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ARTICLE INFO ABSTRACT

The proliferation of satellites in modern space systems has driven the
development of launch vehicles capable of deploying multiple satellites in a
single mission. The advent of high-throughput geosynchronous and non-
geosynchronous satellites (HTS), as well as the development of non-
geosynchronous satellite constellations and the need for antennas with
multiple spot beams, has challenged the feasibility of using traditional
parabolic antennas in multi-satellite launch systems. The traditional design
of antennas with multiple spot coverages using one or more parabolic
reflectors fed by multiple feeds is very bulky, limiting the number of
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satellites that can be launched with a launch vehicle. To build satellites
that can be placed in multi-satellite launch vehicles, the antennas of modern
space systems must be replaced with a suitable planar antenna. One of the

Metamaterial proposed new technologies for this purpose is the spoof surface plasmon
polariton (SSPP) satellite planar antenna technology. After introducing the
general properties and design optimization method of this type of antenna,
this paper describes the results obtained from the implementation of a
satellite SSPP antenna in the Ku band (12.2 - 11.7 GHz). The impedance
bandwidth, maximum antenna gain, and frequency scanning angle of the
constructed antenna are 0.98 GHz, 30.18 dB, and 3.6 degrees, respectively,
which have a much better performance than other antennas constructed
with this technology. To the best of our knowledge, this paper presents
two significant developments in SSPP antenna design: an innovative
inverted ground-plane for enhanced radiation performance and a standing-
wave waveguide feeding methodology for reduced horizontal dimensions.
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Fig. 1. Example of multiple spot beam satellite coverage over
ground (each color represents a different frequency band).
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Fig. 2. Launch of 51 flattened Starlink satellites [3].
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spot beams.
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Fig. 4. (a) Top view (b) side view of the selected unit cell
with dielectric substrate Rogers® RO4003C with dielectric
permittivity (er), loss tangent and dielectric thickness (ta) of
3.55, 0.0027, and 0.813 mm, respectively, and metal
thickness (tm) of 35 pm and periodicity d and cavity radius r

[16].
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Fig. 5. Dispersion curve of selected unit cell [16].
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Fig. 7. SSPP base antenna with 22 rectangular metal
patches on each side of the SSPP waveguide, dielectric
thickness td=0.813 mm, metal thickness tm=35 um,
Rogers® Ro04003C substrate (dielectric coefficient
£=3.55, loss tangent 0.0027), length L=483.6 mm,
width W=37 mm, 1g:=20.8 mm, Aep=17.6 mm,
Lp=Ag2/4=4.4 mm, Dy=13.52 mm, W,=2.6 mm, input
and output interfaces are CPW 50 ohms, unit cell
period d=5 mm, waveguide-ground gap g=0.4 mm,
unit cell cavity radius r=2.3 mm, a gradually tapering
ground towards infinity built by quarter of an ellipse
starting after 2.5 unit cells (2.5*d) and with minor axis
radius of 2.5*d and major axis radius of ((W-d)/2)-g.
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Fig. 6. Tangential electric near field of SSPP waveguide.
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Fig. 9. Simulated amplitude of reflection coefficient (S11) of
the input of the single-branch antenna for three states: no
ground, ground at the bottom, and ground on top.
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Fig. 10. Single branch antenna E-Plane pattern in three
frequencies: beginning, middle, and end of the band (11.7,
11.95, and 12.2 GHz) for ground (a) at down and (b) on top
when the z-axis is aligned with the main antenna pattern.
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Fig. 8. Single branch antenna and its simulated pattern in the
center frequency of 11.95 GHz with (a) no ground, (b)
ground at the bottom, and (c) ground on top.
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Fig. 11. Simulated gain increase in comparison with the
antenna without ground for the SSPP antenna with PEC
ground at the bottom and on the top.
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Table 1. Main simulated parameters of the single-branch SSPP antenna.

