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Canonical surfaces

Canonical Surface E-field Polarization

VER or TM HORor TE

PEC (GE) STOP

Outline

* 1. Introduction to PBG/EBGs, PMCs, AMCs,
and soft and hard surfaces
» 2. Transformation of AMC to soft/hard surface
» 3. Soft and hard surfaces: Principles of
operation and realizations
* 4. Brief overview of:
— TEM waveguides
— Reduction of blockage from cylinders
— Examples of applications: soft, hard, AMC
— Numerical approaches

PEC: Wave propagation along
surface

EVER

VER propagation
GOeswith
OFpp Jon =0

at surface.

HOR polarization
STOPswith
Eyor =0

at surface

Soft surface: Principle of operation
for transverse corrugations (current
fences) I

Eygr SEESAMC E,.=0
(transformation

from short-circuit ~ J, long = 0
to open-circuitin
grooves)

Eor Sees PEC.
No penetration
into grooves.
Eyor =0
J sy = undesturbed

transv

Soft surface: Bandwidth is
limited by surface waves

Idedlly large
2:1 bandwidth

J!

—> <«

p<Al2, plw<2 pw
A. = wavelength in corrugations
d<A 14 . surface waves
Ald<d <A, 12 : nosurface waves,i.e.STOP band
d=x14 : best frequency

d>A.12 : surface waves




Soft surfaces:
Relative bandwidths of different realizations

I I I I » Conventional, up to 1.8
m » Cavity-loaded up to 2.4

+ Tilted, typically 1.5

* Dual-depth = two narrow bands
Ll

» Strip-loaded dielectric up to 1.2
(problem with surface waves)

» Magnetic coating with transverse

........................... metal strips, >>1, but lossy

Realizations with transvers strips
eqs=¢, for soft surface

Classical h I
thick

h=2(4 H ) /7/( 2\/?)
eff

Modern
EBG-type | | | |
thin
A4 €y
Alternative ( /7 )

thin —
narrower strips H

Hard surface: Principle of
operation for longitudinal
corrugations

E, gr Sees PEC.

BEO/ __0F / _
HRan_ VERan_O

Eior SeesAMC at TEM freg.
(transformation from short-
circuit to open-circuit in slab)

HOR case: Equivalent to
grounded slab problem.
Rely on surface wave at cut-off.

Hard surface:
We MUST have dielectric filling to
get field transformation

Bandwidth small due
to dispersive surface
wave near cut-off.

o A

AMC (TEM frequency)if kd=n12 = d= 2 I
e, —

Realizations with longitudinal strips
eq=¢,—1 for hard surface

Classical h I
thick

h:,U(4/Z”.) e
2\/ eff

Modern
EBG-type | | | |
thin
£,
Alternative A /7 )

thin —
narrower strips H

SOFT

Mﬁ)

aizfm)  ModemEBG-tpe(tin) 212z, ~1)




Outline Hard surface supports TEM
wave intrinsically

* 1. Introduction to PBG/EBGs, PMCs, AMCs,
and soft and hard surfaces
+ 2. Transformation of AMC to soft/hard surface -
3. Soft and hard surfaces: Principles of Waedi [~ Hard surface defined by
operation and realizations E=H =0
4. Brief overview of: orZ,=0,Z =
— TEM waveguides and hard horns
— Reduction of blockage from cylinders = A ~1 -
— Examples of applica?ions: sof:l, hard, AMC E= [E”n +E,t]e "
— Numerical approaches H= [H,ﬁ +Hz;]€_ﬂd = [ZOE,ﬁ—ZOEntA]e"”

automatically satisfies boundary condition

\F\=>

Planewaveinl direction:

Hard surface: Hard cylinders of any Analytical field solution in rectangular hard
cross-sectional shape are TEM quasi TEM dielectric-loaded waveguide
waveg uides Rei:tive_F(r)egsl?.QO Relative Freq = 0.95 Relative Freq = 0.97
(at center freq uency) 150 =0, kqa = 0.7079 kqa = 05719
o, —~a —— "
] oeeten,,
e’ "“%;
i £ % ) ) )
H 4 ¥ % Relative Freq = 1.00 Relative Freg = 1.05 Relative Freq = 1.10
% L //’ kqa = 0.2014 +/0.1976 kqa = j0.8656 ko =/1.3656
g f}“' e s e ’ e
Examples od TEM waveguides { § l-----.----~
with ideal PEC/PMC strip walls. NN o, =
No x-pol. Unif illumination. e N\ / I
0 x-pol. Uniform illumination \/ TEM frequency
Analytical solution in circular Classical-type model: =2 mm
hard corrugated waveguide, D = 5\ Dominant TEZ mode field

distribution

d=50 mm
S : Example: d=5Aat 30 GHz £, = 2.5 fi, =
I I I 30 GHz
- II " - i . . ' ‘ Thecorrugation period p <<
1

