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Radiation origin

When there is a transition is between quantum level E1 and E2, the frequency f of
the emitted radiation (photon) is given by Bohr’s equation. Also, transition from
rotational and vibrational involves energy radiation.

All substances at a finite absolute temperature radiate electromagnetic energy.

A liquid or solid may be regarded as an enormous molecule with a
correspondingly increased number of degrees of freedom, which leads to such a
large number of closely spaced spectral lines that the radiation spectrum
becomes effectively continuous, with all frequencies being radiated.

Atomic gases radiate electromagnetic waves at discrete frequencies, or
wavelengths; that is, they have line spectra.

Aalto University
School of Electrical
Engineering



Blackbody concept

A blackbody is defined as an idealized, perfectly opaque
material that absorbs all the incident radiation at all
frequencies, reflecting none.

A body in thermodynamic equilibrium emits to its
environment the same amount of energy it absorbs from its
environment. Hence, in addition to being a perfect
absorber, a blackbody also is a perfect emitter.
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Figure 6-1: Planck’s radiation law [adapted from Kraus, 1966].
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Rayleigh—Jeans’s law
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The Rayleigh—Jeans approximation is very ,
useful in the microwave region: it is > o
1071 .

mathematically simpler than Planck’s law
and yet its fractional deviation from
Planck’s exact expression is less than 1% if
AT > 0.77m K,

Planck’s law
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A Aalto University Figure 6-3: Comparison of Planck’s law with its low-
Eonmeering o frequency approximation (Rayleigh—-Jeans law) at 300 K.



EM waves

A time-varying electric field induces a magnetic field
and, conversely, a time-varying magnetic field induces
an electric field. This cyclic pattern often results in
electromagnetic waves propagating through free
space and in material media.

Waves propagating in a lossless medium (e.g., air and
perfect dielectrics) do not attenuate. When
propagating in a lossy medium (material with nonzero
conductivity, such as water), part of the power carried
by an EM wave gets converted into heat.

The interaction of EM wave with media may involve
scattering, absorption, transmission, and
emission, or combinations.
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A? Table 1-5: Common band designations (GHz).

O
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0.225-0.390
0.390-1.550
1.550-4.20
4.20-5.75
5.75-10.9
10.9-36.0
36.0-46.0
46.0-56.0
56.0-100

Microwaves

SCoORH O T

By convention, the microwave region encompasses the

UHF, SHF, and EHF bands, extending from 0.3 to 300
GHz (1 m to 1 mm in wavelength)
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Fundamental EM relations

Maxwell equations

py =0 (no charges)
J =0 (no currents)

V-E 8’80, \

VXE=—=jouH,
V-H=0,

VxH @jws’eoE.
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Fundamental parameters

4 )
(a) Free spaeg; Lossless
0= fip = 47> 10~ H/m media
py =0
ag=I(

(b) Pure dielectric:
£": medium-specific
U = Ug (all materials except ferromagnetic)
Pv = 0
o=10

(¢) Conducting medium: Lossy
e": medium-specific .
U = Uy (except ferromagnetic) media

y or may not be zero
@

electrical permittivity (F/m),’

e U = magnetic permeability (H/m),
e p, = volume charge density (C/m3),
e © = conductivity (S/m)

where £y = 8.85 x 107'2 F/m is the permittivity of free
space and &' is the permittivity of the material relative
relative to that of free space.

» We denote the relative permittivity by the
symbol £’, instead of €, so we may use the latter in
future sections to represent the complex dielectric
constant of the material under sinusoidal time-

varying conditions. <«
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EM wave equation

Homogeneous wave equation arises as
Maxwell equation solution

, a3 g
VE = (313 N dyv: + r}zz) E.

V’H - y"H = 0.

where constant y is known as propagation constant

72=W

From Microwave Radar and Radiometric Remote Sensing, by Ulaby and Long
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Lossless Media

propagation constant is real, the wave number

nonconducting (o0 = 0) —> no
attenuation, losseless PE

A a2 +sz$
Y = —w@«%
Y =—k (EX(Z) =E!(2)+E, (z) =Eje "+ Egel™
Wavenumber /

r k=w\/pe'e . N A uniform plane wave is characterized by

electric and magnetic fields that have
uniform properties at all points across an

VZE + sz —0. infinite plane.

