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Electromagnetics

Notations

Frequency domain, sinusoidal regime, phasors

Polarisation

linear polarisation

circular polarisation
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Hl Electromagnetics

The basic equations of Electromagnetics are Maxwell’s equations first put
forward by James Clark Maxwell in 1864. They describe the coupling between
electric and magnetic fields and lead to the concept of electromagnetic waves.
Maxwell’s equations constitute the first “modern” physics theory, soon to be fol-
lowed by the Special Theory of Relativity and by Quantum Physics. Maxwell’s
equations predict the speed of light for wave propagation in vacuum and remain
invariant under the Lorentz transformation, i.e. they are compatible with the
Special Theory of Relativity.
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W Electromagnetics

In this course, Maxwell’s equations form
the starting point to study the propagation and scattering of waves, the prin-
ciples of antennas and antenna communication, transmission line theory, signal
propagation along multiconductor lines and waveguides but also to study elec-
trostatics, magnetostatics and the so-called quasi-static behaviour of circuits
and their description in terms of lumped elements. Advantage is taken of the
extensive mathematical background of the third year’s bachelor student to pro-
vide a mathematically rigourous treatment of the various topics.

Some modern applications
» wireless communication: GSM, UMTS, Hyperlan, Bluetooth, ...
« electronic circuits and wireline applications for multiGbit/s applications
e on-chip interconnect including harmonics up to 10GHz
* nanoscale opto-electronics to “mold the flow of light”
e remote sensing and inverse scattering for non-destructive testing
» medical imaging and imaging for security purposes
» design of artificial materials
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- The Electromagnetics ' Group

The Electromagnetics Group (5 staff members, 10 Ph.D. students) is one
of the research groups of the Department of Information Technology.

During the past 15 years the Electromagnetics Group has been on the forefront

of electromagnetic simulation techniques with applications in areas such as
microwave and RF circuits, (inverse) scattering, waveguides, packaging for digital
systems, EMC, indoor propagation and CAD-tool development. Research results

were reported in more than 160 international journal papers and resulted in 25 Ph.D’s .
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B Notations @)

a or « stand for scalar quantities
a and « are used for vectors
unit vector u e.g. uy, u, and u, or u,, uy and uy or u,

place vector: r = ru, + yu, + zu. = ru,

_ —A:cx —Azcy Amz
matrix A= | Ay, Ay, Ay
Az:z: 4423,-' Azz

Toa = (Azear + Agyay + Azzaz)ug + (Ayeaz + Ayya, + Ay.a2)u,

+(Azza: + Azyay + Azzaz)u..
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Wl Frequency domain - sinusotdal regime

general time domain signal f(t) and its frequency domain counterpart f(®)

+o0 too
f(f-u‘) s [f(t)(j_jw-"dt f(t) — % f f(w)ejwr,dw

pure sinusoidal signal with angular frequency @,

F(8) = || os(ant + ¢) = Rl|fle# b = Rfeo!

phasor representation: |f = |f|e?®

Fourier transform sinusoidal signal: f(w) = 7[fd(w — wo) + f*d(w + wo)]
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W Frequency domain - sinusotdal regime~cont.

Product of two sinusoidal signals (same frequency)

F() = [flcos(t+9) = R  g(t) = lg| cos(wt+1) = Rlge™]

4
F()9(0) = 51 llgllcos(@ut + ¢+ ) + cos(é — )]

Time average value over a single period

T390 = 517 llgl cos(s — ) = 5RLg")
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B Polarisation f

general property of a vector with sinusoidal time dependence!

;| cos(wt + @z )u, + |ay| cos(wt + ¢y)u, + |as| cos(wt + ¢-)u.
= R(azu, + ayu, + a,u.)e’!].

