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ABSTRACT

A novel multi-band end-fire antenna array was designed, fabricated, and characterized. Analytical calculations were
carried out to determine the critical antenna dimensions and the design was optimized using a 3D electromagnetic fi-
nite-element solver. The measured results were in good agreement with the designed results. The proposed antenna ar-
ray exhibits multi-band capabilities which can be potentially used for applications that require a multi-band end-fire

radiation pattern.

Keywords: Multi-Band; End-Fire; Antenna Array; Rectangular Patch Antenna; Wireless Communications

1. Introduction

Traditional base stations employ omnidirectional anten-
nas where the transmit power is equally radiated in all
directions. The equal distribution leads to a portion of the
power being transmitted throughout the cell but not re-
ceived by the user. This wasted power then becomes for-
ward link interference to other base stations or users in
other cells. Similarly, each new user added to a cell in-
creases the interference and noise levels on the reverse
link. This results in a reduction in the signal-to-noise
ratio, which in turn degrades the performance of the de-
tection and demodulation operations. One way to address
this problem is in the design of the antenna having multi-
band end-fire properties with sectorized radiation pat-
terns (wide beamwidths) and high gain (above 5 dBi) in
order to create a high front-to-load ratio and alleviate
propagation loss effects.

In order to respond to the above need, a novel end-fire
antenna array has been investigated using microstrip an-
tenna theory. The microstrip patch antenna was first in-
troduced by Munson in a symposium paper in 1972 [1],
which was followed by a journal paper in 1974 [2].
These papers discussed both the wraparound microstrip
antenna and the rectangular patch antenna. Since then a
plethora of research activity in this area of antenna de-
sign began to introduce similar configurations in articles
and books, including the microstrip Yagi-Uda array, the
microstrip traveling-wave antenna, and the end-fire mi-
crostrip log periodic array [3-5]. Microstrip antennas have
several well-known advantages over other antenna struc-
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tures, including their low profile, small size, lightweight,
low manufacturing cost, high efficiency, an easy method
of fabrication and installation, and compatibility with
microwave monolithic integrated circuits (MMICs) and
optoelectronic integrated circuits (OEICs) technologies.
Because of these merits, various forms of the microstrip
patch antenna have been utilized in many applications
such as in mobile communication base stations, space-
borne satellite communication systems, and mobile com-
munication handset devices [6].

The rectangular patch end-fire array antenna consists
of a half-wavelength by 0.12-wavelength microstrip ele-
ments printed on the top substrate layer and connected to
a quarter wavelength microstrip corporate feed-line. The
ground plane is printed on the bottom substrate. This
avoids using a half-wavelength balun, thereby simplify-
ing the antenna geometry. The multi-band behavior is
obtained when TM modes can be excited simultaneously.
By properly selecting the location of the corporate feed
line and optimizing the element width, the antenna can
resonant at multiple frequencies [7]. End-fire operation is
established by creating a phase difference between the
elements at fixed element distances and by the corporate
feed network. The desired element phase shifts are then
accomplished by the mutual coupling effects. For printed
microstrip elements, the mutual coupling can be calcu-
lated using practical microstrip antenna theory, thus ena-
bling the analysis of a rectangular patch end-fire array
antenna.

In this paper we present the theoretical description and
design methods used in modeling the rectangular patch
end-fire array antenna. Comparison with the fabricated
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end-fire patch antenna array is described.

2. Theory
2.1. Phase Difference and Array Factor

End-fire operation is established when the direction of the
radiation for the main beam is dependent on the phase
difference, a, between the elements of the array. There-
fore, it is possible to steer the main beam in any direction
by varying o between elements. We start with consider-
ing a linear array antenna consisting of N elements,
equally interspaced a distance d. The direction of a wave
is described by the angle € between rays and array nor-
mal. Therefore, the array factor, AF(6), for a receiver lin-
ear array antenna is given by

AF (3) _ Z Wnejkndsin(ﬁ) (1)

i=0

2T . .
where k=— 1is the wave number and A is the wave-

length [8]. The phase « is adjusted by including a phase

factor e/5"®%) in the element weight, w,. If the de-

sired steering angle is 6, the phase difference must be
adjusted such that when 6 = 6,

v=kdsinf+a=kdsinf,+a =0 2)
thus,
o =—kdsin 6, 3)
The normalized array factor is given by
cos(Nnj(sin 0—sin 6, ))

AF, = = 4)
an(sinﬁ—sin 6,)

So for = 0, an end-fire operation at , = 90° and 6 =
—90°, respectively, the phase difference, a, between two
adjacent elements is [8,9]

a=—kd sin(90°) =—kd 5)
and

o =—kd sin(~90") = kd (6)
2.2. Grating Lobes

High front-to-back ratio is required for an efficient end-
fire operation. This is achieved by reducing the occur-
rence of grating lobes to below zero. According to an-
tenna theory, grating lobes occur whenever the argument
w is an integer multiple of 2x. Therefore, at end-fire op-
eration, grating lobes occur for

%[sin (9) — 1] =n,neN (7
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For a multi-band linear array antenna we could space
the elements as far apart as one wavelength before seeing
any grating lobe effects. However, for a linear end-fire
array antenna the maximum allowable element spacing is
reduced to half a wavelength to prevent the occurrence of
grating lobes. If we reduce the element spacing even far-
ther, by less than half a wavelength, the grating lobe at 8
=—-90° becomes less visible.