Ground Position No Ground Below Top
Frequency (GHz) 117 | 1195 | 122 11.7 | 11.95 12.2 11.7 | 11.95 12.2
0°* 2° 4° 5° 3° 5° 6° 177.3° | 176° 174°
Freq. Scanning 5°-20=3° 6°-3°=3° 177.3°-174°=3.3°
Max. Gain (dBi) 17.7 | 1853 | 18.63 | 227 | 214 | 218 231 | 228 | 227
Radiation
Efficiency% 96.63 93.8 93.46
Average
Total Efficiency% 94.32 918 9226
Optimum Distance
- 6 mm 8 mm
from Ground

*@° is the angle of the beam peak of the antenna pattern with z axis when z axis is perpendicular to antenna surface.
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Fig. 13. Fabricated prototype eight-branch antenna
with ground at (a) the bottom and (b) the top.
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Fig. 14. Eight-branch antenna simulated and measured E-
Plane pattern at three frequencies at the beginning, middle,

and end of the band (11.7, 11.95, and 12.2 GHz) for both
ground positions at the (a) bottom and (b) top.
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Fig. 12. Final schematic of the designed eight-branch
antenna with simulated pattern at the middle frequency of
11.95 GHz and ground at (a) the bottom of the antenna with
a distance of 6 mm and (b) the top of the antenna with a
distance of 5 mm.
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Table 2. Main simulated and measured parameters of the eight-branch antenna in two ground positions at the bottom

and top of the SSPP antenna.

Ground

Position Below

Top

Simulated Measured

Simulated Measured

Frequency | 11.7 | 11.95| 12.2 | 11.7 | 1195 | 122

11.7 | 1195 | 12.2 11.7 11.95 12.2

Max.
Gain (dbi) 28.88 | 28.88 | 28.87 | 25.13 | 25.79 | 28.68

31.06 | 30.84 | 31.06 | 26.94 | 27.75 | 30.17

HPBW 2.9° | 27° | 25° | 3.23° | 3.03° | 3.09°

3.1° | 29° | 27° | 3.15° 4.2° 3.6°

SLL(@B) | -12.8 | -10.3 | -7.1 | -8.88 | -8.24 | -8.12

-12 | -10.8 | -12 -8.72 | -5.08 -11

0°* 2° 4° 6° 3.3° | 53° | 7.3° | 177° | 175° | 174° | 176.3° | 174.2° | 172.7°
FFGQ- 0 AO_ 0 o o_,0 o 0_no o o_ o
Scanning 67-2"=4 7.3°-3.3°=4 1777-174"=3 176.37-172.7°=3.6

6° is the angle of the antenna beam peak with the z axis when the coordinate system is according to Figure 12.

OiS 2 3l 4 jaoee slagyl o 2 )5 o)l s VL oy
(Sl o) ot b Sinlopoj sloelgole aitiy 8L (gl 570
Ol 9 0282 b5l )90 ()5 (S8 (sl (uilS)8 Sl
sl iS5 Sl Jlossl b j3 )l el 5 33,5 o
oSl e lio cpl (Sl bl jae 4 Koo K] s
5 omb 2 05 sl ¥ 52l ead (gpSojlul s 4y il
8 i ol sl il lS Y 3 cymeg ol /5O
] 5 55T eilS 5 ol hime o Sl ioxie > canlio
a5 3,8 wlais |y ] e lgies syl o 1 5 o
e bl oled il dtnly (iS5 4 e ) dlaks
(ol B b Sligg g w4 glgel 15y dodlian 5 S 0
S o et |y SSPP (6yglid b slacudgiome § LS
U S zoe Jsb @) s 4 (939)9 e JliS Lo (St
o] ol lacudgione | Kod (S G i uilS, ]
6old ! Clun Cowl dlio (ol )3 (solosuing g, L SSPP
co ol o)l S a5 53 oS il (558 (il yb) o 4
Gl (650l8 pl S0 Cudgizns i
i slayl Sy b dlio oyl ) 3 Slo dumlia ¥ oo
2o plie oy 3o (L ) 3l gla)ls (B dlex ]
b duolio > Allie ol (ooloiuinn oyl a5 amd o L5 Y g
S 0 20 Y] g2y 48 L0)laz 58 Sy & bigaye 000 oyt
3 e ool 2 d92ge ()8 Sl palie )l (g anlie
bl @ 1y die (oolgin oml wilS 3 oSel dg sl
(o 53l (g ) i) Abl oo 00 oy (sl gyl
ol oyl e cowl byl ady odgame )3 55 xd lie

