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Abstract — Mixed order tangential vector finite
elements (TVFEs) of order 0.5, 1.5, and 2.5 for tetrahedra
are presented and used in conjunction with an exact Finite
Element-Boundary Integral (FE-BI) formulation. The
main advantage of using mixed order elements is to
reduce the computational complexity when solving large
problems. As an illustrative example, a wide band
antenna is designed and placed on an automobile. Results
regarding the antenna return loss, far field pattern, axial
ratio, and gain are presented.

I. INTRODUCTION

Printed microstrip patch antennas are widely used in
wireless communications because they are low profile,
low cost, and can easily be integrated with other circuitry.
However, conventional patches find very few applications
due to their narrow bandwidth. In the past, techniques
have been proposed to overcome this bandwidth problem
by using parasitic patches, stacked patches, and thick
substrates [1]-[2]. Despite the advantages, these methods
enlarge the antenna size either in the antenna plane or in
the antenna height. Some other patch antennas
investigated include E-shaped, spiral, tapered slot, and
bow-tie [3]-[6]. E-shaped and square slot antennas are
preferred for wideband and multi-band operations. They
have been used in mobile and satellite communications,
remote sensing, electronic warfare, and radar systems [7]-
[10].

Another important application area is the design of
multi-functional automotive antennas. Nowadays, satellite
radio, navigation, and personal communication systems
are standard features in many automobiles. These
applications require a compact circularly polarized
wideband antenna with decent gain and omni-directional
characteristics. In this study, we propose the design of
such antenna by using a square slot with an E-shaped
tuning stub. The antenna has less than -10 dB return loss
in the 0.8 GHz -3.35 GHz band and can be used for GPS,
XM, GSM, and PCS systems. FE-BI software is used for
simulations. Initial antenna results are validated with
Ansoft’s HFSS. In addition, the antenna is placed on the

automobile and simulations are carried out to observe the
changes in the antenna parameters in the presence of the
automobile.

II. FORMULATION

The finite element method boundary integral method
(FE-BI) is known to be very accurate when analyzing
antennas with fine geometrical details [11]. Using
tetrahedral elements offers higher flexibility when
simulating complex structures, and mixed-order
tangential vector finite elements (TVFEs) guarantee
tangential field continuity across element boundaries and
suppress spurious modes [12].

In the past, mixed order TVFEs are proposed up to
1.5™ order for a patch antenna backed by a dielectric
filled rectangular cavity recessed in infinite ground plane
[13]. Formulation used in [13] omits the edge effects and
determines the unknown magnetic currents on the
boundary and the electric fields inside the finite element
domain. It is obvious that for a general radiation problem
involving a complex structure such formulation will
easily fail. An alternative exact formulation was
introduced in [14]. In this formulation the FE-BI system
is of the form
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where E|, refers to the electric fields in the interior volume
of the antenna and E; is the sub-column for the surface
fields. The J sub-column of unknowns contains the
current density unknowns on the large metallic surface of
the sub-structure. In the given system, the sub-matrices
Eg, E,,, E, and E, are sparse and can thus be treated
efficiently in the context of an iterative solver. Their
explicit form is known [14]. The time harmonic electric
field is related to the time-dependent electric field by

E(x,y,z;t) = iRe{E(x,y,z)eW} where j=+/—1.

They are extracted by discretizing the functional
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F(E)=%j{i(w E)-(VxE) —kgg,E-E}dv. )
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For Magnetic Field Integral Equation (MFIE)
formulation, the elements of the matrix in (1) are obtained
from the operators

L:jds 1(F) {fds'(_}(?,?')-ﬁ[(?')} 3)

K = j ds (F) -Ei(?ﬂ[ds'j(f')xvg(f,f')} (4)

where
G(F,F)= [? + %VV'Jg(F,F') (5)
0
and
e—jko‘?—?"
gr,r)y=—— - (6)
F-7|

Finally, the elements of the coupling matrix are obtained
from

S =ik, [ (Ex H)-nds. (7)

Elements and Basis Functions

We consider a tetrahedral element with nodes 1, 2, 3,
and 4. The volume of the tetrahedron is denoted by V.
The simplex coordinates &, &, &, and & at a point P are
defined in the usual manner, where ¥, denotes the volume
of the tetrahedron formed by P and the nodes of the
triangular face opposite to node n (Fig. 1).

4

P&, &, &, &)

Fig. 1. Geometry of a tetrahedral element.