= %[aejm"}

a(t)

with  a= a, + ja;

the corresponding time domain signal becomes

a(t) = R[(a, + ja;)e’!] = a, coswt — a; sin wt

with et =t as a parameter this is
the representation of an ellipse

[y
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W Polarisation ellipse

main axes

a, = a,cosd + a;sing

5;‘ = —a, 5-',j11¢. o a; cos ¢
g =y Tien 3T
R4 H P 2a, - a;
’ tg2p= —— " "t
R 2 1=3T/4 o
b IIIIIIIIIIIII
to Ty —————

[y
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HlSpectal polarisations

Linear polarisation: a, // &,

a, = a1 a; = a;u
a, + ja; = Ael?
a(t) = Acos(wt + d)u
Circular polarisation: main axes have equal length (aca=0")

example in the (x,y)-plane: a, = Au, a; = £ Au,

left hand circular (LHC) right hand circular (RHC)
o or clockwise (CW) or counter clockwise (CCW) 12
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Chapter 2: Maxwell's Equations
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W Outline

m Differential and integral formulation

m Constitutive equations

m Conservation of energy - Poynting’s vector
m Boundary conditions

m Elementary dipole sources

m Potentials and Green’s functions

= Wave equations

®m Image theory and image sources
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W Maxwell's'equations inthe time domain

curl equations

V xe(r,t) = —%b(r,t)
V x h(r, t) = Ecl(r, t)+j(r,t)

ot

divergence equations
V.-d(r,t) = p(r,t)
V- b(r,t) =0

law of conservation of charge

Vi) = — 2 ple, 1)

ot
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I Maxwell's'equationsinthefrequency domain

curl equations
V x e(r) = —jwb(r)
V x h(r) = jwd(r) + j(r)

divergence equations
V-d(r) = p(r)
V- b(r)=0

law of conservation of charge

V-i(r) = —jwp(r)
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HIntegral form of Maxwell's'equations

Integrating the curl equations over a surface S yields

Faraday’s law
g 0
j{e(r; t)-de = —ﬁfb(r: 1) undS = — -0,

S

¢ Ampeére’s law

. . a . d
j{h(r, t)-de= /J{l‘._.” -u,dS + Efd{rfi} -u,dS = i(r,t) + a—'{tbd

jt(h(r, t)-dc = /j(r,t) ‘u,dS = i(r, t) (neglecting @)
(8 S
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HIntegral form of Maxwell’'s'equations

Integrating the divergence equations over a volume V yields

Gauss’s law

/d(r, t)-u,dS = /p(r, t)dV = qv(t)

s v = total charge in V
S Gauss’s law for the magnetic induction

[b(r, t)-u,dS =0 = nomagnetic charges
Integrating the charge conservation law over a volume V yields

) 0
./J(r, t) -u,dS = —aqV(t)

S
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HlConstitutive 'equationsin‘free'space

To solve Maxwell we need relations between e, b, d, h and |

Vacuum (free space)
d(r) = epe(r)
b(r) = poh(r)
1, = permeability of free space = 4710~"H/m

L _ 8.854187818 10~ 2 F/m = permittivity of free space

o= o
- locity of light i 2.99792458 108 m/
c= =velocCity or li Invacuum = 2. m/s
VE€olo Y 9
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Hl Constitutive'equations in matertal media

typically formulated in the frequency domain
macroscopic

€. = €/€o, e = 1/ o relative permittivity and permeability
€ = €R + Jer 1= ur + jur complex valued !!

n = /€[y refractive index

tg(j = _& loss tangent

€
R Applied Electromagnetics 22




B Conduction current and source current

The current j in Maxwell’s equations consists of 2 contributions

® a known externally enforced source current density j, (A/m?)

® charge displacement induced by the fields: conduction current j;

4
J(r) =ji(r) + je(r)
Constitutive equation for the conduction current
Ji(r) = o(r)e(r)
“Complex” permittivity
V x h(r) = jwe(r)e(r) + o (r)e(r) + je(r)

e(r) = e(r @
V x h(r) = jwé(r)e(r) + jo(r) } (r) (r) +

Jw
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W Perfect conductor

o = = PEC: Perfect Electric Conductor

zero fields inside the PEC

supports surface charges and surface currents

Applied Electromagnetics 24
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lConservation of'energy - Poynting's vector

/(e x h*) - u,dS = /(—jWh* ‘b—e-(j, +Jjj) + jwe-d")dV
5 v

1
Poynting’s vector: p(r) = §e(r) x h*(r)

4

_%/e.j:rﬂ/='[p-unds—i-%/e.jfrﬂ/—i-%f(jwh*.b—jwe-d*)dv
5

V V vV
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" Poynting's vectorin free'space

_%fe.j:(ﬂ/=]p-und8+%fe.j?(ﬂ/'—&-%/(jwh*.b—jwe-d*)(fv
S Vv

' d(r) = eoe(r)

