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Design and Implementation of Connected Antenna Array
for Ultra-Wideband Applications

Yanfang Wang!, Fuguo Zhu? 3% *, and Steven Gao®

Abstract—An integrated eight-element antenna array has been proposed for ultra-wideband (UWB)
applications. It consists of eight UWB antenna elements and an eight-way binary-tree modified
Wilkinson power divider. Any two adjacent elements in the array are connected to each other and
share a common side, thus leading to a connected antenna array. Moreover, this arrangement can be
utilized to avoid grating lobe level at higher frequencies. Each antenna element comprises a square ring
patch and is excited by a tapered balun to achieve low cross-polarization levels. In order to validate the
design, a prototype has been fabricated and measured. Both simulated and measured results confirm
that the proposed integrated antenna array achieves a good performance of a reflection coefficient
below —10dB from 2.9 GHz to 10.8 GHz, including stable radiation patterns with low side lobe and
cross-polarization levels, thus the antenna is promising for applications in UWB imaging systems.

1. INTRODUCTION

Since the allocation of the frequency band from 3.1 GHz to 10.6 GHz by the Federal Communications
Commission (FCC) in 2002, UWB has been a promising technology for UWB imaging radar applications
due to its large bandwidth, low power consumption, and resistance to the multipath phenomenon [1].
This means that the UWB radar can identify target classes and types with a high resolution. As a key
component of UWB systems, various UWB antennas have been proposed in the literature. Compared
with single antenna element, antenna arrays are widely used in RF systems to control radiation patterns.
Array pattern can be scanned or steered in angular space through electronics control of the element
excitation. Moreover, the gain of the antenna can be enhanced by increasing the number of the elements
in the array.

A preliminary study of utilizing wavelength-scaled array concept to achieve UWB performance
has been explained in [2]. The broad bandwidth is obtained using scaled elements of different sizes.
However, it requires a large size as more than one element is required to achieve a broad bandwidth.
Compared with the wavelength-scaled array concept, compact size can be achieved by selecting a UWB
antenna element to compose the UWB antenna array. Among various UWB antennas [3-12], planar
UWB monopole [6-8] and tapered slot antenna [9-12] are widely used in UWB antenna array designs,
as they have characteristics of broad bandwidth, simple structure and easy fabrication.

UWB monopole array [6, 7] has a wide frequency band but bidirectional radiation patterns and low
antenna gain. In addition, the side lobe levels are high at higher frequencies due to the higher-mode. In
comparison with UWB monopole array, tapered slot antenna array can achieve a wide frequency band
with stable directional patterns. Furthermore, connected tapered slot antenna array has been proposed
in [11,12]. The investigation in [11] shows that the mutual coupling in the highly coupled array is
essential and has good effect in wideband antenna array design. The design can operate from 1.6 to
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9 GHz and scan angle up to 45°. However, the antenna gain of the tapered slot antenna array in [12]
increases significantly against frequency, indicating inconsistent antenna gain performance across the
operating frequency band.

In this work, a novel UWB antenna element with a wide frequency band and directional radiation
patterns is proposed. Eight antenna elements are connected to form an UWB array which is excited
by an UWB power divider. To validate the design, a prototype has been fabricated and tested. Both
simulated and measured results are shown and discussed in details.

2. UWB ANTENNA ELEMENT DESIGN

The design of the single antenna element started from our previous work in [13]. The proposed dual-
polarized UWB patch antenna has a multi-layer structure which makes the fabrication very complicated.
To ease the fabrication and keep the wide bandwidth, the radiating patch and feeding patch are on the
same layer while a slot is embedded in the patch to enlarge the operating bandwidth [14]. However,
this dual-polarized slot-loaded patch antenna has a large size which is not suitable for compact-size
system applications. Figure 1 presents the configuration of the proposed UWB antenna element which
features a compact size and fewer layers. Two L-shaped feeds are attached to a square ring patch with
outer and inner lengths of W and [y, respectively. Each L-shaped feed consists of a vertical trapezoidal
patch with a height of Hs and a horizontal rectangular patch with width and length of ws and Is,
respectively. The lengths of the top and bottom sides of the vertical trapezoidal patch are wy and
ws. The ground plane with a size of 70mm x 70 mm is printed on the top layer of an FR4 substrate
(€2 = 4.55, hy = 0.8 mm) and two identical microstrip lines with a length of I and a width of w are on the
other side. Such arrangement can reduce the effect of the feeding network on the broadside radiation. A
Rohacell foam of thickness hy = 2mm is inserted between the ground plane and the bottom side of the
vertical trapezoidal patch. The outer ends of the two microstrip lines are connected to the trapezoidal
patches by two vias through via holes which are embedded in the ground plane. Good impedance
matching across a wide frequency range can be obtained by selecting proper dimensions of the L-shaped
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Figure 1. Geometry of the proposed single UWB antenna element. (a) Top view. (b) Front view.
(c) Side view.
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Figure 2. Simulated reflection coefficient of Figure 3. Simulated radiation patterns in two
the UWB antenna element. Antenna dimensions:  principal planes at 3 GHz.

