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High-Isolation X-Band Marine Radar Antenna Design
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Abstract—This paper presents a high-isolation printed antenna
array for marine radar applications. The antenna array is com-
posed of 32 identical square microstrip patches operated at a center
frequency of 9.35 GHz and includes a 100-MHz bandwidth (sub-
ject to a 1.5:1 voltage standing wave ratio [VSWR]). The patch an-
tennas are arranged in four arms, each of which contains eight ele-
ments and is series-fed using Chebyshev tapering (25 dB side-lobe
level). To apply the antenna in marine radar applications, an an-
tenna with horizontal polarization was employed because, in com-
parison with vertical polarization, it can relatively reduce the sea
clutter reflectivity. Therefore, a slit was carved on each patch ele-
ment to change the current path, thereby enabling horizontal po-
larization. The antenna gain, 3-dB beamwidth, side-lobe level, and
front-to-back ratio were 22 dBi, 5.3°, 26.4 dB, and 38.5 dB, respec-
tively. Additionally, metallic baffles were introduced for increasing
the isolation between the transmitting and receiving antennas to
60 dB.

Index Terms—High isolation, horizontal polarization, marine
radar, printed antenna array.

I. INTRODUCTION

ARINE radars are essential sensors used for detecting

hazards (such as coastlines, icebergs, or other ships),
and assisting the navigator in making timely decisions. Cur-
rently, several frequency bands are assigned to marine radar ap-
plications, including the S, X, and Ku bands; in this research,
the operating bandwidth ranges from 9.3 to 9.4 GHz. Com-
pared with the systems using S band, the X-band systems have
the advantages of compactness, flexibility, and maneuverability,
which benefit yachts and fishing boats.

Marine radar typically uses a high-gain antenna equipped
with a rotator that scans the horizon by transmitting radio sig-
nals in known directions and receiving the returned echoes for
detecting objects of interest [1]. Several factors that affect radar
performance are caused by the antennas used; these factors are
side-lobe level, front-to-back ratio, polarization, and main-beam
width. For example, the signals transmitted from an antenna can
illuminate scatterers through the side lobes or back lobe, and the
reflection is picked up in the same manner in receiving mode.
The undesired signals falsely display a target in the main-beam
direction, thereby causing the error to be detected. Moreover,
using antenna with horizontal polarization can relatively reduce
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the sea clutter reflectivity in comparison with using an antenna
with vertical polarization [2]. Additionally, to resolve two tar-
gets in close proximity, applying a narrow beamwidth along the
horizontal plane is necessary.

Microstrip patch array antennas are extensively applied
in radar systems [3]-[7] and wireless communications
systems [8]-[11], which are high gain, low cost, lightweight,
and low profile, and can accurately control radiation patterns.
Two types of array feeding structures are commonly used,
namely parallel-fed and series-fed structures. Regarding the
parallel-fed scheme, numerous power dividers containing
many discontinuities and long transmission lines are required,
the presence of which causes spurious radiation and substan-
tial dielectric loss to occur [12]. Conversely, the series-fed
structure uses short transmission lines and enhances antenna
efficiency [13]. In the series-fed structure, resonant and trav-
eling-wave feeds are commonly used. The bandwidth of a
traveling-wave feed is wider than that of a resonant feed.
However, the main-beam angle changes in accordance with
the change in operation frequency, which is caused by the
change in the progressive phase angle between two adjacent
elements along the series-fed lines. This can cause inaccurate
angle detection to occur, particularly in a frequency-modulated
continuous-wave (FMCW) system. By contrast, the parallel-fed
structure at the center of the array ensures that the combined
beam of each half array remains pointed in the broadside
direction [14], [15].

In this paper, a high-isolation printed array antenna used
for marine radar applications is presented. An array con-
sisting of 32 identical square microstrip patches operated at
a center frequency of 9.35 GHz with a 100-MHz bandwidth
(1.5:1 voltage standing wave ratio [VSWR]) was developed.
The patch antennas were arranged along the four arms of a
1-D array containing eight elements, and center fed using a
series of microstrip lines exhibiting Chebyshev taper distri-
bution. Traveling-wave taper distribution was achieved using
quarter-wavelength transformers along the line to reduce the
side-lobe level to 25 dB below that of the main beam. A slit
was carved on each patch element to change the current path,
thereby enabling horizontal polarization. Moreover, individ-
ually loading the transmitting and receiving antennas with
metallic baffles can increase the isolation between them to over
60 dB.

