Progress In Electromagnetics Research C, Vol. 105, 35—-45, 2020

High Efficiency X-Band Series-Fed Microstrip Array Antenna

M. Mohammadi Shirkolaei*

Abstract—A new class of the wideband series-fed microstrip array antenna is presented for X-band
applications. A novel configuration of the reflector-slot-strip-foam-inverted patch (RSSIP) is proposed
to provide high efficiency and wide operating frequency band. To improve the front to back ratio
(FBR) and enhance the gain, a reflector is used. The series-fed configuration is selected for the array to
simultaneously provide a very high efficiency and reduce the side lobe level. To experimentally verify
the performance, a prototype of the array antenna is fabricated, and measurement is performed. This
array consists of 12 sub-linear arrays with series-fed microstrip excitation. Also, each of these subarrays
consists of 16 RSSIP antennas. An excellent agreement exists between measurement and simulation.
The measured gain and efficiency of the fabricated antenna are 28.5 dB and 67% at 10 GHz, respectively.
The measured impedance matching bandwidth (S1; < —10dB) is 24% which confirms the wideband
characteristic of the antenna. The series-fed configuration results in very low measured SLL of —24.5dB
at H-plane. The proposed 16 x 12 array antenna is a proper candidate for applications in MIMO systems
and synthetic aperture radars (SAR).

1. INTRODUCTION

Microstrip antennas are low cost, low profile, and light-weight structures which are one of the popular
and interesting radiating devices in the engineering and sciences. Alongside these advantages, these
antennas have an easy fabrication process and can be easily integrated into planar microwave subsystems
and circuits [1-9]. In many applications of array antenna, the cost, complexity, and size are significant
and important challenges in the implementation. The mentioned advantages have made microstrip
antenna as radiating elements in the array configuration. The applications of the microstrip array
antenna in a radar system, satellite, and mobile communication are a confirmation of this claim.

In terms of feeding, the microstrip array antennas are classified in two categories, namely, parallel-
fed and series-fed ones. Omne of the most important figures of merit in antenna and array design is
radiation efficiency. Parallel-fed array suffers low efficiency due to dielectric and ohmic losses and the
unwanted parasitic radiation of feedline [10, 11]. To mitigate this drawback, a series-fed network for a
microstrip antenna array is proposed [12-18]. Series fed array antenna is classified into two categories.
In the first category, the first feedline is excited and the end feedline terminated by the matched load [19].
This type of array acts similarly to a traveling wave antenna (TWA). In a similar way to TWA, the
direction of the main beam is rotated by varying the frequency. This feature is not suitable for the
applications which require radiated power in the specified direction. In the second category, the series-
fed network is excited from the middle line. This type of feeding network results in the broadside
radiation. The array with this feeding network acts as a standing wave antenna. To achieve wide
operating bandwidth, aperture couple mechanism is presented.

The major challenge in a microstrip array antenna for achievement to the high efficiency is to
reduce the mutual coupling effects between adjacent radiating elements constituting the array.
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It has been shown that mutual coupling among neighboring radiating elements in the antenna can
be improved by increasing the space between the elements, but this is at the cost of increased antenna
size [20]. Many techniques have been investigated to reduce mutual coupling between elements, which
include using metamaterials [21-25], metasurface [26-28], and embedded periphery slot [29]. The results
show that the presence of these components close to a radiating element can affect its resonant frequency.
In addition, a large surface area is required to implement these structures. In this paper to reduce mutual
coupling, a defected ground structure (DGS) is used.

In this paper, a high efficacy microstrip array antenna is proposed for the X-band application. The
series-fed network works based on the exciting middle line. These types of feeding provide the array
with a tapered amplitude distribution which results in a significant reduction in side lobe level (SLL).
A novel configuration of the reflector-slot-strip-foam-inverted patch (RSSIP) based on the defected
ground mechanism is presented as radiating elements to enhance the bandwidth of the mentioned series-
fed networks. Also, the physical arrangement of the proposed RSSIP provides appropriate radiation
efficiency. An RSSIP antenna improves the front-to-back ratio (F/B) because of the reflector.

A prototype of an RSSIP array antenna is designed and fabricated to use in the experimental
verification process. The array is made up of 12 subarrays. Each of these subarrays consists of
16 RSSIP antennas as a repetitive element. To provide an array with the tapered distribution and
consequently reduce the SLL, the series-fed network is utilized by the middle line excitation mechanism.
The measurement and simulation results are in excellent agreement. The measurement results show that
the fabricated array has high efficiency of 67% and the peak gain of 28.5 dB. Also, the SLL of —24.5dB
and the high F/B of 29dB are achieved by the measurement. The impedance matching bandwidth of
24% (S11 < —10dB) is reported from the measurement which confirms the wideband characteristic of
the proposed RSSIP array antenna.

