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Diversity On-Glass Antennas for Maximized Channel
Capacity for FM Radio Reception in Vehicles

Seungbeom Ahn, Yong Soo Cho, and Hosung Choo

Abstract—This communication proposes a systematic design method
to increase the diversity gain for vehicle on-glass antennas using the
Pareto genetic algorithm. The initial antenna structure consists of two FM
antennas printed on a rear window with horizontal conducting striplines.
The position and the number of the vertical lines in the rear window
were then determined using the Pareto genetic algorithm to maximize
the channel capacity and average bore-sight gain of each antenna. The
optimized antennas were built and mounted in a commercial sedan, and
the antennas’ performances, such as the reflection coefficient, radiation
pattern, and channel capacity were measured. The measurements showed
a matching bandwidth of around 15% and an average bore-sight gain
of more than �� ���. The measured correlation coefficient of the two
antennas was less than 0.6.

Index Terms—Channel capacity, correlation coefficient, diversity
on-glass antennas.

I. INTRODUCTION

FM radio is one of the most popular communication systems utilized
in current vehicle design [1]. Customers expect a high quality reception
from their FM radios, although they drive their vehicles in various en-
vironments. Thus, most of the vehicle manufacturers put considerable
effort into improving their radio systems and compete to offer their own
performance standard in FM reception. An FM radio consists of a tuner,
an amplifier, a connection cable, and a receiving antenna. Of these, the
receiving antenna is probably the most important unit because of its
critical effect on the reception performance.
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Fig. 1. Block diagram of the PGA design procedure.

Monopole type antennas, such as tuned-monopoles, micro-antennas,
and shark fin antennas, have been widely used in numerous vehicle de-
signs [2], [3]. These antennas, however, suffer from a lack of dura-
bility, high aerodynamic resistance, and an undesirable appearance,
as they protrude from the vehicle’s exterior. To mitigate these prob-
lems, on-glass antennas have been developed and are now commonly
applied in modern vehicle designs. On-glass antennas also have the ad-
vantage of having a low manufacturing cost, due to the antennas being
printed directly onto the vehicle window [4], [5]. However, they usually
suffer from narrow matching bandwidth, low antenna gain, and radia-
tion nulls, because the stripline of an on-glass antenna is printed onto
the glass with a high dielectric loss. Also, the on-glass antennas show
performance deterioration in urban environments where the channel
characteristics are predominated by multi-path fading [6]. Recently,
to improve the receiving performance, some luxury vehicles have em-
ployed diversity on-glass antennas systems that incorporate two sepa-
rate antennas in a single window.

In this communication, we propose a systematic design method for
diversity on-glass antennas that make them suitable for FM radio recep-
tion in a commercial sedan. The basic structure of the diversity on-glass
antenna incorporates two FM antennas placed on the upper and lower
areas of the rear window [7]–[9]. The horizontal lines of the antennas
are commonly used as defroster lines, so the position and the number
of the vertical lines were determined using the Pareto genetic algo-
rithm (PGA) to maximize the channel capacity and average bore-sight
gain of each antenna. The optimized on-glass antennas were built and
mounted on a commercial sedan, and the antenna performance, such as
the reflection coefficient and the bore-sight gain, were measured in a
semi-anechoic chamber. The measurement showed a half-power band-
width of around 15% and a bore-sight gain of over��� ��� in the FM
radio band. To confirm the diversity performance in a real situation,
we measured the received FM signal power in an urban environment,
where multi-path fading exists, which revealed low correlation coeffi-
cients of 0.52 between the diversity on-glass antennas.

II. ANTENNA STRUCTURE AND OPTIMIZATION

Fig. 1 shows a block diagram of the proposed design method for di-
versity on-glass antennas. The detailed designs of the antennas were
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Fig. 2. Antenna geometry: (a) Design parameters. (b) Optimized design.

determined using PGA to maximize the channel capacity and average
bore-sight gain of each antenna [10]. Fig. 2(a) shows the basic an-
tenna structure, and it consists of horizontal conducting striplines (� �
���� ���) printed on the glass (�� � �, ��� � � ���	 at 100 MHz) in
the upper and lower areas of the rear window. The horizontal lines of
on-glass antennas are also used as defroster lines, so the length (��), in-
terval distance (��), and number (��) of the horizontal lines are strictly
restricted. They were given as�� � �
� ��, �� � 	 �� and�� � �

(Ant. 1: 4, Ant. 2: 15) for a commercial sedan (2007 Hyundai Grandeur
TG Q 240). We then optimized the number and the position of the ver-
tical lines in order to increase the channel capacity and raise the radia-
tion gain of the diversity antennas.

