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Abstract. The paper describes the design and the experi-
mental verification of three types of wideband antennas.
Attention is turned to the bow-tie antenna, the Vivaldi
antenna and the spiral antenna designed for the operation
at millimeter waves. Bandwidth, input impedance, gain,
and directivity pattern are the investigated parameters.
Antennas are compared considering computer simulations
in CST Microwave Studio and measured data.
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1. Introduction

The boom of the ultra-wideband (UWB) technology
has increased the demands on small wideband antennas.
The Vivaldi antenna (Fig. la), the bow-tie antenna
(Fig. 1b), the spiral antenna (Fig. lc) and potential
modifications belong among the most published structures

[11-[6].
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Fig. 1. Examples of wideband antennas: a) Vivaldi antenna,
b) bow-tie antenna, c) spiral antenna.

An UWB antenna has to meet the following condition

(4]
B0, (1)

c

The bandwidth By is determined by the frequencies at
which the return loss at the antenna input decreases below
—10 dB. The symbol f. denotes the central frequency of the
given frequency band. Moreover, the directivity of the
antenna should be constant over the whole frequency
band B

In this paper, attention is turned to the design and
experimental comparison of three types of wideband
antennas: the Vivaldi antenna [1], [5], [7], [6], the bow-tie
dipole [1], [2], [7], and the spiral antenna [1], [7]. All the
antennas have been simulated in CST Microwave Studio;
have been manufactured and measured, and a detailed
comparison is presented.

Section 2 of this paper is devoted to the design and
measurements of the Vivaldi antenna. The bow-tie antenna
is described in section 3, and the spiral antenna is presented
in section 4. Section 5 concludes the paper.

2. Vivaldi Antenna

The antenna radiates through an aperture created by
a tapered slot between the antenna arms. The investigated
antenna was designed for the microwave substrate Arlon
25N (with height 2 = 0.788 mm, permittivity ¢, = 3.24, and
loss factor tan 6 = 0.0025 at f'= 10 GHz).

The description of the design procedure follows:

The lowest operational frequency fp determines the
width of the aperture W, and the length of the antenna L

(Fig. 2) [6]

2
W, =R, =L=— )

fn £r+1.

Here, c is the velocity of light, and ¢, denotes the relative
permittivity of the substrate.

The arms of the Vivaldi antenna are ellipses with radii
Ry and R, R, and Ry, [6]:
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Ry =W, =L, &)

R
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In (3) to (6), W, denotes the width of the aperture, W,
denotes the width of the feeding strip (7), and L is the
length of the antenna given by (1).

(6)

The dimensions of the radiators are chosen so that the
distance between the upper and lower radiator is equal to
the effective wavelength of the lowest operational fre-
quency. The length of each antenna radiator is equal to the
half of the effective wavelength calculated for the lowest
operational frequency.

The width of the feeding strip W, is given by [6]

, 1207 o

e 7,

where / is the height of the microwave substrate, &, is the
dielectric constant of the substrate, and the characteristic
impedance of the feeding strip is required to be Z, = 50 Q.

Wl
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Fig. 2. Vivaldi antenna geometry.

Next, a transition from the symmetrical arms of the
Vivaldi antenna to the asymmetric coaxial connector has to
be designed (see Fig. 2). The transition from the balanced
twin-line to a coaxial unbalanced feed point is imple-
mented using a linear microstrip taper. The unbalanced end
of the tapered balun resembles a microstrip line of width
W5 (Zy = 50 Q) over a finite ground plane of width Ws. In
order to approximate an ideal microstrip line, the ground
plane must be much wider than the metallic strip. In the
proposed design, a ratio Ws/W; =7 is assumed [8]. The
width W, depends on the opening angle of the strip, which
is equal to a=6" [8]. The length L;=0.182 4, and the

length L;=0.36 4, where, 4, is the wavelength on the
microwave substrate given by (11).

Numerical values of the antenna dimensions are
summarized in Tab. 1.

