Multi-Band Dual-Polarized Shared Aperture Microstrip Phased Array

by
Zhu Sun

v

MACQUARIE
UNIVERSITY

SYDNEY ~ AUSTRALIA

Dissertation submitted in fulfillment of the requirements
for the degree of
DOCTOR OF PHILOSOPHY

Department of Engineering
Faculty of Science Macquarie University
Sydney, Australia
August - 2014



il



ABSTRACT
Multi-band systems are becoming increasingly popular in both military and civil
applications such as tactical radar systems and synthetic aperture radar (SAR) systems
because their information capacity is significantly higher than single-band counterparts. As
the interface between free space and an internal waveguide, a multi-band antenna plays an

important role in such systems.

A multi-band dual-polarized (MBDP) antenna array can be realized by simply positioning
several single-band antenna arrays side-by-side. However, this approach is not desirable
because it significantly increases the aperture size and antenna weight. The MBDP shared
aperture antenna arrays studied in this thesis can minimize the array size and weight by
sharing the aperture of each band. Therefore, it is attractive for some compact systems like

space-borne SAR antennas and vehicle based tactical radars.

In this thesis, several contributions are made to the knowledge in MBDP shared aperture

arrays. They are listed below.

1) Performance improving methods are presented for dual-band dual-polarized shared
aperture (DBDP-SA) array. The inter-polarization isolation of the array was improved and
the lower-band bandwidth was enhanced for a given antenna thickness. A prototype S/X
DBDP-SA microstrip array has been designed and fabricated to verify these methods.
Fractional frequency ratio is also achieved in a prototype array by adopting an interleaved
dual band embedding structure.

2) A multi-band dual-polarized shared aperture (MBDP-SA) array design method is



3)

proposed for SAR applications. To verify the feasibility of this method, an L/S/X tri-band
dual-polarized shared aperture (TBDP-SA) array has been designed and fabricated. Good
performance has been achieved in all three bands.

A novel sandwiched stacked-patch DBDP array is presented, with an aim to enhance the
bandwidth in the lower band. Dual band embedding methods are also studied and
compared in terms of their bandwidth performance. An L/C DBDP-SA sandwiched

stacked patch array has been designed and fabricated to validate this new concept.
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Chapter 1
Introduction

Multi-band dual-polarized shared-aperture (MBDP-SA) arrays are antenna arrays that
operate in two (or more) frequency bands with dual-polarization in each band, and whose
elements are integrated together into a common physical space by sharing the single aperture.

They are also known as multi-band co-aperture dual-polarized arrays in the literature.

1.1 Motivation

The space-/air-borne synthetic aperture radar (SAR) is the main motivation and perhaps

the most important application for MBDP-SA antenna arrays.

Because the back scattering matrix of a ground target depends on frequency, polarization
and incidence angle of the incident wave, as shown in the Fig.1-1. The higher-band wave
reflects primarily at the crown of the tree, while lower-band wave can penetrate the leaves and
reflect at the root of the forest. Hence, a MBDP SAR system can obtain more information to

better distinguish and retrieve ground targets [1-6], as presented in Fig.1-2 [1], SAR images

High Band SAR Low Band SAR

sty s

Fig.1 - 1 Scattering model of high- or low-band SAR [1]

1



2 Chapter 1. Introduction

(b) X-band SAR image (c) L-band SAR image

(d) C-band HV polar SAR image (e) C-band HH polar SAR image

(c) C-band VV polar SAR image

Fig.1 - 2 SAR images of different bands and polarizations [1]
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— DEPLOYED SIR-C ANTENNA

(a) Photo of antenna (b) Deployed antenna in the Shuttle Payload Bay
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4 Chapter 1. Introduction

with different resolution and textures can be obtained through utilizing different bands and
polarizations. This merit makes MBDP SAR systems more advantageous than their single-
band peers. In general, the relationship between MBDP- and single-band SAR systems is

analogous to that between color and black-white cameras, respectively.

Side-by-side configured independent single-band arrays, such as the SIR-C/X-SAR
antenna [7-10] shown in Fig.1-3, can fulfill the multi-band operating requirements. However,
a minimum aperture area in each band is required to avoid image ambiguity [11], which
results in a bulky antenna for independent sub-array designs, such as the SIR-C/X-SAR
antenna in Fig.1-3, whose L/C/X tri-band independent antennas occupies 44% of the overall
system (3.3 tons of 7.5 tons) weight and has a width of more than 4m [12]. The MBDP-SA
array technique can reduce the antenna weight and size by sharing the aperture in each band,
increasing the payload efficiency, and hence is perhaps the most promising antenna

techniques for such applications at present.

1.2 Thesis Organization

The thesis is organized in six chapters including this introductory chapter, which
introduces the MBDP-SA array and provides an overview of the thesis. The main contents of

the thesis are briefly discussed below.

Chapter 2 presents some general principles of DBDP-SA array design, followed by a
literature review and the current state of the art on MBDP aperture integration. Some specific
techniques, such as isolation improving method, are further reviewed in Chapters 3, where

they are employed.
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Chapter 3 presents an S/X DBDP-SA microstrip antenna with fractional frequency ratio
of 3.5:1. The polarization ports of both bands are highly decoupled by implementing a hybrid
feeding method and an H-shaped configuration in higher- and lower-bands, respectively. The

inter-band coupling is discussed and a solution is presented.

Chapter 4 presents an L/S/X tri-band dual-polarized shared-aperture (TBDP-SA) array.
The array consists of L/S and L/X DBDP-SA arrays and an L single-band dual-polarized
(SBDP) array. Good bandwidth and radiation patterns are confirmed in all three bands, and

especially for the L band, whose aperture consists of L/S, L/X and L array.

In Chapter 5, a sandwiched perforated DBDP-SA array is proposed based on the studies
of overlapped DBDP structure and perforated patch structure with the aim of improving the
lower-band bandwidth for the given overall antenna profile. The measured results show that
the proposed structure has a better bandwidth-to-profile ratio. The advantages and

disadvantages are also discussed.

The thesis is concluded in the Chapter 6 where some suggestions for future work are also

provided.

1.3 Thesis Contributions

In the thesis, three different MBDP-SA antenna arrays are designed, analyzed and
compared. Based on the MBDP design experience, the contributions of this thesis are listed
below:

Major Achievements:

1. An S/X interleaved DBDP-SA microstrip array with highly decoupled polarization ports

5
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in both bands is designed and tested in Chapter 3. The array isolation of better than 35dB
and 45dB is achieved in S and X band, respectively, which is about 5dB better than the
best results [119] the author ever known.

2. A novel MBDP-SA SAR array design method, called ‘assembling’ method, is proposed
for SAR applications in Chapter 4. This method take the different DBDP-SA sub-arrays
as basic modules, and construct MBDP-SA full array by joining the different modules
together. The feasibility of the proposed method is validated by the L/S/X TBDP-SA
prototype array, which is realized by joining two well designed DBDP-SA and a SBDP
sub-arrays together. This method can be further extended to a quad-band dual-polarized
shared-aperture array by adopting more DBDP-SA sub-arrays. For the best of author’s
knowledge, the L/S/X TBDP prototype array is the first tri-band microstrip planar array
reported.

3. A modified perforated patch structure, called the sandwiched perforated DBDP array is
proposed in Chapter 5, aiming to improve the lower-band bandwidth for the given overall
antenna profile. The perforation number in the proposed structure is reduced as compared
to perforated patch structure, to avoid the bandwidth reduction in lower-band patch. The
bandwidth improvement of this structure is estimated to be about 2.5 percentages. The
feasibility of this structure is validated by the prototype array, and its better lower-band

bandwidth-to-profile ratio is also observed.

Other Achievements:
1. The fractional frequency ratio of 1:3.5 in interleaved DBDP-SA array design has been

validated in Chapter 3.
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2.

Tri-resonate design is achieved to improve the lower-band bandwidth in S/X DBDP-SA
array in Chapter 3. A [Sy;| < -15 dB bandwidth of 10% is achieved in the lower band,
which is the best bandwidth ever realized for the similar antenna profile in interleaved
DBDP structure.

The higher-band elements’ polarization isolation in DBDP-SA array is studied in Chapter
3. The relationship between the elements’ polarization isolation and inter-band coupling
is disclosed using an experimental method. The possible methods of improving element
polarization isolation are analyzed and recommended.

The overlapped DBDP structure is preliminarily studied in Chapter 5. A unit cell comp-
oses 1 x 1 L-band element and 2 x 2 C-band elements is designed and tested, where the
merits (mainly refer to lower-band bandwidth) and limitations (frequency ratio choice

and feeding restriction) are concluded.

1.4 List of Publications

Some published research outputs during my PhD study are listed as below:

Refereed Journal papers

Zhu Sun, Shunshi Zhong, Lingbing Kong, Chu Gao, Wei Wang and Mouping Jin, “Dual-
Band Dual-Polarised Microstrip Array with Fractional Frequency Ratio”, Electronics

Letters, vol. 48, no. 12, pp. 674-676, Jun. 2012.

Zhu Sun, Karu P. Esselle, Shunshi Zhong and Y. Jay Guo, “Shared-Aperture Dual-Band
Dual-Polarization Array Using Sandwiched Stacked Patch”, Progress In Electro-magnet-

ics Research C, (Accepted), 2014.

Shunshi Zhong, Zhu Sun, Lingbing Kong, Chu Gao, Wei Wang and Mouping Jin,

“Tri-Band Dual-Polarization Shared-Aperture Microstrip Array for SAR Applicat-
7
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ions”, IEEE Transactions on Antennas and Propagation, vol.60, no.9, pp. 4157-

4165, Sept. 2012.

Lingbing Kong, Shunshi Zhong and Zhu Sun, “Broadband Microstrip Element Design of
a DBDP Shared-Aperture SAR Array”, Microwave and Optical Technology Letters,
vol.54, no.1, pp. 133-136. Jan. 2012.

Basit Ali Zeb, Yuehe Ge, Karu P. Esselle, Zhu Sun and Michael E. Tobar, “A Simple
Dual- Band Electromagnetic Band Gap Resonator Antenna Based on Inverted Reflection

Phase Gradient”, IEEE Transactions on Antennas and Propagation, vol. 60, no. 10,

pp. 4522-4529, Oct. 2012.

Min Guo, J. J. Yan, Shunshi Zhong and Zhu Sun, “Wideband Circularly Polarized Dielec-

tric Rod Antenna”, International Journal Antennas Propagation, vol. 2012, ID: 324197.

Jianjun Liu, Karu P. Esselle, Stuart Hay, Zhu Sun and Shunshi Zhong, “A Compact
Super-Wideband Antenna Pair With Polarization Diversity”, IEEE Antennas and Wireless

Propagation Letters, vol. 12, Issue. 1, pp. 1472-1475, 2013.

Refereed Conference papers

1.

Zhu Sun and Shunshi Zhong, “High-Gain Thinned Array with limited scan capabil-
ity”, 2011 China-Japan Joint Microwave Conference Proceedings (CIMW 2011),
Hangzhou, China, pp. 1-4, Apr. 2011.

Zhu Sun, Shunshi Zhong, Xiaorong Tang and Jianjun Liu, “C-Band Dual-Polarized
Stacked-Patch Antenna with Low Cross-Polarization and High Isolation”, 2009 European
Conference on Antennas and Propagation (EuCAP 2009), Berlin, Germany, pp. 2994-
2997, Mar. 2009.

Shunshi Zhong, Zhu Sun, Lingbing Kong, Chu Gao, Wei Wang and Mouping Jin,
“Design of TBDP Shared-Aperture SAR Array”, 2011 Asia-Pasific Microwave

Conference (APMC 2011) Proceedings, Melbourne, Australia, pp. 159-162, Dec.
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2011.

4. Chunxiang Meng, Wenhui Shen, Zhu Sun, Shunshi Zhong and Karu P. Esselle, “A
Novel L/C- Band Dual-Polarized Half-Perforated Antenna Element for SAR
Arrays”, 2011 Asia-Pasific Microwave Conference (APMC 2011) Proceedings,
Melbourne, Australia, pp. 701-704, Dec. 2011.

5. Yuehe. Ge, Zhu Sun and Karu P. Esselle, “Simple Thin Partial Reflective Surface for
Dual-band Fabry-Parot Resonator Antennas”, Proceedings of the 2011 International

Symposium on Antennas and Propagation (ISAP2011), Jeju, South Korea, Oct. 2011.

Patents

1. Shunshi Zhong and Zhu Sun, "S/X Dual-Band Dual-Polarized Microstrip Dipole/
Microstrip Stacked Patch for Phased Array", Chinese Patent, accepted by China Patent
Bureau (CPB), Publish Number: CN101982899B.

2. Shunshi Zhong, Zhu Sun and Lingbing Kong, "L/S/X Tri-Band Dual-Polarized Planar
antenna array", Chinese Patent, accepted by China Patent Bureau (CPB), Publish Number:
CN101982900B.
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Chapter 2
Literature Review

2.1 Introduction

The multi-band dual-polarized shared-aperture (MBDP-SA) arrays introduced in the
thesis refer to the array that have several bands embedded in the same array aperture. By
sharing part- or full-aperture, the array can reduce the size and weight of overall antenna
(compare to independent MBDP array). The origins of MBDP-SA array can be traced back to

1990s as potential antennas for multi-band space-borne SAR systems.

Ideally speaking, an UWB or SWB array such as a Vivaldi antenna [15-21] or a connect-
ed dipole array [22-28] can also be employed to minimize the aperture size, because it can
cover multi-bands with only a single aperture. However, from engineering point of view, the
UWB and SWB arrays are less suitable for the space-borne SAR applications, because:

1) The element spacing is based on the smallest wavelength in the operating bandwidth to
avoid the grating lobes at higher frequency. Thus, at lower frequency, the elements are too
densely distributed. For example, an UWB array covering four octaves will have a lower
frequency element spacing of 1/8 wavelength, assuming it is half-wavelength spaced at
the higher frequency. More elements and corresponding T/R modules are thus required
than the MBDP-SA antenna actually needs. Hence, UWB and SWB arrays are less
feasible due to the high cost, large weight and difficulties in heat control of large amount
of T/R module.

2) They need higher antenna profile to operate on wide frequency range (e.g., Vivaldi

11
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3)

4)

antenna [15-21] and slab-covered connect dipoles [26, 27]), which make them difficult to
fold and fit inside the rocket launching stage.

A long multi-section impedance transition line is needed in the feed network for wide
band matching, which results in higher insertion loss as compared to the well designed
narrow band feed network in MBDP-SA array. Linear array in azimuth direction is a
general requirement for SAR antenna full array [21, 28].

As the UWB and SWB array provide wider bandwidth than that of signal, they need
filters in receive channel (in T/R module) to remove the noise out of the narrower signal
bandwidth so as to increase signal to noise ratio (SNR). This means that the wideband

merits of the UWB and SWB array does not make them suitable for SAR applications.

For the aforementioned reasons, MBDP-SA array is the most promising solution for

multi-band space- or air-borne SAR antenna applications at present stage.

2.2 Specifications of MBDP-SA Array

To understand the MBDP-SA array designs, some related specifications are briefly

introduced in this section first.

2.2.1 Operating Band

Due to the reasons such as overall system requirements, microwave component level and

affordable antenna size, etc, SAR systems generally operate from L band to Ku band [7-10,

29-43]. Specifically, most of the current space-borne SAR systems operate from L to X band

[7-10, 32-43] due to the atmosphere attenuation, as shown in Fig.2 - 1 [44]. The operating

frequency below L band will suffer reflections from the ionosphere, while radiated energy

12



Chapter 2. Literature Review 13

higher than the X band radiation is increasingly absorbed by water and oxygen molecules in
the atmosphere, and thus become sensitive to weather condition. Ka band is also frequently
used for SAR applications (climate surveillance or fine imaging), as it offers less attenuation
to signal due to its location between the water and oxygen absorption peak at 23GHz and
63GHz, respectively. The general spectrum allocation for different radar applications is shown

in Table 2-1 [45].

For MBDP-SA antenna array, most of the designs employ frequencies from L band to X

Wavelength (mm)
8 6 5 4

30 20 15 10 3 2 1.5 1.0 038
100 ¢ —t + ——+ f + —t
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2 11
S 04
= 0.2
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0.01- T
0.004 9150 Meters Altitud
o] H:O eters 1tude
0.001 e ; I——
10 15 20 25 30 40 50 60 70 80 90100 150 200 250 300 400
Frequency (GHz)
Fig.2 - 1 Atmosphere absorption [44]
Table 2 - 1 Commonly applied bands for radar applications [45]
Band Frequency Range Radar Frequency
UHF 300-1000MHz 420-450MHz,890-940MHz
L 1000-2000MHz 1215-1400MHz
S 2000-4000MHz 2300-2500MHz,2700-3700MHz
C 4000-8000MHz 5250-5925MHz
X 8000-12000MHz 8500-10680MHz
Ku 12-18G 13.4-14GHz,15.7-17.7GHz
K 18-26G 24.05-24.25GHz
Ka 26-40G 33.4-36GHz

13
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size is required. The aperture sharing technique, in this case, brings limited aperture and
weight reduction. Furthermore, the array aperture-sharing in operating bands higher than the
X band adds design complexity and leads to higher system cost. Certainly, the choice of
operating frequency band and polarization in a SAR system is dictated by its mission

requirement, as recommended in Table 2-2.

Table 2 - 2 Recommended band and polarizations for different SAR missions [46, 47]

Mission Band Polarization  Incident angle(®) Resolution(m)
Geology L/C HH/HV 30-60 20
Agriculture C/X -- 40-60 10
Forest L/C/X HH/HV 30-40 10
Soil C HH 10-20 15
Water L/C HH/VV 10-20. 60 <5
Ocean C/X HH /HV 40-50 25

2.2.2 Bandwidth

A SAR system’s elevation resolution is limited by the signal bandwidth, as shown in
eq.1-1[47]:

C
pelevation = (1 -1 )

2-B-sinf
where ¢, B and 6 refers to the velocity of light, signal bandwidth and the angle of incidence,
respectively. Clearly, better resolution can be obtained by employing larger signal bandwidth
(after pulse compression). As the interface between the air and the system, a SAR antenna

should have a broad band performance in order to support the signal bandwidth. Currently, a

common bandwidth requirement for SAR antenna is 3~8% [49].

To meet the demands of higher resolution, the future SAR systems need larger bandwidth.
So, to design a MBDP-SA SAR array becomes quite challenging, particularly for the lower

frequency band due to its wider percentage bandwidth requirement.

14
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The antenna bandwidth cannot be defined uniquely. For the resonant antenna, the
bandwidth is commonly the narrowest of all the bandwidths (including impedance bandwidth,
radiation pattern bandwidth and polarization bandwidth, etc). The antenna bandwidth in this

thesis refers to the impedance bandwidth (i.e. [S;;| <-10 dB or VSWR < 2).

2.2.3 Polarization lIsolation

Polarization isolation is a key specification for any dual-polarized antenna. It refers to
how small is the coupling of field components from the orthogonally polarized ports. For
antenna with poor isolation, energy which is coupled from the other polarization will reduce
the signal-to-interference ratio, and even damage the receiver channel (in case of the strong
transmit energy couples to the receive channel). This coupled energy cannot be removed from
frequency domain because the cross-talk occupies the same spectrum with the echo signal.
However, the problem is not so serious from system’s point of view, as transmit and receive
time circles are separated in time, thus the energy coupled from orthogonal polarization
transmit port can be shielded by switching off the receive channel in the time window. The
polarization isolation specification is thus not very tough. A common polarization isolation

requirement for a SAR antenna is 30dB or better [50].

2.2.4 Inter-Band Isolation

Inter-band isolation, which only exists in multi-band shared aperture arrays, is the quality
of coupling between the co-polarized ports from the elements operating in different frequency
bands. Because elements in each band operate at a different frequency, inter-band coupling

can be further eliminated by using a filter or by implementing coherent demodulation in

15
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receiver. Generally, SAR antenna inter-band isolation should at least be better than 25dB.

2.2.5 Cross-Polarization

The cross-polarization level is defined as the ratio of the orthogonal-polarized field
component to the dominant-polarized field component in the main lobe direction. The
asymmetry in the radiator shape generally leads to undesired orthogonal-polarized compo-
nents being radiated. Specifically, cross-polarization can be illustrated in several forms in diff-
erent coordinate systems [51], including 1) Cartesian coordinate, 2) spherical polar coordinate,

and 3) arbitrary direction in spherical polar coordinate, as shown in Fig.2-2.

Zz Z
y X y X
Z Z Z
—<L
+ ," \
I
Y
I
LA y 5 y .
Cartesian Spherical polar Arbitrary

Fig.2 - 2 Illustration of cross-polarization [51]

The cross-polarization will degrade the performance of a polarimetric radar because the
cross-polarized component can corrupt the polarized scattering matrix of the ground target.
Besides, the cross-polarized energy cannot be suppressed by the other methods except for

improving antenna polarization purity. A common cross-polarization requirement for SAR
16
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antenna is -30dB [47].

2.2.6 Scan Ability

As compared to the mechanical scanning, electronic phase scanning has many advantages
for space-borne system, such as flexibility, non-inertial and non satellite perturbance motion.
Two commonly applied array scan range definitions are: 1) side lobes (grating lobe) remain
10 dB lower than the main lobe scan range; 2) main lobe gain drops by 3dB scan range. These
two definitions respectively focus on the SIR and radiation power. In the thesis, the former

definition is used.

For a space-borne SAR array, a £20° scan range is commonly required in the elevation
direction for scan mode to cover a wide swath (Scan SAR mode); while in the azimuth
direction, +£1° ~ +12° scan range is sometimes needed to achieving staring mode (spot SAR

mode) for higher resolution [52].

2.3 Multi-Band Aperture Sharing Methods — State of the Art

From the review of open literatures, studies of MBDP-SA array mainly describe dual-
band dual-polarized shared-aperture (DBDP-SA) arrays. In the following part, DBDP-SA

microstrip array techniques are thus reviewed.

It should be noted that other types of antenna (excluding the microstrip array) can also be
used to make DBDP-SA array. They are shown in Fig.2-3 and include:
1) Interleaved slotted-waveguide antenna [53-57] (Fig.2-3(a)).

2) Interleaved slotted-waveguide antenna with dipole (slot) array [58, 59].