2. ARRAY ANTENNA DESIGN

2.1. Antenna Element Design

In this section, the design methodology of the new class of RSSIP antenna as an element of the array
is presented. The schematic of the proposed antenna is shown in Fig. 1. As shown in Fig. 1(a), the
antenna consists of two substrates with an air gap instead of foam between them. The metallic patch
is printed on the bottom side of the upper substrate. The radiating patch is excited by a microstrip
line which is printed on the top side of the lower substrate. To provide wide impedance matching
bandwidth, a ground plane of microstrip feed line (the bottom side of the lower substrate) is defected
by a dumbbell-shaped slot. Also, a metallic plate located at a distance of h, from the lower substrate
acts as a reflector to cancel the radiation along the backward direction and consequently improve F/B.

To design of the RSSFIP antenna, the important parameters that affect its performance are:
substrate thickness (hs, hys), substrate dielectric constant, distance between reflector and ground plane
(hr), patch dimensions, foam thickness (h,), slot dimensions, and length of the open circuit stub (I¢).
Due to the presence of Rogers RO4003C with thickness of 20 mil for construction, the thickness of the
substrates is considered to be 0.508 mm and dielectric constant 3.55. Considering the central frequency
of 10 GHz, the value h, = 7.5 mm is considered.

A simple microstrip patch antenna is known as the basis of the RSSFIP antenna. The basic formulas
for determining the length and width of a microstrip patch antenna are used. These formulas are [30]:
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Figure 1. Geometry of the single antenna element (a) 3-D view (b) top view (c) side view.

C

2f7“ \/Eeff
where W, (width patch), L, (length patch), and h,s (thickness upper substrate) are determined in
Fig. 1. AL, is the length reduced from the antenna to reduce fringing effects, ¢, the dielectric constant,
c the speed of wave in free space, and e.g the effective dielectric constant. Using Eqs. (1)—(4), the
patch antenna is designed using the following parameters: €, = 3.55, hys = 0.508, f, = 10 GHz. The
dimensions of the patch are calculated to be L, = 7.24mm, W, = 9.94 mm.

The slot length is considered approximately 0.2 [31]. The ratio of slot width to length is typically
1/10 [32]. For improving F/B and coupling, a slot at the end of the rectangular aperture (i.e., the
H-shaped slot) is added [32]. These parameter values will be used later as the starting point to design
various RSSFIP antennas considered in this work. The other two parameters (I; and h,) are obtained
by using structure optimization with the aim of increasing impedance bandwidth.

CST Microwave Studio, based on the finite integration technique (FIT), was used to optimize and
match the antenna to a 502 line to resonate at 10 GHz. Detailed dimensions of the proposed antenna
with linear array are listed in Table 1 after optimization. The simulated return loss of the RSSFIP
antenna is shown in Fig. 2. The bandwidth of the single element is 17.5% from 8.9 GHz to 10.6 GHz
with S17 < —10dB. The simulated H-plane and F-plane radiation patterns at 10 GHz for the RSSFIP
antenna are shown in Fig. 3. The maximum gain for the single element is 9.74 dBi which is improved in
comparison to conventional microstrip antennas. The gain of a conventional patch antenna is around 5
to 6 dBi [33,34]. The cross polarization (x-pol.) for the antenna is less than —33.7 dB for the E-plane.

L,= —2AL, (4)
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Figure 2. Return loss of the proposed RSSFIP antenna.
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Figure 3. Radiation pattern of the proposed RSSFIP antenna at H-plane and E-plane for f = 10 GHz.

2.2. Power Divider and Linear Array Design

The aim of this paper is to design a highly efficient and wideband phase array antenna with low SLL at
H-plane; therefore, a conventional series-fed microstrip array antenna has to be designed. In addition,
the use of series-fed arrays leads to a low SLL compared to the parallel fed array antenna. This is
referred to as a linear array antenna. To increase the bandwidth of the array antenna, some alterations
on this linear array antenna can be done. The linear array antenna is shown in Fig. 4. The linear array
contains 16 RSSIP antennas presented at Section 2.1.

The linear array operates at 10 GHz and is designed for radiation in the broadside direction.
The array is split into two linear subarrays and fed in the middle by the coaxial to microstrip line.
This symmetric arrangement prevents the beam-pointing direction from varying with frequency. To
guarantee an identical phase between the patches and to prepare a broadside radiation pattern, the
distance between the feed points of the array patches should be arranged at one guided wavelength
()\g). Because a single element is fed by a 50€) line, a quarter wavelength impedance transformer
70.71 € is required to convert it to a 100 Q2 line. Next, due to the parallelism of the 50 €2 and 100 €2 lines,
their equivalent impedance becomes 33.3€2. As a result, to convert 33.3 2 impedance to 100 ohms, the
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Figure 4. Schematic of the linear array antenna.

57.73 Q) impedance converter is required. This process continues until the coaxial port. In the end, it
looks like two parallel 100 €2 lines connected to the coaxial port, creating the conditions for impedance
matching. As a result, at the feeding line, two different quarter wavelength transformers (70.71 and
57.73Q) are used to build the proposed feeding network. The characteristics of these lines are listed
in Table 1. The line numbers written in Table 1 match those displayed in Fig. 4. The inter-element
spacing of 18.8 mm is adjusted such that all elements are excited in-phase.

