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ABSTRACT

Dual-Band Reflectarrays Using Microstrip Ring Elements and Their Applications with
Various Feeding Arrangements. (August 2006)
Chul Min Han, B.S., Korea University

Chair of Advisory Committee: Dr. Kai Chang

In recent years there has been a growing demand for reduced mass, small launch
volume, and, at the same time, high-gain large-aperture antenna systems in modern
space-borne applications. This dissertation introduces new techniques for dual-band
reflectarray antennas to meet these requirements. A series of developments is presented
to show the dual-band capability of the reflectarray.

A novel microstrip ring structure has been developed to achieve circular
polarization (CP). A C/Kadual-band front-fed reflectarray antenna has been designed to
demonstrate the dual-band circular polarized operation. The proposed ring structure
provides many advantages of compact size, more freedom in the selection of element
spacing, less blockage between circuit layers, and broader CP bandwidth as compared to
the patches.

An X/Ka dual-band offset-fed reflectarray is made of thin membranes, with their
thickness equal to 0.0508 mm in both layers. Several degrading effects of thin substrates
are discussed. To overcome these problems, a new configuration is developed by
inserting empty spaces of the proper thickness below both the X and Ka band

membranes. More than 50 % efficiencies are achieved at both frequency ranges, and the



proposed scheme is expected to be a good candidate to meet the demand for future
inflatable antenna systems.

An X/Ka dual-band microstrip reflectarray with circular polarization has also been
constructed using thin membranes and a Cassegrain offset-fed configuration. It is
believed that this is the first Cassegrain reflectarray ever developed. This antenna has a
0.75-meter-diameter aperture and uses a metallic sub-reflector and angular-rotated
annular ring elements. It achieved a measured 3 dB gain bandwidth of 700 MHz at X-
band and 1.5 GHz at Ka-band, as well as a CP bandwidth (3 dB axial ratio) of more than
700 MHz at X-band and more than 2 GHz at Ka-band. The measured peak efficiencies
are 49.8 % at X-band and 48. 2 % at Ka-band.

In summary, this dissertation presents a series of new research developments to
support the dual-band operation of the reflectarray antenna. The results of thiswork are
currently being implemented onto a 3-meter reflectarray with inflatable structures at the
Jet Propulsion Laboratory and are planned for other applications such as an 8-meter

inflatable reflectarray in the near future.



To my wife Yongsuk,
whose encouragement, love, and support have made all of this possible.



Vi

ACKNOWLEDGMENTS

Thank you, Lord for the blessings you have given me. Your mercy and love is
with me guiding my life. Thank you for everything you have done.

| would like to express my deepest gratitude to Dr. Kai Chang for his support and
guidance throughout my graduate studies and research at Texas A&M University. | aso
appreciate Dr. Robert D. Nevels, Dr. Chin B. Su, Dr. Thomas Wilheit and Dr. Ugur
Cilingiroglu for serving as members on my dissertation committee and for their helpful
comments.

I would like to thank Mr. Ming-yi Li for his technical assistance. | gratefully
acknowledge all my friends and members of the Electromagnetics and Microwave
Laboratory for their technical assistance, incentives and valuable discussions. | would
also like to give specia thanks to Dr. John Huang at the Jet Propulsion Laboratory for
his support of my research and helpful comments.

| would like to thank my parents and all my brothers and sisters for their constant
love, encouragement, and support. | aso thank my two sons, Seulchan and Gaon, for
their love. Finally, my sincere thanks are given to my lovely wife, Yongsuk, for al her

patience, love, and support during my graduate studies.



Vii

TABLE OF CONTENTS
Page
N S I 2 O S iii
DEDICATION ...ttt ettt sttt et ae st e besbesbeeseeseeseeseensensenbesseanensens v
ACKNOWLEDGMENTS.......ooiieesie sttt ettt ae st b sreenas Vi
TABLE OF CONTENTS ..ottt sttt st se e nne s Vil
LIST OF FIGURES.........ootiiiiiieie ettt sttt bbbt ne et nne e iX
LIST OF TABLES ... oottt st bttt st e Xiv
CHAPTER

I INTRODUGCTION ... .ottt sttt st sbe b e s e s e 1
] FRONT-FED C/KA DUAL-BAND REFLECTARRAY ANTENNA ............ 7
S 1 011 0o 1o i o o IR 7
2. Reflecting antennaarray analySiS........ccoeveeieeiieneeneeie e 10
3. Circularly polarized antennaelement design .........cccceveeveereneneeneesnnn 18
4, EXPEITMENLS......eciiiiieiticieciesteesteeee st e e e s e ste e sraesaeeeesneesreenesneesneennean 22
5. CONCIUSIONS.....coiiiuiiiieie ettt ettt sttt sreenae s sbeeeeenee e 31

[l OFFSET-FED X/KA DUAL-BAND REFLECTARRAY ANTENNA
USING THIN MEMBRANES........cct it 32
IS 1 01 0o 1o i o o IS 32
2. Offset reflecting antenna analySiS.......cccceevveceeieereece e 36
3. ElemMent deSION .....ccuoiiieieeee et 41
4. EXPEITMENES.....uiiiieeieitieieieeseesieseeseesteeeeseesteeseesreesseeeesseesseeneesseesseesnas 46
ST o4 Tox 11 o] 0 J PR 58



viii

CHAPTER Page

v CASSEGRAIN OFFSET SUB-REFLECTOR-FED X/KA DUAL-BAND

REFLECTARRAY WITH THIN MEMBRANES.........ccccooiviieieeecie 60

O 1 01 0o 8t i o] o PSR 60

2. Cassegrain sub-reflector deSign .......occveeeveece e 62

3. Feed armray deSIgN ... e 66

4. Offset reflecting antenna analySiS.......cccooveveereieeveese e 76

T 0= 11 01 ST 79

L oo 11 o] S 92

Vv SUMMARY AND RECOMMENDATIONS.......ccooeiirerineneneeeenie e 9

Lo SUMMEIY ..ot e nar e e esna e e sneeena 94

2. Recommendations for future reSearch...........cccoceveeienceneesesceseeeee 95
REFERENCES.........oooiiiiiieieneseee sttt bbbttt n et b e b 96
N = N 0 T S 104
N N T G = S 108
F = N 0 T S 119



LIST OF FIGURES

FIGURE Page
1.  Reflector antennawith an offset feed configuration.............cccccccevveveeiecceieccecs 1
2. A reflectarray @ENNAL.........cccooeiirireeee e 2
3. Various reflectarray elements:. (a) identical patches with different-length delay

lines; (b) variable-size dipoles; (c) variable-size patches; (d) variable angular

0] 1 0] 0 ST PP PP 3
4. A photo of the reflectarray with microstrip rings of variable rotations

AN A CP FEEO NOMN......eiiii bbb 9
5. Dual-band reflectarray tOPOIOgY.. .......ccorerrierirriieiine e 9
6.  Circularly polarized patch element: (a) reference element with 0° phase shift;

(b) ¢ degree rotated element with 2/ degree phase shift. ..........cccceveveriiencnnene 10
7.  Center-fed reflectarray block diagram. ... 13
8.  Element location and FOtatiON. .........cceieririireninieese s 14
9.  Required rotation angles simulated in Matlab: (a) C-band; (b) Ka-band. .............. 17
10. Ring antennaelements:. (a) C-band; (b) Ka-band..........cccoveveiiciiciiccee 19
11. Comparison of cross-polarization suppressionin dB at 32 GHz...........ccccceeeeene. 19
12. Relative phase variations at afocal point referenced to zero rotation

when the ring element is rotated in the counter-clockwise direction ..................... 20
13. 7 by 7 arrays simulated result at 32 GHz with and without the top layer of

2 DY 2 AITAYS. ..ttt ae et e re s 21
14. Measured CP gainsfor aC band reflectarray. ..........ccovrerenininienencscnc e 23
15. Measured gain variations versus frequency at C-band for adual layer.................. 24
16. Aperture efficiencies versus frequency for adual layer ..........ccceoeeeieiencnenennns 24
17. Axial ratios at broadside versus frequency for adual layer...........cccccoveceerveiiennee. 25



FIGURE Page
18. Axial ratio variations versusincident angle for adual layer ..o 26
19. CPradiation patterns at 31.75 GHZ .........coveoeiiecece e 27
20. CPgain variations VersuS frEQUENCY.........coeriririeieriesiesie st e seeas 28
21. Aperture efficiencies VErsuS freqQUENCY.........coveveieeieece st 29
22. Axial ratios at broadside VErsuS freqQUENCY .........ccoeereeerieereerieneesee e 30
23. Axidl ratio variations versus frequency for adual layer. .........cccccovevevveveeieneennn. 30
24. (&) A photo of the half-meter offset-fed reflectarray with microstrip rings of

variable rotations (b) close-up view of the reflectarray element ...........ccccceeueneee. 35
25. Two-layer reflectarray topology with element dimensions. ...........cccccceeceeieecnenn, 35
26. Offset-fed reflectarray block diagram............cooereriiinininiceeeee e 36
27. Required rotation angles smulated in Matlab: (a) X-band; (b) Ka-band............... 40
28. H-wall waveguide approach: (a) Isometric view; (b) Boundary of four side walls

and direction of electriC field. ... 42
29. Comparison of cross-polarization suppression level indB at 32 GHz. .................. 44
30. Simulation setup with different excitation scheme: (a) horizontal excitation; (b)

VETICAl EXCITAIION. ...ttt e 44
31. Normalized radiation patternsin the plane perpendicular to the offset plane

AL 32.2 GHZ. ... e 47
32. Peak sidelobe level variationsin the plane perpendicular to the offset plane

A K@ DaNG. ..o 48
33. Axidl ratios versus frequency in the plane perpendicular to the offset plane

A K@DaNG. ... 48
34. Normalized radiation patternsin the offset plane at 32.2 GHz. ........cccveeveienene 50
35. Peak sidelobe level variationsin the offset plane at Ka-band. ..o 50
36. Axid ratios versus frequency in the offset plane at Ka-band............cccoccveieni 51



Xi

FIGURE Page
37. Measured aperture efficiencies versus frequency at Ka-band. .............cccocneneins 52
38. Normalized radiation patterns in the plane perpendicular to the offset plane

AL 8.7 GHZ ..t 53
39. Peak sidelobe level variations in the plane perpendicular to the offset plane

A XDBNG. ... e 54
40. Axial ratios versus frequency in the plane perpendicular to the offset plane

A XDBNG. ... e 54
41. Normalized radiation patternsin the offset planeat 8.7 GHz ........ccccccevcvevveciennns 55
42. Peak sidelobe level variationsin the offset plane at X-band. ... 56
43. Axia ratio versus frequency in the offset plane at X-band. .........ccccoovvvevieinennnns 56
44. Measured aperture efficiencies versus frequency at X-band. ..........cccocevveieeeenen. 57
45. The offset Cassegrain geometry and the projected sub-reflector rim shape

with photo of fabricated sub-reflector. ..o 62
46. Normalized radiation patterns at a distance of r=2.5 A, versus aperturesize......... 67
47. Normalized radiation patterns at a distance of r=9.5 A, versus aperturesize........ 68
48. Feed arrays at both X and Ka-bands: (a) schematic of feed arrays;

(b) photo of fabricated feed arrays..........ccvvereeie e 69
49. Measured return 0SS at X-Dand. ........ccoeoeriiiiinineee e 70
50. Normalized CP radiation patterns for X-band feed arrays. .........cccccvvvvvverveieennnnns 71
51. Axia ratioin dB at boresight for X-band feed arrays. ........cccocovreiiniiicnieieee 71
52. Gainand directivity variations versus frequency for X-band feed arrays. ............. 72
53. Measured return |oss at Karband. ..........ccoooeiriniininiceseeese e 74
54. Normalized CP radiation patterns for Ka-band feed arrays...........c.cceoevveeienencnnens 75
55. Axia ratioin dB at boresight for Ka-band feed arrays..........ccccevevieiviceiicceennn, 75



Xii

FIGURE Page
56. Gainand directivity variations versus frequency for Ka-band feed arrays. ........... 76
57. Modified side view of the dual-reflector system. .........cccoevveieiiecececce e, 77
58. A photo of the reflectarray incorporated with the sub-reflector

AN the fEEA AITAY.........eccee e s 80
59. Measurement layout dimensions for X-band reflectarray. ..........ccooeevviceieniennnne 81
60. Measurement layout dimensions for Ka-band reflectarray..........ccccoevvvceveciennnnne 81
61. Normalized CP radiation patterns at 8.4 GHz: (a) in the offset-plane for X-band

62.
63.
64.

65.
66.

Bl

B2.

B3.