W 10.140 mm
W, 3.240 mm
W, 1.816 mm
W, 4.490 mm
W 12.712 mm
L 10.140 mm
L 1.511 mm
L, 0.900 mm
Ly 2.987 mm
Ly 15.538 mm
R, 6.690 mm
R, 3.450 mm
Rg 10.140 mm
Rg 1.725 mm

Tab. 1. Numerical values of Vivaldi antenna dimensions for
f~20 GHz.

The antenna was designed for the band of operational
frequencies f; = 20 GHz to f, = 40 GHz.

Fig. 3. CST model of Vivaldi antenna.

A numerical model of the Vivaldi antenna connected
to a 2.92 mm connector (Fig. 3) was simulated in CST
Microwave Studio using transient solver.

In Fig. 4, computed and measured frequency re-
sponses of the return loss at the antenna input are com-
pared. The bandwidth was reduced due to losses and para-
sitic properties of the 2.92 mm connector.
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Fig. 4. Frequency response of the return loss of the Vivaldi
antenna: CST MWS (black), measured (red).
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The bandwidth defined by the —10 dB decrease of the
return loss at the input of the measured antenna is B =
22.43 GHz. The real and imaginary components of the
input impedance are shown in Fig. 5.
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Fig. 5. Measured and simulated input impedance of the
Vivaldi antenna: input resistance (black), and input
reactance (red).

Measured and computed directivity patterns are
depicted in Fig. 6.

E-Plane (yz-plane)

H-Plane (zx-plane)
n® f=30GH=z
50°

30°

Fig. 6. Directivity patterns of the Vivaldi antenna: CST MWS
(black), and measured (red).

3. Bow-Tie Antenna

The bow-tie dipole (Fig. 7) can be simply constructed
and can provide good wideband parameters. The investi-
gated antenna was designed for the microwave substrate
Arlon 25N.

The resonant frequency on a microwave substrate
with dielectric constant ¢, can be computed by [2]

_ 2eNm* + mn +n? )

’ 3e,

where c is the light velocity, numbers m and n determine
the operational mode of the antenna, and / is the length of

the antenna arm. The length of the antenna arm can be
computed using [2]

2¢
[=—"T—. ©)
2f,4e,

Consequently, the value of the arm length / has to be modi-
fied in order to obtain its effective value [2]

h
ZE//:I‘FF' (10)
Here, 4 is the height of the microwave substrate.
Antenna wavelength is defined by [2]
A, = 4o where ﬂzgr+1 ¢ 1 (1)
Ve T 4y %

Here, ¢,y is the effective permittivity of the microwave
substrate and /A, is the free space wavelength.

1

/

Fig. 7. Simplified geometry of the bow-tie antenna.

The opening angle « (Fig. 7) can be chosen almost in
any range (10° to 80°). The angle significantly impacts
parameters of the broadband antenna.

A detailed layout of the bow-tie antenna is depicted in
Fig. 8. Numerical values of antenna dimensions are sum-
marized in Tab. 2.

The antenna was designed for the band with central
frequency f; = 30 GHz. The widths W, W, and lengths L,
L, are dimensions of the quarter-wave transformer. The
width W5 is determined by (10) and the known angle
a=151°.

L5

TOF LAYER RADIATOR

BOTTOM LAYEE RADIATOR

Fig. 8. Detailed geometry of the bow-tie antenna.
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/4 2.128 mm
W, 2.531 mm
Ws 10.300 mm
W, 1.362 mm
Ws 8.739 mm
L 3.529 mm
L, 1.902 mm
L 0.156 mm
Ly 4.162 mm
Ls 8.191 mm

Tab. 2. Numerical values of the bow-tie antenna dimensions
for a=51°.

A numerical model of the bow-tie antenna connected
to a 2.92 mm connector (Fig. 9) was simulated in CST
Microwave Studio using transient solver.

Fig. 9. CST model of the bow-tie antenna.