17
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Fig.2 - 3 Different types (except for microstrip array) of multi-band shared aperture arrays

3) Interleaved open-ended waveguide array with shorted-annular ring patch array [60-63]
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(Fig.2-3(b)).
4) Horn and open-ended coaxial horn embedding array [64-66] (Fig.2-3(c)).
5) Parabolic and microstrip compound array [67, 68].

Due to the scope of this thesis, these dual-band antennas are not discussed. Moreover,
multi-band planar reflector array [69-73] (shown in Fig.2-4) is also not considered in this
thesis, despite it is made using microstrip fabrication technology, because it is more similar to

the reflector antenna rather than the dual-band shared aperture array.

Fig.2 - 4 Multi-band planar reflector array [69]

2.3.1 Dual-Band Element Arraying

A natural consideration for DBDP-SA array is arraying the elements that can operate in
dual band (called dual-band element below). However, this idea is less likely to be adopted in
DBDP-SA array for the following reasons [a3]:

1) From the designs reported in the literature [74-81], dual-band elements can hardly

support large frequency ratio (generally smaller than 2:1) if all other specifications are
19
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2)

3)

met. However, SAR antenna frequency bands are widely separated, requiring a frequency
ratio of greater than 2:1.

Some common dual-band elements, such as slotted-patch [78, 80] and PIFA [81], can
hardly achieve dual-polarized operation. Orthogonally set dual-band operation elements
can solve this problem, however, it will make the aperture more congested.

Even if dual-band element with large frequency ratio can be designed, the element
distance should be at least smaller than one wavelength in higher band to suppress grating
lobes in both operating bands. This element distance will be electrically small in the
lower band, which is likely to deteriorate the lower-band inter-element isolation.
Moreover, as the dimension of dual-band element usually scales according to its lower
frequency wavelength, a small element distance will bring difficulties for element array-

ing, and sometimes even impossible to array.

Hence, the arraying of dual-band element can only be employed in DBDP-SA arrays with

smaller frequency ratios (generally smaller than 2:1). Therefore, the higher- and the lower-

band element embedding is currently the most appropriate solution for large frequency ratio

DBDP-SA arrays. Based on different elements embedding methods, the DBDP-SA array

solutions can be classified into the following types.

2.3.2 Lower-Band Array with Higher Band Aperture-Fitted

An X/Ka dual-band single-polarized shared-aperture (DBSP-SA) microstrip array, shown

in Fig.2-5, is considered in [82]. As can be seen, four X band elements from the array center

are removed (center truncation) to fit the Ka band array. The structure is actually a

quasi-aperture sharing solution, where X and Ka band occupy independent apertures. The

20
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design limitations of this array are discussed as follows:
1) Since the X band array is center truncated, side lobe level (SLL) will rise when compared
to the uniformly distributed array. Although the amplitude weighting employed in [82] can

suppress the SLLs to some extent, it will reduce aperture efficiency and increase the

complexity in the feed network.
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Fig.2 - 5 X/Ka DBSP-SA microstrip array with X band center truncation [82]

2) This structure can only produce moderate gain levels in the higher band. The higher band
aperture size need to be increased to achieve higher gain, however more lower-band
elements from the array center need to be removed rather than the limited X band
elements (2 x 2) in the sample. This will deteriorate the radiation patterns significantly,
which perhaps cannot be simply compensated by amplitude weighting.

3) The structure can hardly be extended to the large array by making periodical arrangement.
Because when the sample is treated as a sub-array for aperture extension, higher band

apertures will located quite far, which will result in grating lobes in higher band.

In conclusion, this structure is a cost effective solution to realize a DBDP-SA array with
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moderate gain in the higher band.

2.3.3 Interleaved Structure

An interleaved structure is a commonly used method in DBDP-SA array. In this structure,
the higher-band elements are generally periodically distributed with thin lower-band radiators
interleaved in the gaps of the higher-band elements. Due to the regular distribution, higher-
band elements have fewer design limitations, and almost any element type can be employed.
On the contrary, the lower-band element design has stricter requirements in terms of broader
percentage bandwidth and lower antenna profile within a limited available space. Thus, the
lower-band element design is quite crucial for the efficient operation of DBDP-SA array. An

interleaved structure can be classified into several types according to its lower-band element

type.

The commonly employed lower-band elements types are patch- and slot-type while in
terms of the elements’ shape, strip-, cross- and annular-shapes are most widely used. Most of
the interleaved structures reported in the literature can be classified into the combination of
element types and shapes, as briefly listed below:

1) Strip-like patch for lower-band element including the interleaved printed dipole with patch

[83-85] (Fig.2-6 and Fig.2-7), and the interleaved dipole with dipole (slot) [86-92], etc.

2) Strip-like slots for lower band such as the interleaved slot with patch [93] (Fig.2-8) and

the interleaved slot with slot [94].
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Fig.2 - 8 Slot/patch interleaved array
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3) Annular patch (ring) for lower band such as the interleaved annular patch with patch
[95-97] (Fig.2-9) and the interleaved annular patch with printed dipole [98].

4) Annular slot for lower band [99, 100] as shown in Fig.2-10.

H-port .
{x-band}"“f-l

i <— V-port (X-band)

Fig.2 - 9 Annular patch / patch interleaved array [96].
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Fig.2 - 10 Annular slot / patch interleaved array [99].
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Fig.2 - 11 Cross patch / patch interleaved array
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Cross patch for lower band including the interleaved cross patch with patch [101, 102] as
shown in Fig.2-11.
Cross slot for lower band such as the interleaved cross slot with patch [103-105] as shown

in Fig.2-12.

Moreover, for some DBDP-SA array with small frequency ratio (with f,: f; <2 : 1) and

limited scan requirements, the gaps of the higher-band patches are wide enough to fit the
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lower-band patch. Patch and patch interleaving structure can also be implemented [106], as

shown in Fig.2-13.

‘1800MHz port, polarization -45deg

900MHz port, polarization -45deg

¥
.
. l
-
-

~
.
S
;

900MHz port, polarization +45deg

... 1800MHz port, polarization +45deg

(a) 900/1800MHz interleaved array [107]

el |

(b) S/C band interleaved array [108]

Fig.2 - 13 Patch / patch interleaved array

In general, the flexibility of array configuration and the capacity to operate with any
frequency ratio are the two main merits of the interleaved structure. A drawback is its narrow
bandwidth in the lower band, which is narrower than the bandwidths of perforated patch and

overlapped structure dual-band embedding method.
26



Chapter 2. Literature Review 27

In terms of the lower-band element type, slot element has advantages due to its simplicity
and broadband nature, however, bidirectional radiation does not make it suitable for array
applications. A reflector or back cavity is needed behind the slots to improve the front-to-back

ratio at the expense of higher profile. Patch element’s feature is just the opposite of the slot.
2.3.4 Perforated Patch

To the best of author’s knowledge, perforated patch was first considered in 1990s when
Shafai and Pozar proposed the design principals of perforated-patch DBDP-SA array and
fabricated them for verification. These prototypes are shown in Fig.2-14 [109, 110]. As of
today, the literature survey [111-122] shows that the perforated patch is the most classical

method for DBDP-SA array.

To achieve the element spacing requirements in the higher-band, lower-band patches are
perforated to fit the higher-band elements within ‘perforations’. Regular periodical arraying is
thus possible for higher bands, which eliminates the grating lobes. In [109], cosec’0 pattern
synthesis is presented in higher band of a DBDP-SA array, which verifies good radiation

performance of the perforated-patch structure.

A variety of perforated patch DBDP-SA array have been investigated for wide frequency
ratios (fy . f;) from 3:1 to 8:1 [109-124]. In the recent years, other shapes of perforated patches
are also reported [123, 124], such as circular perforated patch DBDP-SA array (Fig.2-15(b)),
and corner-truncated perforated patch (or can be seen as a perforated cross patch) as
illustrated in Fig.2-15(a). Furthermore, the interleaved ring patch with patch structure [95-98]

can also be classified as the heavily perforated patch structure.
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(b) L/X band perforated patch [110]

Fig.2 - 14 The classical perforated patch arrays.

(a) Perforated cross patch [123] (b) Perforated circular patch [124]

Fig.2 - 15 Published samples of different perforated patches
28



Chapter 2. Literature Review 29

The perforated patch is actually a special type of interleaved structure, in which the grid-
meshed lower band patch is interleaved in the gap of the higher-band elements (see Fig.2-14
(b)). However, the perforated-patch structure is separately discussed in this section due to its
unique merits, including:

1) For the same bandwidth requirement, the perforated-patch has lower profile than that of
the other interleaved structures [97], which offers great advantage in conformal array or
folded array design and makes it suitable for space- or air-borne applications.

2) The design technique is quite mature and well-studied, and hence is more reliable. Indeed,
perforated patch design is less flexible than the interleaved structure, because its lower-
band operating frequency depends on the perforation position, perforation size and the
higher-band spacing. A detailed comparison between the perforated patch and the
interleaved structure is given in [104, 105], where their advantageous and disadvantage-

ous are discussed.

2.3.5 Overlapped Structure

In the overlapped structure, lower-band patches are located in the bottom layers, with
higher-band patches overlapped from topside. The lower-band patch also serves as the ground
of the higher-band patch. Hence, compared to the interleaved structure (including perforated
patch), the overlapped structure has the following advantages:

1) Lower-band cavities are not restricted or perforated and a lower Q factor and correspond-
ing larger bandwidth is achieved in the lower band.
2) The elements from both bands are separated by lower-band parasitic patch in height, thus

ensuring good inter-band isolation.
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However, the overlapped structure has overall higher profile, due to the sum of element

thicknesses in both bands.

A. Array Example

Two similar overlapped patch arrays [125, 126], which operate respectively at UHF/VHF
and L/S band, are presented as shown in Fig.2-16. The square patch element is employed in
both bands of each array. The array size is same in each array, and includes 3 x 1 lower-band
elements (VHF and L-band) and 6 x 1 higher-band elements (UHF and S-band). According to

the published results, both antennas serve very well as DBDP source for reflectors.

(b) L/S band overlapped array [125]

Fig.2 - 16 Published overlapped array
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However, these designs are not suitable for DBDP-SA SAR application due to the
following reasons:

1) A single-layer patch element with thin substrate is used which has narrow bandwidth, thus
resulting in poor range resolution in SAR system.

2) Lower-band patches are tightly configured in two arrays, (perhaps due to the limited size)
and even through it may not be a serious problem for narrow bandwidth designs such as
[125, 126], where high Q-factor patch is probably less sensitive to the cross-talk between
the lower-band elements, it will deteriorate the lower band inter-element isolation for

large bandwidth elements such as stacked patch or thick patch.

B. Feed Mechanism

Various patch shapes such as square [125, 126, 129-132], round [128], triangle [127] or
fractal patch [127], and different feeding methods, such as probe [126, 127], coplanar [125,
132], aperture coupling [129, 130] or L probe feed [128, 131], can be employed in both bands,

as shown in Fig.2-17.

Broadly speaking, a feed mechanism has a minor effect on the microstrip bandwidth, but
has considerable influence on isolation and cross-polarization performance. On the contrary to
the simple probe-feed and co-planar feed, aperture-coupled feeds generally provide better
cross-polarization level and isolation performances, at the expense of a complex feed structure,

particularly for the higher-band element in overlapped DBDP structure.

A 900M/2.5GHz overlapped unit-cell is presented in [129], which consists of 2 x 2
higher-band square patches located on the lower band square patch, as shown in Fig.2-18. An

obvious contribution of this unit cell is to use an aperture-coupled feed in both bands. The
31
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Fig.2 - 17 Overlapped dual-band array (unit cell) with different shapes and feed methods
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higher-band strip feed line layer, which consists of two substrates, is inserted between the
lower-band upper patch and the higher-band patch ground. It is vertically excited at one edge
of the lower patch, and coupled to the higher-band through the coupling slots made on
higher-band patch ground. As shown in Fig.2-18, three holes can be seen at the vertical
feeding point, where the center one is the RF connector feeding hole while the other two are

metalized holes to connect the upper and the lower grounds.

High fireq. patch array

Ground plane

Feeding network

Stripline substrate

Low freq. patch

Ground plane

Feeding network

Fig.2 - 18 Overlapped patch unit [129]

This example verifies the feasibility of aperture coupling in overlapped structure
configuration. A small drawback of this design is the vertical feedings of higher-band
elements which passes through the lower-band patch at the center of one edge. This method
can only be applied for single-polarized lower-band patches. Because the vertical transition
structure is treated as a shortening pin in the lower-patch cavity, it will suppress orthogonally

polarized mode in dual-polarized patch configuration.
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A GSM / DCS dual-band overlapped patch is presented in [130] and shown in Fig.2-19.
The design employs a smart feeding structure: for lower frequency, the lower-band patch is
excited through a cross coupling slot on the ground, the director patch (in lower-band cavity)
is not resonating due to the small dimension. As for higher-band, the director patch ‘bridge’
the energy from the cross slot on ground to the higher-band patch, through the cross slot on
the lower-band patch (it also serves as higher-band ground). Only one port is required to

excite elements of both bands.

i upper band__ higher band
Lower band coupling slot

patch ~_

patch

Director patch_

250mm wide L
reflector

Lower band
coupling slot

Fig.2 - 19 GSM/DCS overlapped patch [130]
This design is quite attractive and simple but is not suitable for DBDP-SA SAR array due
to the following reasons:

1) Only one feed point is employed to achieve dual-band operation which implies that the
two bands cannot be controlled separately. Although using duplexer can divide the higher-
and lower-band, but it adds complexity in design.

2) The higher-band element is excited due to the coupling from the lower-band cavity, hence,
the inter-band isolation needs to be further investigated.

3) The design employs only one higher-band element, making it difficult to extend as a full

array.
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C. Broadband Element

Two similar overlapped patch unit cells operating respectively, at L/S and P/S band are
reported in [128, 131]. They are shown in Fig.2-17(b) and Fig.2-20. In these designs, one
higher and one lower thick air-filled patches are employed to form the unit cell, with L-probe
feed excitation to ensure good bandwidth. Two sets of independent feeding structure are
employed for higher- and lower-band elements, so that two bands can be controlled independ-

ently.

e

Lprobe |~
Fig.2 - 20 P/S broadband overlapped patch [131]

The vertical transition structures (for higher-band L-probe) in the lower cavity are not
configured at the center of the lower-patch in order to fit the higher-band L-probe position.
However, additional reactance will be introduced for lower-band element, which will increase

the size of the lower patch.
D. Derived Overlapped Structure

Some other structures can be derived from the overlapped structure, such as dual-band
short annual patch (SAP) [61-65], as shown in Fig.2-21. The open-ended waveguide passes
through the lower-band patch cavity to serve as the higher-band radiator. Because SAP

antenna has just one higher-band element, it is only suitable for some DBDP-SA arrays that
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operate with small frequency ratio.

Slot

J SAP antenna

SAP feeding
stripline T

Waveguide
feeding stripline

Fig.2 - 21 Short annual patch [61]

2.4 Dual-Band Embedding Method — Comparison

Three different multi-band aperture sharing methods have been reviewed and discussed in
this chapter. More specified techniques and detailed analysis of MBDP-SA arrays will be

introduced in Chapter 3 where they are employed.

In general, the DBDP-SA array, including perforated-patch, interleaved-structure or
overlapped structure, essentially uses boundary condition to restrict field energy of two bands

into different space of the same aperture to realize aperture sharing.

From this perspective, the perforated-patch and the interleaved-structure DBDP-SA array
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are of the same type. They restrict the lower-band field energy into higher-band elements gaps,
as shown in Fig.2-22. Hence, a small cavity area is formed, which leads to narrower

bandwidth.

Fig.2 - 22 Energy distribution in the lower-band element of the interleaved structure

(a) Lower-band (b) Higher-band

Fig.2 - 23 Energy distribution in the overlapped structure

On the other hand, the overlapped DBDP-SA array places lower- and higher-band
elements on the different heights to obtain sufficient cavity volumes for both bands elements

(shown in Fig.2-23), thus resulting in large bandwidth.
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A few features of the overlapped-structure DBDP antenna, as analyzed from the

published papers, are briefly described below:

Although the non-perforated stacked patch has larger bandwidth (see Section5.2), the
advantage of overlapped DBDP structure (based on the non-perforated stacked patch) is not
very obvious. The overall profile of the overlapped DBDP array is determined by the
thickness of lower-band and higher-band element whereas the profile of the perforated patch

and the interleaved structure is the same as the lower band element thickness.

This implies that for the given antenna profile specification, the lower-band elements in
overlapped structure should be thinner than that in perforated patch or the interleaved
structure as an additional thickness should be reserved for the higher-band element. The
broadband feature of non-perforated stacked patch in lower band is weakened for the given

overall antenna thickness.

In DBDP array with large frequency ratio, the overlapped structure is potentially more
suitable theoretically, because a very thin space is enough for the higher-band element.
However, the feed structure will become more complicated in this case. Because more
higher-band elements should be placed on the lower patch, the higher-band feeding network

adds more design complexity.

In overlapped DBDP structure, vertical feeding structure of the higher-band element

passes through the lower element’s cavity, which requires a complicated feeding structure.

2.5 Summary

The MBDP-SA array is more suitable for the multi-band SAR antenna than the UWB and
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SWB array due to its lower cost, weight and better efficiency. Hence, it is the most promising
antenna solution in these areas at present. Besides, it perhaps has potential applications in

future tactical radar [13] and base station [15] application.

For dual-band embedding method, the dual-band element arraying is only suitable for
DBDP-SA array with frequency ratio of no more than 2:1. Hence, it cannot be employed in
SAR antenna or radar applications that cover a frequency band from L to X band with

frequency ratio of 2:1 to 8:1.

The interleaved structure, perforated patch and overlapped structure are three possible
design methods of DBDP-SA array with large frequency ratio (> 2 : 1). The former two
methods are well studied, and have advantages for easier structure and flexible designs. The
overlapped structure, on the contrary, has better bandwidth nature but with complex antenna

structure. The study of overlapped structure DBDP array is still in progress.
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Chapter 3
Improved S/X DBDP-SA Microstrip Array

This chapter addresses two key issues in the design of dual-band dual-polarized shared-
aperture (DBDP-SA) array antennas. They are: 1) how to embed two antenna arrays with far-
separated operation frequencies into the same aperture; and 2) how to improve performance of
a DBDP-SA array, especially for unique specifications of the DBDP-SA array. Because the
research in this chapter are the subsequent works of the preliminary S/X DBDP-SA array
study conducted in 2007 [83, 84], we aim mainly at isolation performance improvement of a

prototype array. A sample design is given in this chapter to validate the proposed methods.

3.1 Introduction

Compared with traditional single-band single-polarized (SBSP) array antennas, DBDP-
SA array antennas have two additional key specifications, they are: 1) isolation between
orthogonally polarized ports on the element; and 2) isolation between co-polarized ports from
different bands. For brevity, they are called inter-polarization isolation and inter-band
isolation in the rest of this thesis. Apparently, the inter-polarization isolation level is closely
related to the independence of each channels (HH/ HV/ VH/ VV), which is an important
specification for polarimetric radar. On the other hand, the inter-band isolation describes

whether the co-aperture configured two arrays can work without interfering each other.

Main focus of this chapter is on the improvement of inter-polarization isolation and

inter-band isolation. Some other performance improving or related aspects in DBDP-SA
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arrays are also addressed and validated, including:

1) Employing fractional frequency ratio (fi : f, = 1 : 3.5) in an interleave configured
DBDP-SA array design;

2) How to reach the potential bandwidth of the lower-band element, and the in-band ripple
response improvement;

3) Inter-polarization isolation and inter-band isolation exacerbation factors in an interleaved

structure DBDP-SA array. Corresponding isolation improvement methods are proposed.

As a technique exploration project, only prototype sub-arrays were required to validate the
effects of these solutions. These sub-arrays are extendable. The electrical specifications for

the project are summarized in Table 3-1.

Table 3 - 1 Specifications for improved S/X DBDP-SA microstrip array

Specifications S-band X-band

Center frequency (GHz) 2.85 10
Bandwidth (MHz) 200 600
Polarization dual-linear dual-linear
Cross-polarization (dB) -30 -30
Polarization isolation (dB) 30 30

Scan range +25° in two dimension +25° in two dimension
3.2 Array Configuration

3.2.1 Aperture Sharing Consideration

Interleaved structure and perforated patch structure are two verified dual-band aperture
sharing techniques, which are suitable for two bands with far separated operation frequencies
like S- and X-band. Specifically, the perforated patch structure has a lower antenna profile for
a given bandwidth [97], while the interleaved structure is more flexible for dual band config-

ureation [83, 84], as explained in Section 2.3.
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Considering the fractional frequency ratio requirement (fi : f, = 1 : 3.5) in this project, the
interleaved structure is more suitable to meet the improved S/X DBDP-SA requirements
specified in Table 3-1. This is because in an interleaved structure, the higher- and lower-band
elements are relatively more independent of each other, and thus, frequency ratio can be tuned
by simply changing lower-band resonant frequency [83, 84]. Although the interleaved struct-
ure has a slightly higher antenna profile than the perforated patch, it is not a serious problem

for this project.

The schematic diagram of an improved DBDP-SA microstrip sub-array is depicted in

Fig.3-1(a).
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Fig.3 - 1 Schematic diagram of an improved S/X DBDP-SA microstrip sub-array
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3.2.2 Full-Array Configuration

Although only a prototype sub-array is required for S/X DBDP-SA antenna technique

verification, the sub-array should be extendable to a large array. This is due to the fact that

potential DBDP-SA array applications, both in SARs and radars, need a large aperture to

avoid imaging ambiguity [11] or to increase operation range.

A slim radiator is employed as the S-band element, because it can interleave with the

X-band elements easily. The S-band elements are orthogonally configured for dual polariza-

tion. To achieve the inter-polarization isolation requirement, the dual-polarized elements are

laid out in a T-shape, as further explained in Section 3.3. This configuration, however, raises

two problems:

1) In T-shaped configuration, the phase centers of horizontally (H) polarized elements and

vertically (V) polarized elements do not overlap automatically. An extra S-band vertically

polarized element should be added to make the array geometrically symmetrical, as shown

in Fig.3-2, and hence, make the phase centers of H- and V-polarization to re-overlap. The

different H- and V-polarized element numbers will result in different beamwidths for H-

and V-polarized radiation patterns. However, this beamwidth difference is negligible when

the aperture is large. This is indeed the case in true space-borne SAR antennas or tactical
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Fig.3 - 2 Full array configuration of the improved S/X DBDP-SA microstrip array
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radar arrays, which generally have aperture sizes larger than 10m and 4 m, respectively.