B4.

only layer; b) in the offset-plane for both X/Ka-band layer; (c) in the plane of
asymmetry for X-band only layer; (d) in the plane of asymmetry for both X/Ka-

DANG TBYEN ... 82
Aperture efficiencies versus frequency at X-band..........cccccooeeiviiiieiiciice 86
Axial ratios versus frequency at X-band..........cccooeeeieneniieneneeee e 86

Normalized CP radiation patterns at 31.8 GHz: (a) in the offset-plane for Ka-band
only layer; (b) in the offset-plane for both X/Ka-band layer; (c) in the plane of
asymmetry for Ka-band only layer; (d) in the plane of asymmetry for both X/Ka-

(o= 0o [ = = USRI 87
Aperture efficiencies versus frequency at Ka-band............cccoevveveieieic e 91
Axial ratios versus frequency at Ka-band............ccoooeiiniinniininneeeeeeeee 91

Normalized radiation patterns (dB) in the plane of asymmetry at Ka-band:
(@) 31.1 GHz; (b) 31.5 GHz; (c) 32 GHz; (d) 32.8 GHz (co-pol.);
(€) 32.8 GHZ (CTOSS-POL.). .cveeeieeieeiesieste sttt sn et 108

Normalized radiation patterns (dB) in the plane of symmetry at Ka-band:
(@) 31.1 GHz; (b) 31.5 GHz; (c) 32 GHz; (d) 32.8 GHz (co-pal.);
(€) 32.8 GHZ (CrOSS-POL.) .. veceeceeeieeeie e sttt sttt sre e re e eneeens 111

Normalized radiation patterns (dB) in the plane of aymmetry at X-band:
(@) 8.2 GHz; (b) 8.4 GHz; (c) 8.5 GHz (co-poal.);(d) 8.9 GHz;
(o) e Y €1 bl (o 1015 o o] ) TSRS 114

Normalized radiation patterns (dB) in the plane of symmetry at X-band:
(@) 8.2 GHz; (b) 8.4 GHz; (c) 8.5 GHz; (d) 8.9 GHz........oceeeeeeeeieeeeece 117



Xiii

FIGURE Page

C1. Normalized radiation patterns (dB) in the asymmetric plane at X-band:
(@) 8.2 GHz; (b) 8.3 GHz; (c) 8.5 GHz; (d) 8.6 GHz........c.ccveeveeeeceeeeee 119

C2. Normalized radiation patterns (dB) in the offset plane at X-band:
(@) 8.0 GHz; (b) 8.3 GHz; (c) 8.5 GHz; (d) 8.7 GHz......cooeveceeeeeeeeeee e 122

C3. Normalized radiation patterns (dB) in the asymmetric plane at Ka-band:
(a) 31 GHz; (b) 31.4 GHz; (c) 32 GHz; (d) 32.6 GHz; (e) 33 GHz.........ccueuee... 124

C4. Normalized radiation patterns (dB) in the offset plane at Ka-band:
(@) 31 GHz; (b) 31.6 GHz; (c) 32 GHz; (d) 32.4 GHz; (e) 33 GHz.......c.ccueueeee. 127



Xiv

LIST OF TABLES

TABLE Page
Performance summary for a center-fed reflectarray. .......c.ocooeveeeeieninincninene 31
Performance summary for an offset-fed reflectarray using thin membranes......... 59
Design parameters of a Cassegrain dual-reflector system..........cccccvevvceenveieenenne 64
Calculated design values of a Cassegrain dual-reflector system............ccccceevveneee 65
Sub-reflector parameters to be considered in the feed design ........ccccceveeieeiennne 66
Locations of the reflectarray surface (UNItSIN MM).....c.oooveieeieeveere e 79

Performance summary of a Cassegrain offset-fed reflectarray .........ccccccevveienene 93



CHAPTER|

INTRODUCTION

The conventional high-gain antenna most often used is areflector antenna [1]. It has
been widely used for decades in radars, telecommunications, direct broadcast, radio
astronomy, and deep-space explorations. The reflector antenna shown in Figure 1 issimple
in geometry and mature in design methodology. It features high-gain characteristic over
wide frequency ranges and can accommodate high levels of power. However, the reflector
antenna has a curved structure leading to manufacturing difficulty. It isheavy and its bulky
size makes it occupy more space than a planar antenna. Without the mechanical movement,

the main beam has only limited scan angle.

/4 :

- “In-phase” plane of
Reflector -
Antenna K\ < reflected field

Fig. 1. Reflector antennawith an offset feed configuration.

Thejournal model for this dissertation is |EEE Transactions on Antennas and Propagations.



]
>

[
[
i
|
|
[
i &“* o ”
Reflectarray ____ "In-phase” plane of
[
|
|
|
|
|
|
[
|
|
[
[

Antenna reflected field

]

N
\_.

Array elements

Feed

Fig. 2. A reflectarray antenna.

As an alternative, a flat reflector called a microstrip reflectarray [2-20] has emerged
as a future candidate for high-gain antenna. A reflectarray antenna consists of a flat
reflecting surface and a illuminating feed as shown in Figure 2. A large reflectarray
antenna is made of thousands of antenna elements printed on a flat surface and illuminated
by afeed horn located above this surface. It is alow-cost, low profile high gain antennas
with the beam scanning capability of a phased array antenna if it is integrated with solid-
state control devices. Because the feed horn illuminates many isolated microstrip array
elements on a thin reflecting surface eliminating the use of the conventional transmission
feeding lines, it also features low insertion loss of the parabolic reflector.

The key feature of a reflectarray antenna design is the adjustment of the reflected
phase of the microstrip array elements. When a plane wave from a transmitter reaches the
flat reflectarray aperture, the operation of a reflectarray antenna can be explained as

collimating the incident plane wave into the feed horn by suitable phase variations across



the surface of the reflectarray.

(c) (d)
Fig. 3. Various reflectarray elements: (a) identical patches with different-length delay

lines; (b) variable-size dipoles; (c) variable-size patches; (d) variable angular rotations [2].

As shown in Figure 3, there are severa methods to achieve a planar phase front
depending on the array element and the type of polarization. For alinearly polarized case,
the most common approach is to use identical microstrip patches with different-length
transmission delay lines attached to the patches for phase compensation [3-6]. Other
approaches use different size of patches [7-12], dipoles or circular rings [13-14] to produce
a cophasal far field beam. For a circularly polarized reflectarray, an efficient way of
producing phase variations is to use variable angular rotations reported in 1998 by Huang
and Pogorzelski [15] using identical patches with different delay lines.

The microstrip reflectarray has several applications due to its low-profile, small mass



characteristic [16]. The flat reflectarray can be surface-mounted on a building's side wall
or rooftop as a Ku-band Direct Broadcast Satellite (DBS) antenna because it takes less
space, or it can be mounted on the rooftop of a large vehicle for satellite reception. The
reflectarray antenna can also be used in space application due to its flat reflecting surface.
For space application, the reflectarray and the solar array panels can be combined into one
large panel saving space efficiently. Another important application of the microstrip
reflectarray is a Ka-band circularly polarized reflectarray for NASA’s future spacecraft
communication antenna application. For large-aperture spacecraft antenna applications, the
reflectarray’s flat surface allows the antenna to be constructed as an inflatable structure
with relative ease in maintaining its surface tolerance in comparison to a curved parabolic
surface.

With al the above characteristics, there is one distinct disadvantage associated with
the reflectarray antenna and it is its inherent narrow bandwidth [17-18] due to different
path lengths or the differential spatial phase delays. It is caused by the path length
differences between the feed to the center elements and the feed to the edge elements. In
other words, the phase change of these path length differences versus the change of
frequency can be a large portion of a wavelength and thus cause performance degradation.
This narrow bandwidth generally cannot exceed beyond ten percent depending on its
element design, aperture size, focal length, etc.

While narrow in bandwidth, microstrip reflectarray antennas are well-suited for dual-
frequency operation in a stacked configuration [19-20]. This dessertation introduces dual-
band reflectarray antennas for future spacecraft antenna applications. A series of

developments are presented to show the dual-band capability of the reflectarray with



different feeding arrangements. The dissertation consists of four major chapters.

Chapter 1l presents a novel microstrip ring structure developed to achieve circular
polarization (CP) with excellent axial ratio [21-23]. The ring antenna element has a major
advantage over patches in the case of multi-layer multi- frequency applications. It allows
other non-resonant frequencies to pass through them with little blockage. It aso has the
advantages of compact size, more freedom in the selection of element spacing and broader
CP bandwidth as compared to the patches. A front-fed 0.5 m dua layer dua frequency
printed reflectarray has been realized with variable angular rotations to achieve far field
phase coherence. The tested results show that the designed ring structure is suitable for
both the single and dual layer applications with good efficiency and CP performance.

Chapter 111 presents an X/Ka dual-band offset-fed reflectarray. The reflectarray
designed is made of thin membranes with their thickness equal to 0.0508 mm (2 mils) at
both layers [24]. Several degrading effects of thin substrates are discussed. To overcome
these problems, a new configuration is developed by inserting empty spaces of the proper
thickness below both the X and Ka band membranes. A 0.5 m offset-fed X/Ka-band dual
frequency reflectarray has been designed and tested. An offset feed scheme is applied to
reduce relatively high sidelobes with main beam scanned off broadside. More than 50 %
efficiencies are achieved at both frequency ranges and the proposed scheme is expected to
be a good candidate to meet the demand in future inflatable antenna systems.

Chapter 1V presents an X/Ka dual-band microstrip reflectarray with circular
polarization using thin membranes and Cassegrain offset-fed configuration. It is believed
that this is the first Cassegrain reflectarray ever been developed [25-26]. This antenna has

a 0.75-meter-diameter aperture and uses metallic sub-reflector and angular-rotated annular



ring elements. Two 4 by 4 circularly polarized microstrip patch arrays are designed as feed
networks at both the X-band and Ka-band in this study. The complete system achieved a
measured 3 dB gain bandwidth of 700 MHz at X-band and 1.5 GHz at Ka-band, as well as
a CP bandwidth (3 dB axial ratio) of more than 700 MHz at X-band and more than 2 GHz
at Ka-band. The measured peak efficiencies are 49.8 % at X-band and 48. 2 % at Ka-band.
Chapter V summarizes the research accomplishments in this dissertation, and

presents recommendations for further research.



CHAPTERII

FRONT-FED C/KA DUAL-BAND REFLECTARRAY ANTENNA’

1. Introduction

The major objective of this study is to accomplish analysis, design, and hardware
development for a C/Ka dual-frequency shared aperture reflectarray antenna.  This antenna
technology is to be developed for the JPL/NASA Inter-Planetary Network & Information
System Directorate (IPN-1SD) and is intended to enhance the capabilities of future deep-
space spacecraft telecom high-gain antenna systems.

In this study, the novel microstrip ring structure has been developed for broadband
performance combined with variable rotation to achieve the proper phasing between the
elements. Ring antennas have a magjor advantage over patches in the case of multi-
frequency reflectarrays. In multi-frequency reflectarrays, the rings alow other nonresonant
frequencies to pass through between layers with little blockage. This is extremely
important in the case where multi-frequency reflectarrays implement a stacked
configuration. The ring antennas also have potential advantages of compact size and
broader CP bandwidth as compared to the patches.

Some of the previous reflectarray work has achieved very good efficiency
performance. In 1995, Chang and Huang developed a linearly polarized (LP) 0.75 m

reflectarray using variable length delay line to obtain 70 % efficiency and a peak gain of 35

" © 2004 | EEE. Parts of this chapter are reprinted, with permission, from B. Strassner, C. Han, and K. Chang,
“Circularly polarized reflectarray with microstrip ring elements having variable rotation angles,” |IEEE Trans.
Antennas Propagat., vol. 52, pp. 1122-1125, Apr. 2004, and from C. Han, C. Rodenbeck, J. and K. Chang,
“A C/Kadual frequency dual layer circularly polarized reflectarray antennawith microstrip ring elements,”
|EEE Trans. Antennas Propagat., vol. 52, pp. 2871-2876, Nov. 2004.



dB at X-band [8]. In 1995, Targonski and Pozar developed an LP 0.23 m reflectarray using
variable patch sizes to achieve 31 % efficiency at 27 GHz [9]. This efficiency was lower
due to difficulties in the patch fabrication tolerances at such high frequencies. In 1998,
Huang and Pogorzelski developed a circularly polarized (CP) 0.5 m reflectarray using
patches with variable rotations to obtain 69 % efficiency and 42.75 dB gain at 31.5 GHz
[15]. This reflectarray is electrically the largest ever built. Using attached transmission
lines differing by a quarter wavelength, [15] concluded that the desired reflected CP

component is advanced or delayed in phase by 2¢/ degrees due to the element rotation by
Y degrees, while eliminating the other unwanted CP component. Although [15] used two

delay lines to achieve circular polarization, matching the line impedance to the input
impedance of the sgquare patch is not easy since the input impedance of the square patch is
usually more than 200 ohm and it yields an extremely thin line width at Ka-band frequency
causing high loss, and serious reliability and fabrication problems. Also, the footprint of
open stub lengths can limit element spacing as each element is rotated.

In this study, the same angular rotation technique has been applied to simple ring
structures with gaps to achieve circular polarization with superior axial ratio and broader
bandwidth. Fundamentally, ring elements with gaps are capable of responding to the
excitation of each of the two orthogonal component fields with a different phase response
of 180° degree in order to operate as a CP.

The photograph of the reflectarray is shown in Figure 4 with its dual layer topology
shown in Figure 5. The reflectarray antenna is fabricated on Rogers Duroid 5870 substrate
with & = 2.33 and 0.508 mm thickness for both layers. Two different sized ring structures

are arrayed in each layer with lower frequency operating on the top layer. The top layer is



placed 7 mm above the bottom layer with the aid of foam and its thickness is chosen to be
less than 0.25 free space wavelengths at 7.1 GHz. The element spacing within each array is
0.5 free space wavelengths for both layers to give sufficient room between array elements
so that the mutual coupling is minimized [27]. Counter-clockwise rotations are applied to

the array elements to achieve the right-hand circular polarization for both layers.

Fig. 4. A photo of the reflectarray with microstrip rings of variable rotations and a CP feed

horn.
8870 Roger Duroid e C-band Array
(6=233,20mi) .~ =2 ——
,ﬁﬁf@ {E} (:_iifq;—. o
S
i r “ .\,.-""'.
H&Fﬂ@ {E} +-\.-"..
5L s
_'-"-'-_.-_.-,____._ o
7 mm Air (Foam) (
L—2
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e Ka-band Array
e e - I
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Fig. 5. Dual-band reflectarray topology.
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2. Reflecting antenna array analysis

A. Principle of operation

For deep-space applications, microstrip reflectarrays must be capable of operation in
both the E-plane and H-plane so that the signal received isindependent of the orientation of
the receiving antenna. Dual or circularly polarized reflectarrays are used in these cases.
For a circularly polarized reflectarray, Huang and Pogorzelski [15] proposed the angular
rotation technigue to attain the phase delay needed so that afar field cophasal beam appears
in a specified direction. The brief theory of rotation technique is reviewed here to help
understand the principle of operation.