W = 3lmm, l; = 29mm, Il = 10.5mm, [ =

4.5mm, w = 1.5mm, we = 4mm, w3z = 12mm,

Hy = 12mm, s; = 0.8mm, sy = 1.25 mm, and

s3 = 14 mm.

feeds. In order to realize differential feed which can lead to low cross-polarization and high isolation, a
simple tapered balun [15] is utilized to excite the antenna. As shown in Figure 1(c), the balun is printed
on a Rogers 3003 substrate with size of 7mm x 30mm x 0.5 mm and relative permittivity of 3.0, and
perpendicularly placed to the surface of the grounded FR4 substrate. The top sides of the balun are
connected to the inner ends of two microstrip lines on the grounded FR4 substrate while the bottom
side is soldered to a 50 Q2 SMA connector. It is worth mentioning that the gap between the inner ends
of the two microstrip lines is the same as the thickness of the Rogers 3003 substrate for the balun. In
practical applications, the polarization of the radiator is determined by the direction of the radiated
FE-field with respect to the ground. Suppose the radiator in Figure 1 is located parallel to the ground,
then it can radiate horizontally polarized wave.

The simulation of the design has been carried out using HFSS 15.0 and the optimized values
of corresponding dimensions are illustrated in Figure 2. The simulated results in terms of reflection
coefficient and radiation patterns are shown in Figures 2 and 3 to describe the performance of the
antenna. The side length of the ring patch is 31 mm which is around 0.3\, 0.6\ and 0.9\ at 3, 6, and
9 GHz, respectively () is the wavelength in free space at each frequency). It is noted in Figure 2 that, the
antenna achieves good impedance matching over a wide frequency range and the impedance bandwidth
for |S11| < —10dB is from 3.1 to 11 GHz which covers the desired FCC UWB frequency band. Figure 3
presents the simulated normalized radiation pattern in two principal planes at 3 GHz. The boresight
realized gain in simulation is found to be 6.77 dBi. As observed, it features broadside radiation and the
cross-polarization levels are below —20dB in both planes. The backward radiation level is less than
—12dB. Due to the symmetrical geometry with respect to z-axis, the cross-polarization level in the
FE-plane is less than —35dB. The plotted curve has changed to a dot in the center of the figure.

3. EIGHT UWB ANTENNA ELEMENT ARRAY

Based on the analysis of the single UWB antenna element in the previous section, an eight-element
array will be discussed in this section. Figure 4 presents the geometry of the connected array. To avoid
grating lobes, the following condition should be satisfied [16],

d < A\/(1+sin(h)) (1)

where )\ is the wavelength of the highest frequency, 6 is the angle between the scanning direction and
the z-axis. Here, 6 equals to 0 degree as the radiation is at boresight. As any two adjacent elements
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Figure 4. Array of eight connected UWB antenna  Figure 5. Simulated active-S parameters of
elements. each port for the eight-element array.

in the array are connected to each other and share a common side, the element spacing d can be kept
very small and the distance is as the length of the single radiator. Therefore, d is selected as 30 mm
and equals to the wavelength at 10 GHz, indicating the grating lobes can be avoided. Figure 5 presents
the predicted active-S parameters for each port the eight-element array. It is noted that, when all the
elements are fully excited, the lowest operating frequency of each port is slightly shifted down to lower
frequencies, thus the impedance bandwidth is increased. The impedance bandwidths of all the ports
can cover the desired FCC allocated UWB frequency band.

4. UWB POWER DIVIDER DESIGN

In order to achieve a compact integrated UWB antenna array and avoid requiring an external commercial
feeding network, a UWB power divider is required to feed the antenna array. The single-stage Wilkinson
power divider is the mostly used power divider, as it has good isolation between two output ports
and impedance matching at the input port but it has only 20% fractional bandwidth [17]. Normally,
wideband characteristics can be obtained by increasing the number of sections. In [12], a 3-section
Wilkinson power divider was utilized to feed the tapered slot antenna array while it has a large
size. In order to achieve a compact wideband power divider for UWB systems, some techniques
have been proposed. A typical method is to employ multilayer broadside-coupled microstrip-slot-
microstrip [18,19], microstrip-coplanar waveguide [20] or slotline [21] approach. The multilayer power
dividers have a broad bandwidth and compact size but high insertion loss of over 4.5dB [18-21].
Moreover, they are printed on different layers of substrates which may increase the height, cost and
fabrication complexity. Recently, a modified Wilkinson power divider with wideband performance has
been proposed by adding open stubs [22-24]. Compared with the multilayer wideband power dividers,
the modified Wilkinson power divider only use a single layer substrate while maintaining a wideband
performance and occupying a compact size. Based on this operating principle, a modified Wilkinson
power divider which can operate from 3 to 11 GHz is selected to compose the eight-way binary-tree feed
network for the eight-element UWB antenna array.