A plane wave has no electric- or
magnetic-field components along its
A Aalto University direction of propagation.

School of Electrical
Engineering




Transverse wave

A uniform plane wave is characterized by
electric and magnetic fields that have
uniform properties at all points across an
infinite plane.

A plane wave has no electric- or
magnetic-field components along its
direction of propagation.
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—_— >

¥ VXE=—jouH,

Figure 2-2: A transverse electromagnetic (TEM) wave
propagating in the direction k = Z. For all TEM waves, k
is parallel to E x H.



Intrinsic wave impedance

Because

A

Intrinsic (wave) impedance

T’:

oL o

kK woy/uee
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m

g'gy

(L),

Intrinsic impedance describes how
much magnetic field is induced by
electric field and how much electric
field is induced by magnetic field in
lossless homogeneous media. Wave
impedance unit is ohm (Q).



Transverse electromagnetic wave
phase velocity and wavelength

H- ' kxE
n
E=-nkxH. WZ%Z i H (Q),

kK wouege VEe

From angular frequency (w) and wavenumber
(k) we can derive phase velocity (u,)

(0] (0] 1
Up = — = = (m/s), Figure 2-2: A transverse electromagnetic (TEM) wave
k (11! e . A £ €
@V HEE HEE propagating in the direction k = Z. For all TEM waves, k
is parallel to E x H.

wavelength (A) is conneted to wavenumber and phse velocity as
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Wave in free space .

1 (V/m) 1
/@\
phase velocity in free space / \ 1
Up=c= \/ﬁ =299,792,458 ~3x 108 (m/s) E \
2.65 (mA/m) 0 /‘ \
intrinsic impedance of free space y o o =\ . / \‘
o= 4/2 =377 (Q) ~ 1201 (Q i
<] iy
Z
H- ' kxE, '\ ‘/
n Y
i \
E=-nkxH

Figure 2-3: Spatial variations of E and H at r = 0 for
the plane wave defined by Eq. (2.33).

Aalto University
School of Electrical
Engineering



" 0 J L
[ ity — —e—
VR
VAR
o I —

\

®

L2

-
=%
® 0
Lo
ow 2
> =
2w T
cOg
=R
0 0.
2D
Qo c
<< W

A



Plane-wave approximation

can be used, if we are far enough

t o

X \ \
- ~ N \ \ \
\ -~ - / \\ A v
.. - - \ \
Radiating p ~ % - / v \| l
antenna \ ~ o (
\ | \ \ 4
\ -3:1— U — l —_— ' Observer
= ¢ | ¢! I\
| A !
/ / "o ' [
) - / l Aperture
/I~ Spherical \ o) r P

/ /
\ wavefront o ;1
/ /

Uniform plane wave —

(a) Spherical wave

(b) Plane-wave approximation

Figure 2-1: Waves radiated by an EM source, such
as a lightbulb or an antenna, have spherical wavefronts,
as in (a); to a distant observer, however, the wavefront
across the observer’s aperture appears approximately
planar, as in (b).
Aalto University
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Plane wave
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Recap

« Traverse electromagnetic wave is a plane wave.

 Plane wave is described by phase velocity and
wavelength (or wavenumber and angular frequency) are
dependent on magnetic permeability and electric
permittivity of the material.
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Lossy
(conducting)
media

Propagation constant is complex!



Maxwell equations with currents

Maxwell equations in vacuum
(no charges)

V . E :/%/ E ,80’ complex dielectric constant
VXE=—jouH,
V-H=0,

VxH=J+ joegE.

