6. CONCLUSION

A new type of planar transmission line, modified from the tradi-
tional Goubau line, has been proposed. Some different configura-
tions have been demonstrated and the dimensions of this new type
of transmission line have been provided. The numerical results,
suitable for practical applications, were obtained by using the FEM
to obtain the solutions. Comparisons with metallic rectangular
waveguide have been given. The analysis shows that this new type
of transmission line has advantages such as simplicity, ease of
fabrication, and low loss, in comparison with other types of trans-
mission lines at terahertz frequencies.
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ABSTRACT: This paper describes an easily manufactured, reduced-
size, active receiving antenna for automotive applications, which in-
creases short-range wireless detection in the 315-MHz band. This com-
pact antenna has an advantage over currently available antennas
because can be hidden in a vehicle’s interior. The active antenna con-
sists of a low-noise amplifier coupled to a low-profile planer meander-
line pattern printed on the dielectric substrate. Experimental verification
of the antenna performance and a theoretical calculation for the maxi-
mum range of the active antenna are presented. © 2004 Wiley Periodicals,
Inc. Microwave Opt Technol Lett 43: 293-297, 2004; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.
20449

Key words: active receiving antenna; low-noise amplifier; printed me-
ander-line antenna, short-range wireless communication

1. INTRODUCTION

Wireless devices such as remote-control engine start systems,
keyless entry systems, and automatic tolling systems are now
considered “classical” devices for short-range vehicle wireless
communication [1, 2]. Such control and security devices com-
monly use the 315-MHz frequency band in the United States and
Canada. The receiving antenna is vital to the performance of such
systems.

Dipole antennas designed for use in the 315-MHz frequency
band are large and inconvenient for interior vehicle applications.
An alternative antenna type for vehicular use would appear to be
a miniature printed circuit-board antenna. However, such a small
electrically sized passive antenna has one significant disadvantage:
low radiating efficiency, with concomitant low gain and short
communication range [3, 4]. Problems with passive antennas have
led investigators towards active antennas, which in recent years
have been designed for use in the 800-MHz and higher range for
Bluetooth, GPS, satellite digital radio, and mobile-phone technol-
ogies [5-7]. Only a few researchers have proposed active printed
dipole antennas in the 300-500-MHz frequency band [8, 9]. How-
ever, these antennas are more than 200 c¢m in size and are therefore
too large for in-vehicle applications. Despite the need for such
devices, to our knowledge, miniature printed circuit-board active
antennas in the 300-500-MHz frequency range have not been
previously investigated. This paper describes a small electrically
sized active printed meander-line antenna for short-range automo-
tive wireless communication in the 315-MHz frequency band. The
maximum operating range, as a function of the active antenna
parameters (amplifier gain, amplifier noise figure, and antenna
gain), and the sensitivity of the receiver, is estimated over a wide
range of short-wave communication frequencies.

Antenna-pattern performances are very specific to the location
of the antenna on the vehicle [10—12]. Reflections and shadowing
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Figure 1 Geometry of the proposed printed meander-line antenna

effects can make significant changes in antenna patterns. Unfor-
tunately, only experimentally determined electromagnetic-field
strengths around the vehicle with the antenna in the appropriate
mounting position can reveal the antenna’s true performance;
antenna simulation results calculated using an ideal ground plane
provide misleading results. Therefore, the experimental results for
spatial-field strengths are also included in this paper.

2. ACTIVE ANTENNA SYSTEM DESIGN

The active antenna system includes both passive and active com-
ponents with an input matching circuit, transistor, and output
matching circuit. Figure 1 shows the geometry of the proposed
meander-line antenna.

2.1. Passive Antenna Design

The meander-line component of the antenna has compact dimen-
sions of 50 X 50 mm?, and is printed on the front of an FR4
substrate (thickness 1.6 mm and relative permittivity 4.4). The
antenna ground plane is printed on the bottom side of the substrate
as well as partly on the top side. The bottom ground plane is used
at the same time as the ground plane of the amplifier connected to
the meander line.

It is well known [13, 14] that a folded wire length in a
monopole antenna increases the radiation resistance and conse-
quently the input impedance. With this in mind, the meander-line
design was optimized using electromagnetic software IE3D [15] to
provide 50() impedance and omnidirectional directivity. The sim-
ulation results reveal the total radiating antenna efficiency 7 is
0.15. Figure 2 reveals the measured input impedance and VSWR
of the passive antenna component. To make accurate measure-
ments of the antenna impedance, a A/4 metal sleeve (balun) was
used to eliminate stray current, along with its undesired radiation,
from the coaxial cable.