2) The T-shaped configuration requires uniformly distributed S- and X-band elements, which
leaves narrower gap for sub-array partition, as shown in Fig.3-2. Although radiators with
some other shapes, like cross-shaped dipoles [83, 84], can make sub-array partition easier,
the T-shaped configuration is still employed due to its good inter-polarization isolation,

even though it brings some difficulties in fabrication and array assembly.

For demonstration, a fully symmetric structure in Fig.3-1, rather than the area surrounded
by the dotted line in Fig.3-2, is chosen as sub-array. This sub-array includes 4 x 8 X-band

dual-polarized elements, 2 H-polarized S-band element and 3 V-polarized S-band elements.

3.2.3 Sub-Array Configuration

A. X-band Sub-Array

Rectangular and triangular element distributions are two commonly adopted array
configurations for large arrays. The triangular distributed elements can cover 13% more area
than a square distributed array for the given scan range. This is helpful for dual-band
interleaving because of its wider element distance. However, due to the T-shape configured
S-band elements, square distribution of X-band elements is more compatible to this improved

S/X DBDP-SA microstrip array, and hence it is employed.

The X-band element spacing is expected to be as wide as possible, to facilitate S-band
element interleaving and sub-array partition. For the purpose of maximizing the element
distance in a two-dimensional scan array, the scan range is generally projected into Sinc space,
which can provide an intuitive view of relationship between grating lobe position and the

required scan coverage [133].
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Fig.3-3 illustrates the scan range area (blue line, 25° x 25°), grating lobe coverage (red
lines) and visible area (gray dotted line) at 10.5GHz, when X-band element distance is dy = dy
= 20mm. It shows that the main beam scan range is just touching the grating lobe coverage
without overlapping. This infers that the X-band element distance has been maximized for the

specified scan range.

0

Fig.3 - 3 Scan range and grating lobe coverage in Sinc space

The selected X-band element distance of dy = dy = 20mm was further checked using a
Matlab program which is based on array theory. The element pattern (obtained by HFSS) was
also taken into account. As shown in Fig.3-4, no grating lobes were found in the scan range.

This further verifies the choice of X-band elements spacing.

In addition, a pair-wise anti-feed technique [134-136] is employed in the X-bands array,

i.e., the adjacent elements are mirror configured and out-of-phase excited to make the cross-
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Fig.3 - 4 Radiation patterns of extreme scan situation

polarized wave from adjacent elements cancel each other. The cross-polarization level as well

as the symmetry of pattern is thus improved.

B. S-Band Sub-Array

In an interleaved structure, S-band elements must stay in the gaps of X-band elements.
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This restricts S-band configuration than that of the X-band. Considering that S-band has the
same scan range requirement (+25° in two dimensions) as X-band, it should have the same or
shorter electric length than X-band, i.e., the interleave ratio should be smaller or at least equal
to the frequency ratio. Because the frequency ratio from X-band to S-band is 3.5:1, the S-band
elements are interleaved in every three X-band elements, i.e., S-band element spacing is dy=3

x 20mm = 60mm, as shown in Fig.3-1.

It should be noted that, the sub-array introduced in Fig.3-1 has only one S-band element
in y-direction. That means if we construct a large aperture based on this sub array, the S-band
element space in y-direction would be dy= 4 x 20mm = 80mm. This element space cannot
support a scan range of +25° in y-direction. This problem (refer to the consistency of dual
band scan capacity) actually comes from the sub-array partition. The rational sub-array
partition method in multi-band dual-polarized shared-aperture (MBDP-SA) array will be
presented to address this problem later in Chapter 4. In this chapter, an improved S/X DBDP-
SA sub-array is presented only to demonstrate some performance improvement methods and

this problem is thus temporarily neglected.

3.3 X-Band Element

Element design is an important stage of the array, because some array specifications are
determined by element performance, such as bandwidth and inter-polarization isolation. For
higher-band elements in an interleaved DBDP-SA array, a broad bandwidth with a compact
structure is preferred, to allow more room for lower-band elements. The higher-band element
height is not such important, because the DBDP-SA sub-array’s profile is entirely determined

by the lower band element thickness. The microstrip stacked patch fits well to these require-
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ments, and is employed for the X-band element.

In the next section, some performance enhancement techniques of microstrip stacked
patch elements are reviewed first. It is followed by a description of the X-band element

design.

3.3.1 Stacked Patch Review

A. Impedance Matching

The element impedance matching is closely related to the bandwidth, and is a key
specification for the antenna. For some applications, minimum return loss of 10dB or even
6dB is sufficient, but for SAR application considered here, 15dB return loss is required.

Hence, the bandwidth quoted in this chapter is the 15dB return loss bandwidth.

The potential bandwidth of stacked patch is determined by its Q factor, which is related to
laminate material and resonant cavity thickness. Whether the potential bandwidth can be
realized or not depends on impedance matching, in which feeding methods play a key role.
Probe feed and aperture coupling are two commonly adopted feeding methods for stacked

patches. They are briefly discussed below.

A.l. Probe Feed

A design method for the probe-feed stacked patch is introduced in [106], and some
suggestions for stacked patch matching are also given. A main principal is that an over-
coupled driven patch with less coupled parasitic patch will be easier to match. In [137], a
more detailed analysis is presented. An equivalent circuit model for the probe-fed stacked

patch (shown in Fig.3-5) is introduced in [138]. Using this model, the input impedance of a
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probe feed stacked patch antenna (Z;,) can be derived as [138]:
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(a) Probe feed stacked patch antenna (b) Equivalent circuit model

Fig.3 - 5 Probe-fed stacked patch antenna and its equivalent circuit model [138]

where Yin1, Yino and YP), represent admittance of lower patch cavity, upper patch cavity and
admittance from coupling of two cavities. The jX, is the reactance from the probe and value N
is the coupling factor of the two cavities. The cavity admittances, Yi,; and Yjn, are not further

cited; they can be treated as a parallel resonant circuit in a transmission line model.

A.2. Aperture Coupling

Aperture-coupled stacked patch antennas have excellent cross-polarization levels and
inter-polarization isolation. Besides, the aperture-coupled stacked patch has more parameters
for tuning, which makes impedance matching easier. Complicated configuration is an
apparent deficiency which limits its application. A detailed introduction on impedance
matching of aperture-coupled stacked patch is given in [139]. Besides, according to [140],
tri-resonance can be introduced by resonating the coupling slot, and hence, the 10dB return
loss bandwidth can be extended to more than 69%. However, this impressive bandwidth is
achieved at the expense of stronger backside radiation from the resonant coupling slot. The
authors of [141] propose the equivalent circuit model for a single-layer aperture-coupled

patch antenna, shown in Fig.3-6.
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Fig.3 - 6 A single layer aperture-coupled patch antenna and its equivalent circuit [141]

In Fig.3-6(b), Ypach and Y,, represent the admittance of patch cavity and coupling
aperture, respectively, where the detailed equivalent circuit of Ypach 1s shown in Fig.3-6(c).
The nl and n2 in Fig.3-4(b) are the coupling factors between feed line to aperture and

aperture to patch, respectively.

Compared with the equivalent circuit model of the probe-feed patch in Fig.3-5, the
aperture coupled patch introduces admittance from the coupling slot, which has some impact
on the element bandwidth. A resonant aperture will lead to a Y,, with a large real part, and
thus improve element bandwidth (this is the case of [140]). Even the coupling slot is not
resonant, the existence of Yy, can slightly vary element bandwidth. Some other parameters,

such as coupling factor between feed line and patch and the open-ended stub length, can also
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be tuned for impedance matching, but they contribute little to the bandwidth.
B. Inter-Polarization Isolation

The inter-polarization isolation is a main concern in this project. Higher order modes [142]
and asymmetric shapes of radiators are two factors degrading isolation. Hence, higher order
mode suppression and element symmetry improvement are two ways for polarization isola-
tion enhancement, and they can be realized by employing well designed feeding methods and

symmetric element shapes, as introduced below:

B.1. Element shape

A symmetric element shape, or in another word, a symmetric boundary condition will
excite a regular field distribution, resulting in good inter-polarization isolation [143]. Some
commonly used two-dimensional symmetric patch shapes include rectangular patch [144],

round patch [145] and annular patch [146], are shown in Fig.3-7. Among these, the annular

lflif.l.
-.........‘_

Feed line 1

vV port

Feed line 2

(a) Square patch [144] (b) Round patch [145]

Fig.3 - 7 Two commonly adopted 2-D symmetric patch shapes

shape can be seen as a patch with a large perforation in the center. This perforation decreases
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element bandwidth, and hence makes annular patch less effective for this application. Hence,

annular shape is excluded in this design, and is not considered here.

In general, rectangular patch and round patch have similar polarization isolation
performance. The inter-polarization isolation and cross-polarization of round patch are slight-
ly worse than the rectangular patch, because round patch has more cross current components
[143]. This is evidenced in [144] and [145], where similar T-shaped aperture coupling feeding
method are applied to rectangular and round patches, as shown in Fig.3-7. The results confirm

that polarization isolation of rectangular patch is about 8dB better than that of the round one.

B.2. Feeding method

In a microstrip stacked patch, feeding method has a close relation to the higher order
mode suppression, and will also inevitably introduce asymmetry. For example, a classical
inter-polarization isolation level of a dual probe-feed microstrip patch is around 20dB [137],
while the aperture coupling can inherently achieve inter-polarization isolation of better than

30dB.

Adopting symmetric feeding structure and avoiding higher-order mode excitation can
further improve the inter-polarization isolation of microstrip stacked patch. The reported
inter-polarization isolation improving solutions can be classified into the following types:
® Symmetric single point feed method can provide better inter-polarization isolation by

moving feed point towards patch center, and thus, make feeding structure symmetric. In

most cases, this method employs aperture coupling, because a probe feed cannot excite
the patch at the center position. The classical examples are T-shaped (Fig.3-7) aperture

coupling, whose coupling slot is located at the center of one dimension of the patch. The
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cross slots (Fig.3-8) are more symmetric than T-shaped aperture coupling, and will

provide better inter-polarization isolation. However, one more layer is required than

T-shaped aperture coupling, to keep feeding structure completely symmetric, as shown in

Fig.3-8(b).
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(c) Isolation > 30dB [149]

Fig.3 - 8 Aperture coupling feed with cross coupling slots

® Balanced feed (multi-feed) is usually employed in the offset feed cases, like probe feed or

L-shaped probe. Pairwise of feed points are mirror configured and excited out-of-phase,
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as shown in Fig.3-9. Due to the out-of-phase excitation, some higher order modes from
the mirrored excitation points cancel each other. Besides, the symmetry of feeding
structure is also improved. Thus, better cross-polarization level and inter-polarization
isolation are achieved. A disadvantage is that an external out-of-phase feed network is

required, which has a complicated structure and needs extra space.

) . . Portl Port2
o B }ﬁl Connector r%“‘ Ground Plane
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TOP VIEW . W,
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Wy

(a) L probe/balanced feed [150]

Wilkinson power , ~ -1{: _
diVider “F

port 2

(b) Aperture-coupled/balanced feed [151]

Fig.3 - 9 Two balanced feed arrangements

® Hybrid feed employs different feeding methods for each polarization. A common adopted

hybrid feed combination is aperture coupling and probe feed (or proximity coupling) [152,
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153]. In this configuration, the feed line of two polarization ports are physically shielded

from each other by the ground, and thus provide good isolation [154], as shown in

Fig.3-10.

patch i o ‘ /

foam —=1 H3
y H2 A
ground plane A st 1
[-7 feed substrate &,
H1

| ground plane

(a) L probe/aperture-coupled (isolation > 25dB) [152]

(b) Capacitive probe/aperture-coupled (isolation > 40dB) [153]

Fig.3 - 10 Two hybrid feed arrangements

Comprehensive use of three solutions will perhaps provide better isolation performance.

The element in Fig.3-10(b) uses both a hybrid feed and a balanced feed to achieve element

polarization isolation of higher than 40dB.
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3.3.2 X-Band Element Design

A. Feed Selection

The rectangular shape microstrip stacked patch is employed for the X-band element of
the improved S/X DBDP-SA array, due to the reason that a rectangular stacked patch requires
less space than a round one. This advantage makes it more suitable as more room will be

available to interleave the lower-band elements. Besides, rectangular patch also provides
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Fig.3 - 11 X-band element configurations designed in this chapter
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better inter-polarization isolation and fabrication robustness.

As for excitation, dual probe feed is excluded at first due to its poor inter-polarization
isolation level. The cross slot and balanced feeding methods are also abandoned, because they
need more layers or more space to fit feed network, making them less compatible for a
compact DBDP-SA array. Hybrid feeding and T-shaped aperture coupling are the two most
promising candidates for the current design, because they can achieve good inter-polarization
isolation with an easier element configuration. In this chapter, the hybrid feed (aperture
coupling / probe-feed) patch shown in Fig.3-11(a) is called Solution A and the T-shape
aperture-coupled patch shown in Fig.3-11(b) is called Solution B. Both solutions were

designed to compare their advantages and disadvantages.

B. Feed Design

In Solution A, the aperture coupling slot is located at the center of the |, edge for
symmetry in x-direction, and is offset to a side in y-direction to leave enough space for probe
feed. Because aperture coupling slot introduces extra admittance than probe-feed port (refer to
the explanation in Section 3.3.1), the aperture coupling edge length (I, and u,) is slightly
shorter than that of the probe-feed edge length (I, and up), to ensure that the two polarized
ports operate in the same frequency range. In other words, the patch is rectangular rather than

square.

Solution B adopts T-shape configured aperture coupling slots, as shown in Fig.3-11(b).
The horizontally polarized feeding port has same structure as that in Solution A. The
vertically aperture coupling slot is set aside in the y-direction and remains symmetrical in

X-direction for inter-polarization isolation improvement. Bone-shape coupling slots are em-
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ployed in both polarized ports to increase the coupling between the patch and feed line, as

well as to suppress backward radiation [155, 156].

Both solutions were simulated using Ansoft HFSS 10.0. The parameters are optimized

and the values of the fined designs are listed in Table 3-2. The predicted S parameters are
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Fig.3 - 12 Predicted S parameters of two X-band element designs
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Table 3 - 2 The optimized parameters for X-band elements

Solution A (Unit: mm)

la 7 \ Ua 8.4 \ e 3.2
l 7.6 Up 8.4 ew 1.5
5 4.1 \ t 2.7 \ h¢ 2.8
Solution B (Unit: mm)

la 7 | Ug 8.4 | Si1 3.9
Iy 7 Up 8.2 Si2 5
t 2.8 | t) 0.75 | St 4.6
fuy 1.3 ht 2.6

shown in Fig.3-12. From the computed results, the following pros and cons of two solutions

are found:

® Both methods provide isolations of better than 40dB, where Solution B has a 7dB
advantage over Solution A;

® In Solution A, different port impedances (or |S;j|) are observed at the two ports.
Apparently, this is caused by the different feeding methods employed for the ports.
Solution B, adopting aperture coupling in both ports, is free from this problem.

® Some efforts were made when tuning Solution A, to make the port bandwidth uniform. It
was found that because of the reactance introduced by the probe and coupling slot, both
ports can hardly realize their best bandwidth simultaneously. In Fig.3-12(a), the

bandwidth of the probe-fed port is slightly narrower than the aperture-coupled port.

In general, both methods reach the requirements of the design. Solution A is finally
employed for the following reasons:
1) Solution A is more compact than solution B because the probe (connector) is right below
the patch, while in solution B, the vertical aperture-coupled port needs a short feed line,

which occupies extra space, as shown in Fig.3-13. It is extremely advantageous in an
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Fig.3 - 13 Connector space for the two solutions

X-band two-dimensional scan array, because X-band elements require a considerable
amount of connectors. Pair-wise anti-feed array configuration makes aperture further
congested. Thus, Solution B is hardly achieved because its SMP connectors will conflict
with each other in the connector mapping stage (please refer to Section 3.4). P.S. The SMP
connector is the smallest reliable connector which is commercially available in the market.
2) The multi-layer hybrid feed technique adopted in Solution A is more challenging, and its
fabrication method also makes sense for some complicated feeding methods that have two

sets of feed network above and below ground plane.
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Fig.3 - 14 Predicted radiation patterns of Solution A
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The predicted radiation patterns of employed X band element (Solution A) are shown in

Fig.3-14. The predicted bandwidth and inter-polarization isolation can trace back to Fig.3-12.

3.4 S-Band Element

3.4.1 Element Consideration

Microstrip dipole (also called narrow edge patch) is adopted as the S-band element due to
its slim structure, shown in Fig.3-15. Similar to the X-band element, a stacked structure is
employed for bandwidth improvement. Proximity coupled feeding method is applied in the
S-band microstrip dipole, where a vertical feeding structure to the driven dipole and the
associated insertion loss are avoided. The non-vertical feed structure also ease the fabrication.
For economic reasons, the proximity coupled feed line and driven dipoles are co-planar
etched in the gap of X-band driven patches and parasitic patches. The parasitic dipole is

printed on the lower surface of the top superstrate, as shown in Fig.3-1. The symmetric stubs,
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Fig.3 - 15 S-band element configurations
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which are expected to reduce spurious stub radiation [109], are employed on the feed line for
impedance matching. The horizontally and vertically polarized microstrip dipoles have a
similar structure, with only difference being their stubs positions, which are decided by the

X-band element gap position, as shown in Fig.3-1.

3.4.2 Bandwidth Enhancement

Unlike in the case of the X-band stacked patch, the bandwidth of the S-band microstrip
dipole can not improved by simply increasing element thickness, because that will increase
the overall profile of the improved S/X DBDP-SA sub-array. The worse is, this microstrip
dipole has a narrower radiation edge than the square stacked patch, which results in a higher
Q factor and a narrower bandwidth. A main effort of the S-band element design is how to

reach the microstrip dipole’s potential bandwidth within the given element thickness.
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Fig.3 - 16 Predicted S-band element performance
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A. Tri-Resonance

The S-band microstrip dipole was improved with the help of Ansoft HFSS 10.0. The
predicted return loss curves are plotted in Fig.3-16 with that of a previous S-band element in
the preliminary work [83, 84] for comparison. Two resonant loops can be observed in the
previous study (marked as the dotted line). The smaller resonant loop, which is generated by
the coupling between stacked dipoles, is located at the center of the Smith chart. The result is
a dual-resonance return loss pattern. However, the potential bandwidth of the stacked dipole is
not fully exploited. By adjusting the stub length and position, the large resonant loop size can
also be reduced and matched to form tri-resonance, as shown in Fig.3-16(a). The potential
bandwidth (refer to the frequency range in which the input impedance varies slowly) is
reached according to the port response on Smith Chart. One more advantage is that the port

impedance changes rapidly at the edges of the bandwidth, giving good cut-off performance.

Table 3 - 3 Optimized parameters of S-band elements

Vertical polarized microstrip dipole (Unit: mm)

di 39.2 du 36.6 dw 4

ty 18.8 ty 18.55 S| 20

hsr 6.8 h#, 2.8 ht, 7.5
Horizontal polarized microstrip dipole (Unit: mm)

di 39.6 du 36.9 dw 4

ty 10.6 ty 18.55 S| 19.8

hsr 6.8 h#, 2.8 ht, 7.5

All the parameters of S-band stacked microstrip dipoles (both horizontally and vertically
polarized ones) are optimized using Ansoft HFSS 10.0. They are listed in Table 3-3 for

reference.

B. Principle of Tri-Resonance

The microstrip dipole tri-resonance principle can be explained in both transmission line
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model (TLM) and cavity mode theory:

1) TLM: the feed line and stubs of proximity coupling have a fixed length, and they can only
accurately match at one frequency point. At other frequencies, they will inevitably intro-
duce reactance. In the design, the feed line and the stub are matched accurately at the
lower edge of bandwidth. At the higher end of bandwidth, the reactance from feed line and
stub are conjugated with that from the microstrip dipole. The imaginary part of port
impedance is cancelled, the port is thus re-matched, and tri-resonance is formed. A detail-
ed theoretical analysis of how to introduce an extra resonance by stub line can be found in

[157].
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Fig.3 - 17 Deformation from half-wave narrow patch to feed line & stub cavity

2) Cavity mode theory: from the radiation theory, the tri-resonance implies that the structure
has the appropriate radiation part. In this design, the feed line together with the stub line
forms a half-wavelength radiator. They can be seen as a deformed patch, as illustrated in

Fig.3-17.

The feed line and stub will contribute to the radiation when feed line and stub’s total

length (I3 + I, in Fig.3-17) approaches the half-wavelength. It should be noted that the I + I, is
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slightly shorter than the exact half effective

microstrip dipole.
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Fig.3 - 18 Predicted S-band radiation patterns
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Since the feed line layer is quite thin (0.508mm) in this design, the Q factor of feed line
and stub resonance cavity is quite high. Hence, the bandwidth improvement is not so much
significant after introducing tri-resonance. The 15dB return loss bandwidth increases from

6.6% to 10% due to tri-resonance.

An aperture coupled tri-resonant stacked patch is also reported in [140], which is realized
by resonating the coupling slot. Because aperture coupling slot has a very low Q factor, an
impressive bandwidth of 69% is achieved. The resonant coupling slot cannot be employed in
S-band element considered in this chapter for three reasons: 1) resonant aperture will also
produce backward radiation, which deteriorates front-to-back ratio. 2) Using reflector,
backward radiation can be overcome at the expense of thickness (1/4 wavelength of S-band);
however, the bandwidth will also decrease with the increasing of Q factor. 3) Because the
microstrip dipole has a slim structure, it cannot cover a long resonant coupling slot, and this

coupling slot will conflict with other elements.