1 .
real power un(t) = ‘_f 10[h(t)]?dV
generated b(r,) = Hoh(r) V2 v !
by source i=0 1 2,

@ u(t) = §[r{)[n(.f.]]'fﬂ
7
imaginary power 1 .
\ —5%/ e-j.dV = %/p -1, dS — radiated power through S
1% 5

—%%[e'j:(ﬂ/' = %fp'u?1(i5'+ %w,ugf lh2dV — %w€0[|e\9(ﬂ/
v v

Y / I
20 (um (t) — ue(t))
N\

radiated imaginary power

difference of average electric and magnetic energy stored in V

13



B Sourceless volume V 5\

power entering V through S; must leave through S,

R / pP-u,dS =20

S51US2

'R]p- (—u,)dS = .5R/p ‘u,dS  and similarly for the imaginary part!
Sa

S
i Applied Electromagnetics 27
W Isotropic lossy medium 5\

1 1 ) Joule losses
—§§R/e jedV = ?R/p-und5+ §/J|e|zdv/ (time average)
Vv g

v
—%w/p;|h|2dV+ %wfe;|e|2dV,

1% / v \

magnetic losses electric losses

1 1 1
—5%]e-j:(ﬂ/ :%-/p-undS-i- iw],uR|h|2dV— waeHeZdV.
Vv 5 Vv v

[y
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u, X (e-_g — el) = ( = tangential electric field is always continuous

u, - (bs — by) = 0 = normal magnetic induction is always continuous

u, X (h, —h;)=0 N tangential magnetic field is always continuous

=Js EXCEPT if medium 1is PEC or if j; is enforced

u, (d2—d;)=0 normal electric induction is continuous
= ps':> EXCEPT if medium 1 and/or 2 is conducting
- =ps (EXCEPT if medium 1is PEC or if p, is enforced

" Boundary conditionsat a PEC

u, xe =0 tangential electric field is zero
u, x h = j; thetangential magnetic field equals the surface current

u, -d = p; thenormal electric induction equals the surface charge

u, b= the normal magnetic induction is zero
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lElementary dipole'sources (A

z-directed electric (Hertz) dipole

\2 p. : electric dipole moment

! Z
” ? q=1/jo
| Ofj(r)=I(ru. = 4=-1/io

D ~Jepeot) -
i p.=1l/jo

elementary loop current or magnetic (Hertz) dipole
I J(I‘) _ v prm,a(r) p., : magnetic dipole moment

— 2
z _ Pm = I ta u,
pﬂl - p'nluz
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" Potentials ina’ homogeneous medium

® from Electrostatics we are familiar with the potential ¢ withe =-V ¢
® can we still use potentials to solve Maxwell?
® from calculus we know that

vxf=0 f=-Vo¢ ¢ is a scalar potential
Vef=0 f= Vxa aisavector potential

V:b(r)=0 = [b(r)=V xa(r) = V x [e(r) + jwa(r)] = 0
V x e(r) = —jwb(r) 4

e(r) = —jwa(r) — Vo(r)

aand ¢ ?? —> useremaining
Maxwell equations

Applied Electromagnetics 32
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HllHomogeneous mediun with “comptex™ g and

Insertion in the remaing Maxwell eauations aives

Ved() =) & V() + ¥ - alr) = -2

V x h(r) = jwd(r) + j(r)
=  V?a(r)+ ka(r) = V[V -a(r) + jwepd(r)] - pije(r)
Now use the Lorentz gauge (Lorentz ijk of ijkvoorwaarde)

V- a(r) + jweng(r) = 0
g

V2a(r) + kza(r) = —tje(r) aand ¢ : Lorentz potentials
v? o(r) + kz(f)(r) - _ peir) k : wavenumber = o Vep

Applied Electromagnetics 33

- Helmholtz'equation

scalar Helmholtz equation : V? f(r) + k* f(r) = source(r)

infinite
homogeneous space
f
N N . .
BBitce, ! < VIG(r) + K*G(r) = —4(x)

e—jkr
r  solution or Green’s function: G(r) =

d7r

This Green’s function not only satisfies the differential equation

but also the radiation condition at infinity !