Let's consider the square patch with two open-circuit terminated delay lines as
shown in Figure 6. Assuming the reflectarray is illuminated by a right CP wave

propagating in the negative z direction, the incident wave may be expressed as

Y!

=]—» =£
e
— =<

[——

>
X

__%l_ A

@ (b)
Fig. 6. Circularly polarized patch element: (a) reference element with 0° phase shift;

(b) ¢ degree rotated element with 2¢/ degree phase shift.
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E™ = (Ux - jUy)ae e (1)

Then, the reflected wave may be written as

ef A . A R . s
E° =(Ue™ - juye’™)ae e 2)

where the same signs arise from the reflection coefficients of +1 at the open-circuit

terminations. “a@” is the amplitude and no attenuation is assumed in the patch and

transmission lines. When |, =1, the reflected wave is a left CP wave upon reflection

owing to the change of the direction of propagation. If one delay line is longer than the

other by 90°, for example when K, =K, +7/2, then the reflected wave will be

—ref

E~ =e?™ (U + juy)ae o (3)

which is a right CP wave, the same as the incident wave. Now let the antenna

element be rotated by ¢/ degree in the counter-clockwise direction to align with the axes of

anew coordinate system. Then the excitation of the two orthogonal component fields can
be determined by projecting the U, and u, field components onto the Ux' and U, "' axes at

z=0. Thatis

E™ = [(Ux'cosy Uy 'Sing) — j (Ux'sing +U, ' cos )] ae e
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=(U'e ¥ —ju,'e¥)ae e i« (4)
The reflected wave now becomes

—=ref 2K

E :(uxlezjldx' _juyle + jkz

"ae WetliegTid (5)
Finally re-expressing above reflected fields in terms of the original x and y field

components yields

B =1~ )@+ jl)e ™ +(@ e )l —jilae e (6)

Note that the reflected wave has both left and right CP components, and only the
right CP component is dependent upon the angular rotation angle of the element. By
choosing the transmission lines to differ by a quarter wavelength, the left CP component is
eliminated and the right CP component becomes
+ jkz

E™ =y +j0,)e2¥aet eI (7)

Thus the reflected right CP component is advanced in phase by 2¢/ degrees due to

the element rotation by ¢ degrees in the counter-clockwise direction. If a left CP incident

wave illuminates the reflectarray, the reflected left CP component experiences a phase

delay of 2¢/ due to the counter-clockwise element rotation.
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The above circumstance for a square patch with lines differing by a quarter
wavelength can further be generalized to an arbitrary shape satisfying a corresponding
condition for a circular polarization. Fundamentally, the antenna element must be able to
respond to the excitation of each of the two orthogonal component fields with a different

phase response of 180° degree.

B. Phase requirement of array elements

The analysis presented here is derived by comparing the configurations of a
parabolic reflector and a flat microstrip reflectarray. It is known from geometrical optics
that if a beam of paralel rays is incident upon a parabolic reflector, the radiation will
converge at a spot which is known as the focal point. Figure 7 shows the block diagram of
a flat reflectarray with its virtual parabolic surface. In Figure 7, an incident plane wave
strikes the parabolic reflector's metal surface and bounces to a focal point a distance f
above the center of the parabolic reflector. A feed horn is generally placed at the focal

point to transmit and collect the energy.

d
< >
— T T T T T
Energy - / e
! : 90 \"\\ :
Reflectarray - i .

) 0.0
d,

.
’

.

, ]

¢

Fig. 7. Center fed reflectarray block diagram.
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Fig. 8 Element location and rotation.

Referring to Figure 7 and specifying the reflector’s dimension d, the largest angle

from the center of the parabolic reflector to its edge is [28]

(8)

From Equation (8), the diameter of the reflectarray can be determined by

9)

2f tan(6,)

d =

The reflectarray shown in Figure 8 uses a flat panel of microstrip ring antennas to
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focus the energy. Each ring antennain the reflectarray is located at a position (X' ,y’) from
the center of the array (0,0). The distance between the focal point and any antenna element
isdenoted asrm,. The angle & isthe angle between the path connecting the focal point and

the array’s center and the path connecting the focal point and the antenna element. It is

defined as
12
6'=tan™ [Xf”’} (10)

The distance from the focal point to any point on the surface of the parabolic

reflector is[28]

(o 2f
1+ cosé@"

(11)

For any angle &, the ray trace from the reference plane to the reflectarray to the
focal point is (s+ scos @) longer than the corresponding ray trace from the reference plane
to the parabolic dish to the focal point. This additional path length must be accounted for

in the reflecting antenna array’ s design in order to create a parabolic phase front across the

array’ ssurface. This path length in radiansis

Al = lef" (s+scos@') (12)




16

where f, is the resonant frequency of the array and c is the speed of light. The

distance sisequal to

S= -r' (13)

To compensate for the additional Al path lengths, the CP antenna arrays are rotated.
The centermost element has zero rotation since Al is zero at (0,0). As the elements are
placed moving away from (0,0), the variable rotation increases as shown in Figure 9. The
variable rotation ¢ in radians for a circularly polarized radiator that is necessary to

compensate for Al is

y="x (14)

degrees in the counterclockwise direction to compensate for these additional path
delays. The MATLAB code to evaluate the required rotation angles is attached in

Appendix A.
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Fig. 9. Required rotation angles simulated in Matlab: (a) C-band; (b) Ka-band.
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3. Circularly polarized antenna element design

A. Element design

Many different microstrip element shapes have been simulated with the aid of
Zeland' s 1E3D and Ansoft’s HFSS simulator to achieve circular polarization. Although the
microstrip patch element with two delay lines is a good candidate for a CP operation, the
phase delay lines have to be very thin in order to match the input impedance of the square
patch. Moreover, to operate as a dual-band reflectarray, the top layer needs to be
transparent to the bottom layer at Ka-band. Since the ring element uses less metallization
than an equivalent patch element, it allows more incident energy to pass through between
the layers.

In this study, a ssmple ring structure with gaps is used to develop a dual layer CP
reflectarray. A ring structure without any gaps can resonate to the excitation of two
orthogonal field components [29]. To obtain circular polarization, however, additional
gaps are needed in the ring structure so that the reflected phase response to the excitation of
each of the two orthogonal component fields differs by 180° at the desired resonant
frequency. In other words, adding gaps in the ring enables the direction of propagation to
be reversed so that the reflected wave has same polarization as the incident wave.

Figure 10 shows the element configurations at 7.1 GHz and 32 GHz. The ring
element is simulated using the H-wall waveguide approach [30]. This approach assumes
that a uniform plane wave with a vertically polarized electric field is normally incident on
an infinite array of periodic structure. A perfect magnetic conductor and a perfect electric

conductor form the four waveguide side walls. Two simulations are performed using
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Ansoft High Frequency Structure Simulator (HFSS) [31] with orthogonal polarizations to
determine the reflected phase and combined to extract the CP performance [32]. Figure 11
compares the simulated result of the ring element at 32 GHz with that of sguare patch
element with two delay lines for the right-hand CP design. Increased CP bandwidth and
left-hand CP suppression are observed for the ring element. The gap sizes are limited to
0.3 mm and 0.28 mm, respectively, due to the tolerances of fabrication in Texas A&M

facilities but would ideally be smaller.

11.5mm

—_— 2.26mm
0.5mm ‘
‘ ) (O)-oam

Gap=0.3mm Gap=0.28mm

(@ (b)

Fig. 10 Ring antenna elements: (a) C-band; (b) Ka-band.
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Fig. 11. Comparison of cross-polarization suppressionin dB at 32 GHz.
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17 rotations with a right CP incident wave are ssimulated using HFSS for the
rotation angles shown in Figure 12. The analysis results show good agreement with the
theoretical values given in [15]. It also shows that the reflected phase of the right-hand CP
component is advanced in phase by rotating each element in the counter-clockwise
direction. The reflected phase of the left-hand CP component, however, is randomly

distributed regardless of rotation angles.

B. Array simulation
To examine the interference effects of the top C-band layer on the bottom Ka-band

reflectarray, 7 by 7 arrays at 32 GHz are simulated using HFSS combined with 2 by 2
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arrays at 7.1GHz in the top layer. The results show that the peak gain degrades about 1 dB

in the dual layer compared to the single layer as shown in Figure 13. This 1 dB gain drop

corresponds to an efficiency drop of about 10 % at 32 GHz.
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Fig. 13. 7 by 7 arrays simulated result at 32 GHz with and without the top layer of 2 by 2

arrays.
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4. Experiments

A. C-band measurements for dual layer reflectarray

A 0.5 m diameter C-band right-hand CP planar reflectarray has been fabricated on
the top layer using 437 ring elements. The feed horn is placed at 350 mm above the center
of the reflectarray, which corresponds to a focal ratio of 0.7. The ring elements are
separated by 0.5 free space wavelengths at 7.1 GHz or 21 mm in both orthogonal directions.
This spacing provides a distance of approximately 0.25 free space wavelengths at 7.1 GHz
between the edges of adjacent ring elements.

The preliminary measurements (1) are performed in the anechoic chamber at Texas
A&M University using a circularly polarized corrugated horn as the feed antenna and a
linearly polarized standard horn as the transmit antenna. The measured phase and
magnitude information are used to determine the axial ratio of the CP reflectarray [32].
Fina measurements (II) are conducted in the outdoor range a the Jet Propulsion
Laboratory (JPL) using circularly polarized corrugated horns for both the feed and transmit
antennas.

Figure 14 shows typical radiation patterns measured at A&M and JPL respectively.
Although the phase measurement done at A&M is not completely accurate, the extracted
CP gain patterns are quite similar with the patterns obtained at JPL. The peak gain is 28.2
dB (1) at 7.3 GHz and 27.8 dB (Il) at 7.4GHz. The corresponding efficiency is 46% (1) and
40 % (I1). Both main beams have a beam width of 5°. The peak sidelobe level is greater
than 17.3 dB (1) and 13.1 dB (II) down from the main beam and the left-hand cross

polarization level is21 dB (1) and 27.8 dB (I1) below the peak right-hand CP gain.
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Fig. 14. Measured CP gainsfor a C band reflectarray.

The relatively large sidelobe level is, for the most part, caused by the feed horn
blockage located at the broadside direction of the reflectarray aperture. For the C band
measurements, the radiation patterns for the dual layer are not degraded compared to the
single layer case. The CP gain variations versus frequency are shown in Figure 15. The
peak gain occurs at 7.3 GHz (1) and at 7.4 GHz (II). In the measurements at JPL, the co-
polarized gain keeps increasing, but the patterns are only tested from 6.6 GHz to 7.4 GHz.
Also, both the CP horn and amplifier used in JPL operated from 8 GHz and made the cross-
polarization level unstable over frequency ranges tested.

The aperture efficiencies versus frequency are shown in Figure 16. The highest
efficiency is46 % (1) at 7.3 GHz and 40 % at 7.4 GHz (11). Greater than 40 % efficiency is
observed between 7.1GHz and 7.4GHz in the measurements at A&M. Again, the

efficiency measured at JPL is unstable due to the operating range of the amplifier used.
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Fig. 17. Axiadl ratios at broadside versus frequency for adual layer.

The theoretical efficiency estimated is 78 % by taking the overall gain into account,
which assumes the element gain of 4 dB and the array factor of 26.4 dB. This efficiency
difference is caused by the blockage attributed to the feed antenna and its supporting metal
bars, the spillover effect due to the feed illuminating areas outside of the reflectarray, the
feed’ s non-uniform illumination across the reflectarray’ s aperture, scattered fields from the
edges, as well as some energy that isreflected by the array as left-handed CP.

Figure 17 shows the axial ratios at broadside versus frequency. It shows an axial
ratio less than 3 dB for al frequency ranges tested. This superior CP performance at
broadside is because the scattered and cross-polarized fields combine deconstructively due
to the element rotations. This result also shows that the given ring structure operates as a
CP antenna element by separating the co-polarized fields from the cross-polarized fields.

Figure 18 shows the reflectarray’ s axial ratios versus incident angle over afrequency range
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from 6.6 GHz to 7.4 GHz. It is observed that a plane wave can be incident upon the

reflectarray between + 3° for all frequencies and still have the axial ratio less than 3 dB.

————— 6.6GHz 6.8GHz J
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Fig. 18. Axid ratio variations versus incident angle for adual layer.

B. Ka-band measurements for single and dual layer reflectarrays

Measurements at Ka band are conducted at JPL using circularly polarized corrugated
horns for both the feed and transmit antennas. Approximately 9200 ring elements with
variable rotations are constructed in the bottom layer. Again, the feed horn is placed at 350
mm above the center of the reflectarray aperture, which is 506 mm in diameter. The
element spacing is 0.5 free space wavelengths at 32 GHz, or 4.7 mm, in both orthogonal
directions. To assure good aperture efficiency, effort is made during measurements to

maintain the flatness of the reflectarray’ s surface lest it should become delaminated.
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Fig. 19. CP radiation patterns at 31.75 GHz.

Typical radiation patterns at 31.75 GHz are shown in Figure 19. The main beam has
awidth of 1.3° for both the single (1) and dual layer case (I11). The cross-polarization level
is40.7 dB (I) and 29.2 dB (I1) down from the peak at broadside. The sidelobe suppression
is greater than 19.5 dB (I) and 18.7 dB (Il) occurring at 2°. This improved sidelobe
suppression compared to that of C band is due to the large electrical aperture size, but it is
still relatively high because of the feed blockage, edge scattering, scattering from the top
layer elements and the illumination taper of the feed horn. The peak gain varies from 41.5
dB (1) to 40.3 dB (1) causing the aperture efficiency to drop from 50 % (1) to 38 % (11).