II. ARRAY CONFIGURATION AND DESIGN METHOD

Fig. 1 shows the configuration of the developed array that
was implemented on a 31-mil substrate with a dielectric con-
stant of e, = 2.2 and a loss tangent of tan d = 0.0009. This
array consisted of a feeding network and 32 identical square mi-
crostrip patches operated at a center frequency of 9.35 GHz. As
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Fig. 2. Configurations of (a) a conventional antenna and (b) the proposed ele-
ment antenna with horizontal polarization. The design parameters were W, =
9.9 mm, L, =5 mm,d; = 2.455 mm, and d, = 3 mm.

shown in Fig. 1, the feeding network consisted of two T-junc-
tions connected to each other and fed using a vertical probe.
Each arm of the T-junction was connected to the series-fed patch
array. For obtaining a favorable impedance match, a four-stage
quarter-wavelength transformer was employed in the T-junction
design. Owing to the head-to-head arrangement of the antenna
arrays, the top and bottom array were subjected to out-of-phase
currents. The electric-field component along the y-axis was can-
celled out in the far field, thereby enabling the suppression of the
cross-polarization level. In this study, a time-domain finite-inte-
gration-based electromagnetic simulation tool, CST Microwave
Studio [16], was used for computing the radiating characteris-
tics of the array antenna.

A. Antenna Element Design

Because the polarization of a microstrip patch antenna is
inherently related to feeding position, the traditionally used
method for obtaining horizontal polarization is feeding from
the lateral edge of the patch, as shown in Fig. 2(a). However,
the feed line in between the two patches causes strong coupling
to occur, which subsequently reduces isolation and degrades
the performance of the original patch. To maintain the feeding
position at the bottom edge of the patch and enable horizontal
polarization, a slit was carved on the patch element to enable

Top view of the proposed antenna array, which was placed on a grounded substrate with a thickness of 31 mil and a dielectric constant £, = 2.2.
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Fig. 3. Surface current density of the proposed patch element at 9.35 GHz.

the current to flow along the horizontal direction. An off-center
microstrip line with 100 € characteristic impedance was
adopted for impedance matching, as shown in Fig. 2(b).

Fig. 3 shows the surface current density of the proposed patch
element at 9.35 GHz, which can verify the realization of hor-
izontal polarization. The current was fed from the microstrip
line on the lower right side of the patch. Because the current
path along the vertical direction was interrupted by the slit,
the current was compelled to flow along the horizontal direc-
tion. The current vectors on the edge and around the slit were
headed along the horizon, thereby generating horizontal polar-
ization. To investigate the effect of the slit length and place-
ment on antenna performance further, parameter studies were
conducted, as shown in Fig. 4. The cross-polarization level indi-
cated how many decibels the power level of vertical polarization
was below the power level of horizontal polarization in the main
beam direction (f = 0, ¢ = 0). In Fig. 4, the cross-polarization
level increases as the length of the slit (L) and the distance of
the slit from the patch’s bottom edge (d, ) increase. Because the
variation of the reflection coefficient is not as regular as that of
the cross-polarization level, a tradeoff must be made between
the reflection coefficient and cross-polarization level. Since the
transmitted power is high for marine radar, the low reflection
coefficient is needed for not damaging the transmitter.

Each patch antenna located in the arrays in Fig. 2 was de-
signed to have a center frequency of 9.35 GHz; the reflection
coefficients (S11) are shown in Fig. 5. Using the proposed an-
tenna exhibiting off-center feed and a horizontal slit did not af-
fect the reflection coefficient considerably. In addition to the
single element characteristic, the array performance, including
cross-polarization and isolation, was compared between these
two types of antenna. Fig. 6 shows the effect of the spacing be-
tween elements d on isolation and the cross-polarization level.
The performance of the conventional patch was determined to
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Fig.4. Parametric sweep of the physical parameters (a) d, and (b) L, forinves-
tigating the effect of these parameters on the reflection coefficient and cross-po-
larization level of the antenna at 9.35 GHz.
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Fig. 5. Reflection coefficients (S, ) of the proposed and conventional antenna
elements.

be more sensitive to spacing than that of the proposed patch el-
ement. The comparison of antenna gain and S1; is not shown
because they exhibited similar trends.