The magnetic currents (M-currents) at the end of the symmetric stubs are in opposite
directions, and hence they cancel each other at the broadside. They contribute little to the
cross-polarization level inside the mainlobe area. The M-current in the front of feed line is the
main radiation source of the feed line and stub resonance cavity. To show the radiation
performance of tri-resonant S-band element, the predicted radiation patterns and cross-
polarization at 2.85 GHz, 2.95 GHz and 3.05 GHz are shown in Fig.3-18. The parameter
definitions can be found in Fig.3-15. A symmetric radiation pattern and cross-polarization

levels of less than -35dB are noted over the bandwidth.
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(f) Definitions in parameter study

Fig.3 - 19 Parameters study

C. Parameter Study

The vertical microstrip dipole is taken as an example, to briefly analyze some sensitive
parameters relating to tri-resonance and their contributions to the bandwidth.

As the stubs must be located in the gap of X-band elements (as shown in Fig.3-1), the
tunable parameters (as defined in Fig.3-19(f)) are: 1) stub length S;, 2) feed line length t;, 3)
upper-lower patch edge length ratio d/dy, 4) foam height h; and h,. As tri-resonance has two
resonant loops in the Smith Chart, to avoid confusion, they are called the upper loop and the
lower loop as defined in Fig.3-19(a). They are formed by coupling among feed line cavity,
lower cavity and higher cavity. The results of the parametric studies are summarized below:
® Fig.3-19(a) shows the variation of impedance with stub length. Two trends can be

observed: 1) stub length variations modify the reactance. The impedance curve moves

toward capacitive area with the increasing of stub length; 2) The resonant frequency, as
well as coupling, will be affected. That is, the upper loop will be enlarged with decreasing
stub length while the lower loop remains almost unchanged.

® The higher-cavity and lower-cavity heights, hy and hy, have similar influence on the
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impedance curve, as shown in Figs.3-19(c) & (d). By decreasing hy or hy, the upper loop
positions move towards lower and higher impedance, respectively, with loop size
enlarged. The lower loop moves towards higher impedance region with the loop size
unchanged.

The upper-to-lower patch edge ratio mainly affects resonant loops size, as shown in
Fig.3-19(e): with the increasing patch edge ratio, the upper loop enlarges gradually, while
the lower loop gets smaller. The loop position roughly remains unchanged.

Feed line length t; has an impact on coupling between all three cavities, and therefore,
affects both sizes and positions of the upper and the lower loops. The resonant loop shape

variation and moving track is shown in Fig.3-19(b).

Summary: By tuning these five parameters, the resistance, reactance and resonant loop size

of the element can be controlled individually for matching. Besides, from the parametric study,

it was found that:

1)

2)

3)

Tri-resonance is insensitive to the foam height. The resonant loops can still roughly stay at
the center of Smith Chart even when the foam heights have 5-10% fabrication error. This
is extremely advantageous from engineering point of view, because the foam is relatively
soft. Its deformation and thermal expansion cannot be completely avoided in the
fabrication.

The impedance is quite sensitive to the upper-to-lower edge ratio and feed line length.
Hence, the vertical positioning accuracy of each layer is crucial during fabrication.
Although the impedance is sensitive to stub length, its fabrication tolerance can be

neglected, as the photonic etching fabrication method we employed is accurate enough at
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present.

3.4.3 Inter-Polarization Isolation

Inter-polarization isolation is an important specification for SAR array. For the
dual-polarized element, the inter-polarization isolation depends only on the element field
distribution. Symmetric boundary condition will be helpful to obtain good isolation. For dual-
polarization designs that use two orthogonally placed elements with single polarization, the
good inter-polarization isolation can be achieved more easily, because dual-polarized

elements are separated in space.

In the preliminary study [83, 84], the similar microstrip dipole is employed for S band,
however, they are cross-shape configured to achieve dual-polarization, as shown in Fig.3-20
(a). This structure can be treated as a dual-polarized element entity with an isolation level of

about 25dB. This value is not sufficient for the specifications given in Table 3-1.

Thus, the S band elements are T-shape configured to improve the inter-polarization
isolation (See Fig.3-20(b)), as mentioned in Section 3.2.1. Compared with the cross-shape in
[83, 84], the T-shape configuration actually moves H-polarized dipole outside, and thus
obtains extra isolation from this space separation. The inter-polarization isolation of T-shape
configured S-band elements are analyzed by parametric study, and the computed results are

shown in Fig.3-21.

It is observed that the symmetric configuration in vertical direction (i.e. dy = 0, defined in

Fig.3-20(b)) can provide the best inter-polarization isolation. Besides, in this structure, the
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Fig.3 - 20 S band element configurations
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Fig.3 - 21 The effects of microstrip dipoles’ relative position on isolation

isolation is very sensitive to the vertical deviation, it deteriorates rapidly with the increasing
value of ‘dy’. For horizontal deviation (value ‘dx’, defined in Fig.3-20(b)), the inter-polariza-
tion isolation improves linearly with the increasing of element spacing. Although in the design,
the element distance between horizontal and vertical microstrip dipoles cannot be tuned freely
(it is decided by the scan requirement), the parameter study of ‘dx’ reveals the essence why T-

shape configuration has a better isolation performance than that of the cross-shape config-
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uration.

3.5 Prototype Array Fabrication

To validate the design, four sub-arrays were fabricated. Each sub-array contains 8 x 4
X-band dual-polarized stacked patches, 2 x 1 S-band horizontally polarized elements and 3 X

1 vertically polarized elements, as shown in Fig.3-22.

(a) Perspective view

(b) Front (c) Rear
Fig.3 - 22 S/X DBDP-SA prototype sub-array

3.5.1 Vertical Feeding Connector

Because the feed line of aperture coupling port is located in the lower side of the ground,
effective vertical feeding is quite difficult in fabrication. For some approaches, side-feed
connectors are usually enough. However, vertical connector mounting methods are necessary
for aperture-coupled elements in this array, €.9., as reported in [83, 84] and shown in Fig.3-23.

However, it still has two deficiencies:
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1) Half annular shaped connector should pass through the feed line layer to touch the ground
(See Fig.3-23(b)). It is inconvenient for fabrication. Besides, the half annular-shape slot
will obviously reduce the mechanical strength of substrates, especially for the thin
laminate of this X-band feed line. Actually, the half round projection substrate was broken
several times in the preliminary study.

2) The outer conductor grounding is not very reliable. As grounding is realized by surface
touching between the ground and outer conductor, some factors like prepreg thickness, the
substrate deformation and thermal expansion can make the outer conductor grounding
ineffectively.
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for reactance

Gap on out annular slot / pad
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(a) Perspective view (b) Side view
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Fig.3 - 23 Vertical transfer of aperture coupling to coaxial line [83, 84]

This vertical feeding solution can hardly be applied in a two dimensional scan array,
because each element has a vertical connector. That is, it is quite difficult to ensure all
elements are grounded well. Hence, a custom made SMP connector was adopted in the

fabrication, as shown in Fig.3-24.
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® Aperture coupling port: Layer #1 is a double sided substrate, where the ground and the
feed lines are located on the upper and lower surfaces, respectively. A thin annular slot is
etched around the feed point to make an isolated ‘island’ on ground, and it is connected to
the lower feed line using a metalized hole. The SMP connectors with several custom-
made contacts at the top of outer conductor are applied to connect the feed line. The inner

and outer conductors get through the layer #1 via metalized hole, and they are soldered

12.2mm 12.2mm
N ] 2 i
OHO; Ot)OJs
' > '
d
:
13mm N | 13mm [
19.2mm ———————19.2mm
(a) Aperture coupling port (b) Probe-fed port

(c) Photo of the custom-made probe port connector

Fig.3 - 24 Custom-made SMP connector
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Fig.3 - 25 Custom-made connector and its fitting method

with the ground or pad on the upper surface of the layer #1. Considering that the welding
spot has some height, to avoid conflict with the layer #2, some pocket holes are pre-
drilled in layer #2 to contain these welding spots, as shown in Fig.3-25(b). To avoid the
feed line short-circuited by the SMP outer connector, a part of outer connector at the
upper end of SMP is removed, as shown in Fig.3-25(b).

Aperture coupling connector: The removed part at the end of outer conductor should
have a suitable height and get thinner if possible. The coaxial line characteristic
impedance is no longer 50Q with a part of the outer conductor removed, and a large gap
will also introduce reactance. On other side, the removed part at SMP upper end cannot
be too small, because in that case, the edge of the removal part will have a considerable
effect on microstrip feed line. Besides, the annular slot on the ground will also introduce
inductance to the port impedance. The stubs can be employed on the feed line to
compensate for the reactance, as shown in Fig.3-25(a).

Probe-fed connector: Similar to the aperture coupling connector, the contactors on the

top surface of the outer conductor should get through the layer #1, and weld with the
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ground. The inner conductor should further get through the layer #2 to weld with the
driven patch. Because the inner conductor gets through two layers, more risk is
introduced due to the gap between the two layers (prepreg thickness).

® \Welding: For aperture-coupled port, the annular slot on ground forms an isolated
soldering pad for inner conductor, while for the contactors on outer conductor, ring-

shaped solder resistor is painted on the ground to restrict the welding spot size.

Compared with the vertical feeding method in [83, 84], the custom made SMP connector
actually uses several contactors instead of a half annular outer conductor. As welding is
adopted rather than surface touch, the new connector is more reliable. However, a large
amount of inner conductors and contactors need to get through the layers #1 and #2, which

requires accurate positioning when drilling holes through the substrates.

3.5.2 Auxiliary Hole on Patch

As shown in Fig.3-25(a), the probe-fed connector is right under the patch. The pocket
hole of contactors on the outer conductor is thus drilled on the patch, as shown in Fig.3-26(b).
To reduce the influence on the patch, the pocket holes are symmetrically configured. The
effects of contactors and their positioning holes on S parameter were simulated and the results

are shown in Fig.3-27.

The aperture-coupled port is seldom affected except for the slight rise of in-band ripple
factor. With the contactors, the operation band of the probe-fed port moves slightly towards
higher frequencies, and the in-band isolation remains better than 40dB. In brief, the sym-

metric contactors have a very limited impact on both ports.
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(a) Ideal patch (b) Patch with pocket holes
Fig.3 - 26 Pocket holes on patch
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Fig.3 - 27 Effects of auxiliary holes on driven patch S parameter
3.5.3 Connector Configuration
The X-band element spacing is only 20mm, which is quite close to the connector flange
size (12mm) we adopted. The pair-wise anti-feed technique [134-136] further increases the

difficulties with the connectors’ configuration, especially for vertically polarized port.

Although some self-fixed connectors are more compact because of their flange free geometry,
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shown in Fig.3-28, an ordinary SMP connector with two-hole flange is adopted due to the
reliability. The connector configuration is shown in Fig.3-29. Four types of SMP connectors,
marked in different colors in Fig.3-29, are employed to fit the hybrid feed and to avoid

conflict with each other.

Fig.3 - 28 Flange free connectors

aperture couple aperture couple

Fig.3 - 29 Connector configuration of the improved S/X DBDP-SA sub-array

3.6 Measurements

The port parameters of the improved S/X DBDP-SA prototype array were measured
using Agilent 8722ES vector network analyzer (VNA), as shown in Fig.3-30, while the
radiation patterns are obtained in the anechoic chamber of the China Electronic Technology
Corporation (CETC) 38" research institute. Insertion loss of coaxial lines and power dividers
were measured and compensated at the data post-processing stage. To avoid repetition, only

#3 sub array’s measured results are given in the following sections.
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(a) Rear (b) Front

Fig.3 - 30 Prototype array under test
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Fig.3 - 31 Element mark definition

For clarity, the elements in the sub-array are identified by row and column indices as
defined in Fig.3-31. The X-band elements, from top to bottom, are marked in rows from A to
D, and marked in columns from 1 to 8 from left to right. For example, the left bottom element

is called D1. S-band elements are simply marked as S1 to S5 from left to right.

3.6.1 X-Band Port Parameters

In general, the measured X-band VSWR curves agree well with predicted results, as

shown in Fig.3-32. Specifically, the measured VSWR curves of aperture-coupled ports have
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good agreement with the prediction except for one fault element, which implies that the
vertical feeding method of aperture coupling ports and the custom-made SMP connectors are
reliable. The measured probe-fed port results, however, shift slightly towards higher frequen-
cies, at the expense of raising in-band ripples. Fabrication tolerance is believed to be a main
contribution to this deviation, including inaccuracy in inter-layer vertical positioning and

inter-layer gap (prepreg) thickness.

predicted

VSWRs2 Bandwidth

/ A‘\ / predi:te@
4 \‘ \

VSWR

VSWR<2 Bandwidth

T T T > T T - =
8.5 9.0 95 100 105 110 115 85 9.0 95 100 105 110 115

Frequency (GHz) Frequency (GHz)
(a) Probe-fed ports (b) Aperture-coupled ports

Fig.3 - 32 Measured and predicted X-band element VSWR

The measured VSWR < 2 bandwidth, defined as the overlapped VSWR < 2 frequency
range of both polarization ports, is 13.1% (9.52 GHz to 10.83 GHz); while the VSWR < 1.5

(IS11] < -15 dB) bandwidth is 10% (9.52 GHz to 10.51 GHz).

The array isolation refers to the insertion loss between overall horizontal (H) and overall
vertical (V) polarized ports, whom are formed respectively by connecting all the H- and V-
polarized ports using coaxial lines and power dividers. The coaxial lines and power dividers
insertion losses are measured and compensated in the post-processing stage. Because of the
use of pair-wise anti-feed technique, the polarization cross talks of adjacent elements are out
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of phase and they cancel each other in the feed network. The array isolation is therefore

improved. The array isolation of better than 40dB is confirmed as shown in Fig.3-33.

The element isolation in array configuration is defined as the insertion loss between an
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Fig.3 - 33 Array isolation
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Fig.3 - 34 Measured and predicted S parameters of S-band elements
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element’s H- and V-polarized ports assuming all other elements are match-terminated. The

element isolation will be discussed in Section 3.7.

3.6.2 S-Band Port Parameters

Fig.3-34 shows the measured S parameters of S-band microstrip dipoles. Only data for S1

~ S3 are presented due to the symmetric structure.

The S3 element, which is located at the center of aperture, has complete symmetric
X-band elements surrounding it. It is less affected by the inter-element coupling, and thus,
clearly shows the ‘tri-resonance’ pattern. On the contrary, the S1 element, which stands at the
edge of array, is severely affected by the asymmetric boundary condition (BC). Its tri-reson-

ance pattern is not as obvious as that of the S3 element.

From Fig.3-34, the measured [S;;| < -10 dB bandwidth is 11% (324 MHz, 2.766 GHz ~
3.09 GHz), and the [S;;| < -15 dB bandwidth is 10% (300 MHz, 2.78 GHz ~ 3.08 GHz). The
higher limits of measured bandwidth agree well with the predicted limits for both polarization
ports, while the lower limits are less than theoretical predictions. This is probably due to the
tolerance in foam heights, which may raise the in-band ripple factor and correspondingly
extend the bandwidth to lower frequencies. The measured polarization isolation between
neighboring elements is better than 32dB. This validates good isolation performances of the

T-shaped configuration.

3.6.3 Radiation Patterns

The measured X-band radiation patterns agree well with the results derived from array

theory, as shown in Fig.3-35. The cross-polarization level is 30 dB lower than the mainlobe in
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the main beam area. Limited by the coaxial line quantity (some coaxial lines are damaged

during the test), only 8 x 3 elements were excited to calibrate the antenna gain. By comparing

with a standard gain horn (SGH), antenna gains of 20.9 dB and 20.6 dB was achieved for ver-
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(b) Probe-fed port

Fig.3 - 35 Measured and calculated X-band element radiation pattern
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Fig.3 - 36 Measured S-band scan patterns

tical and horizontal polarized ports, which correspond to efficiencies of 91.9% and 85.2%,

respectively.

Custom-made coaxial lines were employed to measure scan patterns instead of phase
shifters and beam control boards to reduce the cost of the experiment. Scan capability of 28°
and 30° was achieved for vertical and horizontal polarizations, as shown in Fig.3-36. Only
scan patterns in the E-plane for horizontal polarization and H-plane for vertical polarization
were measured, due to the limited element numbers in short aperture directions. For the same

reason, the S-band radiation patterns and scan patterns were not measured.

3.7 Element Isolation

In DBDP-SA arrays, achieving good inter-band isolation is not difficult, as the radiators
operate in different frequency bands. For challenging applications, a filter can be employed to

further improve the inter-band isolation level.
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On the contrary, the inter-polarization isolation of elements is more likely to deteriorate in
DBDP-SA arrays due to the coupling from the other band. For example, the X-band element
standalone has good inter-polarization isolation, however its H-polarized radiation might
couple to the S-band elements, which in turn can couple to the X-band V-polarized ports,

thereby resulting in poor inter-polarization isolation of the X-band element.

It is interesting to note that the S-band inter-polarization isolation is hardly affected in the
DBDP-SA array. Since the X-band patches’ dimensions are much smaller than S-band
half-wavelength, they can hardly be excited in S-band frequency range. In other words, the
coupling from S-band to X-band is very small, as the X-band elements do not bridge the
S-band radiation energy from one polarization to the other. In conclusion, inter-polarization
isolation of the S-band element is less likely to be influenced in DBDP-SA array config-

uration.

Therefore, the following sections present only the X-band inter-polarization isolation

performance in the S/X DBDP-SA array.

3.7.1 Inter-Band Coupling

For single-band arrays, the relationship between inter-element coupling and element
performance is already well studied [158]. In this section, the effects of the lower-band

element on the higher-band patches are briefly discussed.

Fig.3-37 shows the configurations of a stand-alone X-band array and S/X DBDP-SA
array after interleaving the S band elements into the aperture. Based on the multi-port network

theory, an S matrix for the 32 ports of the X band single-band array, shown in Fig. 3-37(a),
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can be written as eq.3-2:
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Fig.3 - 37 Inter-polarization isolation and inter-band isolation

where V" and V' are the output and input voltages of corresponding ports, and S, are S

parameter between m™ and n™ ports.

When the X-band elements are excited, some near-field energy will be coupled to the
S-band element, and some of them will form field distribution in S-band element cavity
(higher-order modes for S element), even through S-band elements are matched terminated.
Hence, the S-band element can be considered as the parasitic patch working in a higher-order
mode, while the X-band element is the driven patch with the fundamental operating mode.

This phenomenon is similar to the co-planar proximity-coupled excitation.
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Hence, assuming the S-band elements excitations as V., and V', eq.3-2 can be written as

below:

Vil [s, S

1,2

Vz_ Sz,l Sz,z

s32,1 S32,2

S1,32
S2,32

Sia Sip

l,a
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where V," and V)" are the coupled excitations from the X-band elements. The EM energy

captured by the S-band elements can be expressed as:

s
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Where V, and V,, are the coupled EM energy from X-band elements.

(3-4)

Since the S-band elements are match-terminated, some energy received from the X-band

elements will be absorbed, and the rest will be re-radiated, and forms coupled excitation for

S-band element, as shown in eq.3-3. Factor m, and ®y, is used to express the re-radiated scale
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Fig.3 - 38 S-band elements capture X-band radiated energy and form secondary radiation
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of the captured energy, as shown in Fig.3-34. By multiplying eq.3-4 with the re-radiation

factors and substituting it into eq.3-3, and using the reciprocity (Smn = Snhm), €q.3-3 can be

written as:
I -
\Z Sl,] + Al,l Sl,z +A, .. 81,32 + Al,32 Vi
vV, Sz,l + Az,l 82,2 + Az,z 82,32 + Az,sz V2+
- . (3-5)
V,, S32,1 + A2,1 S32,2 + A32,2 832,32 + A32,32 V;;

where Amn = @wa Sam ¢ San + @b Sbm ¢ Sbn. The eq.3-5 implies that the overall S-matrix of
S/X DBDP-SA array can be expressed as the sum of the S-matrix of X-band single band array
and an additional item (Am,n) which is decided by two factors: 1) the coupling between X and

S-band element and 2) the re-radiation factors.

For example, in S/X DBDP-SA array, the isolation between port #11 and #12 can be
written as Si112” = Sii2+ ®©a Sai1 * Sai2 + ©Spa1 ¢ Spi2. Therefore, the improvement in
isolation can be considered in two aspects: 1) improvement in the element inter-polarization
isolation itself; 2) suppression of the coupling between port #11/#12 and the S-band

microstrip dipole a/b.

3.7.2 Inter-Polarization Isolation

Due to the use of hybrid feeding technique, the element’s inter-polarization isolation itself
is quite good. Therefore, the element isolation in array configuration depends mainly on the
additional item (Am,n). Referring to the aperture configuration shown in Fig.3-37, the X-band
elements adjacent to the S-band elements will have higher mutual coupling, which will

ultimately deteriorate the element inter-polarization isolation.

To investigate relationship between inter-polarization isolation and inter-band coupling,
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the #3 prototype array is tested and the inter-polarization isolations of A2 ~ A4 and B2 ~ B4
elements are shown in Fig.3-39. Due to the symmetry, the remaining elements are not plotted
for clarity. As can be seen, B2 and B4 elements have the worst element inter-polarization
isolation due to their close proximity to the S-band elements (see element position definitions
in Fig.3-31). The other X-band elements, which are located far from the S-band elements,
have good element isolation performances of better than 30dB. These results also support the
additional item in eq.3-5: 1) B2 and B4 elements are more easily coupled from the S-band
element, because they are close to both the vertical and horizontal S-band elements. Am,n
item thus becomes large, which degrades the inter-polarization isolation of B2 and B4
elements; 2) Although B3 element has stronger coupling with the S-band horizontal dipole, it
is weakly coupled to the S-band vertical dipole. The Am,n factor is small as it is the product
of the coupling levels obtained from both S-band elements. Hence, the inter-polarization

isolation of B3 element is better than that of B2 and B4 elements.

Besides improving the (stand-alone) element inter-polarization isolation itself, one can
also improve array element inter-polarization isolation by suppressing the inter-band cross

talk between S and X-band elements.

For a fixed element spacing, the ‘isolation wall’ [159] and the ‘isolation slot’ [150] have
been commonly used for element decoupling. However, these methods are not suitable to
implement in the DBDP-SA array due to the presence of congested aperture. In such cases, it
is best to suppress S-band element’s higher-order mode, so that it will not be excited in

X-band frequencies.

Similar interleaved stacked patch and microstrip dipole structures have been used in
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preliminary studies [83, 84], where frequency ratio is 3:1 rather than 3.5:1 in this chapter.