The CP gain variations versus frequency are shown in Figure 20. The co-polarized
gain has a similar radiation pattern for both the single and dual layer cases. A large

variation in the cross-polarized gain is observed over the frequency ranges for the dual



layer case, but the corresponding axial ratio is still less than 3 dB.
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Fig. 20. CP gain variations versus frequency.
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The measured aperture efficiencies versus frequency are shown in Figure 21. The

highest efficiency achieved is 50 % (1) and 38 % (Il) at 31.75 GHz. The efficiency drop is

casued by the interference of the C-band layer. The spillover loss of -1.17 dB and aperture

nonuniform illumination loss of -0.24 dB are calculated using the definition of the

subtended angle [10] and the power pattern of the feed horn used in the measurement. A

small amount of reflectarray element loss is not measured but predicted to be -0.4 dB by

considering the equivalent dielectric and copper loss of 20 mil Duroid material [10]. The

theoretical efficiency estimated is 80 % by considering the implicit element gain of 4 dB

and the array factor of 39.6 dB. The bandwidth over 35 % efficiency is 1.5 GHz (1) and
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250 MHz (11).
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Fig. 21. Aperture efficiencies versus frequency.

Figure 22 shows the measured axial ratios versus frequency. Excellent axia ratio
less than 0.5 dB is observed over al frequencies tested. Figure 23 shows the axia ratio
variations versus incident angle. If the plane wave at 31.75 GHz is incident upon the

reflectarray between + 1°, the axial ratio will be better than 1.2dB.
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5. Conclusions

A dua layer dua frequency reflectarray is presented in this chapter. The
reflectarray designed is right hand circularly polarized and uses the simple ring structures
with variable rotations. The relatively good efficiency obtained at both frequencies shows
that the proposed scheme should be useful in dual-band applications. Most of all, superior

axial ratio is observed over broad frequency ranges. The performance summary is shown in

Table 1.
Table 1. Performance summary for a center-fed reflectarray.

Performance
perameters C-band (a) C-band (b) Ka-band (c) Ka-band (d)
Frequency 7.3GHz 7.4 GHz 3L.75GHz | 3175GHz
Aperture size 502 mm 502 mm 506 mm 506 mm
CP bandwidth ~11GHz | ~12GHz >1GHz >1GHz
(Axid ratio) (3dB) (2dB) (0.5dB) (0.5dB)
Gain 28.24 dBic 27.8 dBic 41.5 dBic 40.3 dBic
Efficiency 46 % 40 % 50 % 38 %
Cross-pol. level -21dB -27.8dB -40.7 -29.2
Peak-sidelobe level -17.3dB -13.1dB -195 -18.7
Beamwidth 5.0-deg 5.0-deg 1.3-deg 1.3-deg

Note: C-band (a): C-band measured with Ka-band layer at A& M.
C-band (b): C-band measured with Ka-band layer at JPL.
Ka-band (c): Ka-band measured without C-band layer at JPL.
Ka-band (d): Ka-band measured with C-band layer at JPL.
dBic: Circular polarized isotropic antenna gain in dB which is 3 dB higher than the

linear polarized gain.
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CHAPTER 11

OFFSET-FED X/KA-BAND DUAL-BAND REFLECTARRAY

ANTENNA USING THIN MEMBRANES

1. Introduction

In recent years, there has been a growing demand for reduced mass, small launch
volume, and at the same time, high-gain large-aperture antenna systems in space missions.
To enable deployment of large-aperture antennas, the concept of an inflatable parabolic
reflector has been proposed and experimented in the past [33-34]. However, the redlization
of this concept has found difficulty in achieving and maintaining the required large, thin
curved-parabolic surface in the space environment. As an aternative to alleviate the
burden associated with curved surfaces, a new concept of using an inflatable microstrip
reflectarray antenna has been introduced by JPL in 1996 [35]. Because of the flat
reflecting surface it uses, it is believed to be more reliable in maintaining the surface
tolerance compared to its counterpart, the inflatable parabolic reflector. Although there are
still many challenges to overcome, this chapter presents an antenna component with thin
membranes to meet the demand in future inflatable antenna systems.

The reflectarray presented in this study is made of thin membranes with their
thickness equal to 0.0508 mm at both layers. It isfound that if a substrate consists of only

a thin membrane, the CP bandwidth of the ring element would be significantly reduced to

" © 2005 |EEE. Parts of this chapter are reprinted, with permission, from C. Han, J. Huang, and K. Chang, “A
high efficiency offset-fed X/Ka-dual-band reflectarray using thin membranes,” |EEE Trans. Antennas
Propagat., vol. 53, pp. 2792-2798, Sep. 2005.
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an unacceptable value for either X or Ka-band. In addition, there would be some increase
in substrate loss resulting in poor antenna efficiency, in particular at the Ka-band frequency.
To improve the overall performance, a new configuration is proposed by inserting empty
spaces of the proper thickness below both the X and Ka-band membranes. For this
technology demonstration, low-dielectric constant foam layers are substituted for the empty
spaces to act as support structures for the membrane layers. In an actual space flight unit,
an inflatable structure will provide proper tensioning force and support to eliminate the use
of foam layers. This study shows that, by using the new configuration, the degrading
effects of thin substrates are eliminated resulting in excellence performance for both
frequency bands. In particular, the CP bandwidth performance is significantly enhanced.
The broader CP bandwidth of the ring element plays an important role in achieving high
efficiency reflectarray performance. In addition, an offset feed scheme [36-40] is used to
reduce the blockage of the center-fed feed horn and to improve the overall efficiency. With
an offset configuration, the reaction of the reflectarray upon the primary feed horn can be
reduced to avery low order, which implies the interaction of the primary feed horn with the
reflectarray can be negligible. Also, the offset configuration can be accommodated more
easily than an axis-symmetric design in the design of spacecraft antennas. In the design,
the incidence angle of the feed horn should be carefully chosen close to the main beam
scan angle to minimize the beam-squinting properties of the circularly polarized offset
reflectarray [40]. The tested results show more than 50 % efficiencies at both frequency
ranges, which is believed to be highest efficiency ever achieved using deployable thin

membranes capable of dual-band operation.
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A 0.5 m diameter dual-band printed reflectarray antenna designed consists of two
very thin surfaces made up of many individual rings of variable rotations and an
illuminating offset-feed as shown in Figure 24. The configuration of the dual layer
reflectarray antenna with element dimensions is al'so shown in Figure 25. Compared to the
Figure 10, the microstrip bar in the middle of the ring at C-band is removed since further
simulations of the ring structure found it superfluous in achieving circular polarization.
The reflectarray is fabricated on commercial Rogers R/flex 3000 liquid crystalline polymer
(LCP) materia with & = 2.9 and 0.0508 mm (2 mil) thickness for both layers. Becauseit is
found during simulations that the distance from the circuit layer to the ground plane should
be within 5 %-20 % of free space operating wavelengths for the given ring structure to
operate as an efficient CP, 1.6 mm foam is introduced between the Ka-band layer and the
ground plane. Also, 3.2 mm foam is placed above the Ka-band layer to separate the X-
band layer. With these foam widths, the effective substrate thickness from the circuit layer
to the ground plane becomes 0.17 free space wavelengths at 32 GHz and 0.13 free space
wavelengths at 8.4 GHz. Counter-clockwise rotations are applied to the array elements to
achieve the right-hand circular polarization for both layers. The dielectric constant of the
foam materia is 1.03 (3.2 mm foam below X-band) and 1.06 (1.6 mm foam below Ka-
band) respectively, which is very close to that of air. The foam layers also have avery low

loss tangent of 0.0001.
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Fig. 24. (a) A photo of the half-meter offset-fed reflectarray with microstrip rings of

variable rotations (b) close-up view of the reflectarray element.

X-band array

10 mm
Gap: 0.3 mm
Width: 0.5 mm
3.2mm Ka-band
foam array
2.64 mm
1.6 mm
foam
Gap: 0.3 mm
Width: 0.4 mm

0.0508 mm (2mil)
Substrate

Fig. 25. Two-layer reflectarray topology with e ement dimensions.
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2. Offset reflecting antenna analysis
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Fig. 26. Offset-fed reflectarray block diagram.

The analysisto calculate the needed phase delay is derived based on the comparison
reflectarray.

of the geometrical configurations between an offset parabolic reflector and a flat microstrip
Figure 26.

The block diagram of the reflectarray with its virtual parabolic surface is shown in

The microstrip reflectarray elements are placed at (X.,V..,Z.) in the
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(X, Y, 2) coordinate system.
Referring to Figure 26 and specifying the reflectarray’s dimension D, the vertical

distance from the reflectarray’ s lower edge to the feed R, , and the desired scan angle 6, ,

the phase center of thefeed is
Xy = =Ry 8in(4,); y; =0; z; = Ry cos(6,) (15)

From the phase center of the feed, the center of the microstrip arrays on the

reflectarray’ s surface is obtained such that the incident angle of the feed horn 8, relative to
the normal of the reflectarray’s surface is very close to the main beam scan angle 8,. By
choosing the value of &, very closeto 8,, the effect of beam squint with frequency can be

minimized to a great extent for an offset feed system [40].
Since the center of the microstrip arrays on the reflectarray’s surface lies on the

surface formed by the parabolic reflector, the subtended angle &, can be determined with

its corresponding focal length defined as [28]

D, = el 2%0) (16)

Now the origin in the (X, Y, z) coordinate system is redefined such that the phase
center (X;,Y;,z;) of thefeedisplaced at (0,0,D.) and the (x.,V..,Z.) coordinates of the

microstrip reflectarray elements are also transformed accordingly. Within the new
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coordinate system, the surface of a parabolic reflector is described by the points

(X,,Y,,2,) and it is formed simply by expressing the value of z, coordinate in terms of

X, and y.. Thatis,

2 + 2
z, = % (17)
F
Finally, the path differenceis given by
Al =\ + ¥ +(z0 =Dp)? —y% 4V, Hz, Dp) 42, 2, (18)

To compensate for the additional Al path lengths, The CP antenna arrays are rotated.
The center of the microstrip arrays has zero rotation since Al is zero. As the elements are
placed moving away from the center of arrays, the variable rotation increases. The variable

rotation ¢ in radians for a circularly polarized radiator that is necessary to compensate for

Al'is
Al 2
== x= 19
v== ) (19)
In thiswork, the following values are used to design a 0.5 m diameter reflectarray.
A. X-band

Number of ring antenna elements= 593
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Vertical distance from the reflectarray’s lower edge to the feed, R, =450 mm
Focal length of the virtual parabolic reflector, D, = 407.8 mm
Physical origin of the reflectarray, (X., Y.e: Ze) = (252,0,117.5) mminthe (X, Y, 2)

coordinate system

Electrical origin of the reflectarray, (X, Y., Z.) = (216,0,100.7) mm inthe (X, y, 2)
coordinate system

Main beam scan angle, 6, = 25°

Incidence angle of the feed horn, &, = 23.7°

B. Ka-band
Number of ring antenna elements= 8993

Vertical distance from the reflectarray’s lower edge to the feed, R,- =540 mm

Focal length of the virtual parabolic reflector, D = 489.4 mm

Physical origin of the reflectarray, (X.,VY, Z.) = (253.8,0,118.3) mm in the
(X, Y,2) coordinate system

Electrical origin of the reflectarray, (X, Y, Z.) = (258.5,0,120.5) mm in the
(X,y,2) coordinate system

Main beam scan angle, 6, = 25°

Incidence angle of the feed horn, 8, = 25.2°

Figure 27 shows the required rotation angles calculated in MATLAB with element

index starting from the bottom edge of the reflectarray’ s surface.



40

Required element rotation

i
=
=]
=]

(s22152p) 2|Suy

i i i i i I
= =] = =] = =]
=1 =1 =] [=] =1
(o] -+ ] o1 —

y-axis element index

0

Bottom edge of the reflectarray

x-axis element index

(@

Required element rotation

(=]
o

y-axis element index

10

oy
i
A

s

odo
Bottom edge of the reflectarray

1]
L
=
.8
.............. . =
. . 5]
.. .. m
_ _ =
. . =
7 7 I 7 T A o
o o o o =] (=N} f
f=] =] f=] =] =1 5]
73] = 3] =1 1] — s
La] L2 | — —

(b)
Fig. 27. Required rotation angles ssmulated in Matlab: (a) X-band; (b) Ka-band.

{s99159p) 215Uy



41

Another consideration in the design of the offset feed reflectarray is the effect of the
feed horn pattern on the far-field pattern of the reflectarray. In atypical reflector design,
the field at the edge is approximately 10 dB below that of the center for maximum gain and
about 20 dB down for good sidelobe performance [41]. In this study, the edge taper
characteristic of 10-15 dB is aimed to compromise between the gain and the first sidelobe
level. The feed power pattern for the corrugated CP horn is characterized by commonly
used cosine-q model with q equal to 12 and the path loss is calculated based on the
geometry of the reflectarray. As aresult of summing the feed taper with the path loss, the
X-band reflectarray results in an edge taper characteristic of 15.6 dB and 10.3 dB for the
upper and lower edge respectively. For the Ka-band reflectarray, 9.8 dB and 9.9 dB edge

taper are obtained for the upper and lower edge of the reflectarray.

3. Element design

The ring antenna is simulated with Ansoft's HFSS simulator using the H-wall
waveguide approach [30] as shown in Figure 28. In the actual simulation, more attention is
given to the ring element at Ka-band because the effect of the thin substrate is most severe
at Ka-band. Figure 29 shows the simulated cross-polarization level of the ring element at
32 GHz with different thicknesses of substrate. It is observed that the CP bandwidth is

reduced significantly by using 8-mil thick substrate.
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Fig. 28. H-wall waveguide approach: (a) Isometric view; (b) Boundary of four side walls

and direction of electric field.