Figure 6 shows the geometry of a modified two-way Wilkinson power divider which can provide
signals with balanced amplitudes and phases from the output ports. It is printed on a 0.5 mm thick
Rogers 3003 substrate and has three ports with port 1 as input port and ports 2 and 3 as output ports.
All the ports are matched at a characteristics impedance of Zy = 50€). The characteristic impedance
of the shunt stub is Z; = 70€). The length of the shunt stub is [ = 7.8 mm which is around a quarter
guided wavelength at the center frequency of the operating band. The inner distance between the two
shunt stubs is s = 1.2mm which is around the length of a resistor. The value of the shunt resistor is
R = 1009. In addition, two open-circuited stubs are attached to the shunt stubs, respectively. The
arrangement is to obtain more design flexibility for achieving better performance. The characteristic
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Figure 8. Geometry of the modified eight-way binary-tree Wilkinson power divider.

impedance of the open-circuited stub is the same as that of the shunt stub. The simulated S-parameters
of the power divider are shown in Figure 7. As expected, the reflection coefficient of the input and output
ports below —10dB across a wide frequency range from 2.5 to 11 GHz with |S11| < —15dB from 4 to
11 GHz and |S22| < —20dB from 3.5 to 10 GHz. Moreover, the insertion loss is reduced to 3.24 dB with
fluctuation of £0.15dB.

In order to feed the eight-element array, the previous modified Wilkinson power divider is chosen to
compose the eight-way binary-tree divider. As shown in Figure 8, the power divider has nine ports with
port 1 as input port and ports 2-9 as output ports. The distance between any two adjacent outputs
has the same value of d which is also the element spacing of the eight-element array.

5. INTEGRATED UWB ANTENNA ARRAY

Based on the analysis in previous sections, the integrated eight-element UWB antenna array is obtained
and shown in Figure 9. The tapered baluns and the eight-way binary-tree power divider are printed on
the same Rogers 3003 substrate. The antenna element and power divider of the integrated antenna array
have the same dimensions as that shown in Figures 1 and 8. The integrated antenna array occupies a

Antenna element  Balun Fﬂam FR4

__ A A/N A/E/N AR

Puwer divider

Figure 9. Geometry of the integrated eight-element array.
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Figure 10. Photo of the fabricated prototype. (a) Top view. (b) Bottom view.
0

- = Simulation
5 r\ —Nfeasurement

-10F

=20k

[s |(dB)

251

-35

6 7 8
Frequency (GHz)

Figure 11. Simulated and measured reflection coefficient of the integrated antenna array.

Table 1. Pattern characteristics of the integrated antenna array at 3, 6 and 9 GHz.

Frequency (GHz) | F/B ratio (dB) | Boresight gain (dBi) | X. pol. level (dB) | Side lobe level (dB)
3 16 13.24 —25 —16
6 14 13.1 —-17 —13
9 8 13.82 —20 —10

volume of 280 mm x 70mm x 15mm. In order to verify the design concept, a prototype of the array
has been fabricated and tested. The photo of the prototype is shown in Figure 10.

The comparison of the reflection coefficient between simulation and measurement is shown in
Figure 11. Both simulated and measured results confirm that, the impedance bandwidth of the
integrated antenna array (]S11] < —10dB) is from 2.9 to 10.8 GHz or 115% which covers the desired
frequency band from 3.1 to 10.6 GHz.

The measured radiation patterns of the integrated antenna array are illustrated in Figure 12.
Relatively stable radiation patterns across the operating frequency range have been obtained. It is
noticed that the beamwidth in the F-plane is larger than that in the H-plane. Moreover, the beamwidth
in the H-plane slightly decreases against operating frequency. The pattern characteristics of the array
are summarized in Table 1. The F/B ratio reduces versus frequency with 16, 14 and 8dB at 3, 6
and 9 GHz, respectively. Low cross-polarization levels in the whole frequency band have been achieved
with —25dB at 3 GHz, —17dB at 6 GHz and —20dB at 9 GHz. In addition, the side lobe level slightly
increases from —16 to —10dB in terms of frequency as the electric length of the element spacing
increases.

Figure 13 presents the measured antenna gain for the integrated UWB antenna array. As illustrated,
relatively consistent gain performance can be observed. In the operating frequency band, the maximum
boresight gain is 13.97dBi at 8 GHz while the minimum boresight gain is 10.7dBi at 10.5 GHz. The
obtained 3-dB gain bandwidth of the integrated UWB antenna array is 110% (from 2.9 to 10 GHz).
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A connected UWB antenna array has been proposed in this work. The array is formed by eight UWB
antenna elements which are connected to reduce the distance and avoid grating lobe. Each antenna

element comprises a slot patch and two L-shaped feeds.

A tapered balun has been utilized in the
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design to achieve low cross-polarization levels. To avoid using commercial feeding network, a modified
Wilkinson power divider with UWB performance has been applied to excite the antenna array. Hardware
realization is used to evaluate and validate the design theory. Performance of the design features wide
impedance matching, directional radiation patterns and low cross-polarization level thus promising for
UWB imaging radar systems.
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