VAH=J+ joe'gE

Aalto University
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Complex dielectric constant

Maxwell equations in vacuum
(no charges) By using
complex dielectric constant

. O .
SZEI_J_ZSI_JSH
&

we can maintain the same
Mawell equation formalism
and the same wave equation
solution

Aalto University
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Dielectric loss factor

. O :
828’—j—=£l—j8”
W&y

. or
Dielectricloss factor | &’ = C% ’

) - 0g 7 &

Aalto University
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Intrinsic wave impedance of lossy medium
is also complex

_ intrinsic wave impedance of lossy medium
is also complex
ne /o _ [ Ko (
. ¢ —
H(Z) = j}l_ly(z) —§ Ex(z) =3 Enﬁe—aze—JBz £&) ,8()

€
Ur
N\ —1/2
_ o 1 — i £ 0)F
. o S vl (€2),
In a lossless medium, E(z,t) is in VE
phase with H(z,t); however, this , .
roperty no loneer holds true in a T We sebecause the natural materials encountered in
prop ) remote sensingare nonmagnetic. This includes water, ice,

lossy medium because 7, is complex. soil, and vegetation, among many others.
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Wave equation with complex dielectric
constant

V’E — YE = 0.

TR
Y = —w’uegy = —o’ ey (e — je’)

Propagation constant becomes

also complex! P I\
,J) X VEX(Z)VZ ’Ex()e az, JﬁZ’ — |Ex0

&/ =or ]ﬁ\‘) The real par@f the propagation constant

is called attenuation constant, as it
describes attenuation of the amplitude

A Aalto University durlng pI’Opagatlon.
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Attenuation constant
and skin depth

Ex(2)] = |Ex0€_a:€_jﬁ:| = |Exole” %

This distance Os, called the skin
depth (or penetration depth) of
the medium, characterizes how deep
an electromagnetic wave can
penetrate into a conducting medium.

Aalto University
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A [ExX(2)|
i IExO|

—

I

I

I
Js

Figure 2-10: Attenuation of the magnitude of E(z)
with distance z. The skin depth & is the value of z at
which |Ex(z)|/|Ex| =e ', orz=8=1/a.



Penetration of electromagnetic wave

As the field attenuates, part of the energy carried
by the electromagnetic wave is converted into heat
due to conduction in the medium.

Perfect dielectric:
When 6 =0, (¢" =0, a = 0) therefore o, = o
Wave keeps traveling forever

Perfect conductor:
When o =0, (¢" =0, a =0) therefore o, =0
Wave stops on the surface

A

Aalto University
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Engineering

When &'’ /e’ <K 1, the
medium is considered
a low-loss dielectric.

When €'’ /¢’ > 1, the
medium is considered
a good conductor.



Low loss dielectric

a=-0/ng Jm{Ve},
B =oyiE Relve).

. . EH'
YA jw/ UpE'E (l —J ,)—E,)

27 e’
‘ \/?(1—;7—8,).

Aalto University
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Engineering

71,'8”

W/~

B~ % Ve (rad/m).

(Np/m),

No €
~ 1 —
= e ( +12€’)



Table 2-1: Expressions for o, 3, 1, up, and A for various types of nonmagnetic media.’

Lossless Low-Loss Good
Any Medium Medium Medium Conductor Units
(c=0) | (/<) | (/e >1)
— — — ]/
/ n\ 2 " /5ell
oL = Hof & 1 /14 (8—,) 1 0 e A (Np/m)
€ AoVE Ao
11/
n\ 2 ) 7 0 7 Yell
B = Hof & \/ 1+ (Z—,) +1 72{8_ nl‘o/s_ r 2.08 (rad/m)
Ne = Ho | — 8_” e o o (d+j)no (Q)
¢ €' g N Ve V2¢€"
Up = w/p c/VE c/VE c\/2/€" (m/s)
A= 2n/B =up/ f up/ f up/ f up/ f (m)

Notes: In practice, a material is considered a low-loss medium if €” /&’ < 0.01 and a good conducting
medium if €” /€' > 100; ¢ = 3 x 10® m/s; 19 = 377 Q.