Obviously this reduced bandwidth will degrade the overall reflectarray’s
performance since the random phase errors introduced by surface tolerances and imprecise

focal length in the measurement cannot be compensated at different frequencies in the



43

vicinity of the desired frequency if the CP bandwidth of the radiating elements is too
narrow. The narrow bandwidth also imposes a very tight fabrication tolerance on the
resonant frequency of the CP element.

Besides the narrow bandwidth, it is observed that using too thin a substrate makes it
difficult to achieve circular polarization for a given ring structure with gaps because of the
weak coupling through the gaps. This phenomenon can be easily explained by a simple
simulation setup with two orthogonal excitations for the rings as shown in Figure 30.
Because little coupling occurs across each gap, it is observed that the ring element setsup a
resonance around half circumference with horizontal excitation while it resonates around
full circumference with vertical excitation [29]. So it is quite difficult to achieve circular
polarization at the desired frequency. During simulations, it is found that the effective
substrate thickness from the layer to the ground plane should be within 5 %-20 % of the
free space operating wavelength for the corresponding ring structure to operate as an

efficient CP radiator.
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To overcome above problems, a new configuration is proposed as shown in Figure
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25. By inserting 1.6 mm foam below the Ka-band layer, the effective substrate thickness
from the Ka-band layer to the ground plane becomes 17 % of the free space wavelength at
32 GHz. For the X-band reflectarray, 3.2 mm foam is used to separate the layers and its
effective thickness from the X-band layer to the ground plane corresponds to 13 % of the
free space wavelength at 8.4 GHz. With 0.0508 mm thick substrate in both layers and an
inserted foam below the Ka-band, the right-hand CP (RHCP) bandwidth with the left-hand
CP (LHCP) suppression is much broader at Ka-band as shown in Figure 29.

In addition to the CP bandwidth performance, using the thin substrate also increases
the loss of the reflectarray [10]. The effect of substrate loss is examined by fabricating two
0.2 m diameter Ka-band reflectarrays on different thicknesses of substrate. The first
reflectarray is etched on Rogers R/flex LCP materia with & = 2.9 and 0.2032 mm
thickness, and the second reflectarray is etched on Rogers Duroid 5870 material with & =
2.33 and 0.508 mm thickness. The specified loss tangents given by manufacturer for the
Rogers R/flex LCP material and the Rogers Duroid 5870 material are 0.002 and 0.0012 at
10 GHz, respectively. With the ring dimensions adjusted to resonate near 32 GHz, the
reflectarrays are constructed for the same scan angle, array spacing, and focal point. The
measurement results show that the first reflectarray has the peak gain at 32 GHz, and the
second reflectarray has the peak gain at 31.5 GHz, with a peak gain difference of 3.8 dB.
Although the dielectric constant and loss tangent are different, and the highest peak gain
occurs at different frequency, this experiment shows that the thin substrate causes a
significant loss resulting in poor efficiency. Therefore, to avoid the dielectric loss of the
thin substrate, a thicker substrate is preferable, and inserting foam below the Ka-band layer

can avoid this problem.
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4. Experiments

A. Ka-band measurements

Measurements at Ka band are conducted at Jet Propulsion Laboratory using
circularly polarized corrugated horns for both the feed and transmit antennas. 8993 ring
elements with variable rotations are constructed on the bottom layer. The ring elements are
spaced by 0.5 free space wavelengths at 32 GHz, or 4.7 mm in both orthogonal directions.
The Ka-band feed horn is placed 540 mm above the origin. The scan angle designed is 25°
in the plane of symmetry (x'z' plane in Figure 26, offset plane) and 0° in the plane of
asymmetry (y'z' planein Figure 26).

In the Ka-band measurements, effort to obtain the true focus is made by way of
finding the peak gain. During the measurements, the microstrip antenna array elements
glued on the foam material are beginning to delaminate noticeably and a great deal of
attention should be paid in the future design. The highest frequency tested is 32.8 GHz due
to the operating ranges of test equipments including the corrugated CP horns.

Typical normalized radiation patterns in the plane perpendicular to the offset plane
at 32.2 GHz are shown in Figure 31. The main beam is at broadside and the 3 dB beam
width is 1.16°. The peak sidelobe levels relative to the main beam are —21.0 dB /-19.3 dB
(Ieft/right side) for the single layer (Ka-band only without X-band layer) and —22.8 dB /-
19.9 dB (left/right side) for the dual layer (Ka-band with X-band layer). Except the peak
sidelobe occurring near the main beam, other sidelobe levels are less than —30 dB down
from the main beam. The left-hand cross-polarization level is 34 dB for the single layer
and 31.5 dB for the dual layer below the peak right-hand CP gain. Outside the main beam

region, most cross-polarization levels are suppressed fluctuating around —40 dB.
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Figure 32 shows the peak sidelobe level variations measured in the plane
perpendicular to the offset plane at Ka-band. The higher sidelobe levels are observed at the
lower frequency ranges. Figure 33 shows the axial ratio variations in the plane
perpendicular to the offset plane at broadside. It shows an axial ratio less than 1 dB for all
frequency ranges tested. In the plane perpendiculat to the offset plane, the measured results
show that both the peak sidelobe level and the cross-polarization suppression level for the

dual layer case are not influenced significantly compared to the single layer case.
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Fig. 31. Normalized radiation patternsin the plane perpendicular to the offset plane

at 32.2 GHz.
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Normalized radiation patterns in the offset plane at 32.2 GHz are shown in Figure 34.
The main beam is scanned 25.6° for the single layer and 25.4° for the dual layer off the
broadside direction. The 3 dB beam width is 1.29° and 1.25° respectively. The peak
sidelobe levels are —17 dB/-18.8 dB (left/right side) for the single layer and —21 dB/-17.8
dB (left/right side) for the dual layer down from the main beam.

The left-hand cross-polarization level is 34 dB for the single layer and 31.8 dB for
the dual layer below the peak right-hand CP gain. Figure 35 shows the peak sidelobe level
variations measured in the offset plane at Ka-band. The sidelobe levels measured in the
offset plane are degraded compared to those measured in the plane perpendicular to the
offset plane with worst sidelobe level of —14 dB at 31.1 GHz. This degradation is due to
the manual alignment procedure in finding the true focal point. More specifically, given
the geometric structure of offset reflector, phase errors made by misalignment of the feed
horn give more effectsin the offset plane than in the plane perpendicular to the offset plane.
The degradations include the sidelobe levels, peak gain, and the cross-polarization levels.
Figure 36 shows the axial ratio variations in the offset plane at 25°. The axial ratio is till

lessthan 1 dB for all frequency ranges tested.
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Fig. 35. Peak sidelobe level variationsin the offset plane at Ka-band.
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The measured aperture efficiencies versus frequency at Ka-band are shown in
Figure 37. The aperture efficiency is calculated by comparing the co-polarized peak gain
with the directivity, which is derived based on the physical aperture area. The efficiency at
32.2 GHz is 60.6 % for the single layer and 47.7 % for the dual layer. For the dual layer,
the gain is reduced by 0.85 dB~1 dB compared to the single layer gain. It is expected that
the dual layer gain due to the effect of the X-band layer will be influenced more severely at
Ka-band than at X-band. At 31.5 GHz, 32.5 GHz, and 32.8 GHz, more than 62 %
efficiency is achieved for the single layer with highest efficiency of 63.9 % at 32.8 GHz.
Over 45 % efficiency is achieved over al frequencies for the dua layer case, which
corresponds to 5.3 % bandwidth of the operating frequency. Some of radiation patterns are

attached in Appendix B1.
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Fig. 37. Measured aperture efficiencies versus frequency at Ka-band.

B. X-band measurements

A 0.5 m diameter X-band right-hand CP planar reflectarray has been fabricated on
the top layer using 593 ring elements. The ring elements are separated by 0.5 free space
wavelength at 8.4 GHz or 18 mm in both orthogonal directions. The X-band feed horn is
placed 450 mm above the origin (near the first element) of the X-band array elements. The
scan angle designed is 25° in the plane of symmetry (x'z' planein Figure 26, offset plane)
and 0° in the plane of asymmetry (y'z' planein Figure 26).

Typical normalized radiation patterns in the plane perpendicular to the offset plane
at 8.7 GHz are shown in Figure 38. The 3 dB beam width of the main beam at broadside is
4.4°. The peak sidelobe levels at 8.7 GHz are —23 dB/-20.5 dB (left/right side) for the
single layer (X-band only without Ka-band layer) and —24.5 dB/-20.1 dB (left/right side)

for the dual layer (X-band with Ka-band layer). The cross-polarization suppression level at
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8.7 GHz is 21.04 dB for the single layer and 20.33 dB for the dual layer below the peak
right-hand CP gain. Other than the peak sidelobes, all the sidelobes are less than —25 dB
down from the main beam. Outside the main beam region, most cross-polarization levels
are suppressed in the ranges between —30 dB and —40 dB. The peak sidelobe level
variations in the plane perpendicular to the offset plane at X-band are shown in Figure 39.
At lower frequency ranges, a slight higher peak sidelobe level is observed for both the
single and dua layer, but the peak sidelobe level for the dual layer is not degraded
compared to the single layer case. Figure 40 shows the axia ratio variations in the plane
perpendicular to the offset plane at broadside. It shows an axial ratio less than 3 dB for all
frequency ranges tested. Best axial ratio obtained is 1.24 dB for the single layer and 1.04
dB for the dual layer at 8.5 GHz. No significant degradation is observed in the axial ratio

due to the bottom Ka-band layer.
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Fig. 38. Normalized radiation patternsin the plane perpendicular to the offset plane

at 8.7 GHz.
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Normalized radiation patterns in the offset plane at 8.7 GHz are shown in Figure 41.
In the plane of symmetry, only the dual layer case is tested and no major effort is made to
find the right focal point. The main beam is scanned 23.13° off the broadside direction and
the 3 dB beam width is 4.55°. The measured scan angle is quite off from the designed scan
angle showing misalignment of the feed horn to the true focal point. The peak sidelobe
levels are —20.46 dB and —19.83 dB (left/right side) down from the main beam. The left
cross-polarization level is 17.6 dB below the peak right-hand CP gain, which corresponds
to the axia ratio of 2.31 dB. The peak sidelobe level variations are shown in Figure 42.
The worst peak sidelobe level measured is—15.1 dB at 8.9 GHz. The measured axial ratio
at 24° in the offset plane is shown in Figure 43. It is observed that the axial ratio is
degraded fluctuating around 3 dB showing the effect of misalignment on the axial ratio.

Lessthan 3 dB axial ratio is observed only from 8.5 GHz to 8.7 GHz.
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Fig. 41. Normalized radiation patternsin the offset plane at 8.7 GHz.
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Fig. 44. Measured aperture efficiencies versus frequency at X-band.

The measured aperture efficiencies versus frequency at X-band are shown in Figure
44. The highest efficiency is 59.2 % for the single layer and 55.4 % for the dual layer at
8.7 GHz. The peak gain for the dual layer is reduced by 0.15 dB~0.3 dB compared to the
single layer gain. Greater than 50 % efficiency is observed between 8.4 GHz and 8.8 GHz

for the dual layer. Some of radiation patterns are attached in Appendix B2.
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5. Conclusions

An offset-fed X/Ka-dual-band reflectarray is presented using inflatable thin
membranes. With new topology adopted to incorporate the thin membrane structure for
dual-band operation, it achieved more than 50 % efficiencies at both frequency bands. The
measured 3 dB-gain bandwidths are 800 MHz at X-band and 1.7 GHz at Ka-band. The CP
bandwidths are aso extremely wide. It achieved more than 9.5 % at X-band and much
wider than 5.3 % at Ka-band. This relatively wide CP bandwidth is partially due to the
large f/D ratios of 0.9 at X-band and 1.08 at Ka-band. In addition, the relatively thick foam
materials at both bands help improve the CP bandwidth performance. In final space
applications, these foam spacers will be replaced by empty spaces. In generd, the
reflectarray shows better performance (efficiency, sidelobe and cross-pol. levels) a Ka-
band than at X-band. Thisis because the Ka-band reflectarray is electricaly larger in size
than the X-band reflectarray. The results of the overal performance for both bands are
summarized in Table Il. The proposed scheme is expected to be a good candidate for even

larger high-gain aperture antennas in future space inflatable applications.
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Tablell. Performance summary for an offset-fed reflectarrays using thin membranes.

X-band Ka-band
Performance X-band Ka-band
with Ka-band with X-band
Parameters only only
layer layer
Scan plane 0° 0° 25° 0° 25° 0° 25°
Frequency (GHz) 8.7 8.7 32.2 32.2
CPgain (dBic) 30.89 30.6 42.36 41.32
Efficiency (%) 59.2 55.4 60.6 47.0
Cross-pol. (dB) -21 -20.3 | -17.6 -34 -34 -315 | -31.8
Peak sidelobe. (dB) -20.5 -20.1 | -19.8 | -193 -17 -199 | -17.8
Beamwidth 4.39° 439° | 455° | 1.16° | 1.29° | 1.16° | 1.25°
CP bandwidth (MHz) > 800 >800 | >500 > 1700 > 1700
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CHAPTER IV

CASSEGRAIN OFFSET SUB-REFLECTOR-FED X/KA DUAL-BAND

REFLECTARRAY WITH THIN MEMBRANES

1. Introduction

In recent years, there has been a growing demand for large aperture antennas in
modern communication and deep-space satellites and ground antenna systems. However,
current technology precludes the deployment of very large aperture antennas because of
weight and volume constraints. To provide cost-effective solutions featuring very low
weight and low conformable packaged volume, the concept of an inflatable reflector has
been proposed and experimented in the past [33-34]. Yet, the greatest concern to achieve
and to maintain surface shape accuracies in real implementation has prompted the
reflectarray antenna architecture which allows the use of a flat surface instead of a
parabolic antenna surface. It is believed that the flat reflecting surface is comparatively
easier to fabricate, package, and maintain in structure than a curved surface.