A mixed-order TVFE of order 0.5 is characterized by six
linearly independent vector basis functions which are

expressed as
EVEEVE i< ®

A mixed order TVFE of order 1.5 is characterized by 20
linearly independent vector basis functions in a
hierarchical fashion. In addition to the six edge-based
vector functions (8), it is characterized by the six edge-
based vector basis functions
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and the eight face-based vector basis functions

EEVE -EVE)i<j<k (10)
EEVE-EVE) i<i<k: (11)

A mixed order TVFE of order 2.5 is characterized by 45
linearly independent vector basis functions in a
hierarchical fashion. In addition to the 12 edge-based
vector functions (8)-(9) and eight face-based vector
functions (10)-(11), it is characterized by the six edge-
based vector basis functions

E-EFEVEENE) i< D

16 face-based vector basis functions
VEEE) <<k 1)
fi(cf,.vé:.—évé)si<j,z‘¢j¢k¢i (14)

and the three cell-based vector basis functions
fjfk(flvéi_é‘ivéfl), Ljk>1,i#j#k+#i, j<k-
(15)

III. ANTENNA GEOMETRY

The top and side views of the antenna are shown in Fig.
2a and Fig. 2b, respectively. The antenna consists of a
square slot placed between two substrates of the same
material.

Fig. 2. a) Top and b) Side view of the antenna.




Two E-shaped patches are printed orthogonally (one on
the top and one on the bottom of the antenna) and
connected to two orthogonal microstrip feed lines.
Through proper selection of the parameters of the E-
shaped tuning stub, it is expected that the coupling
between the microstrip line and the printed wide slot can
be controlled more effectively. When dimensions of the
E-shaped tuning stub change, the coupling changes and
the antenna has different resonance characteristics.

The design maintains a high degree of polarization
isolation and employs a symmetric feeding structure. The
antenna is a bi-directional radiator, and the radiation
patterns on both sides are approximately the same.
Moreover, circular polarization is obtained by
simultaneous excitation. Neltec NH 9300 (g=3,
tand=0.0023) with a thickness of 1.27 mm is used for the
substrate material. The dimensions of the antenna and the
antenna specifications are given in Table 1 and Table 2,
respectively. Antenna was designed using a trial-and-
error approach.

Table 1. The dimensions of the designed antenna.

I Antenna Dimensions

L1 75 mm
L2 6 mm
L3 8.5 mm
L4 3 mm
L5 12 mm
L6 6 mm
W1 57 mm
W2 1.18 mm
W3 5 mm
w4 33 mm
W5 3 mm

h 1.27 mm

IV. NUMERICAL RESULTS

A. Square Slot Antenna

The return loss comparison of the antenna between FE-
BI method and HFSS for Port 1 is shown in Fig. 3. Both
simulations have very similar characteristics. The HFSS
simulation show that the antenna operates in the band 0.8
GHz - 3.35 GHz with a 10 dB bandwidth of 123%.
Similarly, according to FE-BI result the band extends
from 0.74 GHz to 3.02 GHz with a bandwidth of 121%.
Thus, it can be used for GPS (1.227 GHz and 1.575
GHz), XM (2.332 GHz-2.345 GHz), GSM (890 MHz-915
MHz and 935 MHz-960 MHz), and PCS (1.85 GHz-1.99
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GHz and 2.18 GHz-2.20 GHz) bands. All FE-BI
simulations are done by using 1.5 and 2.5 order elements
throughout the entire finite element domain.

Table 2. Square slot antenna specifications.

Antenna Specifications

0.8 GHz-3.35 GHz
Frequency Range

Impedance 50 ohms

Return Loss Less than -10 dB

Polarization Circular
Axial Ratio Less than 3 dB
Gain 2dB
VSWR(min Less than 2:1 Nominal
performance)

Return Loss (dB)

Frequency (GHz)

Fig. 3. Return loss of the antenna for Port 1.

S11 and S22 are also very similar due to the symmetry
of the ports as shown in Fig. 4. The VSWR and the peak
gain of the antenna when only Port 1 is excited are shown
in Fig. 5 and Fig. 6. The VSWR level is below “2”
throughout the entire band, and reasonable gain flatness
around 2 dB is obtained until 2.8 GHz.

Figure 7 shows the calculated axial ratio of the antenna.
The antenna provides circular polarization in two bands
of 0.8 GHz - 1.9 GHz and 2.8 GHz - 3.35 GHz with 3 dB
bandwidths of 95% and 25%, respectively. Axial ratios
computed on the x-z and y-z planes at GPS frequencies
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Figure 9 shows the far field radiation patterns of the
antenna on the x-z and y-z planes. E-phi and E-theta

components for both planes are calculated at 0.8 GHz,
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1.575 GHz, 2.34 GHz, and 3 GHz. It is apparent from the
plots that the antenna has omni-directional radiation

Fig. 6. Peak gain when only Port 1 is excited.
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characteristics. The cross polarized fields deteriorate as

the frequency increases.

= E-phixz plane
===+ E-phi yz plane
E-theta xz plane
=+=== E-theta vz plane

= 1575 GHz
0 4

Fig. 9. Radiation patterns of the antenna shown in Fig. 2
on x-z and y-z planes at 0.8 GHz, 1.575 GHz, 2.34 GHz,
and 3 GHz.