Some helpful definitions

- Angular frequency — radians per unit time

Intrinsic impedance — relation between H and E fields in EM wave

Transverse EM — no H or E in wave propagation direction

Wavenumber — wave cycles (or radians) per unit distance

Phase velocity — velocity of the phase component

Propagation constant — measure of change in phase and amplitude of
propagating wave

Permittivity — measure of material ability to resist electric field

Permeability — measure of material ability to support formation of magnetic
field

Aalto University
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Can you define?

« Angular frequency

Intrinsic impedance

Transverse EM
Wavenumber

Phase velocity
Propagation constant
Permittivity
Permeability
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Polarization

The polarization of a uniform plane wave
describes the locus traced by the tip of the
E vector (in the plane orthogonal to the
direction of propagation) at a given point in
space as a function of time.

Linear Circular (Right Hand) Elliptical (Right Hand)
Polarization Polarization % Polarization
[y
B
‘ ;‘iﬁ‘

17

=5
\vﬁ RV
/4

N
IR

i
Fri

£
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=)

E(z) = RE\(z) + YE\(2)

of Electrical

2%
O 0.=
Z2co
Qo c
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Polarization ellipse

y Ellipticity angle
1 ay, M/ -

NN

&l ¢ /
e ot
axis Minor

axis

Polarization ellipse
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Wave reflection and transmission

Incident Reflected Incident Reflected Incident Reflected
wave wave wave wave wave wave

I
I
o0, \ /
Medium 1 01 \
" Medium 1 , ‘ / \
N Medium 1 .
m 0, 9;};_

Medium 2 —

Medium 2 Medium 2 e ——
m Uk I Up) \
I
Transmitted wave Transmitted wave Transmitted wave
(a) Normal incidence (b) Ray representation of (¢) Wavefront representation of
oblique incidence oblique incidence

Figure 2-12: Ray representation of wave reflection and transmission at (a) normal incidence and (b) oblique incidence, and
(c) wavefront representation of oblique incidence.



Reflection/Transmission Normal
Incidence

Medium 1: &)
- (712 —m ) . 5 - Incident z Reflected
pu— P— 5 . a A
0= \ptm )0 PEg ( ) | A k,
t ( 212 ) i i L :
El = Ei=tE}, (2.87b) Hi Hr<—<>g
Mm+Mm %
EI'
where lA‘i
r - () >
p= E—(.’ _ =M ormal incidence), (2.88a) y\x/ X
Ey m+m gt
t
T= E—(.’ = i (normal incidence). (2.88b) H'
Ey m+m i
kq
The quantities p and 7 are called the Fresnel Transmitted
reflection and transmission coefficients Medium 2: £,
Aalto University Figure 2-13: Two dielectric media separated by the x—y
School of Electrical
A Engineering plane.



Refraction

angles are interrelated by Snell’s laws:

6, = 6; (Snell’s law of reflection),

sin@,  u e!
——=—= (2.95)
sin6y  up, &

(Snell’s law of refraction),

i n3
sin 6, = —=sin 6> =
n 6h=m/2 Ny

L0 |5

(critical angle)

Outward refraction
| i

| |
| |
n1W nl\%}g{/

Inward refraction

S~

|
n Aaz - "2 ' 0, > 0,
|
1 l
(@) ny<m (b) n1>mny
No transmission

i
|
I !

- 01101
1
9, = 90°

ny 1
|
|

(¢c) ny>mnpand 0; =6,

0 =0
6=(/) 6 <
>
> 0



H and V Polarizations

Medium 1: &}

Medium 1: &)

\
=

Y
=

Medium 2: &5 Medium 2: &,

(a) Horizontal polarization (b) Vertical polarization

igure 2-16: The plane of incidence is the plane containing the direction of wave travel, k;, and the surface normal to the
oundary. In the present case the plane of incidence containing k; and Z coincides with the plane of the paper. A wave is
1) perpendicularly polarized (also called horizontally polarized) when its electric field vector is perpendicular to the plane
f incidence and (b) parallel polarized (also called vertically polarized) when its electric field vector lies in the plane of