Hence, their performances are compared next. Their measured element inter-polarization

isolations are shown in Fig.3-40:
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Fig.3 - 39 Element isolation in this chapter Fig.3 - 40 Element isolation in [83, 84]

Both arrays exhibit similar trends in terms of X-band inter-polarization isolation. Most of
the elements have well decoupled ports, while few elements have poor inter-polarization
isolation level.

For this example, most elements’ inter-polarization isolations are better than 30dB, which
is about 10dB better than that of [83, 84]. It can be attributed to the advantages of using
hybrid feed.

Both the preliminary study [83, 84] and the design presented in this chapter have coupling
peak in the isolation response of several elements. The only difference in this design is
that the resonant peak of B2 and B4 elements are outside the operating bandwidth (9.52
GHz - 10.83 GHz), and therefore do not affect the inter-polarization isolation (28 dB). On
the other hand, the resonant peak in Fig.3-40 is within the bandwidth, which results in
extremely poor isolation level of 16 dB. This variation in resonant peak position may be a

result of choosing different frequency ratio.
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Furthermore, since [83, 84] presents isolation levels of only three arbitrary elements
(without giving the #2 element position), it is hard to claim that the poor isolation level is

attributed only to the inter-band coupling.

To further investigate the relationship between the high-order-mode of the S-band element
and X-band inter-polarization isolation, another S/X shared-aperture array was designed and

fabricated. It also has a similar S-band tri-resonance and the X-band hybrid feed design, but

the frequency ratio is 1:3. The S- and X-bands are designed at 3.2 GHz and 10 GHz, respect-

(a) Front view (b) Rear view

Fig.3 - 41 Photo of the reference array

Isolation (dB)

—— 71—
8.5 9.0 9.5 10.0 10.5 11.0 11.5
Frequency (GHz)

Fig.3 - 42 Measured isolation of the reference array
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ively. To avoid confusion, this array is called the reference array and is shown in Fig.3-41.

The measured X-band inter-polarization isolations of the reference array are shown in
Fig.3-42. When compared with Fig.3-39, similar trends can be found, including: 1) B2 and B4
elements have the worst inter-polarization isolation; 2) The resonant peaks are located at 8.9
GHz and 9.5 GHz, respectively, which is about three times higher than the S-band center
frequency (2.9 GHz and 3.2 GHz). Clearly, these resonant peaks are generated by the coupl-
ing of X-band base mode and S-band TMy; mode, which significantly increases the Am,n
value. The selection of fractional frequency ratio (1:3.5) shifts the resonant peak out of the

band by actually moving S-band TMy3; mode frequency.

For the DBDP-SA array with 1:3 frequency ratio, the inter-band coupling is hard to deal
with. Employing filters will only shield the out-of-band-signal coming from the port, but has
little effect on re-radiation (excited by inter-band coupling). Besides, the filter will also
suffers from the 3rd order mode. The possible solutions are: 1) Etch a slot on S-band elements
to suppress TMy3; mode (decoupling) and 2) separately tune B2 and B4 elements (stand-alone)
inter-polarization isolation to cancel the Am,n item (coupling). However, these methods will
be computationally-intensive and time consuming. Moreover, due to the narrow structure of

the S-band microstrip dipole, slot etching may not be possible.

3.8 Summary

This chapter presents an improved design of S/X DBDP-SA array antenna. The main
objective was to investigate techniques to improve array inter-band isolation and element

inter-polarization isolation by understanding the relationship between them. To improve
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element isolation, a hybrid feed and T-shape configuration are employed in the X- and S-band,
respectively. The prototype array was fabricated and tested to validate the feasibility of the
design. It is found that the inter-band coupling will also degrade the element inter-polarization

isolation.

The prototype array operates at 2.85 GHz / 10 GHz band, with a fractional frequency
ratio of 1:3.5. This design verifies that interleaved structure can work at any frequency ratio
for DBDP-SA array. Tri-resonance is introduced for the lower-band element to exploit its
bandwidth with the given antenna thickness. Overall, the prototype array validates the feasi-

bility of the design. The key measured parameters are concluded in Table 3-4.

Table 3 - 4 Summary of the improved S/X DBDP-SA array specifications

Specification S-band X-band
SWR<1.5 bandwidth (MHz) 300 ~ 1000
SWR<1.5 bandwidth (%) 10 10
Scan range Not tested +30 degree
Element isolation (dB) >32 >28dB
Array isolation Not tested >40dB
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Chapter 4
L/S/X Tri-Band Dual-Polarized Microstrip Array

To the best of the author’s knowledge, multi-band dual-polarized shared-aperture (MBDP
-SA) techniques available in the open literature only focus on the DBDP-SA arrays [83-126],
while a few tri-band designs are investigated [99]. This chapter presents a novel multi-band
aperture-sharing method for space-borne SAR applications. A tri-band dual-polarized shared-
aperture (TBDP-SA) microstrip array is designed and fabricated to validate the feasibility of
proposed design technique. The main contents are listed below:

1) For SAR applications, a multi-band shared-aperture array can be decomposed into several
dual-band shared-aperture arrays. The L/S/X TBDP-SA array is taken as an example for
illustration and its detailed design method is presented.

2) The decomposed DBDP-SA sub-array design method is presented with its partition
method. The element designs in DBDP-SA sub-array are also discussed.

3) The measured results of an L/S/X TBDP-SA prototype array are presented. They verify
the feasibility of the proposed MBDP-SA array decomposition method.

The requirements of the prototype TBDP-SA array are listed in Table 4-1.

Table 4 - 1 Requirements of L/S/X TBDP-SA array

L band S band X band

Center frequency (GHz) 1.25 2.85 10
Bandwidth (MHz) 80 200 600
Polarization H polarization V polarization Dual linear
Cross-polarization (dB) -20 -20 -20
Array isolation (dB) 25 25 25
Scan range +25°@azimuth +25°@azimuth +25°@azimuth

+25°@elevation | £25°@elevation | +£25°@elevation
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4.1 Array Configuration

The design of DBDP-SA array presented in Chapter 3 can be extended to TBDP-SA array
by interleaving an extra band into its configuration, and it is called ‘add method’ below. This

method leads to the following design complexity:

1) The final aperture that hosts the elements of the three bands will become congested, thus
increasing the inter-band coupling;

2) The antenna structure will become quite complex because more layers are needed to fit
the elements and their feed networks in each band. The vertical feeding structure required
for such multi-layer configuration will inevitably increase the cost and fabrication

complexity.

From the SAR system point of view, a similar beamwidth is desired in the elevation
direction for each of the three bands [110] to cover similar swath. This means that the
transverse dimension of the aperture in each band should be proportional to its wavelength.
As a sample, the transverse aperture dimension of the L-, C- and X-bands in the SIR-C/X-
SAR array are 2.95m, 0.75m and 0.4m, respectively, which correspond to a ratio of 7.375 :

1.875:1[07, 08, 12], roughly equal to its wavelength ratio of 8§ : 2 : 1.

Even through the ‘add method’ can be applied in MBDP-SA sub-array design, an aperture
with dense element configuration will be formed in the full L/S/X TBDP-SA array, as shown
in Fig.4-1(a). The L/S DBDP-SA sub-array must be placed adjacent to the L/S/X TBDP
sub-array to avoid the grating lobes in S-band. As a result, most of the elements and their feed

networks are congested in the middle of the array, which will surely deteriorate the port
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isolation and increase inter-band coupling.

To reduce design complexity and the element congestion, an alternative solution is
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Fig.4 - 1 Different solutions for tri-band antenna array
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proposed as shown in Fig.4-1(b). The L/S and L/X DBDP-SA sub-arrays are placed on the

two sides of the full array, with an L single band sub-array located in the middle of the full

array. The L-band elements in all three sub-arrays make up the L band full aperture area. The
transverse dimension of the aperture is 0.72 x 2 + 1.08 + 0.36 = 2.88m for L-band, 1.08m for

S-band and 0.36m for X-band with the aperture ratio of 8:3:1, which is close to the centre

wavelength ratio of each L-, S- and X-bands. The advantages and disadvantages of this design

are discussed below:

1) The S- and X-band elements are physically isolated by an L single band large sub-array,
and hence the coupling between S- and X-band is minimized.

2) The element density in full array has better distribution when compared with the config-
uration of Fig.4-1(a) within the same aperture size.

3) Compared with the independent aperture TBDP array in Fig.4-1(c) (same design as that of
SIR-C/X-SAR antenna solution [07, 08, 12]), the proposed aperture size is smaller for the
same beamwidth. The overall aperture length of independent L/S/X TBDP array in
Fig.4-1(c) is 1.08 + 2.88 + 0.36 = 4.32m, roughly 33% longer than the proposed method.

4) Since the proposed TBDP-SA array consists of two DBDP-SA sub-arrays and one single
band dual-polarized (DP) sub-array, the previous design of DBDP-SA arrays can be used
as reference.

5) The proposed method can be further extended to achieve quad-band shared-aperture array
if we substitute the L single band sub-array with other DBDP-SA sub-array, like L/C

DBDP-SA array.
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4.2 L, L/S and L/X Sub Array Design

4.2.1 Design Considerations

The designs of L/S, L/X DBDP-SA sub-array and L-band DP sub-array are a crucial step
in the overall design of L/S/X TBDP-SA full array. Here we highlight some important issues
that need to be considered: 1) the DBDP-SA sub-array design should be self-extendable, i.e.,
both the lower- and the higher-band elements need to maintain a particular spacing when the

DBDP-SA sub-arrays are joined together to ensure the predesigned scan capacity in each
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Fig.4 - 2 Proposed TBDP-SA array configuration
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frequency band; 2) The different sub-arrays should have the provision to accommodate each
other, e.g., the L-band elements should be uniformly distributed when the L-band aperture is
combined with the L/S, L/X DBDP-SA array and L-band DP sub-array; 3) Each sub-array
should have a modular design so that it can be replaced like a plug and play module. For
example, if we replace the L single band DP sub-array in Fig.4-1(b) by L/C DBDP-SA sub-

arrays, a quad-band L/S/C/X dual-polarized shared-aperture array can be constructed.

Considering that the frequency ratios of the L/S and L/X DBDP-SA sub-array are 1:3 and
1:8, respectively, the interleaved structure is applied in both sub-arrays. Because the
interleaved structure can fit both even and odd frequency ratios in DBDP-SA array [83, 84],
and its flexibility is helpful for the sub-array partitioning to meet the aforementioned
requirements. The proposed L/S/X TBDP-SA prototype array configuration is shown in

Fig.4-2.

4.2.2 Sub-Array Design

The S- and X-band elements in L/S and L/X DBDP sub-arrays are distributed in square
lattices to facilitate interleaving of the L-band elements. The ‘pair-wise anti-phase feed’
method [134-136] is employed in both the S- and X-band arrays for cross-polarization

suppression and array isolation enhancement.

The same L-band element type is employed in each of the L, L/S and L/X sub-arrays to
achieve uniform radiation patterns and port response. Microstrip dipole is employed as the
L-band element because it is slim and can be easily interleaved in the dual band array

configuration. The microstrip dipoles are T-shape orthogonally configured to achieve dual
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band operation and good isolation, as explained in Chapter 3. Similarly, the T-shape config-
uration will result in non-overlapped phase centers of H- and V-polarizations [110]. One
additional vertical microstrip dipole is required in the prototype array so that the phase centers

for both polarizations are identically overlapped with the geometric center of the array.

Because the L band aperture is made from L/S, L/X DBDP-SA sub-arrays and L single
band DP array, a uniform L-band element spacing is required in these three sub-arrays to
ensure that L-band elements of combined full array are properly configured. Thus, the L-band
element spacing is taken as the reference value for the three band elements, and is calculated

as:

d, :#:1601%1% 4-1)
1+ sin(6) |
where /4 is the wavelength of L band higher frequency (1.3 GHz), and 6 is the maximum scan

angle (25°).

Because L, S and X bands have the same scan requirements, the elements spacing (d;, ds,
dy) should be proportional to their wavelength ratio in order to achieve both the scan capacity
and ease dual-band interleaving. Therefore, d; = 1/3 dy = 53.3mm, and d, = 1/8 d; =20mm is
applied, which correspond to 0.624; and 0.674,, respectively for S- and X-band. Note that the

choice of S- and X-band element spacing also meets the requirement of eq.4-1.

The scan capacity in each band is further investigated by projecting the scan range into
Sinc space [133], as shown in Fig.4-3. The array scan capacity (blue curves) does not intersect
with the grating lobe range (red curves) in all three bands, showing the non-grating lobe scan
performance for the chosen element spacings. These element spacings are verified by array
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theory using a Matlab program. Without the loss of generality, an aperture of 8-by-8 elements

(b) S-band (3.6 GHz)
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103

(c) X-band (10.5 GHz)

Fig.4 - 3 Scan range and grating lobes in Sinc space
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Normalized Pattern (dB)
Normalized Pattern (dB)

B (deg) A (deg) B (deg) A (deg)
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(b) S-band at 3.6 GHz
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(c) X-band at 10.5 GHz
Fig.4 - 4 Calculated 3D radiation patterns in Sinc space

is employed to calculate the radiation patterns. The radiation patterns for two maximum scan

angles (A=25°/B =25°and A= 0°/B = 25°) are calculated and shown in Fig.4-4. To make
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precise calculations, the element radiation patterns from HFSS prediction have been taken

into account in array factor. No grating lobe is found for the chosen element distances.

4.3 Element Design

4.3.1 S and X Band

Stacked patches are employed in both S (in L/S sub array) and X-band (in L/X sub array)
to adhere to the bandwidth and cross-polarization level requirements. Their configurations are
shown in Fig.4-5. As illustrated in Chapter 3, the square patch shape is chosen due to its better

cross-polarization level, good isolation performance and better fabrication tolerance.

Although some feeding methods such as aperture coupling, hybrid feed or balanced feed
can provide better isolation level [143-153], based on our previous experience, they result in
complex structure and less fabrication reliability. For the case of TBDP-SA array which
consists of several different DBDP sub-arrays, its performance is more likely to suffer from
the complexity in the feeding structures. Hence, to ensure overall performance in TBDP-SA

full-array, simple yet reliable dual probe feed method is employed.
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Fig.4 - 5 S and X band element configurations
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Fig.4 - 7 Effect of slot loading on the cross-polarization levels

Since a dual probe feed has lower inter-polarization isolation, isolation slots are made on

the driven patches [160, 161] to improve it, as shown in Fig.4-5. The inter-polarization iso-

lation of slot loaded element is predicted by Ansoft HFSS 10.0, as shown in Fig.4-6 and

Fig.4-7. The plots of element without slot loading are also shown for comparison. As can be

seen, better port isolation is achieved, however the element cross-polarization becomes poor

due to the interference of the slot. This would not be a problem for the full array, as the array

cross-polarization can be improved by using the ‘pair-wise anti-phase feeding’ technique
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[134-136].

The effect of isolation slot on the element performance can be understood in two ways: 1)
from the current distribution point of view, the slot on the driven patch can ‘cut off’ some
current components which may affect the |S,;| level [160-161]. Hence, the polarization ports
are decoupled; 2) from the viewpoint of field modes, the cross-talk mainly comes from the
higher-order mode component. In fact, the asymmetrically configured slot serves as a
perturbation, and since it is electrically small, it has very little effect on the base mode.
However, its asymmetric boundary condition on the driven patch will excite the orthogonal
mode, which after careful tuning will cancel out the cross-talk energy from the higher-order
mode. On the other hand, the orthogonal mode excited by the slot will contribute to cross-

polarized radiation, which is a main cause of poor element cross-polarization performance.

In comparison, polarization isolation improvement method presented in Chapter 3
pursues a symmetric structure, while the isolation slot loading method in this chapter utilizes
a new asymmetry in the structure to reduce the cross-talk. However, it is found that the
improved isolation bandwidth of the isolation-slot is narrower than that of the symmetric

structure designed in Chapter 3.

Table 4 - 2 Parameters of slot-loaded patch

X band (Unit: mm)

I 8.2 u 8.8 e 2.7
Si 2 Siz 1.4 By 1.2
Sw 1 Sw2 0.4 hy 2.5

S band (Unit: mm)

I 23 u 28.1 e 5.5
Swi 0.6 Sw2 0.5 Bw
Si 9.5 Siz 9 Sis

h¢ 6.5
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Isolation slots with different shapes are also tested with S- and X-band elements to find
the best geometry. The parameters of the slot-loaded patches are optimized by Ansoft HFSS

10.0, and are listed in Table 4-2.

The simulation results indicate that both shapes of isolation-slot can provide sufficient
isolation improvement to the dual probe feed patch. In particular, the bone-shaped slot on the
X band driven patch has smaller dimensions than the cross-shaped slot on the S band element
due to the capacitive loading on the slot end. The ratio of maximum slot dimension to driven
patch edge for bone-shaped slot is 0.24, while it is 0.41 for the cross-shaped slot at S band.
Hence, the bone-shaped slot will have less impact to the elements’ |S;| curve, while the cross-
shaped slot will increase the in-band ripple, and requires slight tuning later on to improve

matching.

4.3.2 L Band

As mentioned in Section 4.2.2, L single band, L/S and L/X DBDP-SA sub-arrays employ
the same L band microstrip dipole. The only difference is the dipole arm length in L/S sub-
array, which is 20% shorter than that of the dipole in L/X and L-band sub-array. The reduced
dipole length is necessary to facilitate sub-array partitioning when this dipole is used in odd
frequency ratio (S : L =1 : 3), as shown in Fig.4-2. To reduce the dipole arm length, capac-

itive loading is employed in the feed network.

As observed in Chapter 3, the lower-band element should be as compact as possible. For
example, the radiator of narrow edge patch in Chapter 3 is quite compact, however, its

orthogonal tuning stubs on feed line are not. It must stay right in the gaps of the higher band
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elements. Hence, two elements with different stub positions are designed for H- and V-
polarized lower band elements in Chapter 3. If the same method is used to design TBDP-SA
array, the resulting array will become quite complex. Since four different elements will be
needed for dual-polarized L band element in L/S and L/X sub-array to fit within the gaps of S-

and X-band elements, significant level of optimization will be required in this design stage.
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The proposed configuration of the L band microstrip dipole is shown in the Fig.4-8. The
printed dipole is etched on the bottom of the top layer, which is 4,/4 distance above the
ground. The ground, in this case, also serves as the reflector. The microstrip feed network of L
band microstrip dipole are configured in the gap of the higher-band driven patches, and uses
delay lines to generate 180 degree phase shift and a vertical parallel twin-line to feed the
microstrip dipole. The microstrip to parallel line transition forms a T junction, similar to the
waveguide T junction shown in Fig.4-9. This forms a three-port-network, which can not be
reciprocal, loss-free and has all ports matched simultaneously according to [161]. Because a

reciprocal network with minimum insertion loss should be ensured, the T junction is
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mismatched at its two input ports. An open-ended stub is employed at the SMP feeding point

for impedance matching.

The microstrip dipole has a compact structure because the orthogonal tuning stub is
avoided. The complete structure including radiator and the feed network can be placed into a
narrow space (from up view). This gives great convenience in the design because the
microstrip dipole can be used in lower-band element in both L/S and L/X sub-array for both
polarizations without considering the stub position. Furthermore, the use of the same L-band
element design for three sub-arrays will ensure consistent element radiation patterns, which is

helpful in combining the L band apertures.

4.4 Measurements

A prototype L/S/X TBDP-SA array is fabricated and tested to validate the design. The
prototype array, shown in Fig.4-10, consists of L/X DBDP-SA sub-array, L single band sub-
array and L/S DBDP-SA sub-array. Rogers RO 6002 and Rohacell 51HF foam are used as the
substrates and filling material, respectively. The S-parameters of the prototype array is
measured using the Agilent N5230A vector network analyzer, while the radiation patterns are
obtained in the anechoic chamber at China Electronics Technology Corporation (CETC), 38"
research institute. The insertion loss in the coaxial lines, connectors and power dividers are

measured and then compensated in the post-processing stage.

Next, we present the measured results for each of the L-, S- and X-band. Similar to that in
Chapter 3, the elements of L/S/X TBDP-SA array are marked as shown in Fig.4-11 to avoid

confusion in introduction. The S- and X-band elements, from top to bottom, are identified by
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alphabets in row from A to C (S-band) or A to H (X-band), and marked by number in column
from left to right (1~8 in S-band and 1~16 in X-band). The L band elements are configured in
three sub-apertures. They are called LS1 ~ LS5, L1 ~ L5 and LX1 ~LX 5 from left to right in

L/S, L and L/X sub-arrays, respectively. The horizontal and vertical planes are also defined.
4.4.1L Band

The measured VSWR in the L-band is shown in Fig.4-12. Although the L band elements
in each of the L, L/S and L/X sub-arrays have different higher band patches around them,
almost similar port responses are achieved. Except for the element LS4, which has an
imperfect solder connection, all other results agree well with the predicted results. The
minimum VSWR < 2 bandwidth is from 1.163 GHz ~ 1.330 GHz, i.e., 167 MHz or 13.4%.

The in-band array isolation is better than 37dB, as shown in Fig.4-13.

The measured L-band radiation patterns of the aperture made up of L, L/S and L/X sub-
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Fig.4 - 12 Measured VSWR of L band elements
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Fig.4 - 13 Measured L band array isolation

array are shown in Fig.4-14. They agree well with the theoretical radiation patterns which are
computed as the product of array factor and standalone element radiation pattern obtained
from Ansoft HFSS 10.0. The comparison between measured and theoretical radiation patterns
confirm that the combined L-band aperture of three sub-arrays (L/S, L and L/X sub-array)
brings negligible effects on the L band radiation patterns, even though the L elements in L/S
sub-array are shorter than that in other sub arrays. This is due to the fact that S- and X-band
patches surrounding the L band elements weakly couple to L band elements. In other words,
the existence of S- and X-band patches has negligible effects on the L-band elements’

radiation patterns uniformity in each sub-array.

Due to the ‘pair-wise anti-feed’ technique, the measured cross-polarization levels in the
two main planes remain 30dB below the co-polarization levels within the main lobe. By
comparing with the standard gain horn, the calibrated gain at 1.25 GHz is 13.2 dB and 14.6

dB for horizontal and vertical polarized ports, respectively while the radiation efficiencies of
113
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(b) Vertical polarized port excitation

Fig.4 - 14 Measured L band radiation patterns

90

62% and 61.2%, respectively. The lower efficiency is probably due to the insertion loss from

the vertical parallel line and the anti-phase feed network. It can be increased in two ways:

1) By applying silver coating on both the microstrip lines and the parallel line to reduce the
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conductive loss. Since in L/X sub-array, the feed network shares the substrate with the X

band driven patches, a thinner substrate is used which supports surface waves and the

corresponding losses. This can be rectified by using a thicker substrate for the feed

network.