B. Feeding Network

Fig. 7 shows the structure of the series-fed section. The
spacing between the feed points of the patch elements was fixed
to one guided wavelength for an equal phase delay between the
elements. Lines with lengths A, /4 and 3X, /4 were introduced
between two consecutive outputs to obtain taper distribution at
the output port (from Port 2 to N) and obtain minimal reflection
at the input port (Port 1). The series-fed section can be regarded
as a cascade of several T-junctions. The detailed electrical
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Fig. 6. Isolation and cross-polarization level as a function of the spacing be-
tween elements d for the proposed and conventional antenna arrays.

dimensions of the ith (¢ = 2,3,...,8) T-junction model are
depicted in Fig. 8(a). The power ratio between Port 2 and
Port 3 depends on the characteristic impedance of each con-
nected microstrip line. To simplify the analysis of the feeding
network further, the equivalent transmission-line network and
the corresponding scattering matrices were constructed using
the building block approach, as shown in Fig. 8(b) and (c),
respectively, thereby reducing computing time considerably.

In Fig. 8(c), $7*, $7*, and $7* are the 2-by-2 scattering ma-
trices of the ideally lossless transmission lines T’a, T'h, and T'c,
respectively. These scattering matrices have been reported in the
relevant literature and are widely recognized [17]. The 3-by-3
scattering matrix of an ideal T-junction 7'y, shown in Fig. 8(c),
can be expressed as

A0
Sii = —f———, fori=1,2,3 (1)
VAR AO
(1)
220\ %5
Sij _Z<)+Z() fori,j =1,2,3& 14§ )

mn

where Z,,, is the input impedance at the ¢th port with reference
impedance Z9 which is defined as

Z(’)

e =ZW ) 29, foripq=1,23&i#p£q ()

Because the detailed mathematical procedures used for de-
riving the scattering matrix of the T-junction network were de-
scribed in [18], only the result is provided to maintain the con-
ciseness of this paper. The three-port scattering matrix is given

by
S=S,,+Sp(M—S..) 'S, 4)

where matrixes S,,, Spe, Sep, See, and M are given below by

[sTe 0 0

Spp = 0 SQTQb 0 Q)
0 0 Sir
§Te 0 0 00 0

Spe=| 0 ST 0 0 0 0 (6)
0 0 Sir 0 0 0
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Fig. 7. Configuration and definition of parameters for the series-fed section shown in Fig. 1.
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rsfe 0 0 by using a genetic algorithm; the optimized characteristic
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s 0 0 Sy g are summarized in Table I. Fig. 9 shows the simulated results

R 0 0 0 ®)  derived using a full-wave simulation tool and the building

0 0 0 block approach. The results were clearly similar and tapered
L 0 0 0 amplitude distribution was achieved.
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Fig. 11. Measured and simulated reflection coefficient results for the proposed
array with and without baffles.
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Fig. 12. Measured and simulated radiation patterns at 9.35 GHz on (a) a hori-
zontal plane (yz-plane) and (b) a vertical plane (yz-plane).

III. MEASUREMENT RESULTS AND DISCUSSION

A prototype of the developed antenna array was fabricated
using PCB technology and the radiation characteristics of the
antennas were measured. A photograph of the proposed an-
tenna is shown in Fig. 10; the dimensions of the antenna were
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Fig. 14. Simulated and measured isolation for the array with baffles with s =
85 mm. The results for the array without baffles are also shown for comparison.

376 mm x 68.8 mm. The measured and simulated reflection
coefficients are shown in Fig. 11 (curves labeled as “w/o Baf-
fles”). The impedance bandwidth for — 14 dB S13 (1.5:1 VSWR)
was 9.26-9.4 GHz for the measured result and 9.3-9.44 GHz
for the simulated result. These results agree with the trend (ex-
cept for a slight frequency shift that occurred) and, thus, the
impedance bandwidths are able to cover the desired frequency
band from 9.3 to 9.4 GHz. Fig. 12 shows the measured and sim-
ulated radiation patterns produced by the proposed antenna at
9.35 GHz. On the horizontal plane (zz-plane) in Fig. 12(a),
the measured antenna gain, half-power beamwidth, side-lobe
level, and front-to-back ratio were 22 dBi, 5.3°, 26.4 dB, and
38.5 dB, respectively. The half-power beamwidth and side-lobe
level on the vertical plane (yz-plane) were 34.5° and 23.7 dB,
respectively.