1PidPﬂPP
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H Polarization

B Ef _ M2cosB; —nicos6r
 El, Mcos6 +Mnicos6,’

Ph

B, 215 cos 6

Th = —— = .
h Epo N2cos 61 +npcos 62

;1 _ ?Eﬁﬂf_jkl (151n9|—2:c055‘1}:

i

z
A

Medium 1: &

Medium 2: &,

(a) Horizontal polarization

H;l = (Xcos 6 +Zsin6;) h ¢ Jk1(xsin ) —zcos ;)

M



V Polarization

Medium 1: &)

g X 7 Qi i ,—jki(xsinBy—zcosO
Ei = (—Xcos 6, —sin6;)E! e /K1 (xsin6i 1)

i
H = y h e—.fh(xsin 01 —zcos6)

! m

Eyy  1M2c0s 6, — 1 cos b

v = i, Macos6r+micos6;
Medium 2: &5
t cos 6
_ v0 1 | (b) Vertical polarization
f=20 = (14p,) o
VO cos 6,
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Coefficient
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Role of Loss Factor

A
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0
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Layered Media

e Medium 1: g, yo, and 6y =0

. S A

= o =0, ‘./1:}1’”:1%\/;-
(2.115a)
Mo

Ve

(2.115b)

o Medium 2: & = &) — jey and o

=» =0+ jB> (see Table 2-1), (2.116a)
No

Th:\/s—z-

If medium 2 is low-loss (ie., £) /&) < 1), then

(2.116b)

To& 2}1’\/—,
oczztslo\/g_é. Bgmlﬂ g . (2.116c)

o Medium 3: £5 = £{ — jef and o

= =03+ jfs (see Table 2-1), (2.117)

_ o
n3= N= (2.118)
[b)  Snell’s Law Phase-Matching Condition
s 7s8inB =psin6, = psinb; (2.119a)

i 2 1/2
- Cosfh = [1— (%sinﬂl) ] (2.119b)

B 5 1/2
. [17 (Elsin 9.) } (2.119¢)

if medium 2 is low loss

X 12
cos 6; = [1—(%Sinﬂl> ] : (2.120)

Medium 1: &} z  p = sum of infinite number
_ A of reflected rays
Incidentray | — A — .

Medium 2: & = &) — j&,
z=—d

Medium 3: g3 = &3 — je&3

03 03

Figure 2-20: Multiple reflections in a two-layer
composite.



AIr over ice over water

1. Note oscillatory behavior as a
function of ice thickness

2. Note Polarization behavior near
Brewster angle
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EM wave In
volume

Diffraction

Refraction

Absorption

-

Elastic

iC\ . scattering
scattering

Reflection 4



Emission: All substances at
finite temperatures radiate EM
energy

Absorption: Energy into heat

Scattering: Energy to other
directions due to particles in the
propagation path

Aalto University
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Absorbtion

s

)

e
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Oxygen and water vapor are the
only atmospheric constituents
that exhibit significant
absorption bands in the microwave
spectrum.

100

rption coefficient kg (dB/km)

| ::I LILILILLI|

fp—
<

e Measurements

Conduction takes EM radiation
energy and contributes it to
temperature of the body. The body
emits energy accordint to it’s
temperature. Energy is transferred to
another frequency. Figure 8-8: Microwave absorption spectrum due

to atmospheric gases, kp(f), at sea level for surface

conditions Py = 1013 mb, 75 =293 K, and py = 7.5 g/m3_

Solid curves are calculated according to theory, and dots
A Aalto University are measured values [Crane, 1981].
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Scattering

In scattering the direction of the radiation is altered, usually
because of series of reflections, and the direction information is
lost.

But what happens is the object is smaller than wavelength?