Fig. 10 shows the frequency response of the com-
puted return loss and the measured one. The bandwidth
was reduced due to losses. The deviation of the measured
return loss with respect to the simulated one is caused by
parasitic properties of the structure (e.g., the parasitic
capacity between the antenna and the attached connector).
The measured antenna bandwidth is B > 18.23 GHz.
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Fig. 10. Frequency response of the return loss of the bow-tie
antenna: CST MWS (black), measured (red).
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Fig. 11. Measured and simulated input impedance of the bow-
tie antenna: input resistance (black), and input
reactance (red).

Fig. 11 shows the measured input resistance and input
reactance of the bow-tie antenna for the operational band.

Measured and computed directivity patterns of the
bow-tie antenna are depicted in Fig. 12.

H-Flane (zx-plane)

f=300CHz

Fig. 12. Directivity patterns of the bow-tie antenna: CST
MWS (black), and measured (red).

4. Spiral Antenna

Dimensions of the spiral antenna are specified by the
angles y, 0 only (see Fig. 13) unlike the previous two an-
tennas. The practical design of the spiral antenna comprises
the determination of the radii R, and R,. The constant R,
can be determined from the general initial value of the
angle range @, and the radii R, and R,. The angle range @
depends on the ratio R,/R; only.

&5 = 40°

Fig. 13. Simplified geometry of the spiral antenna.

The spiral antenna is designed for a prescribed oper-
ating band [f3, fi]. The upper frequency limit f; determines
the value of the radius R, = 4,/14. The lower frequency
limit £, is related to the parameters 0 (see Fig. 13) and r
(17). The antenna diameter should be slightly larger than
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Ay/m. The ratio (Ry/R))/(fi/f>) is the decisive parameter for
the antenna, which determines the compactness of the
antenna for the desired bandwidth. The ratio is usually
close to one.

The spiral antenna was designed for the microwave
substrate Arlon 25N

The spiral elevation angle ¥is given by [7]

tanz//zl (12)
r

where r is the expansion coefficient and it is related to the
radius R by [7].
R
| =
cos ¥

(13)

where / denotes the arc length from the beginning of O.
Moreover, / is finite and proportional to the radius R.

In the next step, an auxiliary quantity 7 < 1 has to be

evaluated [7]
T=exp| — 27| (14)
‘tan 1//‘

The quantity z corresponds to the ratio OA/OB in Fig. 13.

The logarithmic nature of the antenna parameters can
arise after converting (12) and (14) to [7]

__logz, (15a)
2
w = arctan 27| (15b)
‘logr‘

The second side of the antenna strip is given by [7]
R=R, exp[r(w + 5)] (16)
where R, is a constant,  is given by (15a), ¥is given by
(15b) and the angle J is depicted in Fig. 13.
The equation (16) is equivalent to a scaling [7]
K= exp(rw). (17

The dependence of the width of the spiral arm strip w
on the radius R is given by [7]

w=R(1-K)siny . (18)

The second arm is obtained by rotating the first arm
for 180° around the center O.

In accordance with the above equations, the spiral
antenna was designed for the band of operational frequen-
cies f, = 10 GHz to f; = 50 GHz by the following relations:

X, =0.445 exp(0.5645 ¢) cos(p) . (19a)
Y, =0.445 exp(0.5645 ¢) sin(g) , (19b)

X, =0.445 exp[0.5645 (¢ + 0.6981)] cos(¢) , (19¢)

Y, =0.445 exp|0.5645(p + 0.6981)] sin(¢) . (19d)

pel0,5.5]rad. (19¢)

A wideband balun, which is connected to the antenna,
serves as a transition from an asymmetric microwave
connector to the symmetric input of the spiral antenna.
Moreover, the balun plays the role of the impedance
transformer: the impedance of the microwave connector Z;,
= 50 Q is converted to the input impedance of the spiral
antenna Z,,, = 145 Q.

