3 times the guided
wavelength at the lowest operation frequency [1]:

1.3¢

f min
with f,.. the lowest operating frequency and c the speed of
electromagnetic wave in vacuum.

To calculate « and 3 there are some analytical models with
very good results [12]-[15]. The microstrip model approach,
proposed by Shlager et al. [14], is suitable for & and (3 between
0° and 60° [15]. By considering this model, the antenna
behavior is close to a cascade of microstrip line segments. In
this transmission system, the characteristic impedance depends
on strip width (w) and the thickness of the dielectric layer
between the metal strip and the ground plane (#). These
dimensions in Fig. 4(a) and Fig. 4(b) represent the extension

! = 1.3>\maz = (3)

of the triangular plate base and the height with respect to the
ground plane.

: * !

Ground plane

(d)

Fig. 4. Geometry of proposed asymmetric quasi-TEM horn antenna. (a) Upper
view and (b) side view.

Through trigonometric relations its possible to obtain « as
a function of § and the ratio w/h:

B w . (B
o = 2atan (2hsm (2)> €]

As proposed by Shlager et al. [14], the relationships be-
tween geometric parameters and characteristic impedance are:

e . 5)
Tlo
w 8 w
—_—= ' to — <2
h eA_2e-Ar 0 < ©)

2 2
%:% {7;1—1—zn<2£—1>}, to %22 %
where 7, represents the medium intrinsic impedance, in gen-
eral, the air, where 7, = 377 ). By assuming different values
for the characteristic impedance, applying (4) and considering
values between 0 and 60°, it was established a relationship
between «, 3 and Z,, as in Fig. 5. As the antenna characteristic
impedance increases, the aperture of the triangular metal
plate reduces and the aperture between the antenna branches
increases.

The transmission line approach defines some free variables:
Z. and one of the angles « or (3. In this work, 5 was chosen
as the free variable. Once the parameters «, 8 and ¢ have been
defined, the length L and the aperture w of metallic triangular
plate are obtained by:

L = Vsec (g) ¥
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Fig. 5. « and § for different values of the characteristic impedance of

the horn antenna operating in quasi-TEM mode, using the transmission line
approximation model.

w = 2lsec (g) tan (%)

IV. HORN ANTENNA ANALYSIS IN QUASI-TEM MODE
OPERATION

€))

A. Antenna geometric values

Section III presented the design of the horn antenna in
quasi-TEM mode with an unbalanced fed. There are small
differences among theoretical and real parameters because of
manufacturing process tolerances. The antenna structure will
be fed with a 50 2 coaxial cable. Therefore, the balanced
model was designed with 100 €2 characteristic impedance
providing matching condition between the driven point and
the radiation element. The minimum specified frequency is 1.5
GHz and § = 20°. By applying transmission line approach
[14], under the condition where w/h > 2 the « value is
46°. Table I exhibits the triangular plate and ground plane
dimensions values. The antenna performance was evaluated
through the Finite Element Method (FEM) with ANSYS
HFSS® software [29]. The prototype specified conductor
material is aluminum and the numerical model was analyzed
by employing its properties.

TABLE I
DESIGN PARAMETERS TO THE QUASI-TEM HORN ANTENNA.
Parameter Value
e 50 Q2

« 46°

B 20°

l 260 mm
L 264 mm
w 225 mm
Ly 400 mm
Wy 250 mm

B. Parametric values

The effects of the main constructive parameters «, 3 and the
ground dimensions will be evaluated. The axial length ¢ and
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the triangular plate dimensions change the lowest operating
frequency as shown in (3). Likewise, the reflection coefficient
was used to evaluate the antenna performance under the
mentioned parameters variations.

Antenna bandwidth was limited to a reflection coefficient
lower than 10 dB. Fig. 6 shows the reflection coefficient of
the initial numerical unbalanced antenna model (solid black
curve). The operation frequency bandwidth is about 11.3 GHz,
with lower and upper limits in 1.57 GHz and 12.85 GHz, about
150% around the center frequency.

Reflection Coefficient [dB]

e BN e e o e e e oy e e
7.00 9.00 11.00 13.00 15.00

Frequency [GHz]

Fig. 6. Reflection coefficient, in dB, for the directly fed quasi-TEM horn
antenna, to different values of «.

The « angle is the triangular plate aperture, as depicted in
Fig. 4. With its values equals to 42°, 46° and 50°, the obtained
S11 are shown in Fig. 6. It is observed that over an 8° in the
« parameter variation there is no significant behavior changes.

The 8 angle between the triangular plate and the ground
plane assumes 10°, 20° and 30° values in this analysis and
the correspondent S3; values are depicted in Fig. 7. The
decreasing of 3 changes the antenna frequency response, by
reducing its bandwidth with the Si; degradation. As 3 is
increased, there is also an antenna frequency response modifi-
cation in terms of S level, mainly in lower frequencies, but
the bandwidth is preserved. The results show that the antenna
impedance changes expressively for 5 lower than the defined
in the antenna design. However, to greater /3 values the antenna
impedance presents a small modification.

The ground plane length, L, assumed the values 300, 400
and 500 mm and its width, W, the values 250, 300 and
350 mm. The antenna frequency response (Fig. 8) shows
that these parameters do not have considerable effects on its
performance.