2) Similar to the design in Chapter 3, proximity coupling or aperture coupling can be used

for L-band element feeding, to completely avoid the insertion loss on the vertical

transition and thus simplify the structure.

The L-band scan patterns are not measured because of the few elements in this prototype

array. Instead, a predicted scan radiation pattern for the 8-element full array, which consists

two L/S, two L/X DBDP-SA sub-arrays and four L single band sub arrays, is shown in

Fig.4-15. As can be seen, a scan range of 25° is obtained with no grating lobes.
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Fig.4 - 15 Predicted 8-element scan pattern for L-band array
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4.4.2 S Band

The measured VSWR for S-band elements for both horizontal and vertical ports are

shown in Fig.4-16. Here again, the overlapping part of all VSWR < 2 element bandwidths are

VSWRs2 Bandwidth

4 Measured data
—O— Predicted data
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Fig.4 - 16 Measured VSWR of the S-band elements
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Fig.4 - 17 Measured array isolation in S-band
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defined as the array bandwidth. The measured bandwidth is 14.8%, i.e., from 3.25 GHz to

3.768 GHz. Compared with the predicted curve, the S-band measured bandwidth shifts
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Fig.4 - 18 Measured radiation patterns in S band
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slightly towards the higher frequency, and higher in-band ripples are noted. The in-band array

isolation level is better than 45dB, as shown in Fig.4-17.

The measured S band radiation patterns agree well with the theoretical prediction, as
shown in Fig.4-18. The cross-polarization levels are 30 dB lower than the co-polarization and
the front-to-back ratio is better than 37.8 dB. Due to limited availability of the coaxial lines,
only 8 x 2 elements are measured for gain calibration. The peak array gain of 18.6 dB is
achieved and the radiation efficiency is 92.4%. The scan pattern is only measured along the
eight-element direction. To reduce cost, custom made co-axial lines with different lengths are
employed instead of the phase shifters and beam control boards. The measured scan capability

is £27°, as shown in Fig.4-19.
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Fig.4 - 19 Measured scan pattern in S band

4.4.3 X Band

Fig.4-20 shows the measured X band element bandwidth. The VSWR < 2 bandwidth of
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16.8%, i.e., from 9.098 GHz to 10.781 GHz, is achieved. Due to the ‘pair-wise anti-phase
feed’ technique and large scale array, the cross-talk from the orthogonal polarized port is
neutralized in the feed network, giving an array isolation level of better than 43 dB, as shown

in Fig.4-21.

The measured X band radiation patterns, shown in Fig.4-22, agree well with the
theoretical predictions. Specifically, this agreement is extremely good within £30° but small
difference is noted outside from 30° to 70°. Measured side lobe levels are obviously higher
than the theoretical value outside 70° because the radiation pattern level is quite low, making
it sensitive to the phase error and spurious radiation from L band element interleaved in the

aperture.

The cross-polarization levels within main lobe remain below -35 dB in the two principal

planes. Due to the electrically large ground, front-to-back ratio of 42.3 dB is obtained.
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Fig.4 - 20 Measured VSWR of X-band elements

119



120 Chapter 4. L/S/X Tri-Band Dual-Polarized Microstrip Array

=30+

Sl R VSWRs2 Bandwidth

|S21| (dB)

-55 . .

J T T T T T T
8.5 9.0 9.5 10.0 10.5 11.0 11.5
Frequency (GHz)
Fig.4 - 21 Measured array isolation in X-band

Calibrated gains are 22.19 dB and 21.79 dB for vertical and horizontal polarized port,
respectively, using 16 x 2 elements, which translate into an efficiency of 92.7% and 84.5%,

respectively.

The measured scan capability reaches +£30° for both horizontal and vertical polarization,
as shown in Fig.4-23. It should be mentioned that all four scan patterns have a small grating
lobe at about 75°. This is simply because the array element spacing is designed for +25° scan
but we tested using +30° steering phase excitation, i.e., the scan test exceed the designed scan
capability. This is due to the fact that 30° scan requires six types of custom-made coaxial line
lengths, including 0° /60° /120° /180° /240° /300°. But for 25° scan, 32 types of coaxial lines
with different lengths should be made. Obviously, the latter choice makes more difficulties in

the measurement.
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Fig.4 - 22 Measured radiation patterns in X band

121



122 Chapter 4. L/S/X Tri-Band Dual-Polarized Microstrip Array

0~ ‘
—X— Broadside
5 | [ =O—H-port / E-cut
- —&— V-port / H-cut
% ;
= 104 A
b O
i) ol
o ‘
() b
N 205y O
®
= .
O .25 VA
> 25 Vake
-30 ,
-90 -60 90
0~
—— V-port / E-cut
| | 7K— Broadside
5 s i —O— H-port / H-cut
) ]
-O . . H
= QOQ
2 3
-ES‘ O :
a 159857
©
Q 1
N oo A QUG
@ K
S ;
S K| o
Zz P18\l
. ‘
-30 _B
-90 -60

Angle (°)
(b) Scan patterns in YOZ plane

Fig.4 - 23 Measured X band scan patterns

To further illustrate the scan capability, the measured scan patterns are compared with the
predicted patterns, as shown in Fig.4-24. Take vertical polarization in H plane scan as an

example. When the beam steers to 30°, a large grating lobe appears in array factor at 90°.
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Although theoretically this grating lobe will be suppressed by the element pattern (achieved
by the Ansoft HFSS 10.0 using ideal standalone element) shown by the blue curve in Fig.4-24,
the element pattern level at 75° is less likely to be so ideal due to the inter-element and

inter-band coupling. Thus, a small grating lobe appears.

Because the measured scan patterns agree well with the predicted curve (theoretical array
factor) in Fig.4-24 in terms of the peaks and null positions, side lobe levels, scan direction, efc,
the array factor method is considered to be accurate to predict the correct scan patterns within
designed scan range. The calculated 25° scan pattern is shown in Fig.4-25, where the grating
lobe is eliminated in the array factor, which validates the non-grating lobe pattern perfor-

mances within the designed scan range.
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Fig.4 - 24 Measured and theoretical 30° scan pattern

123



124 Chapter 4. L/S/X Tri-Band Dual-Polarized Microstrip Array

0+
—=— Array factor

—_ - |—0— Elmt x Array factor
Z
=
2 ‘
o 20
o
(o)
N
'©
E 301y | |
—_
O
Z

-40

-90

Angle (°)
Fig.4 - 25 Predicted 25° scan pattern

Moreover, because the measured X-band pattern agrees very well to the theoretical array
factor for both the broadside and the scan direction, it suggests that the X-band radiation

patterns are not affected by the L-band elements located above.

4.5 Conclusion

A TBDP-SA array is designed by combining several DBDP-SA sub-arrays. To validate
the design methodology, two DBDP-SA sub-arrays (L/S and L/X) and an L-band dual-
polarized sub-array are designed and combined to form an L/S/X TBDP-SA array. The
measured results confirm that the proposed L/S/X TBDP-SA array can simultaneously
operate in three pre-determined frequency bands with good performances including: 1)
similar percentage bandwidth for three bands from 13.7% to 16.7%; 2) the in-band array
polarization isolation better than 37dB; 3) good measured radiation patterns and in-band

cross-polarization level below -30dB and 4) the measured scan range of +25° for S- and X-
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band. The key performances achieved are compared to the required specifications and are

listed in Table 4-3.

Table 4 - 3 Measured specifications and design targets of L/S/X TBDP shared aperture array

. . L band (1.25 GHz) S band (2.85 GHz) X band (10 GHz)
Specification

Target ‘ Measured Target | Measured Target | Measured

BW(MHz) 80 167 180 518 450 1683

BW(%) 6.4 13.4 6.4 14.8 4.5 16.7
Polarization H-polar Dual-linear V-polar ~ Dual-linear | Dual-linear  Dual-linear

Array Iso. 25dB 37dB 25dB 45dB 25dB 43dB

Scan Range +25° untested +25° +25° +25° +25°

X-polarization -20dB -30dB -20dB -30dB -20dB -35dB

From these measured results, the proposed combination method does not affect the
radiation patterns and impedance matching significantly. The TBDP-SA array has a 33% less
aperture when compared to the tri-band independent-aperture array. Moreover, by replacing
the L-band sub-array with other DBDP-SA sub-arrays such as L/C DBDP-SA sub-array, the

current design can be easily extended to the quad-band shared-aperture antenna arrays.
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Chapter 5
L/C DBDP-SA Sandwiched Stacked-Patch Array

5.1 Introduction

The perforated patch [109-124] and the interleaved structure [83-108] are the two most
widely used DBDP-SA array configurations. Their designs, which have undergone two
decades of developments and improvements, are quite mature now. For both configurations,
the higher-band elements of DBDP-SA array can typically achieve a large bandwidth of over
20%, while the bandwidth in lower band remains limited to about 12% [104, 105, 118, 120].
Because large bandwidth is generally required in a SAR system for better resolution,

lower-band bandwidth improvement is highly desirable in DBDP-SA SAR arrays.

Another possible, but less commonly used, aperture sharing method for DBDP-SA
antenna is the overlapped DBDP structure [125-131]. Its higher- and lower-band elements are
designed separately and are located at different heights, so that elements in both bands have
independent cavities. Hence, the lower band of overlapped DBDP structure has inherently
large bandwidth, because its lower-band element’s cavity does not need perforations like that
of a perforated patch nor it is limited by slim structure like that of interleaved structure
configurations. However, the requirement of complex vertical feeding structure prevents its
wide application in DBDP-SA arrays, particularly for large scale arrays. Thus, the design of
vertical feeding structure is the key parameter in the design of overlapped DBDP-SA

antennas.
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This chapter presents the design of a novel sandwiched stacked-patch structure for
DBDP-SA arrays. Unlike the multi-band shared aperture arrays presented in Chapter 3 and
Chapter 4, which were designed for given specifications, this chapter investigates techniques
to increase the lower-band bandwidth in DBDP-SA array without focusing too much on
practical design considerations. First, the relationship between bandwidth and perforation
numbers is studied for the microstrip patch, and then, a novel sandwiched stacked-patch
structure is proposed. To further confirm the feasibility of the proposed structure, two unit
cells (the proposed sandwiched-stacked patch and an overlapped structure) are designed,
fabricated and tested. A large scale L/C DBDP-SA sandwiched stacked-patch array is
designed and fabricated based on the experience of unit cell fabrication. The main contribute-
ions of this chapter are:

1) Design and testing of an L/C DBDP unit cell overlapped structure to verify the relation
between bandwidth and perforation number.

2) A novel sandwiched stacked-patch for DBDP-SA array with enhanced lower-band
bandwidth. A unit cell is designed and fabricated to validate the structure.

3) Design and testing of an improved L/C sandwiched stacked-patch DBDP-SA full array to

verify its feasibility in array configuration.

The measured results are compared with published results for classical DBDP-SA arrays

to highlight the advantages of the proposed structure.

5.2 Bandwidth and Perforation

The space-borne SAR antenna is an important potential application for DBDP-SA array

because of its low weight and compact structure requirement. Furthermore, both large band-
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width and low antenna profile is required for better range resolution and ease of stowing.
However, large bandwidth requires a low Q factor, which is generally realized by employing
thicker resonant cavity in array element design. This is quite challenging for lower band
elements in a DBDP array, because the DBDP array’s profile is primarily decided by the
lower band element thickness; therefore, it makes sense to study how to exploit the antenna

bandwidth for the specified thickness.

In perforated patch DBDP-SA array [109-124], lower-band microstrip (stacked) patch is
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(a) Simulated E-field distribution of the perforated patch

Effective radiated

e il
T e ay N
" Neutralized o
- Neutralized _ >
. e A— =
o !
L |
>
—_— —_— ;o
Y x 1 i
Inner M-current =
A very weaky, , g
Pl =
— —_— / ;._
| ag—] (=]
L] i g
-« | feed | g -
]
lg——
()
\Effective radiated'/ i

M-current

(b) Equivalent magnetic currents

Fig.5 - 1 Field distribution and equivalent M-currents in the perforated patch

129



130 Chapter 5. L/C DBDP-SA Sandwiched Stacked-Patch Array

commonly perforated to accommodate higher-band elements, hence, the bandwidth perform-

ance is first discussed.

The authors of [109, 110] point out that bandwidth of perforated patch is inversely
proportional to the perforation size. It can be explained with the help of Fig.5-1. The E-field
distribution on a single layer perforated patch is first predicted by Ansoft HFSS 13.0, as
shown in Fig.5-1(a). From the field distribution, perforations on the patch can be treated as
perturbations, whereas the fields in the non-perforated parts still remains cosine distributed.
The equivalent magnetic currents (M-currents) can be plotted as shown in Fig.5-1(b), where
two points can be concluded: 1) the magnetic currents at the patch edges, which are
considered as the main radiation source from the cavity mode theory [163], are neutralized
with those present at the outside edge of perforations. The effective radiation edge is then
shortened; 2) M-currents at the inner side of perforations are very weak due to cosine field
distribution and thus, contribute little to the radiation. Overall, the perforations on the patch

reduce the effective radiation area, leading to a high Q factor and narrow bandwidth.

The explanation above is given for a single-layer perforated patch. For the commonly
adopted stacked patches, a comparison is made among three possible structures numerically
to get an intuition on bandwidth and perforations. The three structures include: 1) non-
perforated stacked patch, 2) partial-perforated stacked patch, and 3) fully-perforated stacked

patch, as shown in Fig.5-2.

In this numerical investigation, parameters which may affect the bandwidth are fixed to
exclude the disturbance of other factors, including: 1) substrate material (Rogers 4003C); 2)

feeding method (co-planar feed); 3) element thickness (0.074A¢) and 4) perforation shape
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(square shape). The in-band ripple factors are also tuned to the same level (-15dB). All the
parameters of the three structures (defined in Fig.5-2) are optimized using commercially

available Ansoft HFSS 13.0 software, and they are listed in Table 5-1 for reference.
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Fig.5 - 2 Configurations of stacked patch with different perforation

Table 5 - 1 Parameters of three types of stacked patch
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Fig.5 - 3 Computed stacked patch bandwidth for different perforation numbers

Fig.5-3 shows the predicted [S;;| as obtained from HFSS 13.0. The stacked patch
bandwidth decreases with the increase in perforation number, by a factor of approximately
2.4%, as shown in Table 5-2. Certainly, by adopting a different laminate and overall patch
profile, different bandwidth and decreasing factor can be obtained, however, a similar trend is

believed to be achieved.

All three stacked patches with different perforations shown in Fig.5-2 can be employed as
the lower-band element in DBDP-SA array, leading to three different unit cell DBDP

structures, as shown in Fig.5-4.

Table 5 - 2 Bandwidth comparison among the three structures

Structures Operating band (MHz) | Bandwidth (MHz) Bandwidth (%)
Fully perforated patch 1194 ~ 1298 104 8.3
Partial-perforated patch 1185~ 1318 133 10.6
Non-perforated patch 1177 ~ 1341 164 13.0
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The perforated-patch DBDP unit cell in Fig.5-4(c) is the most widely used classical
dual-band aperture sharing technique. It is not discussed in this thesis. The overlapped DBDP
structure (Fig.5-3(a)) and the proposed sandwiched DBDP structure (Fig.5-3(b)) are studied in
the rest of this chapter. These structures are analyzed and compared in terms of the lower-
band bandwidth, antenna profile and design complexity for DBDP-SA array applications. The
unit cells of both the structures are designed, fabricated and measured. Based on the results, a

large scale L/C sandwiched structure DBDP-SA array is proposed.

5.3 Overlapped DBDP Structure

The overlapped DBDP structure has the best lower-band bandwidth performance among
the three structures mentioned earlier. However, it is rarely employed in DBDP-SA array
configuration probably due to its complicated feed structure. To understand the advantages
and disadvantages of using this configuration, an L/C DBDP unit-cell overlapped structure is

designed and fabricated.

5.3.1 Design Specifications

In the design, two main aspects are considered: 1) lower-band element bandwidth; and 2)
to verify the array flexibility of overlapped DBDP structure. The design specifications are

listed in the Table 5-3.

Table 5 - 3 Specifications for L/C DBDP unit cell overlapped structure

L-band C-band
Center frequency (GHz) 1.25 53
Bandwidth(MHz) 200 600
Polarization dual-linear dual-linear
Excitation Independent Independent
Scan range +25° in two dimensions +25° in two dimensions
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5.3.2 Array Design

A. Design Considerations

To achieve the requirements given in Table 5-3, the following design considerations must
be made:

1) Elements in each band should have independent feed structure, in order to control the
elements in each band separately.

2) The element number and spacing of two bands should scale to the frequency ratio and
wavelength ratio in the unit cell design, as shown in Fig.5-5. This is necessary to avoid the
(higher-band) grating lobe, as well as to keep the elements in each band regularly
distributed in full array configuration.

3) Low Q factor elements, such as stacked-patch and thicker-patch, should be used in the
lower band to maximize the bandwidth enhancement in the overlapped structure.

Basic periodical
structure of array

; L/C DBDP unit cell

CF Sl o e g e o, e 1]

L L

- dy

L band patch C band patch
Fig.5 - 5 Schematic diagram of overlapped structure L/C DBDP array
B. Element Spacing

The side-by-side tightly configured lower-band patches presented in [125, 126] will
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deteriorate inter-element isolation, impedance matching and radiation patterns in broadband

array. Hence, this configuration is not adopted.

To give an intuitive view of the relationship between inter-element isolation and the
element spacing, |Si;| and |Sy;| levels between two L band stacked patches are computed for
different values of ‘d’ (defined in Fig.5-5), as shown in Fig.5-6. The impedance bandwidth
(IS11] £ -10 dB) is extremely small when the lower-band patches are very close to each other
while |S,;| is also the worst (only 5 dB). Isolation and impedance matching improves when the
two patches are placed farther apart. |S;;| changes slightly when the lower-patch spacing is
increased beyond 130 mm (i.e., roughly 0.5 4y). Hence, the lower-band elements in overlap-

ped array are not recommended to be tightly configured.
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Fig.5 - 6 Computed inter-element coupling and |S11]| for different element spacing
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In this design, both L- and C-band arrays require a scan range of +25°. The corresponding
element spacing can be estimated using eq.5-1

d = 4,/(1+sin ) (5-1)

where 6 is the maximum scan range. The calculated C and L band elements spacing are 37.5

mm and 150 mm, respectively, i.e. 0.65 4y for each band (4 is the wavelength corresponding

to the center frequency).

C. C-Band Array Configuration

Because L- and C-band elements have the same element spacing in terms of wavelength
(0.65 4p), according to the wavelength ratio every 4-by-4 C band elements and 1-by-1 L band
element form a basic periodical structure of the whole array, shown in Fig.5-5. Considering
the L-band patch size, the L/C DBDP overlapped unit cell composes 2-by-2 C-band elements

and 1-by-1 L-band element, as shown in Fig.5-7(a).

The element spacing (0.65 4y) chosen for L band creates wide gaps among the L band

elements, see Fig.5-5. C-band elements on L-band patch or in L-band gaps will be distributed

Basic periodical

7 7 et . C band
% ’ _5 % structure of array stacke;r[lmtch
p A—. S -

/B L e

: & H| — —  —— —
A\l X

- - - "‘"“‘—-‘_\Raised % : bband

@ % —K % % ground ShaH(pi fos stacked patch

co-grounding

L/C DBDP unit cell

(a) Top view (b) Cross section

Fig.5 - 7 Illustration of the raised ground in L/C overlapped DBDP unit cell
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Fig.5 - 8 Simulated field distribution for the lower-band stacked patch

on different height, which requires extra phase distribution to compensate for the space delay
of travelling wave at radiation angle. Even by doing so, side lobe levels will inevitably be
raised. As a solution, the ground in L-band patches gap is raised to the same level as that of
the L-band upper patch (See Fig.5-7(b)) to form a planar array for C band. The excitation for

C-band elements is thus facilitated.

D. L/C Band Element Embedding

The raised ground and the L-band upper patch also forms a slot ring, as shown in Fig.5-8.
Because the square slot ring is electrically large in L band, it may be excited, which means
that: 1) the structure will actually become patch / ring-slot interleaved structure if the slot ring
contributes with dominant radiation, rather than the overlapped-stacked patch; 2) the

impedance matching and the radiation patterns will also be affected if the slot resonates.

The E-field distribution of the structure, predicted by Ansoft HFSS and shown in Fig.5-8,
indicates that most of the energy is distributed in the stacked patch cavity. It implies that the
stacked-patch contributes to most of the L-band radiation, while the slot ring just serves as a

leakage window.
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Fig.5 - 9 Effect of gap width on the lower band patch’s performance

Note: & refers to the L band element profile
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Fig.5 - 10 Impedance matching and the upper-to-lower patch edge ratio of stacked-patch

Note: pa and pb refer to the driven and the parasitic patch edge length.

A parametric study is carried out to investigate the effect of gap (ring width) on patch
performance, and the results are shown in Fig.5-9. Decreasing the gap width will increases the
resonant loop circumference, which means that the patch impedance changes rapidly with
frequency, and it will also raise the in-band ripple factor. The radiation patterns are insensitive
to gap width, and remain stable when the gap is wider than the lower-band element thickness.
This result can be explained as radiation leakage: the radiation energy is less likely to leak out
from the enclosed stacked-patch cavity with the decreasing gap width, leading to a higher Q
factor. A wider gap will surely reduce the disturbance caused by the raised ground. However,
the maximum gap width is also limited by the placement of C-band elements. Hence, as a

trade off, the lower-band element thickness / is finally used as the gap width.