Table 1. Detail dimensions of the proposed linear array antenna.

Parameter | Value (mm) | Parameter | Value (mm)

L, 8.9 ha 2.6

W, 8.9 Frus 0.508

wy 11 his 0.508

I 0.6 Iy 18.8
Ws1 0.8 W50 1.1
We9 1.4 w7 0.6

lsl 5.4 Wws7 0.9

lsg 6.6 w100 0.3

hy 7.5

2.3. Full Array Design

Figure 5 shows the simulated 12 16 microstrip array antenna, with an aperture size of 252 % 300.8 mm?,
constructed by using 12 linear arrays presented at Section 2.2. To scan the capability of the array
antenna along the z-axis (E-plane), each linear array is fed separately. To increase the isolation between
the linear arrays, a long rectangular defect is created on the ground plate. The distance between adjacent
linear arrays is 21 mm. Using this feed topology for the array reduces the losses of the feed network.
Therefore, this feed structure, in comparison to conventional ones, improves the radiation efficiency,
gain-bandwidth performance, and wideband impedance matching of the array.

3. SIMULATION AND EXPERIMENTAL RESULTS

The fabricated microstrip array antenna is shown in Fig. 6. For the test of this array, Wilkinson divider 1
to 12 was used. Fig. 7 shows that the measured return loss is in good agreement with the simulated
one but with a detailed change. The bandwidth of the array antenna is 24% and is from 8.8 GHz to
11.2 GHz with S§1;7 < —10dB. In addition, in this figure, the measured isolation between ports 1-2
and ports 1-3 is shown, indicating good isolation between the ports (S9; < —25dB, S3; < —37dB).
Fig. 8 shows the measurement and simulation results of the radiation patterns at f = 10 GHz in the
FE plane and H plane. The half-power beamwidths of the E-plane and H-plane are close to 6° and
7.3°, respectively. The measured gain of the array antenna at f = 10 GHz is 28.5dB for the E-plane
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Figure 5. Schematic of the full microstrip array antenna.

(b) (©)

Figure 6. Photograph of the fabricated full array antenna. (a) Front view (b) feed network plane (c)
ground plane with DGS.

and H-plane. Fig. 8(b) shows an SLL less than —24.5dB and a cross-polarization less than —23.9dB,
indicating the good performance of this array antenna for military uses. The measured far field H-plane
radiation patterns at two different frequencies over the bandwidth are shown in Fig. 9. Fig. 10 shows
the measured gain of the proposed array antenna for various frequencies.
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Figure 7. Simulated and measured return loss of the full array antenna with combiner and measured

S91, S31 without combiner.
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Figure 8. The radiation pattern and measured maximum gain of the full array antenna (a) E-plane
radiation pattern at 10 GHz (b) H-plane radiation pattern at 10 GHz.

The measured gain in the main (zero) degree beam is 28.5 dB, and the physical aperture area of the
antenna is 252 * 300.8 mm? without considering the spacer at the edges. The efficiency of the antenna
can be derived from the relation [35]:

a7
where G is the gain, 7, the efficiency of the antenna, A the physical aperture area, and A the wavelength.
Solving Eq. (5) with respect to 7, and inserting numerical values yield the result n, = 67%. Ordinarily,
the efficiency of the microstrip array antenna is not more than 50%, using this method (series-fed and
RFSSIP antenna) can considerably increase the efficiency of the antenna.

Table 2 presents an analogy between the measurement results of the proposed array antenna and
some antennas fabricated. Remarkably, our fabricated array antenna has the widest bandwidth and
highest efficiency between the mentioned antennas in Table 2.
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Figure 9. Measured H-plane radiation characteristics of the full array antenna at f = 9.5, 10.5 GHz.
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Figure 10. Measured maximum gain of the full array antenna.

Table 2. Comparison of the suggested array antenna with a few reported array antenna.

Ref Freq Array size Gain Impedance Aperture
(GHz2) (A\3) (dB) BW efficiency
[36] 5.76 3.15 12.8 2% 48%
[37] 59 1612 39.2 14.6% 41%
[38] 5.8 22.1 22.4 1.4% 60%
This 10 84.2 28.5 24% 67%
work
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4. CONCLUSION

This paper details a design procedure for high efficiency X-band series-fed microstrip array antenna for
phase array applications. First, the RSSFIP antenna is designed. Then the series-fed linear array fed
from the middle is studied and designed. At the end, the full array antenna for phased array applications
is designed. The proposed 16 * 12 array has a measured gain of 28.5 dB, 67% efficiency, and the XP of
—23.9dB at 10 GHz with an impedance bandwidth of 24%. The 3dB gain bandwidth of the proposed
antenna is 15.5% for SLL < —14dB and 6% for SLL < —25dB at H-plane. Due to the simulated and
measured optimum results of the array antenna, this antenna is suitable for synthetic aperture radar
(SAR) antenna and phased array applications.
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