The objective of this study is to develop a 0.75 meter Cassegrain offset sub-
reflector-fed X/Ka dual-band reflectarray antenna using thin membranes. The use of thin
membranes has been reported in [24]. In [24], low-dielectric constant foam layers are
inserted below both the X and Ka-band membranes to act as support structures and to avoid

the risks of thin substrates. In the current work, the reflectarray is made of the same thin

" © 2006 |EEE. Parts of this chapter are reprinted, with permission, from C. Han, J. Huang and K. Chang,
“Cassegrain offset sub-reflector-fed X/Ka dual-band reflectarray with thin membranes,” accepted by IEEE
Trans. Antennas Propagat.
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materials with their thickness equal to 0.0508 mm for both layers. The reflectarray utilizes
the annular ring elments to achieve circular polarization since the preceding work reported
in [21-24] showed good electrical performance. To mock-up most likely future spacecraft
launch configuration, Cassegrain offset dual-reflector system [42-53] consisting of a main
reflectarray surface and a small metallic sub-reflector feed is considered here.

One of advantages of the Cassegrain offset dual-reflector antenna [42] is the ability
to place the feed in a convenient position, while utilizing main reflector (MR) as the
focusing element. Compared with single reflector, it obtains an equivalent focal length
much greater than the physical length. In addition, dual-reflector configurations present
lower noise due to the limited noise introduced by the feed spillover beyond the sub-
reflector. Thisisbecauseit is directed to cold sky rather than noisy ground asin the single
reflector case. With the addition of the sub-reflector, more degrees of freedom can be
introduced to enhance the electrical performance such as by cancelling cross-polarizations
in offset systems, or by prescribing the main aperture amplitude and phase distributions in
dual shaped reflectors.

The sub-reflector profile, which is a convex hyperboloid, has been determined
following the general design procedure presented in [52-53]. In addition to the fabrication
of the sub-reflector, two microstrip feed arrays are designed to illuminate the sub-
reflector’s surface at each frequency band. The designed microstrip patch antenna arrays
are left-hand circularly polarized so that incident wave to the main reflectarray becomes
right-handed upon reflection from the sub-reflector. As presented in [24] for dual-band
operation, same layer topology is adopted with Ka-band ring element arrays located at the

bottom layer due to the large number of elements occupied at Ka-band.
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photo of fabricated sub-reflector.

2. Cassegrain sub-reflector design
The geometries of the offset Cassegrain antenna and the projected sub-reflector

(SR) rim shape in the SR coordinate system are shown in Figure 45 with a photo of the
fabricated sub-reflector. The parabolic main reflector is described by the diameter Dy, of

its xy plane projected circular aperture, focal length F, and offset distance h. The sub-

reflector has a projected aperture in the xy plane with a major axis Dy, and minor axis
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D, , axistilt angle j, interfocal distance 2f, and eccentricity e. The feed parameters are

the sub-reflector edge angle &, as observed from the reflector system focus, and the feed

pointing angle a. Two additional parameters are the clearance dg,_,, between the top of

the sub-reflector and the bottom of the main reflector, and the total length L, of the

antenna system. All the design parameters are described in Table 3.
Following the general design rule described in [52-53], al the parameters were

determined as shown in Table 4 with five initial parametersof Dy, F, h, £, and Dsx. To
minimize the height of the overall antenna system, the sub-reflector was moved in

beyond the bottom edge of the main reflector resulting in negative d;_,, value . One

thing to note that is, originally the scan angle designed was 30° in the plane of symmetry
(offset-plane, XZ-plane in Figure 45) and 0° in the plane of asymmetry and it was
initiated with respect to the boresight of the plane of the reflectarray’s surface. When
viewed with respect to the boresight of the equivalent virtual parabolic reflector’s

surface, it was re-evaluated to be 28°.



Table 3. Design parameters of a Cassegrain dual-reflector system [16].

Parameter | Description
Dm Diameter of the MR aperture when projected on the xy plane
F Focal length of the MR
H Offset of the MR (the distance between the point Qp on the MR coordinate system zy
axis)
&, Offset angle of MR
e, Offset angle of the top of the MR
6, Offset angle of the bottom of the MR
o, Angle between the z; axis and the edge of the SR
Tilt angle between the SR coordinate system zs axis and the MR coordinate system
b Zny XIS
e SR eccentricity
a SR surface parameter
f SR surface parameter (half the interfocal distance, f=ae)
Dsx Major axis of the SR elliptical aperture taken parallel to the xss axis
Dsy Major axis of the SR elliptical aperture taken parallel to the yx axis
Tilt angle between the SR coordinate system zsz axis and the feed coordinate system
a Z axis
Ls Distance between the focal point Fo and the point Py on the SR
Lm Distance between the SR point Po and the point Qo on the MR
dsronr Minimum vertical distance (along the x axis) between the SR edges and the MR edges
dr-mr Minimum vertical distance (along the x axis) between the feed Fo and the MR edge
L¢ Maximum length (along the z axis) of the two reflector combination
H; Maximum vertical length (along the x axis) of the two reflector combination
e Point expressed in the SR coordinate system defining the center of the SR elliptical

aperture




Table 4. Calculated design values of a Cassegrain dual-reflector system.

Step Parameter Kaband (32 GHz) | X-band (8.4 GHz)
Dm 750 mm 80 A, 21 A,
F 480 mm 51.2 A, 13.44 A,
h 480 mm 51.2 A, 13.44 ),
B 159 15 159
6 A 20.9° 20.9°
1 G, -53.13° -53.13°
2 g, -83.38" -83.38"
3 6 -12.48° -12.48°
4 e 2.579 2.579
7 a 18.365 mm 1.959 A, 0.514 A,
8 f 47.37 mm 5.053 A, 1.326 A,
Dsx 150 mm 16 A, 42 A
15 Dsy 84.06 mm 8.96 A, 2.354 A
5 a 33.22° 33.22°
9 Ls 89.68 mm 9.566 A, 2.511 A,
10 Lm 547.05 mm| 58.35 A, 15.317 A,
12 dsr-mr - 0.237 mm -6.425 A, - 1.687 A,
11 dr-ror 129.52 mm 13.81 A, 3.626 A,
13 L+ 455.07 mm 48.54 A, 12.74 A,
14 H: 848.17 mm| 90.47 A, 23.75 A,
16 Csr XCsR 9.55 A, 2.508 A,
ZCsR -0.583 A, -0.153 A,

65
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3. Feed array design

Microstrip patch antenna arrays are designed to illuminate the surface of the sub-
reflector. The truncated corners square patch element is chosen to generate a left-hand
circular polarization [54]. The substrate material used is Duroid 5870 with a dielectric
constant of 2.33 with 0.7874 mm (31 mils) thickness for X-band and Duroid 5880 with a
dielectric constant of 2.2 with 0.254 mm (10 mils) thickness for Ka-band. The substrate
material is chosen considering the input VSWR and the axial ratio. When the thickness
of the substrate material is reduced, the input VSWR improves while the axial ratio
degrades [54].

In designing the microstrip patch arrays, the size of array should be carefully
selected. Table 5 shows the sub-reflector parameters to be considered in the feed array

design. Dy, and Dy, are the major axes of the sub-reflector’s elliptical aperture taken
parallel to the X4, Yy axis respectively. The parameter & is the angle between the

feed axis and the edge of the sub-reflector. L is the distance between the feed focal

point and the center of the sub-reflector.

Table 5. Sub-reflector parameters to be considered in the feed design.

D« Dy a Ly at 32 GHz L at 8.4 GHz
Sub-reflector

9.56 A 251 ),
parameters 150 mm | 84.06 mm | 20.91°
(far field) (near field)
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Fig. 46. Normalized radiation patterns at adistance of r=2.5 A, versus aperture size.

Assuming 2 A, rectangular aperture size, the minimum distance to the far field
region is8 A,. In Table 5, by looking at the distance L, it can be seen that the sub-
reflector lies in the far field region at Ka-band and in the near field region at X-band.
Figure 46 shows a normalized near field radiation pattern [55] for a rectangular aperture
size of aby b at adistance of 2.5 A, at 8.4 GHz. The field over the opening is assumed
to be uniform. Initialy it is expected that using a large array will take care of the

possible beam broadening effects of near field operation at X-band. However, the near

field pattern shows that although the main beam is narrower, the sidelobe level goes up
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quickly for an aperture size greater than 2.3 A, because the physical range Lg looks

even shorter (even more near field region) in terms of wavelength for a large aperture.

For an aperture size of 2.1 A, , approximately -8 dB feed taper is seen at an angle of 21°.

Normalized relative gain (dB)

ol CRININW L MRS
: '\ a=b=i3 lamdd :

Y ATARTATA | S ..ash=28Jamda.__ A\WUUN V. ]
30 iAo ATk lamda

j : : | a=b=i2.2lamda
350 =b=2-lamdd oo -
-40 ] ] ] | ] ] | | ]
<100  -80 -60 -40 -20 0 20 40 60 80 100

Angle (degrees)

Fig. 47. Normalized radiation patterns at adistance of r=9.5 A, versus aperture size.

Figure 47 shows a normalized radiation pattern at a distance of 9.5 A, at 32 GHz.
The feed taper between —10 dB and —15 dB is observed for an aperture size of 2.2 A,

2.4 A, and 2.6 A, at an angle of 21°.
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4 by 4 feed arrays, assuming aperture size close to 2 A, are designed at both

bands as shown in Figure 48. With the aid of Zeland's IE3D, first 2 by 2 subarrays are
constructed with sequential rotations to achieve a left-hand circular polarization. Then
the subarrays are one more time rotated sequentially in O degrees, -90 degrees, -180
degrees, and —270 degrees to improve CP bandwidth performance [56-58]. In
combining each subarray, the 360° delay lines are added in the top and bottom part of
the microstrip feed lines. The minimum line width used is 0.15 mm because of
fabrication tolerance in the etching process. The element spacing chosen is 0.588 free-
space wavelengths at X-band and 0.64 free-space wavelengths at Ka-band. The probe

feed is used to excite the microstrip antenna arrays.

X-band Ka-band
L 11.14 mm 2.99 mm
d 21 mm 6 mm

Mo 35.714 mm 9.375 mm

@ (b)
Fig. 48. Feed arrays at both X and Ka-bands: (a) schematic of feed arrays; (b) photo of

fabricated feed arrays.
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A. Measured results of X-band feed array

The measured return loss characteristic at X-band is shown in Figure 49. The
return loss at 8.4 GHz is—14.12 dB and less than —10 dB return loss is observed from 8.2
GHz to 8.7 GHz. Thetypical measured CP radiation patterns for X-band feed arrays and
the corresponding axial ratios are shown in Figures 50 and 51. The best axial ratio of
0.4 dB occurs at 8.5 GHz. Lessthan 2 dB axial ratio is observed below 8.55 GHz and

the worst axial ratiois 3.1 dB at 8.6 GHz.

Return loss, S11 in dB
8

5 6 7 8 9 10 11 12 13 14 15
Frequency (GHz)

Fig. 49. Measured return loss at X-band.
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Fig. 50. Normalized CP radiation patterns for X-band feed arrays.
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Fig. 51. Axial ratioin dB at boresight for X-band feed arrays.
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Fig. 52. Gain and directivity variations versus frequency for X-band feed arrays.

Initially, the subreflector edge angle, which is observed from the reflector system
focus, was designed to be 21°. But because the actual phase center on the surface of the
sub-reflector at X-band was moved upward in the real implementation of the reflectarray,
the sub-reflector edge angle has been changed to be 15° at the upper edge and 18° at the
lower edge. In Figure 50, the far field feed taper at these angles are -7.3 dB and -8.5 dB
for both the upper and lower edge tip of the sub-reflector respectively. The gain and
directivity variations are shown in Figure 52. The directivity shown in Figure 52 is
calculated based on the measured co-polarized (left-handed) pattern. Since the CP

antenna has two orthogonal polarization components, the partial directivities, D, and
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D, of an antenna for the & and @ components are needed and the total maximum
directivity D, is simply sum of D, and D,. The partial directivities, D, and D, are

written as [28]

4J,

P T Pt (P, )
D = 21)
" Pt (Pa),

Where U,,U , are radiation intensities in a given direction and (P ),.,(R.), are

total radiated powers obtained by integrating the measured radiation power pattern in a
given direction. One thing to note is that the X-band feed arrays are located at the near-
field region. In other words, the feed power pattern becomes less directive on the sub-

reflector’ s edge resulting in lower spillover efficiency.

B. Measured results of Ka-band feed array

For Ka-band, good input matching is obtained at 32 GHz with the return loss of —
32 dB. The measured return loss characteristic is shown in Figure 53. The typical
measured CP radiation patterns for Ka-band feed arrays and the corresponding axial
ratios are shown in Figures 54 and 55. The best axial ratio of 0.3 dB occurs at 32.3 GHz

and less than 3 dB axidl ratio is observed from 31.8 GHz to 32.6 GHz. Like the X-band,
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the phase center on the surface of the sub-reflector at Ka-band reflectarray was moved
upward in the actual implementation of the Ka-band reflectarray. This movement occurs
because the physical center of the microstrip reflectarrays on the reflectarray’ s surface
has moved upward to reduce the interaction due to the sub-reflector, which is located
beyond the bottom edge of the main reflector as shown in Figure 45. Consequently the
sub-reflector edge angle has been changed to be 14° at the upper edge and 21° at the
lower edge. In Figure 54, the far field feed taper at these angles are -6.0 dB and -15.5
dB for both the upper and lower edge tip of the sub-reflector, respectively. The gain and

directivity variations are shown in Figure 56.