[y
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ll Solution of the Helmholtz'equations foraand ¢

source

. oint
1 e—iklr—x'| R P
= r)dV source
o) = e v — 1’| pe(r) volume
) , o ODservation
( ) [ 'e—jk|r—r | . ( *‘)dvf point
a(r) = — —J(T
4r |r — 1’| Je
source point . )
r attenuation factor |r - r’|
(@] ) N
r-r phase factor e ~Jklr—r'|
r.!
observation . &
point interference
i Applied Electromagnetics 35
- Wave'equations ==

From Maxwell it can be shown that both e and h satisfy a Helmholtz
equation also called wave equation

. . - 1 .
Vie(r) + K e(r) = jwplic(r) + 1z V(V - je(r))]
V?h(r) + k*h(r) = =V x je(r) (whatabout e, or h, e.g. ??)
Example:

for j, = 8(r) u,and
in the (x,y)-plane

Applied Electromagnetics 36
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H Image theory and image sources

imaging of current sources

imaging of charges

Gw

G w
=

Jmirror

Jmirror

/I components switch sign L compénents do not switch sign

w4
=

charges switch sign

s Cw
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Chapter 3: Electrostatics
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W Outline

m Maxwell’s equations in the static case
m Coulomb force and electric field

m The electric potential

m Dielectric - Electric dipole - Polarisation
m Boundary conditions

m Conductors - Resistance - Joule’s law
m Capacitance - Capacitance matrix

m Electrostatic energy

m Solution of Laplace’s equation
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W Maxwell's"equations inthe static case

Static = independent of time = 0/0t=0

Electrostatics

Vxe(r,\)z—M V x e(r) =0,

Vel = g iy V- = o)
V-d(rh) = pr. ) Magnetostatics

V-b(r, 1) =0 V x h(:)):j(r) )
V-b(r) = 0.

(*) both problems can be coupled for a conduction currentj=c e

[y
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B Coulumb force and the electric field e

Coulomb force

F
e g'p‘,@
e
7z d
e 4
d
4

: : F= 02
<»;' 4me 71
Y N
/ Electric field
; , 1 q
// fo— . = — e V/m
s e(r) =e(r) ezl (VIm)
O@’q’

[y
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W Electric potential ¢ 3\

The static electric field is conservative or irrotational, i.e. :

Vxer)=0 = er)=-Vor)  ex)=—jho) - Vo)
Only the potential difference is meaningful and unique (why?)
PQ P2 . Ps
¢‘12=¢1—¢2=—/V¢l-dc=/e-dc o
131 131 p2

The potential can be defined by choosing a
reference point for which ¢ =0
ref: very often at infinity

= qb(P):—qub-dc ®

P‘l" ef
Applied Electromagnetics 43

Hl Potential of a Perfect Electric Conductor

Electrostatic behaviour of a PEC

¢ = constant

Why ?

Applied Electromagnetics 44
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W The'equations of Poisson and Laplace

The potential satisfies Poisson’s equation:
V- [e(r)Ve(r)] = —p(r)
@ homogeneous region

Vo) = - 20

@ charge free region

V2¢(r) =0 i.e.Laplace’s equation

Applied Electromagnetics 45

l Potential'of a point'charge and a'linecharge

infinite
homogeneous 3D space

0]

& 1 [ 1
— ! /‘.'
[r-r] 4(x) Ame j |r — /| plx)dl
L/

point
charge

infinite
homogeneous 2D space

pi lp— Pl
. =
& PO T Pres = Pl

Applied Electromagnetics 46
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l Dielectrics - dipole moment - polarisation

How to model a nonpolar material using a simple model of the atom?

B.

neutral effect of modelling
situation external field by a dipole

AAAAAKT KA A sy

A+ + + + + + + + 4

’ ’
A )
S S S N S S A !
s rr ot r x4 p T TTYIITYY 4 polarisation
PP LISV
NI A AN
? ?

4
A
A+ + + + + + + + A
A
4

AAAAA LA LAL A
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l Dielectric displacement vector

d:EOe+pe

i

dielectric electric polarisation field

displacement
electric susceptibility

linear and isotropic material: Pe(r) = €gxce(r)

d(r) = eo(1 + xe)e(r) = epere(r) = ee(r)

relative pemittivity

Applied Electromagnetics 48
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Wl Boundary conditions for electrostatics

1,2 : non-conducting
dielectrics

u, X (e; —e;) = 0 = tangential electric field is always continuous
= ¢ = ¢

u, - (d2 — d]) = 0 = normal electric induction is continuous

o6\ (04
< o (a), == (&),

B Conductors @)