C. Antenna Performance

The parameters effects evaluation allowed to understand the
antenna behavior under their variations. Once there was no
antenna performance improvement, the final model has the
same dimensions in Table I, with the frequency response of
Fig. 6 (solid black curve). To characterize the final model,
input impedance, gain and radiation pattern were verified in the
numerical analysis. The input impedance is shown in Fig. 9,
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Fig. 7. Reflection coefficient, in dB, for the directly fed quasi-TEM horn
antenna, to different values of 3.

e
=3
S

!
o
o
S

-10.00

—
73
=Y
S

Reflection Coefficient [dB]
[CR )
=1
(=4 (=4
o o

— [y =400 mm
= = L;=500 mm

-45.00 +——r
1.00 3.00 5.00 7.00 9.00 1100 1300  15.00
Frequency [GHz]
(@)
0.00 —
-5.00
-10.00
&-15.00 3
§-20.00 3
%@ ]
2-25.00 3
@] !
a 4
%.30‘00 ]
%3-35.00
& ]
-40.00 3
-45.00
-50.00 ~F——
1.00 3.00 5.00 7.00 9.00 1100 1300  15.00
Frequency [GHz]
(b)

Fig. 8. Reflection coefficient, in dB, for the directly fed quasi-TEM horn
antenna, to different values of (a) Ly and (b) Wy.

with the real part between 25 and 75 €2 and the reactive part
values from —j25 to j25 €.

The gain analysis shows a variation between 11 and 14 dBi,
in the frequency range, as depicted in Fig. 10. The radiation
pattern is in Fig. 11 in 1.57, 7.2 and 12.85 GHz, respectively
the lowest, center and higher values in frequency bandwidth.
In lower frequency, the radiation pattern shows a maximum in
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Fig. 9. Input impedance, in 2, for the designed directly fed quasi-TEM horn
antenna.

a region for between 0 and 90°. As the frequency increases,
the radiation maximum goes to the azimuthal plane direction,
parallel to the antenna ground plane.
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Fig. 10. Designed quasi-TEM horn antenna gain, in dBi, over its frequency
range.

V. MEASUREMENTS AND DISCUSSIONS

The antenna prototype (Fig. 12) was manufactured with
aluminum plates and polyvinyl chloride (PVC) supports. The
electrical contact of the triangular plate and the probe needed a
piece of copper laminate because the aluminum material does
not allow the welding to the probe. Its use contributes to a
small change in the antenna resistance, once its conductivity
is greater than the aluminum, without significant modification
in the antenna overall performance.

In Fig. 13, the measured and simulated results of Sj;
parameter are compared. The practical results show antenna
bandwidth of 8.64 GHz, between 1.48 and 10.12 GHz. It was
observed differences about 5.7% reduction in the minimum
operating frequency and a 23.40% in the overall antenna
bandwidth. At the upper part of frequency bandwidth, mea-
sured results were better than simulated because of the power
loss in SMA connector, whose performance decreases at high
frequencies. By that, the reflected power decreases, resulting
in a better impedance match at the driving point.



JOURNAL OF COMMUNICATION AND INFORMATION SYSTEMS, VOL. 33, NO.1, 2018. 344

dB(RealizedGainTotal)

1. 1844E+B1
9, 1856E 008
7. 171GE+028
5. 2556E+0@@
3. 299Y4E +a@@R
1, 3632E+20@
-5, 7299E-@@1
-2, SE92ZE+DEg
4. 4454E +BBE
-6, 3516E+DEE
-G 3175E +B@a
-1 BZS4E+D@1
-1.21908E +@@1
-1 4126E+B@1
-1 GBESE+EE1
-1, 7999E+D@1

dB(RealizedGainTotal)

1. 294BE+A@A1
9. 4651E +a@@a
5, 964 3E+0@8
Z, SB3SE+ao8
-9, F727E-DE1
~4%. 4531 +B@a
-7 . 9356E+0Ba
-1, 142@E +@@1
-1, 490RE+BE1
-1.8381E+@81
-2, 1B6ZE+DE1

I -Z, 5343E+DE1

-Z. GEZ4E+D@1
3. 2584E+0E1
3. G735E+@A1
-5, 926GE+081

dB(RealizedGainTotal)

1. JGEGE+B@L1
1.0116E+881
6. 5E5GE+B80
3.0153E+880

-5. 3580E-B@1
-4%.B653E+000
-7. B35EE+A08
-1.1186E+@@1
-1.4736E+B01
-1.8237E+@01
-2.1837E+201
-2.5337E+@01
-2.8938E+A01
-3, 2438E+@01
-3, BA3EE+AQ1
-3, 9538E+@01

Fig. 11. Radiation pattern of the directly fed horn antenna operating in
quasi-TEM mode in the operation frequencies: (a) 1.57 GHz (b) 7.2 GHz
and (c) 12.85 GHz.

VI. CONCLUSION

A horn antenna in quasi-TEM operation mode was proposed
for wideband frequency applications. This antenna exhibits
simple structure, with a combination of two conductor plates, a
triangular and a rectangular. Because the unbalanced construc-
tion it is suitable to a coaxial cable fed. The microstrip ap-
proach model was employed to obtain the antenna dimensions.
An optimized structure was designed by applying numerical
analyses, considering SMA connector characteristics: 1.25mm
diameter gold plated beryllium copper probe and 4mm diame-
ter polytetrafluoroethylene (PTFE) dielectric coat. Measured
results are similar to the previously obtained with numerical
analysis and are in good agreement with expected characteris-
tics and performance parameters. Compared to previous works,
this model presents low loss and high gain in operation band.

(b)

Fig. 12. Prototype of the proposed quasi-TEM horn antenna in (a) top view
and (b) front view.
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Fig. 13. Simulated and Measured reflection coefficient, in dB, of the designed
antenna.

In addition, it is a simple structure compared to other large
bandwidth models, like exponential and elliptical formats.
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