- OOOOOl,
20000

o ®
® 0 0 .

19 GHz 23GHz 27GHz TEM 30 305GHz 31GHz
TEM Frequency = 29.5 GHz Frequency = 305 GHz Frequency = 31 GHz GHz

Frequency = 19 GHz Frequency = 23 GHz

Cr0$




Different hard horn realizations

Longitudinally corrugated hard horn
(Sotoudeh, Kildal, Ingvarsson, Mangenot 2004)

Application
of hard

horns in %
cluster feeds P

for satellite

antennas
with multiple (s
beams o’

Eloment footprints
on sarth

L

Example of layout of footprints
(4-cell frequency reuse plan and
4 reflectors)

Requirementsto:
Directivity in each lobe
Directivity in weakest point
Beam isolation: Co and cross
polar side-lobelevelsin the
neighboring beams with same
frequency

Hard horn dimensions for cluster

feed
J
Dimensions
wavelengt
hs mm
Figure: cross section of the
TTWAVERITE
Wavelength at TEM frequency of horn (31.8 GHz) A 9.4 mm
Horn outer diameter 51 47 mm
Horn length 151 142 mm
Relative permittivity of dielectric material in horn e=15 =15
walls
Reflector diameter 140 & 1320 mm
Reflector focal length 143 1 1350 mm

Radiation patterns of 5A hard
horn by single mode aperture
integration and mode matching

nroqram
. E-plane q r H-plane
—_————————— e =
\ -+ Mode mabching ¢

N, Mode matching |
— Smnglemode | Y — Single mede 3

Relative lesel (dB)
b £
Relatve level (dB)




Aperture efficiency of
hard horn and smooth horn of finite

lenaths
Aperture efficiency

92
90 8//
88 /S/‘Z‘

& ez2 |
e=1.

TE,
1wl .
S =
2 gaf el
& e |
el
e=12§ |

78

Tarl |

o] . . . L .
18 20 22 24 26 28 30 32
Frequency (GHZ)

Maximum crosspolar sidelobe
level

Maxirmum crass palar level

18 TE11 N -.-.-,L
77
a0 | 4
o
22_ - — -_,_H__H_f;:S / /,llré
sl | T 25 - i
Tz £=2.
2 26 ><\’/ S
9 ok e=2 f
ol =15 N Y
: e ) Vol
* e=125— / |
o r I1| /

15 20 22 24 6 23 k] 32
Frequency (GHZ)

Requirements and resuris
multibeam antenna with hard
horn cluster

Requiremen Hard horn results
q ts (over the whole

band)

End of coverage directive gain > 39.5 dBi > 40 dBi

Co-polar beam isolation re_latlve > 25 dB > 26 dB
to weakest useful point
Cross-polar beam isolation

relative to weakest useful >27dB >>27 dB

point
XPD <-27dB <-27dB
Reflection coif::,tlent at feed <27dB < 25 dB*

Example: Miniaturized hard
waveguides in dual-frequency array
(aperture reuse)

Figure shows array
element locations at
different frequenciesf.
Full scan implies
element spacing < 0.5 A
at both frequencies

- fIurw
B fhign= 3fiow

d
Strongly miniaturized elements needed at f,,,: d =0.16 A

Outline

* 1. Introduction to PBG/EBGs, PMCs, AMCs,
and soft and hard surfaces
» 2. Transformation of AMC to soft/hard surface
3. Soft and hard surfaces: Principles of
operation and realizations
* 4. Brief overview of:
— TEM waveguides
— Reduction of blockage from cylinders
— Examples of applications: soft, hard, AMC
— Numerical approaches

Example of
structure which
gives
siedel obes:

Support struts.