Constitutive law : conductivity ¢
N: number per m3

. lelectron charge| p : mobility in m2/ Vs
J = oe int e
subscript e: electrons
= eNguee for a conductor, h: holes

= e(Nepte + Npup)e  for a semiconductor

2

all free volume charges
rapidly diffuse to
the surface !!

relaxation time for copper
e.g.is about 1.510°s

good conductor o >> me

Applied Electromagnetics 50
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B Resistance I~

\ 2

r
Sa ; I Ss l
_6 — ° (9_ V:/e-uzdz J—I
0
l

e
1

\%
cylindrical resistor O'S

Generalisation

B
i L bl

~ T [oe(r)-dS
S

Applied Electromagnetics 51

l Differential" equation for the resistance

the contact surfaces are
op/on =0 (chosen to be)

equipotential surfaces !

B

—
\ . ¢
\ U, -J= = 0
V24(r) =0  inside the conductor — no volume charges
o=1 on contact surface Sy currents are perpendicular
> to th f
¢ =0 on contact surface Sg 0 these surtaces
. 0
u,-j= 8—¢ = 0 on the outer conductor surface —» WHY?
n

Applied Electromagnetics 52
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W Dissipated power

Joule losses

Pyis = /J]e(r)|2dV= /g(v¢- V¢)dV

Y

Pgis = RI?

Proof ? Use one of Green’s theorems

/(fV29+Vf-Vg)dV: [f%dﬁ'
S

Vv

ALEILR
Applied Electromagnetics 53

" Capacitance f
static (w =0): e(r) =—Vo(r)
potential difference:
P, Py
¢12—¢1—¢2——fV¢-dc—fe-dc
P P

path independent!

The potential ¢ satisfies

V2¢(r) = 0 outside the conductors

p=V onsS,
g=CV with ¢=0 onS,
o
q= /psl(r)dS: feun -e(r)ds = —fea—¢d5
T
S 51 S Applied Electromagnetics 54

27



Hl Two elementary examples

_ €S
Parallel plate capacitor: Cideal = i fringing

N
-
0

e C=—oa
b T EV L
L ] |
(a) (b)
Coaxial capacitor: Crpaz = QL(;I
In
e [

10 €

Applied Electromagnetics 55

- Capacitance matrix

take one conductor as the
reference conductor and
assign a zero potential to it

q1 = C11V1 + CraVa
g2 = Co1 V1 + Coa Vi

remark: g, + 0, + e = 0

C1p Ci2 = 2x2 capacitance
Cayp Cx matrix

Applied Electromagnetics 56
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lCapacitance matrix-cont.

M + 1 conductor case

Q=CV

Q: Mx 1 column vector of charges

C: M x M capacitance matrix

V: Mx 1column vector of potentials

w.r.t. the reference conductor

[Caal
]ﬁl Iﬂz
C, T TCZ
ref

Ci=Ci— Y |Gyl

i(i#i)

o the capacitance matrix is symmetric, Cyj; = Cj;

e all the non-diagonal elements are strictly negative, Cj; < 0 ;

¢ all the diagonal elements are strictly positive, C;; > 0 ;

e the matrix is strictly diagonally dominant, i.e. Cy; > Z |Cj].

3(i#9)

Applied Electromagnetics 57

lA'set'of signallines"examples

21.7 pF/im
Co di2 [ i)
: "1
3d/4
d d d d 262.1 pF/im 262.1 pFim
C.
asd dr2
283.8 —21.7 ref
. F
( 2.7 2838 ) pl/m
‘ b a b a
M - M o B o8 ptim
[ I 1 i
3c 6 =32 100 pm § ) 21.7 pFim '2' 18.1pFm |
i -
i —— 119.4 pF/m 69.0 pF/m
£ =43 200pum | T F&? pF/m T

PEC

a =350um; b = 150pum; ¢ = 70um

ref

Applied Electromagnetics 58
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Wl Electrostatic energy A

Energy needed to move a charge against an electric field

dc’/q

T T T T due = Fe:.ct -de = —qge - dc
e

To charge a capacitance we have to transfer charge from one conductor to
the other conductor. The total energy needed for this is

Ue = %CV2 proo:f I/ %e -d dV =) seePoynting’s theorem
Vv

1
Extension to the multiconductor case: U, = EVTC V

[y
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lSolutionof Laplace's equation