Fig. 13 shows the arrangement of the transmitting and re-
ceiving antennas with a spacing (s) between them. The high-
gain antenna focuses power on a narrow beamwidth, thereby
reducing the amount of field coupling that occurred between
antennas in close proximity. To improve the isolation further,
metallic baffles were equipped and connected to the ground
plane on both sides of the array. The length and height (%)
of each metallic baffle were 376 mm and 50 mm, respectively.
Fig. 14 shows the simulated and measured isolation when the
baffles were used; for comparison, Fig. 14 also includes the re-
sults obtained when baffles were not used. The baffles clearly
produced more than 10 dB of additional isolation (the differ-
ence [in dB] between the blue and red curves). However, the ef-
fect of the linear taper baffles on the reflection coefficient (S11)
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TABLE 11
MEASURED RESULTS FOR THE PROPOSED ANTENNA ARRAY
w/o Baffles with Baffles
9.3 GHz | 9.35 GHz | 9.4 GHz || 9.3 GHz | 9.35 GHz | 9.4 GHz

Gain (dBi) 21.1 22 22.1 21.9 22.7 22.7

SLL (dB) 27.3 26.4 26.6 21.5 24.1 26.3

F/B (dB) 41.1 38.5 37.5 42 43.6 43.5

horizontal-plane
5.8° 5.3° 5.2° 5.6° 5.3° 5.2°
HPBW (xz-plane)
rtical-pl.
verieaTpiane 350 3450 | 3350 29° 289° | 29.5°
(xz-plane)
Cross-polarization Level (dB) —-36.3 —35.8 -35.9 —-354 —-36.9 —38.8
30F —— Simulated co-pol.
with Baffles 25E —4— Measured.co-pol.
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Fig. 15. Measured radiation patterns at 9.35 GHz on (a) a horizontal plane
(zz-plane) and (b) a vertical plane (yz-plane).

was negligible [19]. As shown in Fig. 11, the reflection coeffi-
cients of the proposed array with and without baffles were ex-
tremely similar. Regarding the radiation pattern, the supplemen-
tary baffle slightly increased the gain and enhanced the front-to-
back ratio, as shown in Fig. 15. On the vertical plane (yz-plane)
in Fig. 15(b), the half-power beamwidth became narrower. The
side-lobe level on the horizontal plane (xz-plane) in Fig. 15(a)
increased by 2 dB, compared with that of the proposed antenna
without baffles. This can be ascribed to the deformation of the
printed circuit board caused by the stress of the screws, which
resulted in the degradation of side-lobe performance. Fig. 16

Fig. 16. Simulated and measured radiation pattern of the proposed antenna
with baffles.
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Fig. 17. Simulated and measured gains of the proposed array for various fre-
quencies when the baffles were used and not used, respectively.

shows the simulated and measured radiation patterns of the pro-
posed antenna with baffles. The maximal strength of cross-po-
larization was —36.9 dB below that of co-polarization. This low
cross-polarization level was contributed by the symmetric 1-D
array with respect to the x-axis. Fig. 17 shows the simulated and
measured gain of the proposed array when the baffles were used
and not used, respectively. The trends of the measurement are
close to those of the simulation. The measurement results for
the radiation characteristics are summarized in Table II.
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IV. CONCLUSION

A high-isolation printed antenna array for marine radar
applications was designed and fabricated, and the radiation
characteristics were measured. The array was composed of
32 identical square microstrip patches arranged along the four
arms of a 1-D array containing eight elements. By using the
series-fed structure with Chebyshev tapering, the side-lobe
level was suppressed. Moreover, the symmetric design with
respect to the x-axis substantially suppressed the cross-polar-
ization level. Compared with the conventional patch element
design, the novel design proposed in this study with a slit and
off-center feed mitigated the electromagnetic coupling that
occurred through the feed-line to patch coupling. Furthermore,
applying the metallic baffles to the exterior of the antennas
substantially enhanced the isolation between the transmitting
and receiving antennas. The measured and simulated results
agree well. Additionally, the electrical performance of the
developed antenna is able to meet the specifications of the
antennas applied in marine radar systems.
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