Return loss, S11 in dB
)

—40 r——1T 1T 17 1T 7T 1 1T 1T 1T 1T 1
10 12 14 16 18 20 22 24 26 28 30 32 34 36 3B

Frequency (GHz)

Fig. 53. Measured return loss at Ka-band.
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Fig. 54. Normalized CP radiation patterns for Ka-band feed arrays.
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Fig. 55. Axiad ratioin dB at boresight for Ka-band feed arrays.
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Fig. 56. Gain and directivity variations versus frequency for Ka-band feed arrays.

4. Offset reflecting antenna analysis

The analysis to calculate the needed phase delay is derived based on the
comparison of the geometrical configurations between the dual reflector system and the
flat microstrip reflectarray. The modified side view of the dual reflector system is shown

in Figure 57. The real focal point of the system is located at F, and the virtual focal
point islocated at F, [48]. Since for a Cassegrain system, all parts of awave originating

at the real focal point, and then reflected from both reflector surfaces, travel equal

distances as same as awave originating at the virtual focal point, and then reflected from
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the main reflector itself, the dual reflector system can be simply treated as the single-

reflector case in phase calculations with its focal point located at F,. The microstrip

reflectarray elements are placed at (X, Y., Z.) in the (X, y, 2) coordinate system.

Reflectarray Parabolic reflector
(Xres Yres Zre)~ > / (Xp, Y, Zp)

Incident
energy

91, =28007' 91, =300

@C
V' Z' Boresight

Ny axis
7 xi
Ao

> fe_.d}é Fo (Xt,Y52Z1)
Y > gl
\j

Fig. 57. Modified side view of the dual-reflector system.

Referring to Figure 57, and specifying the reflectarray’s dimension, the vertical

distance OF, from the reflectarray’s lower edge to the virtual feed, and the desired scan

angle g,, the virtual phase center of the feed is

X, =-OF.sin(8,); y, =0; z, =OF,cos(8,) (22)
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From the virtual phase center of the feed, the subtended angle §, can be

determined with its corresponding equivalent focal length defined as

_ CFR(1+cos(4,))

fe
2

(23)

Since the center of the microstrip arrays on the reflectarray’ s surface lies on the surface

formed by the parabolic reflector and the scan angle 8, isalready known.

Now the origin in the (X, y, z) coordinate system is redefined such that the virtual
phase center (x,,Y;,z;) of the feed is placed a (0,0, f,) and the (X.,V. Z.)
coordinates of the microstrip reflectarray elements are also transformed accordingly.

The surface of a parabolic reflector is formed simply by expressing the value of z,

coordinateintermsof x, and y,,. Thatis,

2 2
) Xre + yre
P 4f

e

z (24)

Finally, the path difference is given by

Al = \/Xre2 + yre2 +(Zre - fe)z _\/Xrez -I_yre2 +(Zp _fe)z +Zp Z (25)
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One thing to note that is, originally the scan angle designed is 30° in the plane of
syemmetry (offset-plane) and 0° in the plane of asymmetry. But as indicated in Figure
57, this scan angle is with repect to the boresight of the plane of the reflectarray’s
surface. The recalculated scan angle becomes 28° when the angle is viewed with respect
to the boresight of the virtual parabolic reflector’s surface. In this study, the following
locations in the MR coordinate system in Figure 45 are used to design the flat

reflectarray as shownin Table 6.

Table 6. Locations of the reflectarray surface (unitsin mm).

Locations, (X,,Z,)Wwith y,, =0 Lower tip center Upper tip

Initial location at both bands (155.2,-547.5) | (480,-360) | (804.7,-172.5)

Modifed location at X -band (257.8,-491) | (554,-320) | (881.3,-131)

Modifed location at Ka-band (212.1,-517.4) | (554, -320) | (855.2, -146.1)

5. Experiments

A 0.75 meter reflectarray was fabricated on commercial Rogers R/flex 3000 liquid
crystaline polymer (LCP) material with £=2.9 and 0.0508 mm (2 mils) thickness for
both layers. The ring elements are separated by 0.5 free-space wavelengths at 8.4 GHz
and 32 GHz in both orthogonal directions. The scan angle designed is 28° in the plane
of symmetry (offset-plane, x'z' - plane in Figure 57) and 0° in the plane of asymmetry

(y'z'- planein Figure 57), which is with respect to the boresight of the virtual parabolic
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reflecctor’s surface. Measurements were conducted at the Jet Propulsion Laboratory in

the outdoor ranges using CP corrugated horn for the transmit antenna.

A. Test setup
The fixture was made to incorporate the sub-reflector and the feed array with the
reflectarray antenna as shown in Figure 58. The detailed layout dimensions for the

measurements at both bands are shown in Figures 59 and 60.

Fig. 58. A photo of the reflectarray incorporated with the sub-reflector and the feed

array.



X-band Reflectarray
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Fig. 59. Measurement layout dimensions for X-band reflectarray.

Ka-band Reflectarray

7somm || T

[
. T 454.62mm
208.36mm
524.02mm
1 P patch
= 487.13mm =$ Metal fixture
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First reflectarray
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Fig. 60. Measurement layout dimensions for Ka-band reflectarray.
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B. Measured results of X-band reflectarray

Typica normalized radiation patterns at 8.4 GHz for X-band reflectarray are
shown in Figure 61. In Figure 61, the main beam (in (@) is scanned 27° off the
broadside direction and the 3 dB beam width (in (a)) is 3.81°. The measured scan angle
is 1° off from the designed scan angle, showing the misalignment of the measured

antenna system.
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Fig. 61. Normalized CP radiation patterns at 8.4 GHz: (a) in the offset-plane for X-band
only layer; (b) in the offset-plane for both X/Ka-band layer; (c) in the plane of

asymmetry for X-band only layer; (d) in the plane of asymmetry for both X/Ka-band

layer.
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Fig. 61. Continued.
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The peak sidelobe levels (in (a)) are 26.2 dB and 17.7 dB (left/right) down from
the main beam. The cross-polarization level (in (a)) is 28 dB below the peak right-hand
CP gain. Asthe frequency goes down to 8.0 GHz, the peak sidelobe level is degraded to
-15.1 dB from the main beam. However, the cross-polarization level is still suppressed
below -19 dB, which corresponds to the axial ratio of less than 2 dB. When the
frequency goes up to 8.7 GHz, the peak sidelobe level is not much changed, but the
cross-polarization level is degraded to -13.7 dB from the co-polarized beam peak.

The peak gains for the dual layer are reduced by 0.3-0.6 dB compared to the
single layer gains except for 8.4 GHz. At 8.4 GHz, the peak gain for the dual layer is

increased by 0.11 dB. Thisunusual increasein gain is probably due to the change of the
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measurement setup under windy weather circumstance on the mountain. It is believed
that the rigid mounting structure is needed to improve the overall alignment process. In
the asymmetric planes of (c) and (d) in Figure 61, all the sidelobe levels are less than -30
dB and the most cross-polarization levels are suppressed below -25 dB from the co-
polarized beam peak. The aperture efficiency is calculated from the measured data by
comparing the measured co-polarized peak gain with the directivity, which is derived
based on the physical aperture area. Also, the loss factor of feed arraysin Figure 52 is
added to evaluate the pure aperture efficiency of the reflectarray itself. The measured
aperture efficiencies versus frequency are shown in Figure 62. The highest efficiency is
48.5 % for the single layer and 49.8 % for the dual layer at 8.4 GHz. Greater than 40 %
efficiency is observed between 8.2 GHz and 8.6 GHz for the dual layer case. Figure 63
shows the axial ratio variations versus frequency. It shows an axial ratio of less than 2
dB for all frequency ranges tested except for 8.7 GHz. At X-band, the size of feed
arraysisfound to be relatively large compared to the size of the sub-reflector. To reduce
the possible spillover, the smaller feed arrays are advised. Some of radiation patterns are

attached in Appendix C1.
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Fig. 62. Aperture efficiencies versus frequency at X-band.
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Fig. 63. Axiad ratios versus frequency at X-band.
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C. Measured results of Ka-band reflectarray

Typical normalized radiation patterns at 31.8 GHz for Ka-band reflectarray are
shown in Figure 64. For the Ka-band only layer in the offset-plane, the main beam (in
(4)) is scanned 28.2° off the broadside direction and the 3 dB beam width is 1.08°. The

measured scan angle is very close to the desired scan angle.

10 +--- --

-15 +

-20 A

-25 1

-30 1

at 31.8 GHz- offset plane

-35 1

Normalized radiation patterns (dB)

-40
.90 -75 60 -45 -30 -15 O 15 30 45 60 75 90

Angle (degrees)
(@)
Fig. 64. Normalized CP radiation patterns at 31.8 GHz: (a) in the offset-plane for Ka-
band only layer; (b) in the offset-plane for both X/Ka-band layer; (c) in the plane of

asymmetry for Ka-band only layer; (d) in the plane of asymmetry for both X/Ka-band

layer.
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Fig. 64. Continued.

The peak sidelobe levels (in (a)) are 33.2 dB and 26.5 dB (left/right) down from
the main beam. The cross-polarization level (in (a)) is 39.5 dB below the peak right-
hand CP gain. As the frequency goes down to 31 GHz, the peak sidelobe level is
degraded to -18.9 dB from the main beam while the peak sidelobe level at 33 GHz is
degraded to -15 dB from the main beam. For the dual layer case (in (b)), the peak
sidelobe levels are amost in the same levels. Good cross-polarization levels are
observed for al cases in Figure 64 with values of below -32 dB from the co-polarized

beam peak.
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The peak gains for the dual layer are reduced by 1.0-1.3 dB compared to the
single layer gains across the measured frequency ranges. In the asymmetric plane of (c)
and (d), all the sidelobe levels are less than -28.5 dB, which is believed to be under-
illuminated. Further considerations on the illumination taper are recommended to
increase the overall aperture efficiency. The measured aperture efficiencies versus
frequency are shown in Figure 65 after taking consideration of the loss factor in Figure
56. The highest efficiency is 64.4 % for the single layer and 48.2 % for the dual layer at
31.8 GHz. The corresponding gain variations are within = 0.65 dB from the nominal
value throughout the frequency ranges tested. This constant gain over frequenciesis due
to two factors. For example, at higher frequency, the aperture size of the feed arraysis
electrically large producing the narrower beam pattern. Then, it is expected that on the
surface of the main reflectarray, a sinc function-like surface current is generated and
when Fourier transformed to form the far-field pattern, the resulting main beam lobe
becomes broader. However, there exists less spillover due to a sine function-like surface
current. As a result, these two factors compromise each other to establish the constant
gain over frequencies. The phenomena at lower frequency can be explained vice versa.
Figure 66 shows the axial ratio variations versus frequency. Excellent axial ratios of less
than 0.7 dB are observed over al frequency ranges tested. Some of radiation patterns

are attached in Appendix C2.
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6. Conclusions

A 0.75 meter Cassegrain offset sub-reflector-fed X/Ka dual-band reflectarray
using thin membranes is presented for the first time in this work. The sub-reflector is
fabricated using combinations of prescribed geometric parameters and two separate
microstrip feed arrays at each band are designed to illuminate the sub-reflector’ s surface.
The measured peak efficiencies are 49.8 % at X-band and 48.2 % at Ka-band. The
measured patterns are well behaved with relatively low cross-pol. and sidelobe levels, in
particular for the Ka-band results. The CP bandwidths are more than 8 % at X-band and
far more than 6 % at Ka-band, which is significantly wider than those of the fabricated
feed arrays. In other words, the reflectarray lends itself to good CP performance even
for the narrower CP bandwidth feed arrays because the cross-pol. radiations from all
elements are diffused using the angular rotations. The reflectarray’s peak gains are
reduced by approximately 1.2 dB at Ka-band and 0.5 dB at X-band due to the existence
of other layer. However, the gain variations are within + 0.65 dB from the nominal
value for both bands through the tested frequency ranges.

With further optimization, there is room for improvements and it is expected to be
a good candidate that can be implemented in real system in no time. Severa problems
encountered in this study are: First, the mounting structure needs to be improved for the
sub-reflector and feed arrays to survive in heavy wind environment. Second, the thin
film spacing needs to be more uniformly distributed, especially for Ka-band reflectarray.

Third, for the X-band reflectarray, the 4 by 4 feed array seems to be too large in size
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relative to the size of the sub-reflector, which means high spillover on the surface of the
sub-reflector. For this reason, 3 by 3 feed arrays or larger sub-reflector are desirable to

improve the overall X-band aperture efficiency. The performance summary is shown in

Table7.

Table 7. Performance summary of a Cassegrain offset-fed reflectarray.

X-band only X-band Ka-band Ka-band
Parameters

(single-layer) | (dua-layer) | (single-layer) | (dual-layer)
Scan plane 0° 28° 0° 28° 0° 28° 0° 28°
Frequency (GHz) 8.4 8.4 31.8 31.8
CPgain (dBic) 33.25 33.36 45.99 44.73
Efficiency (%) 48.5 49.8 64.4 48.2
X-pol. level (dB) 266 | 28 | 256 | 274 | 322 | 395 | 330 | 37.7
Peak sidelobe. (dB) 321 | 17.7 | 285 | 179 | 325 | 265 | 30.2 | 26.3
Beamwidth 3.48° | 3.81° | 358° | 3.89° | 0.95° | 1.08° | 0.94° | 1.10°
CP Bandwidth (MHz) > 600 > 600 > 2000 > 2000
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CHAPTER YV

SUMMARY AND RECOMMENDATIONS

1. Summary

With the advancement of space exploration, there is an increasing demand for
larger aperture antennas with very small masses and launch volumes. As one of the
solutions, deployable antenna technology using inflatable structures and thin membranes
has recently being investigated, particularly, the technology of inflatable flat reflectarray.
The reflectarray, however, suffers from limited bandwidth typically less than 10 %.

