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€ band : frequencies
from 5.925 fo 6,425 Glix from 3.7 fo 4.2 GHz
K band : frequencies K band : frequencies
from 14 fo 14.5 GHx from 11.7 fo 12.2 GHx
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How to design the communications side of a satellite?

1 Frequency ?
* Optimise propagation ? Wave equations
* Optimise data rate ? Signd analysis
2 Antennas?
* Directivity ? Wave equations
*Gan? & Fourier analysis
3 Power budget?

eLinkedto1& 2
« Poynting vector
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« Fourier representation
¢ Phasors
« Maxwell equationsin phasor forms
« Plane wave propagation, phase velocity
« Power flow and Poynting vector
* Propagationin media

% Propagation in conductive media

% Propagation in Good dielectric

% Propagation in Good conductor

% Skin Depth

% Power lossin metal

Frequency anaysis
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Time domain Frequency domain

 Periodic signal: « Energy at frequencies

% sum of harmonically related multiple of the fundamental
sinusoids. frequency
En
AL —
"t f
En
> VL — ||
t f
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For complex periodic signals

0

X(t) = el
(t) kzak

=—0c0

Harmonically related complex exponentials
Fourier Anaysis
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* Weareinterested in the behaviour of sinusoidal waves of the form:

E(r,t) = RE(r)e™)

E(r) Phasor. Function of space only.

E(r) = |E(r)|e‘°U
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Gopyright @ 1996, Hsiu €. Han
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A Imaginary axis
[E(r)e”
‘ \o
— »  Red axis
\‘Re(Ex(r)e'"‘J &)

E (r.t) =ReE, (n)e™)
=RdE, (Nlee™)
=RelE.(n)e)
=|E, (r)|cosn +®)
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Amaginary axis

E,(r)e™ [E.(N]e”

W :

; | @
r: < ~ » Red axis

Greated byHsiu C. Han, 1996
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Euler’s relation
e'“ =cosat + jsinat

—jat ) jat _e—J'ld
cosut = ——— sinat = -
2 2j
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Example
aD(r,t)

OxH(r,t)y=J(r,t)+ at

Becomes

BixRelA (re™)= Re(j(r)e“”‘)+%Re(5(r)e“’“)
RellixH (r) - 3(r) - jwB(fe™)=0

Finally we have

OxH =J+ jwD
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fxg=-98 OxE=-jwB
ot
Bxbi=i D OxH =J+ jwD
ot
- |::> 0D =
O0D=p p
fB=0 0B=0
=<_ _0p o
0J=--% 0J=-jwp
ot
D=¢E B=uH J=cE
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Source free non-conductive medium:

-
D@(r,t)—ye%:O

E(r,t) = E(r)e™

9 g ty= L Ere = jwE(r)e™ = jwE
atE(r,t) atE(r)e JWE(r)e’ JWE(r,t)

D’E+wWueE=0 O%H +wPueH =0

L Frequency analysis appearing
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D2E+WHeE=0

with kK’ =w’ue

\ Helmholtz equation

9°E, 9°H

S +k’E, =0 T +K?H, =0
0z 0z
9°E, 9°H
az; +k’E, =0 Tzzy +k?H, =0
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Solution?

- " ikz ikz
E,=Ce ™ +Ce

E.(21) = RdE,(2)e™)
= Re(Cle'“"'”’ +C2e“‘”"”’)

k k
w(t-—2) jw(t+—2)
=Re§qe “+Ce v E

Z 4
= Af(t-2)+Bf (t+=
(=) +Bit+D)

———

Wave propagating in z and -z directions
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ft-2)=f+ot-20%
\% \%

1
0 0001 0002 0.003 0,004 0005 0,005 0007 0.008 0,009 0.01
z
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Wavelength A:
« independent of time and position in space
« Characteristic of awave

k
Iti—2)

. 4

E(zt)= Ae
08 A k k
Jw(t-—(z+1)) jw(t-—2)
E(z+A,t)=Ae v =Ae v

0 # kA=2n
w=0
w
—A=2n
wt = D4 v
wA=2nv
08 = m 4
5 o001 o002 0063 0008 50w 005 005 oo oo oo w=2pf —»  V=FA
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kA=2n
Wi=on
v
WA =2nv

' k=wyue Wave number

w=2nf — v=fl «—
_2n
J A_T Wavelength

1 1 1 c

ve—= == = C Phase velodi
\/E VHr & N Ho &AM & sevaodly
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Created biyHsiu C. Han, 1998
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Constant
phase fronts

Point source

o0 phase fronts|
Planewavewhen: r>=—"—

Multiple small receivers (sampling)
Example: 1 meter antennaand f = 10 GHz equivalent to one large antenna

A =3 cmand rmin = 66.6 meters
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=a

PN

N=4,d=A/2 N=10,d=MN2

N=100, d = A/2
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§(r,t) = E(r,t)xH(r,t) Poyntingvector

Waves are now sinusoidal and the instantaneous power is less useful

Electric analogy

w=Vi

V =Re(ve™) = Re(V[ee™) =|V|cosit +8,)
=Re(e™) =Re(lleg” &™) =|l|cos(vt +8,)
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Electricity Em Waves
W = Vi =|V|cost +8,)[l| cosgvt +6,)
Vi v p=lExi’
=¥[cosewt+ev+ei)+cosev—ei)] vim W= J‘S'”e p=5ExH
-