2.2. Active Antenna Design

The amplifier for the antenna was designed using computer soft-
ware from Eagleware Corporation [16]. Overall amplifier proper-
ties were optimized to obtain noise impedance matching between
the antenna and transistor stage, and power impedance matching
between the amplifier and the 50} load. The amplifier consists of
a single-stage NE 662 transistor from California Eastern Labora-
tories coupled to a passive input circuit that provides a low noise
figure, and an output matching circuit that provides maximum
amplifier gain.

The experimentally measured amplifier gain in the 315-MHz
band as a function of frequency is shown in Figure 3. The noise
figure of the amplifier is about 2 dB.

3. ANTENNA PATTERN MEASUREMENTS

The measurement site uses an outdoor automobile turntable (Te-
natronics Ltd.), which can either rotate the antenna under test alone
(without a vehicle) or rotate the automobile along with the antenna.
The turntable is placed on a hill to block outside reflections from
the surrounding environment. The antenna range instrumentation
is controlled by a computer that drives the turntable rotation,
controls a spectrum analyzer, and transfers measured data to the
hard drive and printer. A data point was taken on the 0° elevation
amplitude pattern every 2° as the turntable was rotated through a
full 360° azimuth. All field-strength measurements are imple-
mented for the designed antenna installed in a 2003 Yukon vehicle
(GM).
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Figure 3 Amplifier gain

For a detailed investigation of the design performance, the
antenna prototype was fabricated and measured in two different
versions: a passive version without the amplifier and an active
version with the amplifier. Since the active antenna has a small size
of less than 1/10 of the wavelength, it cannot be considered as
purely symmetrical or purely antisymmetrical due to the limited-
size ground plane. Classical antenna measurement techniques are
consequently no longer adequate due to the current flow on the
cable connecting the antenna to the receiver. On the other hand, it
is difficult to obtain accurate measurement results of the antenna
gain and directionality without the cable and mounting structure.
Under such conditions, the only way to obtain a valid gain mea-
surement is to test the antenna, connected through the cable to the
receiver, while it is mounted in place on the vehicle. Therefore, all
antenna-performance measurements were made when the receiv-
ing antenna (either the active antenna or its passive subcomponent)
was mounted in this fashion. A transmitting Yagi antenna with
horizontal polarization was located the far zone of the antenna
receiving system in the vehicle in order to provide signal power for
the antenna pattern measurement.

4. ANTENNA PATTERN DATA ANALYSIS

The active antenna system is perhaps best understood by first
analyzing the performance of the passive meander-line component
of the antenna, then comparing the results with the performance of
the meander line coupled to the active antenna. Figure 4 shows the
radiation pattern for the meander line alone, without the active
antenna, when mounted directly under the front dashboard of the
vehicle (the front of the vehicle is located at 320°). The gain value
G, averaged over 360° azimuth is —7.4 dBi, with a standard
deviation o of 4.4 dB. The radiation pattern of a half-wave dipole
antenna located at the same place is shown in Figure 5 for com-
parison. The dipole gain value calculated from the chart data
shown in Figure 5 is —2.8 dBi, with a o of 5.1 dB. The theoretical

180

“'(\"' '

240 300
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Figure 4 Radiation pattern of the passive meander-line antenna with
G,= —7.4 dBiand o = 44 dB

gain value of the dipole antenna is 2.15 dBi, and the gain value
calculated by our antenna from the radiation-efficiency estimation
is —8.2 dBi. As can be seen from these results, the vehicle body
attenuates the dipole antenna gain, but has minimal effect on the
gain value of the meander-line antenna. The difference between
the gain values G, and G;,,,;, measured in the vehicle is 4.6 dBi.
Figures 6 and 7 show the radiation-pattern curves for the passive
meander-line antenna located on the right-front and rear-roof sup-
port pillars of the vehicle. In contrast to the various passive
antenna results, Figure 8 reveals the radiation pattern of the active
antenna from measurements taken when it was located under the

Figure 5 Radiation pattern of the half-wave dipole with G, = —2.8 dBi
and o = 5.1 dB
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Figure 6 Radiation pattern of the antenna located on the right-front
support pillar with G, = —7.1 dBi and 0 = 4.9 dB

front dash of the vehicle. A comparison of the overall active-gain
value Gy = G,G,,,, and passive antenna gain G, shows that the
amplifier gain of the active antenna is about 15.4 dB. Neatly
affirming these results, this value is approximately the same as the
gain of the amplifier alone, as measured in the laboratory.

5. MAXIMUM DETECTION RANGE FOR THE ACTIVE
ANTENNA SYSTEM

According to the Friis transmission equation and the pass/loss
measurement-based propagation model [17], the signal power at an
antenna receiver output is equal to

180

Figure 7 Radiation pattern of the antenna located on the rear-roof
support pillar with G, = —11.6 dBi and o = 4.9 dB

150

180

270

Figure 8 Radiation pattern of the active antenna with Gy = 9 dBi and
o=4.1dB
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where A is the wavelength, P, is the transmitting power, G, is the
transmitter antenna gain, G,.,.. is the receiver gain, ERP = P, * G,
is the effective radiated power, D is the distance between the
transmitting and receiving antennas, and n is a real constant value
that is a function of the wireless communication environment [18].

