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Abstract

This paper presents the performance evaluation of antennas for microwave transmission and
reception in X-band radar systems. The transmitter (Tx) and receiver (Rx) antennas are fabricated on
microstrip array structures. The antennas are connected to microwave circuits with transmission lines,
coaxial cables, and microwave combiners and splitters. The designed antennas in X-band microwave
operation for Tx and Rx parts were fabricated identically by 4x64 microstrip patch antennas in an array
structure. The fabricated antennas were measured for return loss (S11), VSWR, radiation pattern, and
Gain. The detail methods for the measurements are reported and their results are also discussed. The
measured antenna gain of ~20dBi, and beam width of ~20degree can be obtained using the fabricated
antennas at 9.4GHz microwave operation.
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1. Introduction

Radar is a device that can be used to monitor the waters, air and land. There are
various kinds of technology that can be used in radar systems, such as FMCW technology,
Pulse, Pulse Compression etc. Each technology has advantages and disadvantages [1-5].

Radar system which designed in this paper uses FMCW technology with the following
considerations, using low operation and maintenance cost, using small power transmit that will
reduce costs, small size [6-8]. But its disadvantage, namely transmit and receive signals
processing cannot use a single antenna, so that need two antennas for a transmitter and a
receiver.

One part that has an important role in the radar system is antenna system. Antenna is a
device that used to transmit and receive signals. If the antenna can transmit signal and receive
reflected signal from the target by gain and radiation pattern that suitable to desired
specifications, it will be able to detect the target precisely and accurately [9-11]. Some aspects
that must be considered in radar designing are operating frequency associated with the
application to be used, the antenna gain, beamwidth, target range, the resolution of the target
detection, etc.

Radar that being designed is radar for navigation applications on vessels so that
required a compact antenna design that can be installed on ships, therefore, used X-band
frequency in consideration will minimize the dimensions of the antenna [12-14]. Additionally,
antenna system that be designed should have a high wind resistance so that when the antenna
radar rotates at a speed of 6, 7, 8, 9, 10 rpm, antenna rotates normally.

Another factor that determines antenna performance is isolation between transmitter
and receiver antenna. Isolation effect that happens in the radar influences RF circuit
performance greatly, namely processing for incoming signal into the receiver. Isolation effect is
caused by antenna mutual coupling that mutually influence one another (transmitter and
receiver). So that leaked power that received by receiver from transmitter will be assumed as
object in receiver then will be displayed at radar display. The method that be used to increase
antenna isolation is adding air gap between transmitter and receiver antenna. By adding air gap
increases wind resistance, too.
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Antenna type that used is microstrip antenna, because it has small dimension,
lightweight, ease to fabricate and low cost. One of microstrip weakness is it has low gain, so
that to increase its gain then designed array microstrip antenna [15-20].

In order to see performance of antenna system that has been designed, antenna must
be measured in the laboratory and the field. Based on that, we report the measurement
methods and discuss its results in this paper. The characteristics of the antenna system are
measured such as the return loss, gain, radiation pattern, and isolation to make sure that
antenna has designed at desired frequency operation.

2. Antenna System
2.1. Whole Structure

Figure 1(a) shows structure of radar antenna system. It is composed of several parts
such as Tx/Rx antennas, antenna frame, radome, tilting mechanism, gearbox, and module box.
The Tx/Rx antennas are arranged by mounting on the frame and by locking on tilting
mechanism with elbow. The tilting mechanism has a function to adjust angle of the vertical
direction of the antenna. It can be used to obtain optimum distance range of the radar. The shift
angle of tilting mechanism is 10 degree towards the top and bottom.
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Figure 1. (a) Structure of the radar antenna system in whole-view, and (b) Structure of the
antenna for Tx and Rx parts

The radar antenna system mainly consists of Tx and Rx antennas as shown in Fig. 1(b)
They are located in the same place and rotate together. They are separated by an air gap to
minimize mutual coupling effects and wind resistance. The Tx and Rx antennas are identically
same structure include the shape and size. The Tx/Rx antennas are composed of eight antenna
modules are arranged horizontally. In a one antenna module has 4 x 8 antenna array.