Sidelobes can
be reduced by
HARD
surfaces




Reduce scattering from structure
around antenna

Setup for measuring forward
scattering from cylindrical objects

Forward scattering is characterized in terms of an
Induced Field Ratio or an Equivaent Blockage Width.

Equivalent ANARY 2 %
blockage -

width for 2 e

Ci rCU | a r 15: Calculated Regult TM

St ru t . E Measured Result TM:
Noa ha I
important f
I

Step 1: ‘%//ﬁ\ -
Make —

good

h a rd T E 1 Calculated Result TM
E15] \4‘ r
case B F
g 4J 5, s, TR -
§m; S "Mwwww:.wﬁw@l AL
¥

b ette r by E o ResunCalTZIated Result TE I' é
c h an g | n g s—E /C Measured Result TE\ ‘. ;’
shape A A A

Frequency (GHz)

L=50mm

e

Step 2: Mfm s
Ap p | y Dl (4.9
dielectric
coating to
make TM ,
case hard .1/ o
and good. "

Measured Result TE

Calculated Result TE |-

RefWeq) (mm)
S

Step 3:
Apply
strip-

loading

to make
both TE £
and TM &= ™

cases o

hard and =T
good

Calculated Result TM

Measured Resull TM
Calculated Result TE
Measured Result TE !

S,

i,
i
g T

T T 7 T T T T T T T T
9 10 11 12 13 14 15 16 17
Frequency (GHz)




Modeling strips or corrugations with
asymptotic boundary conditions

40
—————— ™
—
30 p=90°
E cotrugations, w/p=0.667
\;; 20
3
10
N =
0 : . o
8 10 12 14 \/ 18

Frequency (GHz)
Band of operation

In reality wave
has oblique
incidence.
What then?

Computed results for obliques
incidence are worse

50

40

T =0°, 0= = 60°

[Weq| (tiin)

8 9 10 11 12 13 14 15 16 17
Frequency (GHz)

Tilted strips solves the problem

50
sy 40
‘motallic strips
’g 30 -
/‘w@ g 20
) & ] > =
Ny
e 10

———————— ™
TE

g = 30°, 6™ = 60°

L L L L L M 1
8 9 10 11 12 13 14 \15 16 17
o )
equency (GHz)

Thick blockage-free struts

60
—————— ™
50
corrugation, w/p=0.667/7 -
% 0=90° strips, w/p=1 e
_ =
E corrugation, w/p=1
’/ 5 30
omm B
J amm 20
corrugations
(wip = 0.667) 10
20mm {depth=5mm)
42rmm &34 0 | ¥

s 10 1 1213 14 15
Frequency'(GHz)

Tilted struts for oblique incidence

|Wegq| (m)

70
60 —— TE

50 - € =30° 6" =60°
40
30"
20

10

L \."‘"\ R
6 7 8 9 10 11 “;5/‘ 13 14 15
Frequency (GHz)

0




Outline

* 1. Introduction to PBG/EBGs, PMCs, AMCs,
and soft and hard surfaces
» 2. Transformation of AMC to soft/hard surface
» 3. Soft and hard surfaces: Principles of
operation and realizations
* 4. Brief overview of:
— TEM waveguides
— Reduction of blockage from cylinders
— Examples of applications: soft, hard, AMC
— Numerical approaches

Example of corrugated horn with
lens

Corrugate
d horns
were used
in earth
stations
like this
one

Circular
waveguide b
with PEC wall: TE,,

With soft wall:
Corrugated

H wall
No x-pol, field HE,, H-plane
zero at wall in all R
planes, known hybrd
from corrugated =~ medes E-pluse
horns

Example of corrugated horn with
lens

Realization of SOFT horn by strip-
loaded dielectric slab (E. Lier)




Example of corrugated sector
horn

Sector horn: Corrugations should
follow curvature of expected
wavefront

; \ o Circuloar
3 ( rorru_tlrd'l'ms
T \ ( normel 1
wall | )
(felb un'.nj
&Pﬂc+et';
wevefent )

Svnacth __,/
Aansiften
bom plaae B spherical wavefeal

Example of corrugated sector horn

Characteristics of wide angle
sector horn

Beam width in horizontal planeis flare-angle controlled:
wide lobe, aimost no frequency dependence.