Aalto University
School of Electrical
Engineering



Mie Scattering

Mie’s solution lead to
expressions for the scattering
and extinction efficiencies

Mie derived equations for scattering
and absorption of electromagnetic
waves by dielectric sphere of arbitrary

radius 1908.
2 - 7 2,

: : : &s(nx) = — D _ QI+ 1)(|la”+ |bi]%),
normalized circumference y and relative X ,; i ;
index of refraction n &

tr 2y Ce(n, ) :PZ@H 1) Re{ar + b},
x — f(bf‘ — — Eé =1
Z

Where a, and b, are Mie coefficients

/2
n E ' /
1/2
= _P = (—p = £ .
Ay Eh
(%+é) Re[W} - Re[Wi 1} . (;1A,+%) Re Wi} — Re{W,_,}

Aalto University a4 = _
School of Electrical (ﬂ+i>w, W (nA,+i) W W
n X x

Engineering




Rayleigh Scattering

When the particle size is much smaller
than incident wave, Rayleigh
approximation can be used.

The corresponding scattering and 2A%
absorption cross sections 0, and O, Os=—-_— 2K,
;LE

43 K
Qu—ﬁxi]“m{ K}.
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Figure 8-19: Calculated extinction, absorption, and
scattering efficiencies as a function of y for a sphere with

with & = 3.2(1 — jl).
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Figure 8-20: The role of £" /¢’
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Terms Describing Natural Media

Term

Explanation / Example

Opposite / Example

Homogeneous

Characteritics (€, iU, ) remain the same
independent of location (pure water)

Nonhomogeneous
(snow = ice+air+water)

Isotropic

Characteristics (g, U, 6) do not depend on
direction (water)

Anisotropic
(sea ice has brine liquid pockets,
mostly vertical)

Aalto University
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Propagation, absorption and phase

constants

Relative dielectric constant or

permittivity
e—g _ j g
index of refraction

£ =n?.

! « ff
n=mn —jn

e! — (nf)z o (nh’)21 Eﬁ — Zn!nh‘,

n'=Re{Ve}, n"=-Jm{\e}.

Aalto University
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E(z) = Eoexp(—7z)
Propagation constant
Y=o+ jp

Propagation constant
Phase constant

o = kon" = —ko Im{\/€} Np/m,
B =kon' = ko Re {\/€} rad/m,






Debye Equation for Pure Water

e, = relative static permittivity of s
€y =€, —J €
water = f(T); T = temperature w B T

L Ewo " &
i ——— e

7, = relaxation time for water = {(T) £, —&.

¢, has its max. value at low freq.

¢, obtains its maximum value V(e,n-Em)atf=1/2rnft)

then ¢, 1s at half-way of its whole range ¢, - ¢,,., _ 27# T, (ng = EWOO)

Aalto University gW o 2
A Schpol of_ Electrical 1 + (27#2-14})
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Permittivity of water

10{] Ll 1 m T rriri

=

Water dielectric constant g,

11 1 1 111

Pure water

i 89GHz | | T=0°C |
1 I I B B B I AN | I L
1 2 3 5 10 20 30 50
Frequency (GHz)
(a) T=0°C
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(b) T=20°C

50

Figure 4-1: Microwave spectra of the permittivity
and dielectric loss factor of pure water at (a) 0 °C and

(b) 20 °C.



Permltt|V|ty of vegetatlon

f
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Permitivity &
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Figure 4-37: Measured dielectric constant of red winter
wheat heads as a function of moisture content [from
Nelson and Stetson, 1976].






Debye Equation for Sea Water

Sea water contains salts => conduction losses Sed 5“""5.1' values

27, (&0 — € o,

g, 1
o 1+Q2nfr,,)’ 2nfs,

SWO )

o; = conductivity
Subscript sw: sea water

Eswo :f(]; S)
T =ATS)
o; =f(TS)

Conductivity loss is the higher the lower the frequency is

Oceans: S~ 35 ppt
Gulf of Finland (brackish water) : S~ 5 ppt
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Decibel scale

Table 2-2: Power ratios in natural numbers and in

decibels.