In order to protect the antenna system from unwanted weather condition such as high
heat or heavy raining, a radome made from fiber material is used to cover the antenna system.
The radome has a characteristic basically as an insulator. As a result, it has no affection to the
antenna system performance. The designed radome consists of two parts to protect the Tx
antenna in the upper side and the Rx antenna in the bottom side.

Figure 2. (a) Structure of the motor for rotating antennas to direct beam-steering, and (b)
Structure of the module boxes to locate the electronic RF modules
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In order to control the beamforming of the antennas, a motor is used to rotate the
antenna systems in 360 degrees in azimuth direction. lllustration of the motor is shown in Figure
2(a). By using the mechanically beamforming, targets in 360 degrees in azimuth direction can
be scanned. Since the Tx and Rx antennas are separated by the air gap, the antenna system
becomes light and low wind resistance. Therefore, the motor operates smoothly with low load
and low power consumption.

In the radar system antenna, RF circuits for front-end parts are also installed. The RF
circuits such as a high power amplifier circuit before the Tx antenna and a low noise amplifier
circuit after the Rx antenna. The RF circuits are arranged in a module boxes that is connected
to the antenna system using a rotary joint. The position of module boxes in this radar as shown
in Fig. 2(b) is close to the antenna system to minimize microwave loss of the system.

2.2. Tx/ Rx Antennas

The Tx/Rx radar antenna is composed of eight modules are arranged horizontally as
shown in Figure 3. In a single module, there are four rows of sub-module which form the
arrangement of the eight patches horizontally, so in a single module there are 32 pieces of
patches. The dimension of the antenna modules are 188.98mm in length and width 22.25mm.
Picture of the fabricated of total antennas for Tx or Rx parts is shown in Figurre 3(a), and the
picture of a single antenna module in front and back view respectively can be seen in Figure
3(b) and 3(c). Figure 3(c) shows that the antenna module consists of four insert port that serves
as the feeding for each sub-module. The feeding is done by coaxial probe feeding technique
which feeding process is start from the antenna ground plane and then penetrate through the
substrate to connect the antenna patch on the top.

[ITNNXR TN AT

Figure 3. Picture of the fabricated antennas (a) total antennas for Tx or Rx parts, (b) front view
of the antennas, and (c) back view of the antennas
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Figure 4. Design and parameters of the fabricated antenna sub-module

Antenna module is arranged in an array structure into a horizontal direction to generate
high gain and narrow beamwidth corresponding to the desired specifications. Tx/ Rx antenna
has the overall length 1511.68mm and width 89mm. The picture of the arrangement of eight
antenna module which is the Tx/Rx antenna system can be seen in Figure 3(a).

The patch antenna is used with a square-shaped where the size set to 8.75 x 8.75mm?>.
The Tx/Rx radar antenna system is array that consists of 64 patches horizontally and 4 patches
vertically. Distance between each horizontal patch is 14.75mm while each vertical patch is
14.25mm.

The design of the 1 x 8 patch antennas is shown in Figure 4. The transmission line
connects inter the antenna patch in a sub-module with size of 3.4mm in length. It has a phase of
80rad and a width of 0.8mm to produce 70.71o0hm impedance. The feeding characteristic has
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impedance of 50ohm. In order to obtain matching condition, the impedance adjustment is added
by locating sub-modules with a length of 3.4 mm and a width of 1.2mm in the middle.