In this dissertation, A series of developments have been carried out to demonstrate
the dual-band capability of the reflectarray to meet the multi-band requirements. First, a
0.5 meter center-fed C/Ka dual-band reflectarray has been successfully developed. This
reflectarray used annular ring elements with the angular rotation technique to achieve the
required phase delays for circular polarization. A subsequent development for an offset
—fed configuration was also successfully demonstrated using two-layer thin membranes.
Finally, a Cassegrain offset-fed X/Ka dual-band reflectarray with a 0.75 meter diameter
was successfully developed using two-layer thin membranes. For very large apertures,
Cassegrain offset-fed configuration, in addition to minimizing the feed blockage, would
allow the feed and its associated electronics to be located close to the spacecraft for
easier thermal control, in particular, when minimizing of RF loss in the feed cableisin

consideration. This Cassegrain dual-band technology presented in this dissertation is
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currently being implemented onto a 3 meter reflectarray with inflatable structures and is

planned for application to an 8 meter inflatable reflectarray in the near future.

2. Recommendationsfor futureresearch

Further optimizations in the analysis of reflector antenna with various feed
arrangements are suggested for performance improvements in the future. The gain loss
of a Ka-band reflectarray due to the interference of the top X-band reflectarray needs
more study to reduce the performance degradation at Ka-band. A Ka-band reflectarray
which was in the bottom in this study can be positioned in the top layer to investigate the
further improvements. A dual-band CP reflectarray may be constructed on the single
layer using the proposed annular ring elements. Because there exist some restrictions in
the element spacings in order to share the same layer, careful attention needs to be given
when choosing the most favorable two frequency bands. A triple-band reflectarray can
be done using the annular rings if there are applications. A study for a dual-band
linearly polarized reflectarray made of thin membranes needs to be followed for the LP
applications. Since the angular rotation technique is not applicable for the LP
applications and the required phase curves are more vulnerable to the substrate’s
thickness, a new type of element needs to be developed in this case. For example,
currently, a Ku/Ka dual-band reflectarray is being investigated for the NASA Titan
Cloud Precipitation Radar and Altimeter (TCPRA) system. The reflectarray supports
dual-linear polarizations with both vertical and horizontal polarizations, while the feed

arrays are 0.5 meter long microstrip arrays with single linear polarization.
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APPENDIX A

Al. MATLAB codeto createtherequired phase of thereflectarray element

clear; % clears all variables from previous execution

clc; % clears command terminal

% user input variables

at=input('Enter 1 for square and 2 for circle);

if a~=1&at~=2
sprintf('%d an invalid array type!!',at)

else
frg=input('Enter the reflectarray operating frequency in GHz  ');
f=input('Enter the focal length from the reflector in mm*);
d=input('Enter the diameter of the parabolic reflector inmm  );
dx=input('Enter the element spacing in the x directioninmm );

dy=input('Enter the element spacing in they directioninmm );

fr=frg*1e9; % frequency in Hz

c=3e8; % speed of light in m per s

tho_rad=atan(abs((1/2* (f/d))/((f/d)"2-1/16))); % thelargest anglein radian
tho_deg=tho_rad* 180/pi; % the largest angle in degree

dr=2*f*tan(tho_rad); % diameter of the reflectarray

nx=round((dr/2)/dx); % number of elementsin the x direction minus the origin

ny=round((dr/2)/dy); % number of elementsin they direction minus the origin

for m=1:nx+1 % +1 includes the patch at the origin (0,0)
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for n=1:ny+1 % +1 includes the patch at the origin (0,0)

if at==1
thp_rad=atan(((((m-1)* dx)"2+((n-1)* dy)"2)N(1/2))/f);
rp=2*f/(1+cos(thp_rad));
rpplot(m,n)=rp;
rmn=f/cos(thp_rad);
rmnplot(m,n)=rmn;
s=rmn-f; % the phase difference
s _rad=2*pi*fr* (¢1000)/c;
mx(m,n)=(m-1)*dx;
my(m,n)=(n-1)*dy;
mxmy(m,n)=(mx(m,n)"2+my(m,n)"2)"(1/2);
psi_deg(m,n)=s rad/2*180/pi; % the required phase
thp_deg(m,n)=thp_rad*180/pi;
else
if ((((m-1)*dx)"2+((n-1)*dy)"2)\(1/2))<(dr/2)
thp_rad=atan(((((m-1)* dx)"2+((n-1)* dy)"2)N(1/2))/f);
rp=2*f/(1+cos(thp_rad));
rpplot(m,n)=rp;
rmn=f/cos(thp_rad);
rmnplot(m,n)=rmn;
ssrmn-f; % the phase difference
s rad=2*pi*fr*(s/1000)/c;
mx(m,n)=(m-1)*dx;
my(m,n)=(n-1)*dy;
mxmy(m,n)=(mx(m,n)"2+my(m,n)"2)"(1/2);
psi_deg(m,n)=s rad/2*180/pi; % the required phase
thp_deg(m,n)=thp_rad*180/pi;



else
rp=2*f/(1+cos(tho_rad));
rpplot(m,n)=rp;
rmn=f/cos(tho_rad);
rmnplot(m,n)=rmn;
s=rmn-f;
s rad=2*pi*fr*(s/1000)/c;
mx(m,n)=(m-1)*dx;

my(m,n)=(n-1)*dy;

mxmy(m,n)=(mx(m,n)*2+my(m,n)"2)(1/2);

psi_deg(m,n)=s rad/2* 180/pi;
thp_deg(m,n)=tho_rad* 180/pi;
end
end
end

end

% element location
X_element_|ocation=mx;

y_element_location=my;

% required element rotation

element_rotation=rem(psi_deg,360)

% plot
subplot(3,2,1),plot(mxmy,rpplot),grid on,
title('rp vs distance from origin’)

subplot(3,2,2),plot(mxmy,rmnplot),grid on,
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title('rmn vs distance from origin’)
subplot(3,2,3),plot(mxmy,thp_deg),grid on,

title('theta of f focal axis)
subplot(3,2,4),plot(mxmy,psi_deg),grid on,

title('element rotation vs distance from origin’)

subplot(3,2,5),contourf(mx,my,psi_deg,10) ,grid on,

xlabel ('Distance from origin,mm’);

ylabel ('Distance from origin,mm’);

title('element rotation’)
subplot(3,2,6),plot3(mx,my,psi_deg, bp-'),grid on,
title('element rotation vs distance from origin’)
xlabel (‘Distance from origin,mm’);

ylabel ('Distance from origin,mm’);

Zlabel ('Phase,degree’)

end
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APPENDIX B

B1. Ka-band measurement patterns

The right-hand co-polarized radiation patterns in the plane of asymmetry are
provided at 31.1 GHz, 31.5 GHz, 32 GHz, and 32.8 GHz respectively. Because
radiation patterns for the left-hand cross-polarizations are similar, only the patterns at
32.8 GHz are provided.

The right-hand co-polarized radiation patterns in the plane of symmetry are
provided at 31.1 GHz, 31.5 GHz, 32 GHz, and 32.8 GHz respectively. Radiation

patterns for the left-hand cross-polarizations are only provided at 32.8 GHz.

Copol. Ka/X both

- Copol. Kaonly

Radiation patterns (dB) in the plane of
asymmetry at 31.1 GHz

45 -3 27 -18 -9 0 9 18 27 36 45
Angle (degrees)
(a
Fig. B1. Normalized radiation patterns (dB) in the plane of asymmetry at Ka-band: (a)

31.1 GHz; (b) 31.5 GHz; (c) 32 GHz; (d) 32.8 GHz (co-poal.); (e) 32.8 GHz (cross-pal.).



109

Copol. Ka/X both

o

T T T T
Te} o o Lo o To]
< § 8 % @

15 17]. . .. Copol.Kaonly

ZHS G'TE 1e AnswuwAse
Jo aue|d ayy ul (gp) suianed uoneipey

o
¥

27 36 45

18

-27  -18

-36

10
¥

Angle (degrees)

(b)

=

g =z )
c e |

X o

© © ==

4 X -

© © J

o o

] @] —

@] ] i
' =
' - -1

, ,
LW o 1y o |’ o W
' AN N N Y

ZHO z€ 1e AnawwAse
Jo aue|d ayy ul (gp) suianed uoneipey

o
¥

27 36 45

18

-18

-27

-36

o
¥

Angle (degrees)

(©)

Fig. B1. Continued.



110

Lo
7 <
E)
o > o %
M c
o
8 ®© "
¥ ¥ ~
© ©
s 5
[ee]
@) O —
[ - <
. . S
: R > 7 2 =
' o X o
> 3 «©
= X X
(o))
_A .
= ©
- i
N~
o
(e}
o
"= b
T T T ,A_—. :
n [T}
© 2 28 88 8 % c g g
ZH9 g€ Te AnpwwAse ZHO g'ze 18 AnawwAse

Jo aue|d ay1 ul (gp) suiened uoneipey jo auejd ayy ui (gp) susened uonelpey

Angle (degrees)

(€)

Fig. B1. Continued.



111

-10 Copol. Ka/X both

AS 4 - Cpol. Ka only

symmetry at 31.1 GHz
X
o

Radiation patterns (dB) in the plane of

Angle (degrees)

(@

Copol. Ka/X both

-10

-15 - - -- Copol.Kaonly

'25 T " "

symmetry at 31.5 GHz
N
o

-35

Radiation patterns (dB) in the plane of

45 -36 -27 -18 -9 0 9 18 27 36 45
Angle (degrees)

(b)
Fig. B2. Normalized radiation patterns (dB) in the plane of symmetry at Ka-band: (a)

31.1 GHz; (b) 31.5 GHz; (c) 32 GHz; (d) 32.8 GHz (co-poal.); (e) 32.8 GHz (cross-pal.).



Radiation patterns (dB) in the plane of

Radiation patterns (dB) in the plane of

symmetry at 32.8 GHz

symmetry at 32 GHz
)
o

Copol. Ka/X both

- --- Copol.Kaonly

-25 I
-30
2
-35 ;
-40 I FI " l‘ T T II.
45 36 -27 -18 -9 %
Angle (degrees)
(©)
0 |
-5
1
0 Copol. Ka/X both
1
5 - - - - Copol.Kaonly
-20

Angle (degrees)

(d)
Fig. B2. Continued.

112



113

-10

Xpol. Ka/X both

Xpol. Ka only

-20

symmetry at 32.8 GHz

Radiation patterns (dB) in the plane of

-90 -75 -60 -45 -30 -15

0 15 30 45 60 75 90

Angle (degrees)

(€)

Fig. B2. Continued.

B2. X-band measurement patterns

The right-hand co-polarized radiation patterns in the plane of asymmetry are

provided at 8.2 GHz, 8.4 GHz, 8.5 GHz,

and 8.9 GHz respectively. Radiation patterns

for the left-hand cross-polarization are given only at 8.5 GHz.

Radiation patterns in the plane of

symmetry are provided at 8.2 GHz, 8.4 GHz,

8.5 GHz, and 8.9 GHz respectively. Only the radiation patterns for the dual layer case

are measured in the plane of symmetry.
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Fig. B3. Normalized radiation patterns (dB) in the plane of aymmetry at X-band: (a) 8.2

GHz; (b) 8.4 GHz; (c) 8.5 GHz (co-poal.);(d) 8.9 GHz; (d) 8.5 GHz (cross-pal.).
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Fig. B3. Continued.
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Radiation patterns (dB) in the plane of
asymmetry at 8.5 GHz
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Fig. B4. Normalized radiation patterns (dB) in the plane of symmetry at X-band: (a) 8.2

GHz; (b) 8.4 GHz; (c) 8.5 GHz; (d) 8.9 GHz.
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APPENDIX C

C1. X-band measur ement results

Normalized radiation patterns in the plane of asymmetry are provided at 8.2 GHz,
8.3 GHz, 8.5 GHz, and 8.6 GHz with the corresponding cross-polarization patterns.
Normalized radiation patterns in the offset plane (in the plane of symmetry) are provided

at 8 GHz, 8.3 GHz, 8.5 GHz, and 8.7 GHz respectively.
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Normalized radiation pattens (dB)
at 8.2 GHz- asymmetric plane

90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90
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(a
Fig. C1. Normalized radiation patterns (dB) in the asymmetric plane at X-band: (a) 8.2

GHz; (b) 8.3 GHz; (c) 8.5 GHz; (d) 8.6 GHz.
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Fig. C2. Normalized radiation patterns (dB) in the offset plane at X-band: (a) 8.0 GHz;

(b) 8.3 GHz; (c) 8.5 GHz; (d) 8.7 GHz.
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C2. Ka-band measurement results

Normalized radiation patterns in the plane of asymmetry are provided at 31 GHz,
31.4 GHz, 32 GHz, 32.6 GHz and 33 GHz with the corresponding cross-polarization
patterns. Normalized radiation patternsin the offset plane (in the plane of symmetry) are

provided at 31 GHz, 31.6 GHz, 32 GHz, 32.4 GHz and 33 GHz respectively.
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Fig. C3. Normalized radiation patterns (dB) in the asymmetric plane at Ka-band: (a) 31

GHz; (b) 31.4 GHz; (¢) 32 GHz; (d) 32.6 GHz; (e) 33 GHz.
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Fig. C4. Normalized radiation patterns (dB) in the offset plane at Ka-band: () 31 GHz;

(b) 31.6 GHz; (c) 32 GHz; (d) 32.4 GHz; (e) 33 GHz.
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