Gl «glds cpl > a5 smd o s aKilejl oy
b sil)b Jolo )3 1 e (905 (S 5 (g (255255 4 (351
Gt g Gl SosS b PEC (o) dinge alolb |y
colo 118 S L ol |y gles ool 36 s s
o3latl wile (daio (gilwodly 3 yioS Sblog b (yeej Cans S
@ qgme (o) S & e Jl ey s SoySUl 63 9 0 ]
$ES WYY sl )b by o5l (gjlwaingo ko, JBlao
Su<-10 & e CST bl 5 b o plogl g jluodunds 5l odlizl |
2 owes o ey Su<12.dB g oyl 53 oej <l 4l dB
wlo jl ey 0 GFRES /0 )8 Al sl JS 5 VL
Sl ) 5 el 5203 e plSl g (5 50310 5
SySo3ll awslisel b sl b edlanw] Agilent 8720ET
530S VY 5l b g e b (6l (S11<-10 dB) o
A ol YL )3 ey s (gl g (35,0185 VY/SY BVV/S)
Slag j 93 o ol (5,0E5V/0VE b V/OYF) 5SS
Fore (FRESVIY B WY o3l 5,088 /0 55 350 il
ly xS0l g (gilwdnsd guli culio Bllay 5o slasl Laiius
L o lis

B (6 25031l 9 (5wt U3 Sl
ol a3l iges a5l ol ol S0l g (ojlwand s
b o5l & amo oo LS YU 5 (e 9 oy 5 o) b 93
#x slag 2l (o) o3lusl g SYL a0 )02 Vb )3 (30
ol 2l soml el E Sl agly g (HPBW) (lsins
81 35 3590 039350 3 (Slopte (e e 93 2 53 3LE Cudin
S ©yge ) a3 e ) (B)leie (glojlgale sla JUSiw L)
s g 5] g b g loasLis sl il Sl jiiis o0 4



Sl n9rd 9 SIS ol 8wl (300

wlad (5)ld 5 pgle
Y Bjlad A 5y93 V4D Lo

/Y

wlitie slaylS (S0 b (ooloiaig (T 3 )Sas duglie =¥ Joua

Table 3. Comparison of the performance of the proposed antenna with some similar works.

i . Max. Min. | Average 1 | Average
Reference \(gorgjf?l]:) tl?]a?gvva Gain Gain Gain A'f;o' 2 SLL F.S.R® | Array Size
(dB) | (dB) (dB) (dB)
5.7 Ap%
[20] 2.56 Apx 6-16 18.5 15.22 16.86 8.16 -7.5 91° 4 Branch
0.01 Apx
8.65 Apx
[21] 0.86 Apx 6.3-11 14.2 9 12 95 -10 112° 2x11
0.015 Apx
[22] - 58-68 | 125 | 115 12 - 75 50° 4x4
20.08 Apx
This Letter* 12.34 Apx 28.67 25.15 27.1 83.54 -8.41 4°
0.274 Apx 11.7-
2008 Jp< | 122 8x22
This Letter® | 12.34 A% 30.18 26.94 28.77 80.71 -8.2 3.6°
0.234 Apx

ILength, Width, Height, 2A.R.E: Average Radiation Efficiency, 2F.S.R: Frequency Scanning Range, * Values for Ground at bottom, ° Values

for Ground at top.
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