® allows to determine the resitance or the capacitance (matrix)

® important topic in Computational Electromagnetics

® research topic in the Electromagnetics Group

® most important techniques: Finite Differerences, Finite Elements,
Integral equations (Method of Moments)

Elementary Finite Difference Technique

Applied Electromagnetics 60
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W Finitte'differencetechnique

4 4
(@) (b)

2 1
(v-¢)p R F(@ + o+ 3 + ¢y + P55 + 6 — 6 Pp)

U

Laplace’s equation is satisfied provided

:¢1+¢2+¢3+¢4+¢‘5+¢ﬁ 3D
6
_ O+t dst s 2D
I .

op

op

Applied Electromagnetics 61

- Fintte differencetechnique

lterative solution

a) ¢ is zero everywhere except on conductor

[ h d 1

(b) apply ¢p= Lt teatd +®21~¢v;¢ % to each point P

(c) repeat (b) until convergence is obtained (note: convergence is poor)
calculate total charge g, on conductor q,=

(d) calculate total ch L ductorl = q,=Cy,

e) calculate total charge g, on conductor g, =

(e) calculate total ch ) ductor 2 ,=Cy,

Applied Electromagnetics 62
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H Integral equation technique(2D)

Capacitance of two infinite parallel strips in free space

rd

PEC
plane
4=0
original equivalent 0 p,,,;b P
problem half space problem \ p
relevant Green’s function PEC plane
) .
o lp—p .
o(p) =G N = — In S
(p) (p?p ) 271-6 Ip_pul P"‘\l
*
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HIntegralequation

P ,: charge density (C/m)

u potential due to charge density

strip
QL?'P ¢@):Mp%=/ﬁdﬂkﬁmpww

PEC ‘
limit for P approaching the strip

lim ¢(p) = i NG(p, p)dc = 1.
5ﬂmm 5g/mw)(pmu

_ o ’_." {a integral equation for the charge

piecewise
constant representation
or basis functions for the charge
Applied Electromagnetics 64
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l Integral’equation-cont.

lim ¢(p) = i NG(p, p)dc' = 1.
puﬁg__v(p) o / p(p)G(p, p)dc

@ discretisation (basis functions)
N

i . Nde' =
ﬁlj'linc;m,/G(p,p yde; =1

g enforcing this in the midpoints (point matching)

N
lim g./G WPS=1 j=1,2,...,.N
Jim > o | (p.p") j

7 i=1

N linear equations in N unknowns

Applied Electromagnetics 65

HlMatrix representation - numerical results

Iy = C~ ' Q —» Nx 1 column matrix with charge densities
-1 _ . ) ! !
l \ C; —pll{?)j/G(PJ:P)dS:.-

i #]

Nx1 N x N 1 A J
unity column  system matrix Cla—_— 2 —p.
matrix N 2:rreT+ 2me n1p; = Pjmirl

t=2A(In A 1)
2

d/W | C (pF/m) | Cigear (PF/m)

W 10 | 7.49 pF/m | 0.89 pF/m

strip e 5 9.20 pF/m 1.77 pF/m

d/e 1 18.47 pF/m 8.85 pF/m

0.5 28.34 pF/m 17.71 pF/m

PEC 0.1 | 98.06 pF/m 88.54pF /m
0.05 | 176.65pF/m | 177.08 pF/m

[y
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Stgnal'lines'embedded in"a dielectric

air

g =32 100 um

Green’s function problem

g =43 r 200 um

R e

PEC

i 4
W o B o 039 peim
a

«-—-q » 11

ic & =32 100 pm . 21.7pFim 181pFm |
T —1
= 69.0 pF/m

— 119.4 pF/m
€ =43 200 um T F&? pF/m T

PEC ref

a =350pum; b = 150pm; ¢ = 70pm
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Chapter 4. Magnetostatics

=

UNIVERSITEIT
GENT

W Outline

® Introduction

m Lorentz force and the magnetic induction
m The magnetic field and Biot-Savart’s law
m The vector potential

m Magnetic dipole - Magnetisation

m Boundary conditions

® Inductance - Inductance matrix

= Magnetostatic energy

m Two-dimensional signal lines
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W Maxwell's'equations in‘the static case

Static = independent of time = 0/0t=0

Electrostatics
Vxe(r,\)=—%}6<{ V x e(r) = 0,

V-d(r,t) = p(r, Magnetostatics
v bc\x\-,\> = 0\*0 V x h(r) = j@r) ©)
V-b(r) = 0.