In the PGA process, the upper antenna (Ant. 1) of 1,110 mm� 79
mm can have� number of conducting vertical lines (	�
 	�
 � � � 
 	� ),
and the lower antenna (Ant. 2) of 1,200 mm� 418 mm can have �

number of conducting vertical lines (��
 ��
 � � � 
 �� ). The shape of the
vertical lines were then encoded as a binary chromosome of��� bits
where “1” bit means a vertical line exits and “0” bit means a vertical
line is deleted. The two antennas were extended to the window frames
of the vehicle by connection lines (15 cm), and they were fed by 50 �
coaxial cables
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The final design goals in this process were to achieve a high channel
capacity and good radiation characteristics. To improve the channel ca-
pacity of the on-glass antenna, we included the channel capacity fitness
function as shown in (1), where � is the channel capacity of antennas
and �� is frequency from 70 MHz to 130 MHz (�� � �	). To increase
the average gain of the antennas, we included the second fitness func-
tion as shown in (2), which represents the average gain of two antennas
(� � � is Ant. 1 and � � 
 is Ant. 2) along the bore-sight direction
(� � 
�, � � ����). The 3-D radiation patterns from the EM simu-
lation were used to obtain the channel capacity which is an important
performance criterion for diversity systems. To obtain the channel ca-
pacity, the correlation coefficient was calculated, as follows:

��� �
�

����
� ��� ��� � � ���� �

�

� ��� � �
� ��� �� (3)

where�� ���,�� ��� are 3-D radiation patterns of the individual an-
tennas � and �, � ��� is a random incident field. � is the variance of
multiplication between the� ��� and � ���, and � is the solid angle
over ��
 �� [11]. To consider the vehicle mobility, the elevation angle of
the incident field has a Gaussian distribution with a mean of � � 
��

and a variance of 30�. The azimuth angle of the incident field has a
uniform distribution. Based on the correlation coefficient between the
two antennas, we calculated the ergodic channel capacity using the
following:

� � � ���
�

��� �� �
�

��
���

� (4)

where �� , �� are numbers of the transmitting and receiving antennas,
�� is an normalized transfer matrix, and � is a signal-to-noise ratio. The
Rayleigh fading channel model, which represents the multi-path fading
environment, was used for the transfer matrix [11]. To accurately es-
timate the antenna performance, such as a 3-D radiation pattern and
bore-sight gain, we used a full-wave EM simulator (FEKO of EM soft-
ware and systems) [12]. In our EM simulation, the striplines printed
on the window were modeled as a coated wire for faster and accurate
simulation [13]. Also, an entire vehicle body of the commercial sedan
was included in our simulation as approximately 4,200 piece-wise tri-
angular meshes.

Fig. 2(b) shows the optimized antenna using the proposed design
procedure shown in Fig. 1, and it shows four vertical lines for Ant. 1
and a single vertical line for Ant. 2. The channel capacity for the opti-
mized antenna was 5.77 bps/Hz, while the theoretical maximum value
of the channel capacity is 5.8 bps/Hz (�� � �� � 
, � � ��� ��).
The average bore-sight gain for Ant. 1 was �
�
� ��� and for Ant. 2
was�����
 ���. To verify the performance of the optimized antennas,
antennas were built on the rear window of a commercial sedan, and
antenna characteristics were measured in a semi-anechoic chamber as
well as in actual outdoor conditions [14].

III. MEASUREMENT AND ANALYSIS

The measurement was performed using an Agilent E5071A network
analyzer with an ETS-Lindgren 3121C dipole as the transmitter in a
semi-anechoic chamber of 30 m� 30 m. Fig. 3 shows the measured re-
flection coefficient of the proposed antennas. The solid line represents
the reflection coefficient of Ant. 1, and the dashed line represents that
of Ant. 2. The result shows matching bandwidth ( �� � �	 ��) of
17.5% for Ant. 1 and 21.5% for Ant. 2. Ant. 1 has a better impedance
matching at higher frequency (112.5 MHz ~ 130 MHz), and Ant. 2
has a better impedance matching at lower frequency (73.5 MHz ~ 95
MHz). Fig. 4 shows the measured bore-sight gain of Ant. 1 (solid line)
and Ant. 2 (dashed line). The proposed antennas showed bore-sight
vertical gain of more than �
� ��� in the FM radio band. The average
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Fig. 3. Measured reflection coefficient of Ant. 1 (�����) and Ant. 2 (� � � � �).