B. Automotive Applications

Figure 10a, Fig. 10b, Fig. 10c, and Fig. 10d show the
antenna on the roof, trunk, 4-door automobile, and
convertible automobile meshes, respectively. The length,
width, and height of the problems at 3 GHz are also
given. In order to reduce the number of unknowns 0.5
order elements are used for the regions further away from
the antenna while 1.5 and 2.5 order elements are
employed in the vicinity of the antenna.

-
e

PEC
i Wideband i

Length=19.51

Width=10.8A

(a)

Height=1.1A @ 3 GHz

Wideband
Antenna

Length=6.21  Width=14.8h  Height=2.2%

(b)

@3 GHz

Wideband
Antenna
Length=412  Width=15.41  Height=7A @ 3 GHz
(c)

Wideband
G Antenna
Length=41A  Width=15.41  Height=7A @ 3 GHz
(d)

Fig. 10. Square slot antenna on the a) Roof, b) Trunk, c)
Whole 4-Door Automobile, and d) Whole Convertible
Automobile.

Table 3 shows the number of FE and BI unknowns and
total solution time for each problem when combination of
0.5 and 2.5 order elements, and 2.5 order elements alone,
are used. The residual error is kept constant for both
solutions. BICGSTAB (/) algorithm is used for the
iterative solver which is superior to other solvers for
antenna analysis [15]. As clearly seen from Table 3,
mixed order elements improve the solution time and
reduces the memory. In BICGSTAB (/) algorithm /=4 is
used for the simulations. In addition, the convergence
characteristics of each problem are shown in Fig. 11, Fig.
12, Fig. 13, and Fig. 14, respectively.

Table 3. The number of FE and BI unknowns and total
solution time for each problem.

Total
Total FE Total BI Solution

Unknowns Unknowns Time

(sec)

Roof 5473 (0.5+2.5) | 4880 (0.5+2.5) 2,664

00 37,825 (2.5) 14,362 2.5) | 52,872

Trunk 4,721(0.5+2.5) | 3,860 (0.5+2.5) | 9,636

u 30,523(2.5) 11,312(2.5) 73,467
4-Door 9,756(0.5+2.5) | 11,400(0.5+2.5) | 4,3450
Automobile 67,312(2.5) 33,113(2.5) 123,543

Convertible | 10688(0.5+2.5) | 10980(0.5+2.5) | 24,491
Automobile 74,561(2.5) 32,452(2.5) 137,687
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Fig. 11. Convergence behavior of the antenna on the
roof.
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Fig. 12. Convergence behavior of the antenna on the
trunk.
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Fig. 13. Convergence behavior of the antenna on the 4-
Door automobile.

Figure 15 and Fig. 16 show the similar radiation
characteristics of the antenna and the antenna on the roof
and on the trunk at GPS, respectively. Although the co-
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polarization levels for the antenna on the roof and trunk
are lower than the antenna alone, the difference is very
small around the main direction of radiation (z-axis).
Moreover, the cross polarization levels of the antenna on
the trunk are lower than the antenna.
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Fig. 14. Convergence behavior of the antenna on the
convertible automobile.
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Fig. 15. Radiation pattern comparison of the antenna
alone and the antenna on the roof at GPS.

= E-phi antenna
E-theta antenna
------- E-phi trunk

E-theta trunk 0

x-z plane

y-z plane

Fig. 16. Radiation pattern comparison of the antenna
alone and the antenna on the trunk at GPS.



Figure 17 and Fig. 18 show the radiation pattern
comparisons of the antenna and the antenna on the 4-
Door and convertible automobiles. The co-polarization
patterns are very similar in both cases. Especially, E-phi
patterns on the y-z plane have very close values. The saw-
like pattern for the automobiles is actually an expected
case. Besides that, the y-z plane is wider than the x-z
plane and the automobiles have more deteriorated cross-
polarization patterns.

= E-phi antenna
=== E-theta antenna
E-phi 4-Door
E-theta 4-Door 0

x-z plane

Fig. 17. Radiation pattern comparison of the antenna
alone and the antenna on the 4-Door automobile at GPS.

= E-phi antenna
=== E-theta antenna
------- E-phi Convertible
o ==« E-theta Convertible o
|
|

x-z plane

y-z plane

Fig. 18. Radiation pattern comparison of the antenna
alone and the antenna on the convertible automobile at
GPS.

V. CONCLUSION

A set of hierarchical mixed-order TVFEs for
tetrahedral elements up to and including 2.5 order are
proposed. A wide band square slot antenna with an E-
shaped tuning stub is designed using FE-BI method that
employs the presented mixed order TVFEs. The antenna
operates in the band 0.8 GHz — 3.35 GHz. The antenna
has an average gain of 2 dB and provides circular
polarization.
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