G G | GldB]
P 2 10° 10x dB
4 6 dB
P, 2 3 dB
G |[dB| = 10log G = 10log | — (dB) 1 0dB
48] ¢ ¢ (Pz) 05 | —3dB
025 | —6dB
8(z) 0.1 | —10dB
A= 10log !S(O)] 107 | —30dB

= 10log(e %)

= —200zloge

= —8.680z=—o [dB/m]z  (dB)

o [dB/m| = 8.68c [Np/m)|
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Antenna

An antenna is a transducer that converts a
guided wave propagating on a transmission line
into an electromagnetic wave propagating in
an unbounded medium (usually free space), or
vice versa.
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< «

(a) Pyramidal (b) E-plane sectoral
.! E ( :
(c) H-plane sectoral (d) Conical

Figure 3-26: Commonly used types of horn antennas.



Reciprocity

The directional function characterizing the relative distribution of
power radiated by an antenna is known as the antenna radiation
pattern, or simply the antenna pattern.

An isotropic antenna is a hypothetical antenna that radiates equally in
all directions.

Reciprocity means that antenna behaves the same way in reception and
transmission. The process is independent of time direction.

Most antennas are reciprocal devices, exhibiting the same radiation
pattern for transmission as for reception.

As areciprocal device, an antenna operating in the receiving mode
extracts from an incident wave only that component of the wave whose
electric field matches the antenna polarization state.
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Electrlc field lines
of radiated wave

Antcnna

Transmlsswn line

— — — (\/\)
Transmon

region

Wave launched
into free space

(a) Transmission mode

Antenna

\Transmission line

A yy A— ( t ——> —— — |Receiver
/Guidcd EM wave
Transition

Se N region

Incident

wave

(b) Reception mode

Figure 3-1: Antenna as a transducer between a guided
electromagnetic wave and a free-space wave, for both
transmission and reception.



Various antennas

Circular 7|
plate i
reflector

(a)Thindipole (b)Biconicaldipole (c)Loop (d)Helix (e)Periodic
substrate {2 s
_ %
Feed
point {2 s
| | Groundmetal
plane { ?j
(f)Parabolicdish (g)Horn (h)Microstrip (1)Antennaarray
reflector
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H-field

aperture distribution

E-field

H-field

H-Plane
E-Plane E-field
aperture distribution
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First null beamwidth
(FNBW)

Hall-power beamwidth
(HPBW)

Minor lobes

Major lobe

Side lobe
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Far-field

Distance where the wavefront across the receiving
aperture may be considered planar.

By convention, the far-field distance is defined as
the distance R from the antenna at which the
maximum error between the phase of the spherical
wave radiated by the antenna and the phase of its
plane-wave approximation is /8. For an antenna
whose longest linear dimension is d, the far-field
distance is

R>2d*/A

where A is the wavelength of the wave radiated by
the antenna.
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Antenna pattern

An antenna pattern describes the far-field
directional properties of an antenna when
measured at a fixed distance from the antenna.

Reciprocal antenna has the same directional
pattern in the transmission and receiving mode.

The normalized radiation intensity F(6, @)
characterizes the directional pattern of the energy
radiated by the antenna.

Typical antenna has mainlobe, sidelobes and
backlobes.
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Directivity and Gain

The peak directivity D of an antenna is defined as
the ratio of its maximum normalized radiation
intensity, to the average value of F(0,¢) over all
directions (over 47 space).

The gain G accounts for ohmic lossesinthe - -----
antenna material, whereas the directivity does not.
For a lossless antenna, &= 1 and G=D x

Figure 3-11: The solid angle of a unidirectional
G = g D radiation pattern is approximately equal to the product of
the half-power beamwidths in the two principal planes;

that is, Q, ~ BB,

Where the efficiency & = Prad/ Pt
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Antenna arrays

When two or more antennas are used together, the
combination is called an antenna array.

Antenna patterns add up coherently!