3. Design

The main advantage of the rectangular patch end-fire
array antenna lies in its simplicity of design. This allows
for a model-based analysis in a short amount of time and,
given some user-defined parameters, the design can be
optimized. This antenna was designed and simulated using
Ansoft HFSS, a 3-D electromagnetic simulator [10].

The antenna consists of eight radiating elements con-
nected to a full corporate feed configuration encompass-
ing both branch and main feed. Figures 1(a) and (b)
show dimensions and a photo of the proposed fabricated
multi-band end-fire array antenna at its optimum RF board
configuration, respectively. The resonant frequency for
its transverse magnetic (7M,,,) mode can be evaluated
from [7]
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Figure 1. (a) Optimized dimensions and (b) photo of the
fabricated multi-band end-fire antenna array.
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where c is the velocity of light; m and n are integers; L
and W are the length and width of the patch element,
respectively; and ¢, is the relative permittivity of the sub-
strate. The width of the patch element can be described
as [11-13].

A ®

The four lower order modes, namely TMy,, TMyy, TMo,
and TM,, have been predicted by Equation (8) and the
resonant frequencies of the proposed antenna changes
slightly with the alteration of the width, W, hence, after
obtaining rough estimate from Equation (9), HFSS opti-
mization was performed. The optimization process is
shown in Figure 2(a). As the width changes from 0.14 to
0.44, the resonant frequency of the excited TM,; mode
can be tuned to provide optimum minimum reflection.
By placing the main feed at distance 0.174 of the first
element, the additional modes are excited simultaneously,
while a width of 0.12/ provides minimum reflection.
This results in multi-band behavior. For radiation in the
end-fire direction the length of a patch element is deter-
mined by

L:;:i
2f\Je, 2

Based on the above discussion on antenna width and
length, a length of 0.54 and a width of 0.124 for the rec-
tangular patch element were chosen.

The element distance, d, that would ensure end-fire
operation along the x-y plane was then found. Using
Equation (11), where D is the antenna directivity, d in

(10)
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range of 0.044 to 0.054 was found and then optimized
with HFSS [14]. The optimized value of d yielded 0.044.

DA
4n

The rest of the dimensions (A, B, C, E and F) were
determined using HFSS optimization routine.

d < (11)

4. Measured Results

To verify the analysis presented for this antenna structure,
the antenna was measured. The design was fabricated by
Advanced Circuits, and measured in the microwave
laboratory of the Engineering and Applied Science (EAS)
building at the University of Colorado at Colorado Springs.
The antenna was fabricated in FR-4 substrate with a di-
electric constant of 4.25 and a thickness of 62 mils. The
radiation pattern was measured in the anechoic chamber
of the EAS building. The antenna was mounted on a
polystyrene foam platform with a standard clear tape and
connected to a coaxial cable. The antenna-under-test
(AUT) served as the receiving antenna, while a rectan-
gular horn antenna was used to transmit the wave. Due to
the design of the platform, only an E-plane measurement
in the range of —178° < 0 < 178" could be taken. This was
sufficient to compare the main beam and the backside
radiation level. Figure 2(b) shows simulated and meas-
ured radiation patterns for the multi-band end-fire an-
tenna array in an azimuthal plane (end-fire direction at 6
= 90° and —90° plane, which is the x-y plane shown in
Figure 1(a)) at 2.45 GHz. The measured maximum gain
was 6.9 dBi in the end-fire direction, which was in good
agreement with the simulation result. For the return loss
measurement, an edge-mounted SMA connector was
soldered to the edge of the board, and measured on a net-
work analyzer at a frequency sweep from 2.0 to 4.5 GHz.
Figure 2(c) shows the simulated and measured S;; of
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Figure 2. (a) Simulation results showing the S;; as a function of frequency for different width (W) values; (b) Radiation pat-
tern measured in end-fire direction (shown in Figure 1(a) as # = 90° and —90° in the x-y plane) at 2.45 GHz; (c) Measured and
simulated S}, of the multi-band end-fire antenna array.
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the multi-band end-fire antenna array. The proposed an-
tenna produces an end-fire beam and is matched over a
multi-band in the frequency range of 2.0 to 4.5 GHz.
Multi-dips in §;; were measured, which includes imped-
ance matching at frequencies of 2.9, 3.4, 3.7 and 3.9
GHz.

5. Conclusions and Discussion

The design, fabrication and characterization of a rectan-
gular patch end-fire array antenna were presented. The
antenna was designed and optimized using eight ele-
ments of half-wavelength and a width 0.124 in FR-4 sub-
strate. Measured results showed end-fire operation with a
measured maximum gain of 6.9 dBi in the end-fire direc-
tion. The proposed antenna can be employed for multi-
band applications that require a radiation pattern in the
end-fire direction.

Although the research achieved its objectives, the an-
tenna has an inherent limitation in its pure form. Namely,
if the end-fire array is confined to operate in receiving
mode, detuning may occur should changes in climatic or
atmospheric conditions develop. Additional testing, such
as the Over-the-Air (OTA) testing, could be conducted in
order to accurately measure the antenna’s performance in
environmental conditions. Furthermore, in the radiation
pattern measurement, the operating frequency was lim-
ited to operate at a single frequency. By measuring addi-
tional radiation patterns at each of the frequencies shown
in Figure 2(c), the results could provide additional data
to support the antenna’s overall efficiency; where the por-
tion of the power supplied to the antenna, including any
reflection loss, is actually radiated by the antenna.
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