The wideband transition is composed from a set of
quarter-wavelength transformers of characteristic impe-
dance

z=J7.2,, (20)

where Z; and Z, are impedances at the input and the output
of the transformer.

The set of quarter-wavelength transformers is fol-
lowed by a Klopfenstein tapered ground plane [9] ensuring
the transition from the unbalanced line to the balanced one.
The whole wideband impedance transformer (Fig. 14) is
designed as a planar structure [10]. The 2.92mm connector
is connected to the balun.

Z=m3a Z=1451%2

Z=304

1.85

0.5

4

&0 ‘

I &0 ‘

Fig. 14. The geometry of the planar impedance transformer
from 50 Q to 145 Q.

The numerical model of the spiral antenna was cre-
ated in CST Microwaves Studio. The model is shown in
Fig. 15.

.

¥

y L.

Fig. 15. CST model of the spiral antenna.

Fig. 16 shows frequency response of the return loss at
the input of the spiral antenna. Measured data are depicted
in red, and computed ones in black. The bandwidth was
reduced due to losses. The measured data were deformed
by parasitic phenomena like parasitic capacity between the
antenna and the attached connector. The antenna band-
width is B = 25.49 GHz. The rotate arm antenna has
a major impact on the basic parameters of the antenna.
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Fig. 16. Frequency response of the return loss of the spiral
antenna: CST MWS (black), measured (red).

Fig. 17 shows the measured input resistance and input
reactance of the spiral antenna for the operational band.

Impedance [2hm]

Freq [GHzZ]

Fig. 17. Measured and simulated input impedance of the spiral
antenna: input resistance (black), and input reactance
(red).

Measured and computed directivity patterns of the
spiral antenna at the frequency f, = 40 GHz are depicted in
Fig.18 both for the H plane (left) and for the E plane
(right).

H-Plane (zx-plane) E-Plane (yz-plane)

° f=40GHz °

Fig. 18. Directivity patterns of the spiral antenna: CST MWS
(black), and measured (red).

5. Conclusions

The paper describes the design and experimental veri-
fication of parameters of three types of wideband antennas.
The bandwidth, the input impedance and directivity pat-
terns are mutually compared in Tab. 3, 4.

Antenna Bandwidth
Bow-Tie antenna 18.23 GHz
Vivaldi antenna 22.43 GHz
Spiral antenna 25.49 GHz

Tab. 3. Bandwidth of the investigated antennas.

The best results in terms of the bandwidth are reached
by the spiral antenna. On the other hand, the structure of
the spiral antenna is very complex, and the antenna has to
be completed by an absorption cavity for the proper func-
tioning. The design sensitivity related to the manufacturing
precision is not critical, but this is not true when speaking
about the feed strip and the balun.

The bow-tie antenna exhibits the smallest bandwidth.
The structure of the bow-tie antenna is simple compared to
a spiral antenna. The design sensitivity to the accuracy of
the production of the bow-tie antenna is of a very funda-
mental nature.

The Vivaldi antenna exhibits the medium bandwidth.
The design is very simple and easily tunable. The design
sensitivity to the manufacturing precision is not critical,
because the principle of operation is different.

Antenna Gain@40 GHz
Bow-Tie antenna 6.32 dBi
Vivaldi antenna 5.89 dBi
Spiral antenna 7.62 dBi

Tab. 4. Gain of the investigated antennas.

The above given discussion shows that the Vivaldi
antenna is the most suitable antenna for millimeter-wave
applications. The Vivaldi antenna exhibits the best per-
formance with the reference to the required characteristics.

In Fig. 19 to 21, the manufactured antenna prototypes
are shown. The prototype of antennas was connected to the
ground plane through the K-connector. The attached
screws had a small impact in directivity patterns.

Fig. 19. Prototype of the Vivaldi antenna.

Fig. 20. Prototype of the bow-tie antenna.
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Fig. 21. Prototype of the spiral antenna.

The application of the Vivaldi antenna and bow-tie
antenna was published in [11].
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