Beam width in vertical plane is aperture-controlled:

Corrugated
sector horn:
Theoretical
radiation
patterns for
vertical
polarization,
vertical and
horizontal
planes

Corrugated
sector horn:
Theoretical

radiation L
patterns for T

horizontal _ ' // \"

polarization, /
vertical and / \
horizontal / \ I
planes ! / \




Broadband
SOFT
corrugated
primary feed
(Ying,

A. Kishk and
P-S. Kildal,
1995)

Ying’s
SOFT feed:

Constant
beamwidth over
0.9-1.7 GHz

Aperture-field

when used in

arecibo three-
reflector system

Realization of SOFT horn by strip-
loaded dielectric slab (E. Lier, 1988)

Small antennas

on SOFT
corrugated
ground planes
for sidelobe
reduction and
beam
symmetry
(Ying 1996)
Spin linear pattern of a small planar spiral antenna on
soft corrugated ground plane at 5.2GHz S| dd Obe
reduction
o it T Archimedean
| T T T Versus
W L r=a number of
i a=0.44 mm/rad surrounding
$,=25.1rad ‘ SOFT
Corrugated Disk .
n | corrugations
d-t.5em | for small
microstrip

array




Spin linear pattern of 5 turns helix on soft corrugated
ground plane at 5.0 GHz

L
Pl
\ h
|

.‘l ||,I,III| i

o
il '.'Jhliil L U _hhTu'f.

L -... A '
e 7 ;
£f = E\\\\
£ i

1

Hat feed
with SOFT
corrugated
hat

in 90 cm
reflector,

12 GHz

Measurements of hat feed with SOFT hat and
SOFT corrugated neck (support tube)

Measured patterns of hat feed with SOFT hat and
SOFT corrugated neck (support tube)