The antenna modules are arranged in array to enhance its performances. The modules
are connected together to main input or output signals. It can be realized using power divider/
combiner with 4:1 and 8:1 [21-23]. Power divider/combiner 4:1consists of four inputs and one
output on the receiver side, and one input and four outputs on the transmitter side. This also
applied to the power divider/combiner 8:1. Semi-rigid cables are used as a link between feeding
and in/ out power combiners. Selection of the appropriate combiner can minimize the loss
generated in the process of divide/combine antenna modules. If the merger of feeding
performed on the horizontal side first then needed four power dividers/combiners 8:1 so the
semi-rigid cable to be used much longer and much more that will increase the loss. When the
used semi-rigid cables are not in the same length, it will produce a different phase and will affect
to performance of the antenna system. Based on this consideration, the mergers are done per
module by connecting each feeding on a sub module. The distance between the semi-rigid must
be constant because it will lead to the phase difference of the antenna. To keep the distance
between the semi-rigid cables is used material as shown in Fig. 5(a) in red line. Configuration of
the power divider/ combiner in the antenna systems can be seen in Figure 5(b). The output of
the power divider/combiner 4:1 then combined with the power divider/combiner 8:1 to be
connected to the main signal source.
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Figure 5. (a) Typical installation of the power combiner/ splitter in the antenna system, and
(b) Configuration of the power combiner/ splitter in the antenna systems.

3. Experiment
3.1. Return Loss

Vector Network Analyzer (VNA) was used to measure the return loss and VSWR.
Figure 6 shows the measured return loss and VSWR results of the fabricated antenna sub
modules. The result shows the antenna has good return loss at desired frequency at 9.4GHz.
Figure 6(b) shows the measured VSWR of the fabricated antenna which has an operation
frequency of 9.356-9.517GHz with VSWR values of less than 1.5. The measured bandwidth of
161MHz was obtained. Based on the measurement results, the fabricated antennas have good
agreement with the design specification.
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Figure 6. The measurement of an antenna sub module
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(a) Return Loss

Figure 7. The measurement of a single antenna module

Measurement of the combined four sub-module antennas using power divider/combiner
is also necessary to ensure the combine process does not affect the value of return loss and
VSWR. The measurement results of return loss and VSWR of the antenna modules are shown
in Figure 7. We can see that the measurement results correspond to the designed specification.

3.2. Gain

There are two type of gain measurement method, absolute and comparison method.
The comparison method needs a reference antenna with a certain gain. The antennas are often
used as a reference is a dipole antenna A / 2 and a horn antenna. A gain antenna measurement
performed in this study using the comparative method. A horn antenna is used as a reference
antenna. Port 1 of the Signal Generator is connected to the antenna source as a Transmitter
(Tx) and port 2 on the Spectrum Analyzer is connected to the antenna to be measured (AUT)
and the reference antenna that acts as a receiver (Rx). In the comparison method, the power
received by the AUT and a reference antenna are compared. The minimum distance of far field
between the transmitting antenna and the receiving antenna is expressed as follows:

2
Tonin = o (1)

Where, 1,,;, is the minimum distance between transmitter and receiver (cm), D is the largest
dimension of the antenna (cm), and A is the microwave wavelength (cm).

The measurement result of gain antenna is shown in Table 1. The measurement was
done by comparing the maximum receive power of antenna under test with the maximum
receive power of antenna reference [24, 25]. The measurement using horn antenna as a
reference antenna with a frequency of 9.4GHz has 9dBi gain, so that the measurement gain
antenna under test can be calculated by the equation:

Ga(dBi) = Pa(dBm) — Ps(dBm) + Gs(dBi) (2)

Where, Pa is the maximum receive power of antenna under test, Ps is the maximum receive
power of antenna reference, and Gs is the gain of antenna reference.

Table 1. The Gain measurement result of antenna module

No The Maximum receive power of AUT (dBm) The Maximum receive power of reference (dBm
1. -36.25 -47.27
2. -36.46 -46.01
3. -36.12 -47.38
4. -35.31 -47.81
5. -36.11 -46.68
6. -36.02 -47.25
7. -36.54 -47.05
8. -36.61 -48.22
9. -35.27 -47.19
10. -36.43 -47.06
Average -36.112 -47.192
Gain dBi) 20.08
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In order to obtain accurate results, the measurement of the receive power done for
several times. Then the average values of each receive power at the antenna under test and a
reference antenna was taken. Furthermore the average value can be calculated for gain of
antenna under test. The measured gain of a single antenna module is 20.08dBi.