Through the use of electronically controlled solid-
state phase shifters, the beam direction of the
antenna array can be steered electronically by
controlling the relative phases of the array
elements.
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Phase Amplifiers  Antenna

shifters (or attenuators) elements
Ay o _l
ROSCIS
s

(a) Array elements with individual
amplitude and phase control

n Q = (Ru_ a, é'.J\_l

= = Element N -1
] Element N2
Element N -2

(N-1d Element i

Element 1 v
(.’I .
L Element 0

(b) Array geometry relative to
observation point

Figure 3-21: Linear-array configuration and geometry.
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Multiple Reflection Method

p1z = reflection coefficient at the boundary be-
tween media 1 and 2, for incidence in 0

medium 1 at angle 6. W
0

p21 = reflection coefficient at the boundary be- z=
tween media 1 and 2, for incidence in
medium 2 at angle 62. Note that pa; = —pi2.
T12 — transmission coefficient from medium 1 to
medium 2 when incidence is at angle 6.

Note that 75 = 1+ p2 for h polarization .

e

Medium 2

and 7 = (1 + p1p)cos6,/cost, for v Medium 3
polarization. 63
T7; = transmission coefficient from medium 2 to -
medium | when incidence is at angle 6.
Note that 121 = 1—|—p2| for h pOlEl.riZa[iU[] Figure 2-23: Reflection, transmission, and propagation mechanisms.
and T = (1 + pay)cos6y/costy for v
polarization.
L= ¢ 798 — propagation factor in medium 2
between its top boundary and bottom
boundary (or between its bottom boundary
and top boundary) along angle 6.
p23 = reflection coefficient at the boundary be-
tween media 2 and 3 for incidence in
medium 2 at angle 6.
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2 2 A4
1 P12 71 P23L T 01p21L 112

\/ / / Medium 1
z=0

1 Medium 2
2 2 a4
P21 P23~ T2

Medium 3

Figure 2-24: Multiple reflection process.

p = p12+Tpul T+ mpapulity + -
= P+ TPl (l+x+x"+---),  (2.141)
Ty =1+pa=1-p,

T2 = 1 +p|g._ B p|1+p23€—2ndmsﬂg
1+ prapaae—2ndeoses ”

1

=l4x4x>4+--,
l—x




Code 24

Code 2.4

This module computes the reflection properties of a two-layer composite with planar
boundaries. Medium 1 is air with € =1. The incidence angle in medium 1, and the

*J frequency in GHz also are inputs. The reflection coefficient and reflectivity are
plotted against the thickness of the top layer, for both h and v polarizations.
| SN

€3= €3 =] E3

matlab code: module2 4.m

p = sum of infinite number

Medium 1: &
! of reflected rays

Incide

- i
~ WL

1

Real Part: ¢," . I'Ts

'_ Imag Part: ¢,": (110 oo
Real Part: c: | (] | 205
Imag Part: c3":. I o

Incidence Angle (deg): | .

Frequency (GHz):

Reflection Coefficient Magnitude

Reflection by Two-Layer Composite

Reflection Coefficient

M v Polarization
I h Polarization

08

0.6

04

02

0.0

00 0.1 02 03 04 05 0.6 07
Thickness of Middle Layer, meters

08

09

(=) Plot Reflection Coefficient Magnitude
() Plot Reflectivity




Code 2.3

Code 2.3

and v polarizations.
€=¢'-j¢g
€=6-j¢,

matlab code: module? 3.m

Incident wave
Medium 1: &

Medium 2: &

Real Part: g "
Imag Part: cl":
Real Part: cZ’:

Imag Part: €2":

This module computes the reflection coefficients, transmission coefficients,
reflectivities and transmissivities for incidence in medium 1 upon the planar
boundary of a lossless or lossy medium (medium 2) at any incidence angle, for both h

Reflected wave

Reflection Coefficient Magnitude

08

0.6

04

02

0.0

Oblique Reflection and Transmission at Planar Boundary

Reflection Coefficient

M v Polarization
M h Polarization

0 10 20 30 40 50 60 70 80
Incidence Angle, Degrees

(+) Plot reflection coefficient magnitude

() Plot reflectivity

() Plot transmission coefficient magnitude
() Plot transmissivity
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