For free-space propagation, n = 2. Extensive measurements
have shown that in flat terrain, n is between 2.5 and 4 with an
accuracy of *6 dB.

Noise power at the receiver output [19] can be estimated as

Ta Tu
N = kT[)BGannGrzc 1+ n—n4 + FE > (2)
’ T, T,

where Fy = F,,. + (F,.. — 1/G,,, is the wireless system
noise figure, F,,,, is the amplifier noise figure, F,,.. is the receiver
noise figure, B is the receiver frequency bandwidth, T, is the
antenna noise temperature, T, = 290 K, and k¥ = 1.38 - 107 ??
J/K is the Boltzman’s constant.

It is known [20] that for the UHF band, T, = T, = 290 K. In
this case, Eq. (2) can be simplified to:

N = kTOB GampGrecF 3-

Using Eq. (1) and the noise-signal value N = kT,BG,,,,G

amp r?CFE’

the signal-to-noise ratio at the receiver output can be defined as

ERP\?

SNR = (4 D'k T,BFs"

3

According to Eq. (3), the maximum range of the wireless
communication system is given by
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where SNR,,;,, is the minimum signal-to-noise ratio required to
detect a signal with the certain probability of the signal detection,
and a receiver sensitivity § = SNR,,,,,kT,BFs. Using Eq. (4), the
improvement factor Q in the ratio between the maximum operating
distance when using the passive antenna (as opposed to the active
antenna) can be estimated. Assuming that SNR,,;, is the same
value for the passive and active antenna systems, we can obtain

_ D,...(active) B n/ Froe
Q1= D, (passive) ~ \Fump + (Fre— DIGony)

&)

When using a dipole antenna instead of a passive printed antenna,
Eq. (5) becomes

D,.lactive) | G, Free
= = Q)

Q2= D, ldipole) ~ \Gupe Fup + Froe = DG

To illustrate typical results, the following assumptions were made
and applied to Eq. (6): receiver sensitivity S is —102 dBm;
effective radiated power ERP is —20 dBm; passive antenna gain
G,is =74 dBi; G, is 15 dB; the amplifier noise figure is 2 dB;
and the receiver bandwidth is 300 KHz. For the sake of simplicity,
the required SNR,,;, ratio (Manchester data) is assumed to be 5
dB. In this case, the receiver noise figure F,,. becomes 12.2 dB,
while Fy becomes 3.2 dB. For these data, according to Egs.
(4)—(6), and assuming that for an urban area n = 2.5, the maxi-
mum range is about 290 m, with improvement factors O, = 2.3
and 0, = 1.5.

The value for n of 2.5 is a approximation for an urban area.
Different ranges—sometimes dramatically different—can be ob-
served when making comparisons between areas such as free
space, open fields, and high- or low-density parking lots. This is a
function of the different reflections from cars, trees, buildings,
pavement, soil, and grass. In “real life” then, the detection range is
a statistical value, so that Eqgs. (4)—(6) represent only average
estimates.

The receiver-sensitivity value chosen for the above calcula-
tions, —102 dBm, is a real parameter provided by a receiver
manufacturer. But the sensitivity of the receiver is a critical de-
tection parameter, which can be seen by exploring the difference in
range resulting from minor differences in receiver sensitivities. A
receiver from the hypothetical supplier “Mediocre Receivers, Inc.”
with sensitivity of —105 dBm, will provide for a maximum range
of 310 m, with O, = 1.8 and Q, = 1.2. On the other hand, the
receiver from “Fantastic Receivers, Inc.” with sensitivity of —110
dBm, can provide a maximum range of 322 m, with 0, = 1.21
and Q, = 0.787. In the latter case, there would be a small increase
in range for an active compared with a passive planar antenna, but
a decrease in range for the active planar antenna compared to a
dipole. This latter case would seem to make the active antenna
undesirable, however, the advantages inherent in the active an-
tenna’s ability to be hidden would still conspire to make the
antenna an attractive alternative.

6. CONCLUSION

We have demonstrated that a small, flat, meander-line-type active
antenna can be used for increased short-range mobile applications.
The antenna is designed to be hidden as an interior antenna in the
vehicle, and has an extended communication range of over 200 m.

The in-vehicle antenna’s radiation patterns were measured using
an automobile turntable. The effects on the radiation pattern of
different antenna locations on the vehicle were also investigated. A
simple expression was derived that can be used to estimate the
improvement in the maximum operating range when using an
active-antenna system.
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