. E and H are the phasors quantity
Null average over a period v W =%V|‘ =%‘VH|‘éa

B, = SReExH)

=W, +]jW,
MM cosp, —gy =M v+ Wieao .
Wo, =7,-C086,=8) ="~ - - Im(E .
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1 . N E E _ 1 2
=Z(EHy-EHY) Bu —x=-—r=p= Ko p, = velE]
2 H, H, € L
m Electric energy density in the wave? %@ = ﬂ (SeenotesEM2)
H, =-|=2E
) e’ H M
m Magnetic energy density in the wave? ;u‘z‘ H\ ‘ (SeenotesEM2)
p,= 1 O i‘ 2 Hy= eo &
z X
201, ' ' g e, uHE _eEf d_1
ity ?
1 , HY == h‘E ‘eikz Total energy density? 2 " 2 4517 s\E\
=+ g !
= velE < . - . _
H*y _ b‘E ‘e’kz The power flow in aplane wave isjust the average energy density times the wave velocity
e %
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General wave equation for conducting medium In phasor form it becomes
9° E(r t) OE(r,t) .32
D2E(r t E—— =0 ffy——""=0 S+ Uy WE- O LWE=0
074 ° ot Ho 19K Helmholtz form
APH(r,t OH(r t 2 . IR
O2H(r,t) — oy E——52 ( ) a,uo#=0 %ﬂpoewz—jauow)E:O %—y2E=O
We assume amotion along the z axis where V2= Wiy {0+ jwe)
2 2 e~
RO, LI, B0 y=a+if with  a>0
02° at? ot
PR, RO HEY Solution? Whatif @<0 ?
927 Ho € at T Ho e E(2)=Ee”*
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y=a+jp
E(z)=E,e?

E(zt) = RdE,&7*™)
gz Re(Eoe(m-ﬁz))

Travelling wave in the z direction attenuated by afactor e

Asinthe loss-less case, the phase velocity isgivenby: v = w with 8= 2l
A
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a= Rijw;lo (o +jwe )]%@

2
&E @+ 52 2)—1% Exact formulal
2 H w g

a=w

p=mf{jws; o+ we

- ME Lz g Exact formulal
B=w, 5 §(1+w2£2)+15
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iscalled the dissipation factor

o
Example: Micaat radio frequencies we =0.0002

o’ o’
=1+—+0o(—=) (Taylorexpansion
owiez 100 7z)  (Taylorexp )

Perfect  Correction

dielectric term
2 z ' _w_ 1
K€D, © )-IE=W Med o O Wave velocity \1_3_702
2 g aw’ g 2 %WZSZD MEJ'QW%ZE
o
=v,A-
B TP T O N E &WE
2Ve 2\ Ve 2 °Ve
Sinusoidal EM 22.3MB1 333 Sinusoidal EM 22.3MB1 334

Even at microwave range (~30 GHz) % =3510° for Copper

o )
When =_>>1 e canwrite
we

V=W, (@ We) = TWH, 0 = /Wi, 0045"

_ o WU O (WU O
—q+jp=. WO i [WH O
y=a+jp > T

Wave velocity
a=p= (M0 e
o
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Copper case

0.00005 0.0001

0.00025 0.0005

Created by Hsiu G. Han, 1996,
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‘Wave Impedance

E " -
n=— DxE = _BE = aj
H . Moo
0E, _ . .
o =-jwhoH, —VE, =-iwpH,
5=n: Wity __wp,
H, y (a+jB)
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o wil, _ W, o dwi,

@B VwH, @+ we) o+ we)

Good dielectric: -

P i LT [T 17:\/b(1+7jc
(o +jwe) € @+ a ) € 2we
i

—

jwe / \

Intrinsic impedance Small reactive component
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wH, _ WHy _ | dwiy

(@+i) " wh, (0 +jwe) | (o+jwe)

Good conductor: -
n= LV“D = M 045°
V' o Vo

n=
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E(z,t)=e™* Re(Eﬂe(Jm’“Z)) a=w % SQ @+ V;Ez) ']g

attenuation

Definition: the skin depth & is defined as the distance in the direction of
propagation in which the wave has been attenuated by %:37%

1 1 Good conductor
d=—=—
a 2 1 2
w UOEE(]_.,_ 02-2)_1% d==—=
2 QU W g a \opw
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1 Propagation in poor conductor (water)
o=5Sm*
0.5 e =81

1

5 1 2000 2500

-1
Created by Hsiu C. Han, 1096,
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Propagation in good conductor (copper)

0=5.810"Sm*

0.00005 0.0001 0.00025 0.0005

Created by Hsiu G. Han, 1996,
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Propagation in good conductor (copper)

0=5810'Sm* f=IMhz p=p,=4m10"H

We have seen (boundary conditions)

E
B = ) et
Perfect didlectric Hian
Good conductor \;\"d JWH,
o rlmelal P
(o+jwe)
5=t= | 2 5=tz 2 _-poe67mm VA
a OW a 5.810'410°2m0 Wi, WH, 0

wave Nt = = 045

g (e}

1 N
Pay = ERe(E(an xH(an )
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E jwi W
H:: = Nieta Nimetal = quo = ;0 045°

1 A _1
pav = ERe(E(an x Hlan ) = E‘E(a" HHlan‘COS(T[/ 4)

‘ 2

1
== meaHan
2\/5” ll‘ 1

- 1 Fual
2\/E rlmetal
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