3.3. Radiaton Patern

Antenna radiation pattern is a picture of antenna beam intensity as a function of
spherical coordinates (®, 8). The radiation pattern is obtained by making the pattern of elevation
(® fixed, variable ) or azimuth pattern (@ variable, fixed 68). On the measurement of the
radiation pattern, a horn antenna and antenna under test were used as a transmitter and
receiver, respectively. The transmitting antenna was connected to the signal generator and the
receiver antenna was connected to the spectrum analyzer [26, 27]. To get the azimuth and
elevation radiation pattern, the radar antenna was rotated 360 degrees.

Measurement results for the radiation pattern of the fabricated antenna module are
shown in Figure 8. Figure 8(a) is the measured radiation pattern in the azimuth with beamwidth
of 10 degrees at -3dB. Figure 8(b) is the measured radiation pattern in the elevation with
beamwidth of 20 degree at -3dB.

The antenna module of the first generation antenna system has an elevation beamwidth
of 20°, this value is obtained by the addition of reflectors so that the antenna radiation pattern
can be focussed on a particular beamwidth angle. The elevation beamwidth of an antenna
module on a second-generation radar antenna system is the same as the first generation. This
proves that a vertical antenna array can reduce an elevation beamwidth without using the
reflector.

Elevation

(a) (b)

Figure 8. The Measurement result of radiation patern antenna module

4. Analysis
4.1. Gain

The gain measurement results of the antenna module is 20.08 dB, this was due to
arrange the antenna array can improve the antenna gain. Antenna array will affect the number
of radiating elements and aperture antennas. The more elements are used so the radiation
emitted will also increase. The antenna gain is directly proportional to the antenna aperture as
an equation of antenna gain. The array structure makes greater effective aperture that will affect
the antenna gain,

D= j—ZAe and G =nD (3)

Where, D is the directivity, G is the gain, Ae is the effective aperture, and n is the Efficiency.

Gain antenna is needed in the system radar depends on the power used. On radar
systems with FMCW technology that uses power is relatively small at about 2 watts require high
gain in order to reach a distant target with good sharpness resolution. To be able to reach the
target with a distance of 9-10 NM with a radar antenna height of 15m is needed gain of 30dB.
To obtain an antenna gain of 30 db is necessary to do the arrangement of the antenna modules
so the Tx/Rx radar antenna is composed of eight modules are arranged horizontally.
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4.2. Beam-width

Figure 9 shows radiation pattern shape for 8 uniform array elements. Being greater the
distance of each element, then the main lobe becomes narrower and side lobe becomes more.
At antenna design uses 0.5\ for its distance isolation to get narrow main lobe and fewer
sidelobe. The narrow beamwidth is required for radar antenna in order to get long range
detection. To increase maximum detection range capabilities, the energy is concentrated into as
narrow a beam as is feasible. Because of practical considerations related to target detection
only the horizontal beam width is quite narrow, typical values being between about 0.65° to 2.0°.
The vertical beam width is relatively broad, typical values being between about 15° to 30°.
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Figure 9. Array factor and angular pattern of 8-element uniform array

To get narrow horizontal beamwidth for Tx/Rx antenna, so at antenna design uses 8
array antennas horizontally. Measurement result shows horizontal beamwidth is 1°.

5. Conclusion

We have reported and presented the performance evaluation of antennas for
microwave transmission and reception in X-band radar systems. The Tx and Rx antennas are
fabricated on microstrip array structures. The designed antennas in X-band microwave
operation for Tx and Rx parts were fabricated identically by microstrip array structure. The
measurement methods and results were discussed in detail. The measured antenna gain of
~20dBi, and beam width of ~20 degree can be obtained using the fabricated antennas at
9.4GHz microwave operation. The antennas can be used to X-band radar system for
surveillance applications. Furthermore, the proposed antennas can be used for future remote
unit in the radar networks by combining with optical networks. Therefore they can be connected
using optical fiber by adopting radio-over-fiber technology [28-30].
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