Fig. 4. Measured bore-sight gain of Ant. 1 (�����) and Ant. 2 (� � � � �).

bore-sight vertical gains of the two antennas were also����� ��� and
������ ���, and they were higher than ��� ��� which was the re-
quested specifications from a particular motor company. The vertical
gain of Ant. 1 was higher than Ant. 2, while the horizontal gain of Ant.
2 was higher than Ant. 1. Thus, the total gain of Ant. 1 was about the
same as Ant. 2. Fig. 5 shows the comparison between the simulated and
measured vertical radiation patterns of the two antennas in azimuth di-
rection (� 	 
�

�) at 100 MHz. Fig. 5(a) illustrates radiation patterns
of Ant. 1, and Fig. 5(b) illustrates radiation patterns of Ant. 2. The
measured radiation patterns (solid line) agree well with the simulated
radiation patterns (dashed line). To explore the effect of passengers in
the back seat on the antenna performance, we added the cylindrical di-
electric body (similar dielectric constant to a human body: �� 	 ��

and � 	 ��
� ��
) in the simulation. The impedance and band-
width were similar to that without the cylindrical body, and the vertical
gains of Ant. 1 and Ant. 2 were slightly decreased from ����� ��� to
����� ��� and from������ ��� to������ ���, respectively. To ex-
amine the diversity characteristics of the proposed antenna depending
on the design geometry, we calculated channel capacity when varying
the number of the two antennas’ vertical lines. Fig. 6 shows the channel
capacity with � and � representing the number of vertical lines in
Ant. 1 and Ant. 2, respectively. The maximum channel capacity of 5.77
bps/Hz was observed when the antennas have � 	 �, � 	 �. Also,

Fig. 5. Measured (�����) and simulated (� � � � �) radiation patterns of an-
tennas: (a) Ant. 1. (b) Ant. 2.

Fig. 6. Channel capacity by the number of vertical lines (� ) of Ant. 2 when
vertical lines of Ant. 1 are� � � (�����),� � � (� � � �), and� � �

(��� ���).

the BER was calculated in terms of the SNR using the correlation co-
efficient based on the selection combining system, which consists of
a transmitting antenna and two receiving antennas. For the SNR of
10 dB, the non-diversity antenna has the BER of 3.4� ��

��. Based
on the BER, the optimized diversity antennas (� 	 �, � 	 �) shows
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Fig. 7. BER vs. SNR in SC system when vertical lines of Ant. 1 and Ant. 2 are
� � �, � � � (�����), � � �, � � � (� � � �), and Non-diversity
(��� ���).

Fig. 8. Received power level in terms of time for Ant. 1 (�����) and Ant. 2
(� � � � �).

the SNR of 4.53 dB, and thus the diversity gain is 5.47 dB, which is
close to an ideal diversity gain of 5.9 dB.

To confirm the diversity performance in a real situation, we measured
the received FM signal strength in actual outdoor conditions where
the channel characteristics are predominated by the multi-path fading
of an urban environment (Yeouido, Seoul, Korea). When driving the
sedan, we measured the transmitting signal of the Kyonggi broadcast
that transmits the signal power of 5 kW with 99.9 MHz from Gwanggyo
base station (The distance from Gwanggyo to Yeouido is about 30 km.).
The vehicle speed was about 20 km/h and the travelled distance was
1.2 km (driving time: 180 seconds). In the measurement, we sampled
the received power 3 times per second in real time using a laptop com-
puter connected to an Agilent 8593 A spectrum analyzer by a USB-
GPIB controller. Fig. 8 shows the received powers of Ant. 1 (solid line)
and Ant. 2 (dashed line). The received power levels of the two antennas
were very different, and they varied rapidly according to time of mea-
surement. Ant. 1 showed the average received power of ������ ���

which is 2 dB higher than that of Ant. 2. The correlation coefficient be-
tween the received signal powers of the two antennas was calculated as
shown in Table I. The correlation coefficients, averaged for each 30 sec-

TABLE I
CORRELATION COEFFICIENT BETWEEN THE RECEIVED SIGNAL POWERS

onds duration were ranging from 0.18 to 0.62, and the averaged for the
total 180 seconds was 0.52. Thus, if the selection combining, which is
to choose the antenna signal with the higher power level, is used for
this measurement condition, the average power of 52.05 dBm can be
observed (1 dB higher than the average power of Ant. 1).

IV. CONCLUSION

This communication proposed the design of diversity on-glass an-
tennas with a high channel capacity and good radiation characteris-
tics. We optimized the position and number of vertical lines in the rear
window of a vehicle using the PGA procedure. The proposed diversity
antennas were built into the rear window of a vehicle, and performances
were measured. The measurements showed a matching bandwidth of
around 15% and an average bore-sight gain of more than ��	 ��
.
The measured correlation coefficient using the FM broadcasting signal
strength of the two antennas was less than 0.6. These results verify that
the proposed diversity antennas are suitable for FM radio reception in
vehicles.
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