The upper-to-lower patch edge ratio and element height of lower-band stacked-patch can
also be used for impedance matching, as shown in Fig.5-10.
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5.3.3 Unit-Cell Design

The L/C overlapped unit cell shown in Fig.5-4(a) is a crucial part of the full array design.
The unit cell consists of four substrates and two air layers, which are marked as layer #1 to #6
from bottom to top, as shown in Fig.5-11. The L-band driven patch and the parasitic patch are
located at the top side of #2 substrate and the bottom side of #4 substrate, respectively. The
L-band driven patch is excited by two proximity-coupled feeds, where the microstrip feed
lines are located at the top surface of #1 substrate. To reduce spurious radiation [108],
balanced open-ended stubs are used on the microstrip feed lines which also provide
impedance matching. The feed structures are placed orthogonally to realize dual-linear polar-

ization in L band.

Layer #6
C band /g £ ;
parasitic patch E gﬁb Layer #5
he—— [
Layer #4
p A >
hs Lband o D e > C bai
parasitic patch/ £ 5 g' Cy i driven patch Layer #3
hy [ o]
T3 etal post
T ——— with via hole tggg: g%
h.i‘ SI S
L band J 2
; w3
driven patch .
Wiy & roximity couple
h,~— & = {, ~ with symmetric stub
[ p— 1

i
Lband _—" % —_ C band

connector connector

Fig.5 - 11 Exploded view of L/C overlapped stacked-patch unit cell

The C-band driven and parasitic patches are located on the topside of #4 substrate and
bottom side of #6 substrates, respectively, where the L band upper patch serves as the ground

for C-band driven patch. The 2 x 2 configured C-band elements are designed with an element
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spacing of 37.5mm. They use orthogonally coplanar feed at the adjacent edges to achieve dual
linear polarization, as shown in Fig.5-11. Each element has independent feeding to realize

two-dimensional scanning capability.

In the unit cell, C-band patch feeding passes vertically through the L band cavity, where
the vertical transition structures act as shorting pin. Because the L band stacked patch works
in dominant TM,; mode, the patch center has the E-field null for both H and V polarization;
so this point is not sensitive to the shorting pin. Hence, the C-band coplanar feed lines are
bent inward towards the L-band patch center, and fed by coaxial lines through the L-band

cavity.
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I | |
I > |
| la—outer I
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| |
ground | |‘
| ; Inner
| conductor
I
Solution E

Fig.5 - 12 Existing solutions for vertical coaxial line feeding through the patch cavity [164]

A detailed study on how to get the coaxial lines through the lower-band patch cavity is
given in [164], which presents five possible solutions as shown in Fig.5-12. Because
microstrip is employed for C-band patch feeding, solutions A to C are excluded, because the

opened slot ring on the upper patch will cut off the ground of microstrip feed line.

The solution D and E are implemented in the design and similar port performances are
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obtained from the computed results shown in Fig.5-13. The solution E is finally chosen for
reliability consideration. A metal post with eight via holes is employed to allow the coaxial
feed lines to pass through (see Fig.5-11). The metal post also provides mechanical strength to

the overall unit cell structure.
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Fig.5 - 13 Solution comparison (no metal post, solution D & E)

The selection of in-stock laminates for each layer is made as described below:

1) #1 and #2 layers creates L-band driven patch cavity. Because lower frequency is less
sensitive to the substrate dielectric constant, a 2mm thick low cost microwave substrate is
employed. Its permittivity is 2.55 and loss tangent is 0.0015.

2) #4 layer is for the C-band driven patch cavity and feed line. 0.762mm thick Rogers RO
5880 is used due to its reliability.

3) #6 layer contains C-band parasitic patches. This layer is very thin and isolated from C-
band driven patch by a thick air layer, the structure is not sensitive to the superstrate
dielectric constant. A low-cost laminate with a thickness of 0.8mm is used. Its dielectric

constant and loss tangent are 2.6 and 0.002, respectively.
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4) The remaining two layers #3 and #5 are air-filled, where nylon posts are used to keep the

desired spacing.

The designs of stacked patches in L- and C-band are similar to the designs presented in
Chapter 3 and Chapter 4, and thus are not discussed here. The parameters for L/C overlapped
unit cell are optimized by Ansoft HFSS 13.0, and are listed in Table 5-4. For parameter

definition, see Fig.5-11.

Table 5 - 4 Parameters of L/C overlapped unit cell (Unit: mm)

Parameters Value Parameters Value | Parameters Value
L; 74 L 85 C 19
C, 19.8 d 12 /4 2.5
W, 2 Ws 5 W, 5
Sy 23 S5 40 h; 2
h; 2 h3 26 hy 0.762
hs 4 hs 0.8

5.3.4 Measurements and Results

A unit cell antenna is fabricated to verify the L/C dual-band overlapped stacked patch
design, and shown in Fig.5-14. To expedite the design process, all the fabrication was done
using hand-held cutting tools. The port parameters are measured using an Agilent 8720D
vector network analyzer, while the radiation patterns are obtained in AusAMF indoor near-

field anechoic chamber.

A. L-Band:

Fig.5-15 presents the measured and simulated L-band port responses. Due to the struct-
ural symmetry, only the results of one port are shown for clarity. The measured center

frequency for L-band element is 1.245 GHz, with the |S;;| < -10 dB impedance bandwidth of
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(a) Top view (b) Bottom view

(c) Side view

Fig.5 - 14 Fabricated L/C band overlapped stacked patch unit cell

0 -

—&— Measured [S11]
| —— Computed [S11] ;
0 m. | —O— Computed Isolation|. ™ . e

—&— Measured Isolation :

................................................................................

S Parameter (dB)

10 114 12 13 14 15
Frequency (GHz)

Fig.5 - 15 Measured scattering parameters of one port in L band
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Fig.5 - 16 Measured radiation patterns for L-band element

219 MHz, namely 17.6 %, with measured in-band port isolation level of better than 15 dB.

It is noted that the measured values shift slightly to the higher frequency (approximately
20MHz), which is 1.6% deviation from the center frequency. Nevertheless, the measured
return losses agree well with the simulated curves. The in-band ripples are also a bit higher.

These inaccuracies are attributed to the fabrication tolerance and the laminates’ parameters.

The measured radiation patterns are shown in Fig.5-16. Only the patterns for vertical
polarized port excitation are given due to the symmetry. The measured patterns agree very
well with the computed results. The calibrated gain at the center frequency is 9.9 dB. The
cross-polarization level in the boresight direction is better than -23 dB, which can be further
improved by ‘pair-wise anti-feed’ technique in array configuration [134-136].

B. C-Band:

Fig.5-17 presents the measured and simulated port responses for one C-band element.
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The measured results also agree quite well with the HFSS prediction, suggesting that the
vertical transition solution is successfully implemented. The measured center frequency of C-
band element is 5.275 GHz, with |[S11| <-10 dB impedance bandwidth of 790 MHz, or 15 %.

The in-band port isolation level is better than 17 dB.
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Fig.5 - 17 Measured ports responses of one element in C-band

Measured radiation patterns of C-band 2 x 2 elements for vertical polarization port are
shown in Fig.5-18. The measured results show good agreement with the computed results.
The calibrated gain for 2 x 2 array at 5.275 GHz is 13.4 dB. The cross-polarization levels for
E- and H-cuts are better than -30 dB and -25 dB, respectively in the boresignt direction. It
should be noted that H-cut cross-polarization level is a bit worse, which may be caused by the
asymmetry introduced during the fabrication by hand. The cross-polarization level is expected

to improve by enlarging the aperture size.
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Fig.5 - 18 Measured radiation patterns for C-band array element

5.3.5 Summary

Angle (°)

An L/C band overlapped unit cell is designed, fabricated and tested. This preliminary

study verifies the design methodology, fabrication technique and the bandwidth performance

in the lower-band of overlapped structure DBDP-SA array. The measured results are summar-

ized in Table 5-5.

Table 5 - 5 Measured results for the overlapped L/C band unit cell

L band (1.25GHz)

C band (5.3GHz)

Specifications Target | Measured Target | Measured
BW (MHz) 200 219 600 790
BW (%) 16 17.6 11.3 15
Polarization Dual linear Dual linear Dual linear Dual linear
Isolation (dB) 15 15 15 17
X-polar (dB) -20 -23 -20 -25

5.4 Sandwiched Unit-Cell

A novel sandwiched stacked-patch DBDP structure is proposed based on the partial-
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perforated stacked patch shown in Fig.5-4(b). The higher-band stacked patches are
sandwiched between the lower-band driven patch and parasitic patches, so that only the
parasitic patch should be perforated to avoid shielding of the radiation of higher-band
elements. The bandwidth in the lower-band is thus improved when compared with the
classical fully perforated stacked patch, as explained in Section 5.2. Moreover, the overall
array profile is just equal to the lower-band element thickness, as the higher band is contained

within the lower-band element.

Before designing the full scale array, an L/C sandwiched stacked patch DBDP unit cell is
fabricated to verify bandwidth improvement for the lower-band element and the feasibility of

this structure.

5.4.1 Design Specifications

As a preliminary study on the proposed novel sandwiched stacked patch structure, the
unit cell focus mainly on the bandwidth improvement in the lower band. The requirements of

the unit cell are listed in Table 5-6.

Table 5 - 6 Requirements of L/C DBDP sandwiched stacked patch array

Specifications L-band C-band
Center frequency (GHz) 1.25 5.5
Bandwidth (MHz) 150 600
Polarization Dual-linear Dual-linear
Cross-polarization (dB) -25 -25
Polarization isolation (dB) 25 25
Scan range +25° in two dimensions +25° in two dimensions

5.4.2 Unit-Cell Design

This section presents the analysis of a sandwiched DBDP unit cell, while the array
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configuration of sandwiched DBDP structure will be introduced Section 5.5.

The unit cell configuration of L/C sandwiched DBDP array is the same as that of the
overlapped structure shown in Fig.5-5 and Fig.5-7. The L/C sandwiched DBDP unit cell

consists of 1 x 1 L-band element and 2 x 2 C-band elements, as shown in Fig.5-19.

A. L-band:

The partial-perforated stacked patch is employed as L-band element, as shown in Fig.
5-27. The L band driven and parasitic patches are located on the top of #1 substrate and
bottom of #6 superstrate, respectively. The L-band parasitic patch, which is placed at a

distance /5 on top of the C-band elements, is perforated to avoid C-band radiation blockage.

A dual probe feed is adopted to excite the L-band element due to its simplicity and
reliability. The main aim here is to verify bandwidth enhancement and fabrication technique

for the design of sandwiched unit cell.
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Fig.5 - 19 L/C band single layer perforated stacked-patch unit cell
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B. C-band:

The C band elements in sandwiched DBDP unit cell employs the same design as the C-
band elements in overlapped DBDP unit cell. A coplanar feed is employed in which the feed
lines are bent inwards towards the center of the L-band patch. The C-band driven patches and
coplanar feed lines are etched on the top surface of #2 substrate using copper, and the
parasitic patches are located at the bottom side of #4 superstrate, as shown in Fig.5-19. The C-

band stacked patches are thus sandwiched inside the L-band cavity.

Because the C-band driven patches are situated on top of L-band driven patch, via holes
are used to allow feeding through L-band driven patch cavity. Hence, the vertical feeding is

much simpler than that of overlapped stacked patch, because the metal post is not needed.

C. Dual-Band Embedding:

In the overlapped DBDP structure, the fields in the higher- and lower-band are complete-
ly isolated by the lower-band parasitic patch, i.e., elements in overlapped DBDP structure will
not suffer from the inter-band coupling. On the other hand, in L/C sandwiched stacked-patch
DBDP embedding structure, the L and C inter-band isolation performance should be analyzed,

because L and C cavities are not physically separated like that of overlapped DBDP structure.

A numerical study is carried out to investigate the effect of dual-band embedding on port
parameters using HFSS 13.0 and the results are shown in Fig.5-20. Several points can be

concluded:

1) The embedding of C band elements into the L-band cavity has almost no effect on the L
band port response over the L band frequency range. This is probably because the C band

element has much smaller dimension than the half wavelength of L band, making them
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Fig.5 - 21 Effects on C band element port responses of L/C-band elements embedding

difficult to be excited (coupled) in L band frequency;
2) The |Sy| of the L-band partial-perforated stacked patch is slightly affected due to the
introduction of C-band elements, as shown in Fig.5-21. However, slightly higher in-band

ripples are noted, i.e., from -22 dB to -16 dB.

Overall, the L- and C-band elements are sufficiently decoupled which gives great flex-

ibility in the design, because the elements can be designed independently and packaged
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153

together to form a unit cell without seriously degrading the performance of the dual band

element. This greatly simplifies the design complexity and reduces the computational load.

Material Parameters:

In stock materials are used for fabrication, as listed below:

1) Due to lower operation frequency, layer #1 and #2 use a low-cost laminate with a

permittivity of 2.55, loss tangent of 0.0015 and thickness of 2 mm.

2) Layer #4 (C-band substrate) uses 0.762 mm thick Rogers RO 5880 board with permittivity

of 2.2 and loss tangent of 0.0009.

3) Layer #6 is a superstrate of the unit cell, which has a small effect on the unit cell’s port

response. A low-cost laminate with permittivity of 2.6, loss tangent of 0.002 and thickness

of 0.8 mm is used.

4) The remaining layers are filled with the air, and supported by nylon spacers.

All the parameters of unit cell are optimized using Ansoft HFSS 13.0, and listed in Table

5-7. For parameter definitions, see Fig.5-19.

Table 5 - 7 Optimized parameters of L/C sandwiched DBDP unit cell (Unit: mm)

Parameters Values Parameters Values Parameters Values
[; 74 I 76 d 37.5
C 19 C, 20 C; 28
fi 8.35 1 14.5 S 2
h; 4 h; 0.762 hs 4
hy 0.8 hs 14 hs 0.8
p 0

5.4.3 Measurements and Results

A unit cell antenna is fabricated to verify the L/C dual-band sandwiched stacked patch
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DBDP design, and its photos are shown in Fig.5-22. To expedite the design process, all the
fabrication was done using hand-held cutting tools. The port parameters are measured using
an Agilent 8720D vector network analyzer, while the radiation patterns are obtained in

AusAMF indoor near-field anechoic chamber.

A. L-band:

The L-band measured port responses are shown in Fig.5-23. Because of the symmetric
structure, only port responses of one element are presented. From the measured results,
VSWR < 2 bandwidth extends from 1191 MHz to 1357 MHz, i.e. 166 MHz or 13.0 %, with
in-band isolation level of better than -19 dB. Overall, the measured VSWR and isolation level
agree well with the simulation, except for the slightly higher in-band ripples, which may be

attributed to the fabrication tolerance.

(a) Top view (b) Bottom view

(c) Side view

Fig.5 - 22 Photos of the L/C band sandwiched stacked patch DBDP unit cell
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Fig.5 - 23 Measured L-band port responses

Fig.5-24 shows the measured radiation patterns of the L-band element. The measured
radiation patterns agree well with the predicted curves. The calibrated gain at the center
frequency (1.25GHz) is 9.7dBi, with cross-polarization level of better than -23dB in boresight
direction.

B. C-band:

The measured C band port responses are shown in Fig.5-25. The measured VSWR <2
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Fig.5 - 24 Measured L-band radiation patterns
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Fig.5 - 25 Measured C-band port responses

bandwidth, refers to the intersection of all curves, is 802 MHz, from 4683 MHz to 5485 MHz,

or 15.8 %. The measured in-band isolation level is better than 21 dB.

The measured VSWR curves are shifted slightly towards the lower-frequency, and in-
band ripples are noted to be a bit higher than the predicted ones, which can be attributed to the

fabrication tolerance.

Predicted:

ffffffff E-cut X-pol
—— H-cut X-pol
ffffffff H-cut Co-pol
—— E-cut Co-pol

Measured:

—+— E-cut Co-pol / H-port
—0O— E-cut X-pol / H-port
—&4— H-cut Co-pol / H-port
—#%— H-cut X-pol / H-port
—a— E-cut Co-pol / V-port
—e— E-cut X-pol / V-port
—4&— H-cut Co-pol / V-port
—*— H-cut X-pol / V-port

Normalized Pattern (dB)

Angle (°)

Fig.5 - 26 Measured C-band radiation patterns
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The measured radiation patterns of C-band 2 x 2 elements are shown in Fig.5-26. The
measured patterns agree well with the predicted results, with cross-polarization level of better

than -30dB in boresight direction. The calibrated gain at 5.3 GHz is 10.3 dBi.

It should be noted that the E-plane radiation patterns have a higher first side lobe level of
about -5 dB, which reduces the gain by about 3 dB when compared to the 13.4 dB gain of a

similar 2 x 2 C-band elements in the overlapped DBDP unit cell.

The ground discontinuity of C-band elements is the main reason for higher side lobe
levels: C-band elements situate on the L-band driven patch and the latter one also serves as

the ground of C band patch. Limited by the L-band patch size, the C-band elements locate

- L elel\nent L perforation C element
[ X,
I N =\
Raiseii ground
(a) Perspective view (b) Side view

—O—Hcut
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] ﬁ(fmx —a— E cut
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z

c 10 /

SR L VY

T 45 :

o \\

B %%/ y v

N 20 N

(0]

R

R B
-30 . . . . : S
-90 -60 -30 0 30 60 90

Angle (°)

(c) Computed result

Fig.5 - 27 Raised ground and the improved radiation patterns
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very closely to the edge of L driven patch, and the asymmetric ground degrades the side lobe

performances.

This problem can be solved in sandwiched DBDP full-array by raising the ground
surrounding the unit cell at the same level with the L-band driven patch, as shown in Fig.5-27
(b). By doing so, a large quasi-symmetric ground (except for small gaps) is formed for C-
band elements in unit cell. The predicted results from HFSS 13.0 shown in Fig.5-27(c),

indicate very good quality radiation patterns with much lower side lobe levels, i.e. ~-12 dB.

5.4.4 Summary

A preliminary study is carried out on the sandwiched stacked patch DBDP array. With
the objective of increasing the lower-band element bandwidth, a small L/C sandwiched
DBDP unit cell is designed, fabricated and measured. The measured specifications are

summarized in Table 5-8.

Table 5 - 8 Measured specifications of L/Cdual band sandwiched stacked-patch unit cell

. . L band (1.25GHz) C band (5.3GHz)

Specifications
Target | Measured Target ‘ Measured

BW (MHz) 125 166 600 802
BW (%) 10 13 11.3 15.8
Polarization Dual linear Dual linear Dual linear Dual linear
Isolation (dB) 15 19 15 21
X-pol (dB) -20 -23 -20 -30

Overall, the fabricated sandwiched DBDP unit cell has successfully achieved the desired
dual-band performance specifications. A large bandwidth is also obtained in both bands. The
measured results agree well with the predicted curves, and consistent C-band elements port

responses are observed, thus validating the feasibility of the proposed structure.
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5.5 Sandwiched DBDP Full-Array

5.5.1 Performance Specifications

The sandwiched unit-cell structure presented in the previous section verifies the feasibil-
ity of the proposed structure. An L/C sandwiched sub-array is then designed subsequently.

The sub-array has a large scale, and more complete specifications, as listed in Table 5-9

below.

Table 5 - 9 Requirements of the L/C DBDP sandwiched stacked-patch array
Specifications L-band C-band
Center frequency (GHz) 1.25 5.5
Bandwidth (MHz) 150 600
Polarization Dual-linear Dual-linear
Cross-polarization (dB) -25 -25
Polarization isolation (dB) 25 25
Scan range +25° in two dimensions +25° in two dimensions

Based on the experience of the previous unit-cell design, the sandwiched and the
overlapped DBDP structures are compared as follow:

1) The overlapped and the sandwiched DBDP structure can support dual-band array opera-
tion with a frequency ratio of less than 4:1. In DBDP array with large frequency ratio, the
lower-band patch should support a large number of higher-band elements, which adds
design complexity in the vertical feeding structure.

2) The increased lower-band bandwidth of the overlapped DBDP structure, as presented in
Chapter 2, was achieved by reserving additional height for higher-band elements, resulting
in a thicker overall antenna thickness.

3) The sandwiched stacked-patch DBDP structure is a trade-off solution between the over-

lapped structure and the perforated stacked patch. Its lower-band bandwidth is slightly
159
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narrower than the overlapped stacked-patch but wider than the perforated structure, its
profile is the same as that of the perforated patch but is thinner than the overlapped struct-
ure and it has a moderate structural complexity as compared to the perforated patch and

the overlapped structure.

5.5.2 Full-Array Consideration

The sandwiched stacked patch is employed to design L/C DBDP-SA full array. In the
sandwiched DBDP full array design, the following aspects are considered:

1) Verification of the radiation pattern performance in full array. Since higher 1* side lobes
are observed in the unit cell, raising the ground in L-band element gaps to suppress the
side lobes needs validation.

2) Assessing the feasibility of the sandwiched stacked-patch structure in full array config-
uration.

3) Verifying the scan capability of the sandwiched DBDP full-array structure, which was not
tested in the unit cell due to the limited element numbers.

4) Isolation improvement in the lower-band.

5.5.3 Array Design

A. Array Configuration:
The designed sandwiched L/C DBDP-SA sub-array consists of 4 x 1 L-band elements

and 16 x 6 C-band elements, as shown in Fig.5-28. Due to the L-band element positioning,
the proposed sub-array is not symmetric. The reasons are:
1) In the sub-array design, every 2 x 2 C-band elements (in/out the unit cell) forms the basic

periodical structure to keep the C-band element uniformly distributed, it cannot be further
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Fig.5 - 28 Schematic layout of the sandwiched stacked-patch full array

divided in the sub-array design, as will be discussed later on.

2) Because L- and C-band elements have the same scan requirement and element spacing (in

wavelength), the L- and C-band element numbers should scale to correspond to the freq-

uency ratio.

Hence, to extend the sub-array design, it is splitted as shown in Fig.5-28, forming an

asymmetric structure. The asymmetric aperture has minor effect on the C-band radiation

patterns because of electrically large scale aperture but noticeable effects on the L-band

radiation patterns of the sub-array due to the limited element numbers. However, these effects

will be eliminated by increasing aperture size, which is the common case of a SAR antenna

[7-10, 32-43].

The L/C sandwiched DBDP sub-array is constructed using 1) an aluminum back plate
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Fig.5 - 29 Configuration of L/C single layer perforated stacked patch full array

(with cut-in L-band cavity) 2) L-band lower cavity filling materials 3) three substrates, and 4)

two air filled layers, as shown in Fig.5-29.