et
~~~ VI, E-PLANE

3 jresswen vl e

g //‘*\\\, E-plwi

E A 3 / £ \ z

g / e H-plane” :
0.4 4 SOFT eyl widbr LE

oo 3
LT R R R

THETA

Measurements of hat feed with SOFT hat and
longitudinally corrugated HARD neck




Measured patterns of hat feed with SOFT hat and
longitudinally corrugated HARD neck

i W ~~~ VI, E-PLANE
e \ ()
L, jressuren I'\,I IRVRY II N

H?llnnt_mf.'(d‘\‘f’ﬁ{l-dr L . 0 ;‘;ﬁﬁm
\M_;\‘.?q] ] | | i ._.1;\1: -
:\E“:HM E‘P e .::“. "

HARD %\r ;

=0 "’Ww linder
il o

e reer-

RELATIVE POMER 1ol i

M easurements of hat feed with SOFT hat and
SOFT corrugated neck (support tube)

Reduction of diffraction from
edge in shield

\\\\\\

aluminum
corrugat ed bar

wood support s By Maci et .

Reduction of diffraction from
edge in shield, results

%gﬁ

U
fe——=]
total field (dB)

210 240 270 300 330 360
obs. angle (deg.)

Satellite with many antennas:
Coupling & interference between antennas
isa probtem

8 RX.C TX. L
N \ i F 7
o1 gl

3275.6

Example: EISCAT VHF cylindrical

reflector antenna.
High power radar for ionospheric research




Example: Spillover lobes

illuminate house 1.4 km away.
How to reduce spillover lobes?

ST IS

STV AT SV e
= (o Hoom

Sorution 7
Corrugated soft wall along line
feed

Horizontal polarization with
smooth wall: Improved

Radiation
pattern of
line feed.

Vertical polarization with
smooth wall: Worse

Radiation
pattern of
line feed.

Vertical polarization with Smooin
and corrugated wall: Corrugated

wall OK.
o Vedtical_polacisation
Radiation Fi7 :
pettern of 0 i f\rmw
line feed. |
cormig-le | Smadth
00 E i’:,'; "‘3\‘5 \? chield
= N A [ ! -,
= " |l| !:. ']{ i \".-\,'. A
i iRl a4
TRV [BREd s
-300 G s i L E Y
1800 -800 o 900

180.0




Both polarizations: Corrugated

wall
o
' Vet pol.
0 == qu
-10.0
= 200
-300 £ U T e
-180.0 -30.0 ] 90.0 180.0 Radiation
PSI deg pattern of line

feed.

S0It trarisverse CU”ugdlIUllb
and chokes used in EMC
and to reduce sidelobes of

antennas
Dr. Jan Carlsson
SP Swedish National Testing and
Research Institute, Sweden
&

Chalmers U iy of Technology,
den

E

v,,\T/H

Introduction — EMC applications
N 7

A

Infinitely long slot in a
ground plane

* ... can be used as a model for narrow
apertures, i.e. when the length is large in
terms of the wavelength

* ... can be treated as a 2D-problem, easy to

Infinitely long siot
Perfectly conducting plate

Transmission coefficient

p o 2 E, <,
- 1L L BV I L

Transmission coefficient, TM-
polarization

gne 8 o0
© ‘ IW : 20t

%

!




Transmission coefficient, TE-

polarization
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Soft surfaces applied to slots




Experimental verification of

reduced t

Soft panel edges (Ki
1991)

ransmission
Idal and Napier

LN

Transaiss

NEAE:

1

]

an ¥ithout corrugacions

Systes naise level

Transaission wich corrugacion
\"'ls"\-.\ __,_r-‘--""'—'-
\u\‘ e
—T o=

I A~

l

L 10

Fraquancy [GHz|

Comparison with measurements

Comparison with measurements

—— Measured valugs
—— Calculated valyes

L L L L
10 12 14 16 18
Frequency, GHz

Broadband corrugated slot

Transmission coefficient, dB

Frequency, GHz

Applications

Soft surfaces:

Shielding
EMC + sidelobe control

— reduce transmission
through gaps

—  polarization-independent
shields

—  reduce coupling along
surfaces and over corners

Feeds

—  soft horns for low
sidelobes and cross-
polarizatiob and
symmetric beam

Hard surfaces:
Reduce sidelobes due to
structure
— masts, struts
—  spaceframe radomes
Reduce radar cross-section
(monostatic and bistatic)

Array antennas
— compact hard horn elements

—  waveguide simulators
for dual polarization and
broadside radiation

New table for comparing surfaces

E-field Polarization
VER or TM HOR or TE

Canonical Surface

PMC-type
EBG

close to nor mal




General rule: How to reduce effect of
metallic structure/surface on radiation pattern

Ca- | E-field is VER | E-field is HOR Desired surface
se | rel. to surface | rel. to surface treatment
Good Bad Hard GO
Bad Good Soft STOP
Bad Bad Transform to case 1 or 2
by changing shape

Determine first which structural part causes the high sidelobe,
and for which polarization. Then, perform the surface treatment
according to the table.

Four-step design procedure for
antennas using soft-hard surfaces

1. Conceptual intuitive design

2. Initial analysis/design based on ideal
PEC/PMC strip model

3. Studies of fundamental bandwidth
limitations using asymptotic
strip/corrugation boundary conditions
(zero period).

4. Modeling details (fringe fields) using finite
period.

Overview of analysis models

Physical approach (conceptual)
* PEC/PMC strip models

» Impedance boundary conditions (not useable
for hard surfaces)

Asymptotic (homogenized) boundary
conditions for strips and corrugations assume
anisotropic but homogenous layer (very
accurate for small corrugation periods)

» Exact modeling (slow convergence, small
cell/lsegment sizes)

Missing capabilities of commercial
computer codes

« finite arbitrary shaped PMCs
+ ideal PEC/PMC strip surfaces (soft/hard
surfaces)

» asymptotic strip and corrugation boundary
conditions to avoid small cells/large
contours

Conclusions

+ Large similarities between EBG surfaces,
AMC and soft and hard surfaces

+ Soft and hard surfaces can be made THIN by
using EBG technology in the form of strips
* PEC/PMC strip model:
— represents ideal soft or hard surfaces
— useful tool in analytical and numerical work
» Asymptotic BC for strips and corrugations
— Useful tool in analytical and numerical work
* New applications are waiting:

— Grid amplifier, hard horns, compact waveguides for
use in multifrequency arrays

— Waveguide simulators
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to Soft and Hard surfaces

« Dr Erik Lier, colleague from ELAB days

« Chalmers: Ying Zhinong, Zvonimir Sipus, Silvia Raffaelli, Jian
Yang
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« Prof Makoto Ando, Tokyo Institute of Technology
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