B. L-band:

Similar to the sandwiched unit cell design, a partial perforated stacked-patch is employed
for L-band element. L-band driven patches are etched on the bottom side of layer #1 using
copper, while the parasitic patches are located at the bottom side of layer #3, as shown in
Fig.5-29. The driven patch is not located on the filling material in the design because it also
serves as the C-band elements’ ground, and C-band element is more sensitive to the fabricat-

ion tolerances than L band.

The L-band elements are equally spaced with a distance that is decided by two

conditions:
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1) grating lobe limitation, as can be estimated using eq.5-2:

d < A4, /(1+sinf) <156mm (5-2)

where Ay is the free space wavelength at 1.35GHz, and 6 is the scan range (25°);

2) To ease the L- and C-band element embedding, the L/C band element distance ratio is set
to an integer number. In this design, d;./ dc = 4 is employed, which corresponds to 144mm

for L band element distance (d¢ = 36mm, will be introduced).

Hence, d = 144mm is finally adopted as L-band element spacing, as this value satisfies

both the conditions.

Similar to the unit cell design, a dual probe-feed is employed for L-band element due to
its simplicity and reliability. Although the dual-probe fed patch suffers from poor polarization
isolation, it can be improved by adopting perturbation, such as etching an isolation slot on the
driven patch [160, 161]. Similar to the magnetic wall isolation slot used in Section 4.3, a
cross-shape metal post is employed here as an electric wall perturbation in the L-band cavity,
as shown in Fig.5-29(a). By carefully tuning the length of the two arms (/; and /,), the cross
talk between orthogonal polarized ports will be eliminated, and hence isolation level can be
improved. The results of parametric study to investigate the effects of /; and /, on isolation are

shown in Fig.5-30.

The shaped metal post perturbation will also increase the element cross polarization level.
The ‘pair-wise anti-phase’ feeding method [134-136] is thus employed in L band to ensure

good array cross-polarization performance, as shown in Fig.5-28.
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Fig.5 - 30 The effects of metal post shape on isolation (/; and /, are in mm)

C. C-band:

The square stacked patch with coplanar fed structure is employed for C-band elements. A
close-up view of Fig.5-28 is provided in Fig.5-31. The C-band driven patch and the microstrip
feed lines are placed on the top side of layer #1, while the parasitic patches are etched on the
bottom side of layer #2. The C-band stacked patch is designed according to the method
introduced in [137], and the parameters are optimized by Ansoft HFSS 13.0. Square distrib-
ution is employed for C band to overlap with the L-band square driven patch. The element
distance is designed for 25° scan requirement using eq.5-3:

d_ =4, /(1+sin@)=36mm (5-3)

where Ay is the free space wavelength at 5.8 GHz.

The feed method for C-band elements, in general, is the same as that of the unit cell feed
design in the previous section. Due to the large scale of C-band elements (16 x 6), the
independent feeding of each C-band element will require a large number of connectors,

coaxial lines and power dividers. To simplify the measurement setup as well as to reduce cost,
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the adjacent co-polarized C-band element ports are combined before connecting to SMA
connectors, as shown in Fig.5-31. The 2 x 1 arraying will definitely limit the antenna's scan
capability in two-element direction; however, the scan range in one-element direction is not
impacted, which is still enough to validate the scan ability of C band in the sandwiched
structure. For example, when H-port is excited, the patterns will support the designed scan

range in XOZ plane (the coordinate system is defined in Fig.5-31).

Similarly, the combined C-band microstrip feed lines are located at the L-band patch
center, and pass through the L-band cavity for vertical feeding. To fully utilize the structure,
C-band microstrip lines pass through the L-band cavity via the cross shaped metal post
perturbation. Every 2 x 2 C-band dual-polarized elements form a symmetric unit cell, which
has four feed points in their vertical feeding. Each feed point employs one arm of cross
perturbation for one polarization, as shown in Fig.5-31. The 2 x 2 C-band unit cells are
naturally ‘pair-wise anti-phase’ fed [134-136], so that cross-polarization can be suppressed in

the sub-array.

For consistency, C-band elements outside the sandwiched DBDP unit cell employ the
same design and feed method. Furthermore, to avoid unexpected increase in side lobe levels,
C-band elements outside the sandwiched unit cell are elevated to same level of L-band driven
patch, as shown in Fig.5-31 and Fig.5-29(b). In other words, the L-band lower cavities are
dug into the back plate, as shown in Fig.5-29(a). Because of the feed structure, the 2 x 2 C-

band unit cell is treated as the basic periodical structure in the sub-array design.

D. Optimized Parameters

In the sub-array design, Rogers 4003C laminates are employed for both superstrate and

166



Chapter 5. L/C DBDP-SA Sandwiched Stacked-Patch Array 167

the L band filling material. Two 1.524 mm thick laminates are stacked to form a 3.048 mm
thick dielectric block for L-band cavity, while all the superstrate use 0.813 mm laminates.
Although using an air-filled cavity in L-band lower patch can simplify the fabrication, the
dielectric filling can reduce the overall antenna thickness and L-band driven patch size

(facilitate C-band embedding).

As mentioned earlier, the independently designed L- and C-band elements can perform
equally well when they are packaged together due to the good inter-band isolation. They are
tuned and optimized separately using Ansoft HFSS 13.0 using the method as described in
Chapter 3 and Chapter 4, and hence not repeated here. The optimized parameters of L/C
sandwiched stacked patch sub-array are listed in Table 5-10 for reference. For parameter

definitions, see Fig.5-29 ~ Fig.5-31.

Table 5 - 10 Parameters of the fabricated sandwiched stacked patch DBDP-SA array

Ly 76 L 66 Lc 78.5
P, 26 Chi 16.7 Cu 14
Ch2 17.2 Cn 14 d. 36
dr 144 e 10 ew 7.5
l] 22 lg 18 Pw 4
h; 4 h; 15 t 3.048
1 0.813 13 0.813 ty 0.813
* Unit: mm

5.5.4 Measurements and Results

The L/C sandwiched stacked-patch DBDP sub-array, which consists of 4 x 1 L-band
elements and 16 x 6 C-band elements, is fabricated and tested to validate the design. Its

photographs are shown in Fig.5-32.

167



168 Chapter 5. L/C DBDP-SA Sandwiched Stacked-Patch Array

(a) Etched laminate and the back plate (b) Front view

(c) Rear view

(d) Side view

Fig.5 - 32 Photos of the L/C sandwiched stacked patch DBDP-SA sub-array

The antenna return loss is measured using Agilent 8722ES vector network analyzer, while

the radiation patterns are obtained in an indoor far-field anechoic chamber.

A. L-band:

The measured |S;| in L-band are shown in Fig.5-33. For clarity, the results of only few
typical ports are plotted. The L-band measured |S;;| < -10 dB bandwidth extends from 1.186
GHz to 1.347 GHz, which is 161 MHz, or 12.7 %. The measured bandwidth covers a wider
frequency span than the computed bandwidth but at the expense of higher in-band ripple

factor. The fabrication tolerance might have caused this deviation. Considering that the
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overall profile of antenna is only 21 mm (0.09 2y), the bandwidth-to-profile ratio is

satisfactory.

Measured:
—&— L1/ H port
—O—L1/V port
s |—A— L3/H port
—X—L4/V port
—>— L3/ |Sz|
Predicted:

—%— |S|

—&— |S21]

|S11] & |S21| (dB)

40 —

T l T l T : T T
1.10 1.15 1.20 1.25 1.30 1.35 1.40
Frequency (GHz)

Fig.5 - 33 Measured and computed elements’ port responses in L band

The measured polarization isolation level is not as good as the predicted level. Because
the isolation is quite sensitive to the perturbation structure, tolerance in both the cavity
fabrication and dielectric fitting might have deteriorated the isolation level. The measured

isolation level is better than 25 dB over the L-band bandwidth.

Fig.5-34 presents the uniformly excited radiation patterns in L band. In general, the
measured patterns agree well with the array factor theory. The higher first side lobe level
observed in the left side radiation patterns can be attributed to the limited array scale and
asymmetric boundary condition for L-band aperture, as shown in Fig.5-28 and Fig.5-31. One
L-band patch is located very close to the array edge. By increasing the array size, the

boundary condition for L-band array will become more symmetric and hence more symmetric
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Fig.5 - 34 Measured L-band radiation pattern at 1.25GHz

radiation patterns. A good cross-polarization level of better than 28 dB is obtained within

mainlobe area, as shown in Fig.5-34.

The calibrated L-band gain is 12.9 dB, which correspond to an efficiency of 86.7 %. Due

to the limited number of elements, the scan radiation patterns are not measured.
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B. C-band:

The measured and computed S parameters of the C-band elements are plotted in Fig.5-35.
The results of only few typical elements are presented for clarity. Although the C-band
elements, located inside and outside the sandwiched unit cells, have different boundary condi-
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Fig.5 - 35 Measured element port responses in C band
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tions, good consistency is observed in C-band measurement. The [S;;| < -10 dB element
bandwidth of 16.8 % (5.033 ~ 5.959 GHz) is obtained, with the in-band array polarization
isolation (|Sz;| between overall H- and V-port) level of better than 28 dB, as shown in
Fig.5-35(b). The insertion losses from coaxial line and power dividers are measured and

compensated in the post processing stage.

The custom-made co-axial lines are employed instead of the commercial phase shifter
and beam control boards for radiation pattern measurement to reduce overall cost. Fig.5-36
presents the measured patterns of uniformly excited C-band array. In general, the measured
results agree well with the theoretical array factor, with the only exception of the radiation
pattern in the smaller aperture dimension (H-cut for H-port and E-cut for V- port), whose near
side lobes are slightly higher than ideal array factor, resulting in a slightly narrower beam-
width. This is probably due to the limited aperture length and the shielding effect from L band.
The side lobe level is expected to become equal to SLL of the ideal array factor by increasing
the aperture length, as evident from the larger aperture radiation patterns of Fig.5-36 (E-cut
for H-port and H-cut for V-port). The measured cross-polarization level remains better than

28 dB in the main lobe area for both port excitations.

The calibrated gains of C-band array are 26.8 dB and 26.6 dB for H- and V-port,
respectively, corresponding to the efficiencies of 81.8 % and 78.1 %, respectively. The lower

efficiency values are probably due to the feed line insertion losses.

Although 2 x 1 array elements are employed in C band, the scan capability in E-plane of
H-port excited patterns is not affected, see Fig.5-28 and Fig.5-31. The scan patterns at 5.8

GHz are thus measured, as shown in Fig.5-37. The antenna gain-dropping rate agrees well
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Fig.5 - 36 Measured C-band radiation patterns at 5.8 GHz

with the experimental equation: G=cos’’6, where 6 is the scan angle. The SLL remain below

-10 dB within the scan range, and the grating lobes are not observed. A scan capability of 25°

is thus achieved.
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Normalized Pattern (dB)

Angle (degree)

Fig.5 - 37 Measured C-band scan radiation patterns at 5.8 GHz

5.6 Summary

A novel L/C sandwiched stacked patch DBDP-SA sub-array is proposed in this chapter.
The partial-perforated stacked-patch structure is employed for the lower-band element to
improve the lower-band bandwidth for the given antenna profile. A prototype antenna sub-
array, including 4 x 1 L-band elements and 16 x 6 C-band elements is designed, fabricated
and measured. The measured port responses and radiation patterns validate the feasibility of
the proposed structure. The measured lower-band element bandwidth and antenna profile
specifications are the main achievements. They are listed in Table 5-11 and compared with
other classical DBDP-SA arrays, including perforated stack patch and interleaved structure
available in the literature. The lower-band bandwidth-to-profile (BW/h) ratio is also calcu-

lated for DBDP antenna to highlight the achievable bandwidth per thickness.

From Table 5-11, a trend can be observed that the BW/h ratio dropping with the
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increasing of antenna thickness from a value of 218 at 0.0354, to 125 at 0.14y. This means
more thickness cost will be paid if we want to achieve larger bandwidth. For example, the
[109] and [118, 120] (Line #1 and Line #3) present same type DBDP-SA arrays for the same
L/C bands. The L-band bandwidth in [118, 120] has increased for about 75%, while the

overall thickness is tripled.

As compared to the designs of [114, 118, 120], the proposed sandwich structure has
similar lower-band element bandwidth but have lower profile, i.e., the sandwiched structure

has a better 'bandwidth-to-profile' ratio.

Table 5 - 11 Performance comparison of the DBDP arrays published in the literature

Paper Band/Type BW (%) | Profile BW/h (%/)) | X-pol./Iso(dB)

[109] L/C perforated patch L:7.56 8.3mm 218.5 -30/--
C:6.5 (0.0346))

[110] L/X perforated patch L:6 7.5mm 191.7 -22/19
C:5.2 (0.03132%)

[118,120] | L/C perforated patch L:13.2 24.5mm 129.4 L:--/30
C:16.3 (0.102%) C:--/40

[104] L/Ku Perforated patch | L:10.6 9.lmm 218.5 -/--
Ku:10.6 | (0.0485))

[165] L/X perforated patch L:6.4 13mm 118.2 L:-30/--
C:8.8 (0.05422) X:-50/--

k

[166] S/X perforated patch S:19.8 -- -- S:-17/15
X:25.7 X:-17/15

[115] L/X perforated patch L:13 27mm 125 L:-20/25
X:15.7 | (0.104%) X:-25/32

Proposed | L/C Sandwich patch L:12.7 21mm 143.3 L: -28/25

array C: (0.08861) C:-28/28

Note: * means measured results are not available

It should be noted that the proposed sandwiched stacked patch DBDP structure has some
design limitations in its current form:

1) It can hardly be used when frequency ratio is larger than 4:1. Since a large number of
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higher-band elements will be overlapped on to the lower-band driven patch, it adds comp-
lexity in the design of vertical feed for higher-band elements;

2) The choice of feed mechanism, such as aperture coupling, has its own drawback. Because
the lower-band driven patch also serves as the ground of higher-band patches, more layers
should be used for higher-band aperture-coupled feed network to avoid using an etching
slot on the lower-band driven patch, like in [129]. It will make the structure quite

complex.
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Chapter 6
Conclusion and Future Research

6.1 Conclusion

The thesis presented design methods for several multi-band dual-polarized shared-

aperture (MBDP-SA) phased array antennas primarily (but not restricted) for space-/ air-borne

SAR applications. Different aspects of performance improvement in MBDP-SA arrays are

addressed and the designs are verified by three sample MBDP-SA arrays, as described below:

1)

2)

An S/X dual-band dual-polarized shared-aperture (DBDP-SA) array with improved isola-
tion is designed for the fractional frequency ratio of 3.5:1. New techniques have been
investigated to improve array isolation, the lower-band bandwidth and element polar-
ization isolation. Prototype sub-arrays are designed, fabricated and tested to validate the
electric performances of the proposed DBDP-SA array. Furthermore, the reliability and
feasibility of newly proposed hybrid feed (aperture coupling and probe feed) connectors
vertical mounting is also verified.

A MBDP-SA array design method, which constructs a MBDP-SA array by combining
several DBDP-SA sub-arrays operating in different bands, is proposed. A key issue of the
proposed method is to obtain good performance in the lowest band, because its aperture is
made up of several different DBDP-SA sub-arrays’ lower-band elements. To verify the
design, a L/S/X tri-band dual-polarized shared-aperture (TBDP-SA) array is designed and

fabricated by combining two DBDP-SA sub-arrays (L/S and L/X one each) and a L

177



Chapter 6. Conclusion and Future Research 178

single-band dual-polarized (SBDP) sub-array. Good radiation patterns and port responses
are confirmed at L band, as well as that of the higher bands, showing the feasibility of the
proposed method. This work makes efforts on how to extend DBDP-SA array to the
MBDP-SA array in SAR applications.

3) A sandwiched perforated DBDP-SA structure is proposed. This structure is a trade off
between the overlapped DBDP structure and the perforated patch DBDP structure in terms
of bandwidth, antenna profile and structure complexity. An L/C band sandwiched
perforated DBDP-SA prototype array is fabricated to verify the feasibility of the structure.
Good port responses, radiation patterns and scan capability are confirmed in each
frequency band. An L/C overlapped DBDP unit cell is also designed and fabricated as a
reference. The measured results validate the theoretical analysis, where as under the same
conditions (laminate, profile, etc), the proposed sandwiched stacked patch DBDP array
has moderate bandwidth but lower overall antenna profile. This work makes efforts on the
bandwidth improvement for the lower-band elements in DBDP-SA array with the given

overall antenna profile.

As a conclusion, the measured results of three MBDP-SA sample arrays are listed in Table
6-1, together with some other classical DBDP-SA arrays (that are reported in the open

literature) for comparison.

Table 6 - 1 The results of different DBDP-SA arrays

Year Ref. Bands Structure BW(%) Isolation(dB)
Reported DBDP-SA Arrays
1995 [102] S: 2.85G  Cross Patch - -
X: 8.6G  Patch - -
1995  [129] P band Single Layer Patch 1 -
S band Single Layer Patch 2 -

178



179

Chapter 6. Conclusion and Future Research

1998 [94] C: 5.3G Patch 4-5% _
X: 9.6G Slot 2-3* -
1998  [93] L: 1.25G Slot >5 >23
C: 53G Patch >5 >24
2000  [109] L: 1.275G  Perforated Stacked Patch 7* -
C: 53G Stacked Patch 5.7* -
2001  [110] L: 1.25G Perforated Stacked Patch 6.8 21
X: 9.6G Single Layer Patch 3.1 21
2005  [121] L: 1.25G Perforated Single Patch 2 42
C: 53G Single Layer Patch 3 21
2006  [107] 900MHz Stacked Patch 8.86* 30
1800MHz Stacked Patch 10.5%* 30
2006  [98] 900MHz Ring Patch 17.4 30
1800MHz Printed Dipole 23.7 28
2006  [83, 84] S:3.2G Stacked Printed Dipole 8.9 30
X:9.6G Stacked Patch 17 40
2008  [101] 865MHz Cross Patch 5.5 -
1730MHz Stacked Patch 25.3 -
2009  [96] S: 3G Patch 1 25
X: 10G Slot 1.5 33
2009 [118,120] L:1.25G Perforated Stacked Patch 8* 30
C: 5.45G Stacked Patch 7.4* 40
2009  [104] L: 1.55G Cross Slot 6.5 -
Ku: 12G Stacked Patch 8 -
2010  [103] Ku: 13.6G  Cross Slot 5.8 -
Ka: 35.5G @ Single Layer Patch 3.1 -
2011 [82] X:9.6G Stacked Patch** 18 -
Ka:34G Single Thick Layer Patch** 9.5 -
2012 [166] S:3.2G Perforated Stacked Patch 19.8 -
X:10G Stacked Patch 25.7 -
2013 [86] 900MHz Printed dipole 22 -
1800MHz Printed dipole 68 -
DBDP-SA Arrays in the Thesis
2010  Chapter3  S:2.85GHz  Stacked Printed Dipole 10* 28
X: 10GHz Stacked Patch 10* 32
2010  Chapter4 L:1.25GHz Printed Dipole 13.4 37
S: 3.2GHz Stacked Patch 14.8 45
X: 10GHz Stacked Patch 16.7 43
2011  Chapter 5 L:1.25GHz  Stacked Patch 17.6 15
C:53GHz  Stacked Patch 15 17
2011  Chapter 5 L:1.25GHz Partial Perforated Stack 13 19
C:53GHz  Patch 15.8 21
Stacked Patch
* VSWR<I.5

** Single Polarization
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6.2 Future Research

The MBDP-SA array designs presented in this thesis has several interesting issues yet to

be investigated, as well as some potential application. Hence, the future research effort can be

made on:

1)

2)

Shared Cavity Array: As analyzed in Chapter 5, the present dual-band array aperture-
sharing is achieved by either interleaving two independent cavities in the same aperture or
overlapping them at different heights. As large element bandwidth comes from the suft-
icient cavity volume in the resonant antenna, it can be hardly realized by interleaved
structure but can be realized using overlapped structure with extra height profile. A
compromise has to be made between the lower-band bandwidth and low overall profile
performance. This situation, either narrower bandwidth or extra overall profile, can be
attributed to the employing of independent cavity in both bands. Theoretically, sharing
cavity in both bands can better use the space, while achieving lower antenna profile and
maximum lower-band bandwidth. This concept is similar to the Current Sheet Array in
[28], and frequency selective surface (FSS) is perhaps a promising method to realize the
cavity shared array, as an sample in [167];

Overlapped DBDP-SA full array: As analyzed in Chapter 5, the overlapped structure gives
advantages in terms of its broadband performance in lower band, especially for larger
frequency ratio, like f_ : fc=1 : 4. To the best of the authors’ knowledge, no large scale
overlapped DBDP-SA full array with large lower-band bandwidth is reported. This is

perhaps due to the complexity of the overlapped structure. However, it worth studying.
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3)

4)

The improvement in sandwiched stacked patch: The method proposed in the thesis has
some limitations. For example, the complexity of the structure in higher band prevents the
implementation of more advanced feeding techniques (such as aperture coupling) which is
believed to improve the cross-polarization level and isolation performance.

Novel radiators: Other novel radiators can provide great convenience in DBDP-SA array,
such as the dielectric resonant antenna (DRA) element [168], which achieves a much
smaller element dimension due to the use of extremely higher permittivity material.
Perforation and overlapping will then not be required, as the higher-band element gaps

will be wide enough for such DRA lower-band elements.
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Appendix A

Abbreviations

AusAMF Australian Antenna Measurement Facility
BW Bandwidth

BW/h Bandwidth to Profile Ratio

Co-pol. Co-Polarization

dB Decibels

dBi Decibels Isotropic

DBDP Dual-Band Dual-Polarized

DBDP-SA Dual-Band Dual-Polarized Shared-Aperture
DP Dual-Polarized

EMC Electro-Magnetic Compatibility

IFF Identify Friend and Foe

MBDP Multi-Band Dual-Polarized

MBDP-SA Multi-Band Dual-Polarized Shared-Aperture
SAR Synthetic Aperture Radar

SAM Surface-to-Air Missile

SBDP Single-Band Dual-Polarized

SIR Signal to Interference Ratio

SLL Side Lobe Level

SNR Signal to Noise Ratio

TBDP Tri-Band Dual-Polarized
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TBDP-SA Tri-Band Dual-Polarized Shared-Aperture

TLM Transmission Line Model

VNA Vector Network Analyzer

VSWR \oltage Standing-wave Ratio

X-pol. Cross-Polarization
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