(*) both problems become coupled for a conduction currentj=c e
Ik

Applied Electromagnetics 71

HlLorentzforce and the magnetic induction

Lorentz force

F F =q(v x b)
—>
b F=gq(e+vxb)
b 4
v can be used to define the
magnetic induction b (Wb/m?2)
b

note: take a reference frame in which g does NOT move
= F' = ¢’ = F = q(e+ v xb) using the principles
put forward in Einstein’s “Zur Elektrodynamic Bewegten Korper”
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lTorque (]

magnetic dipole
moment of the loop

total torque: t = T [r x (de x b)

[+
for a constant b-field this becomes: t = STu. xb =p,, X b

Applied Electromagnetics 73

ll Biot-Savart's (Oersted) faw

Magnetic field due to an elementary current filament

Generalisation

I de' xu

: . h(r)= — [ — 2= 4
odc line current I: (r) in ] Eorp c
T [
) 1 Js(x') xu
. h(r) = L [ xu g
surface current j;: h(r) = — | Te=rP

r—r|?

S

1 j(r') x i

volume current j:  h(r) = ;/‘l'(r)iudlf’
Vv
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W Magnetic field of a'linear conductor

Proof the following formula’s for a linear conductor
with radius a and carrying a total current |

AZ
| I
h(r)= —u r>a
() 2rr
B Ir
~oraz T8

Applied Electromagnetics 75

- Vector potential

V:b(r) =0 = b(r)=Vxa(r)

In the static case the vector potential a satisfies
the vectorial Poisson equation

VZa(r) = —pj(r)

pof 30
= — dv
a(r) 4r / |r —r'|

v Biot-Savart

8 ] &
h(r):Vx%/ "(r),ldv’ bh(r):i/V

r—r 47
v

v — 1’|
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W Magnetic dipole £

() =16(r —a)d(2)uy
4

a(?", (ba Z) -
L (' —a)d(z" ) uy
Lff ( ) ( ) ¢ Tr‘drr."dcb;dzf
4 |I‘ -— r"l
V’
circular current-carying loop {l a<<R!
a\r,¢,z) = ——5 X u
DEFINE the magnetic dipole moment (r9,2) A7 R2 (P R)
> 4
Pm = Ta I u. . Do , ) .
= cosfug + smbu
(r) = 1ogz R )
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H Magnetisation

Magnetisation of a material results from the magnetic moments caused by:

1. current loops generated by the motion of the electrons
2. intrinsic magnetic moment of spinning electrons

3. current loops generated by the motion of protons in the nucleus (negligible)

U

b = pio(h + m)
magnetic magnetisation
induction vector
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W Magnetisation-cont.

DIAMAGNETISM (copper, silver, gold, lead, ...)

® distortion of electron orbits due to incident magnetic field
= m=xnh b = po(h+m)=pe(l+xn)h = ph

. - p=po(l + xm) = popr
magnetic susceptibility \

of the order of -10° relative permeability

permeability
PARAMAGNETISM (aluminium, magnesium, chromium, ...)

® materials already exhibit a permanent but small magnetisation
= m= Xmh

magnetic susceptibility
of the order of +10°
Applied Electromagnetics 79

Wl Ferromagnetism and hysteresis

FERROMAGNETISM (iron, nickel, cobalt, ...)

| > about 1010 m3 ¥ KK ¥
¥ CHFCH ¥
| > domain wall KK
¥ CHFCH ¥
unmagnetised domains magnetised domains

»
=

> Pl\
saturation point

N o

remanent /P

magnetisation curve

magnetism T
0{ ferromagnetic material:
: *non - linear
* large p, values (> 4000 for iron)
b i e very large p, values for mumetals (> 10°)
3 1

. « effect disappears above Curie temperature
hysteresis curve
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HlBoundary conditions for magnetostatics

with 1 and 2 not PEC 2

u, X (hy —h;)=0 > tangential magnetic field is always continuous

u, - (bo —b;) =0 = normal magnetic induction is continuous

Identical to the dynamic case!

B Self-inductance

loop surface S

current carrying loop

The current creates a magnetic field and
with this field a flux y can be associated

zj):fb-undS:LI

9 self - inductance (Henry)
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lSelf-inductanceexamples

Solenoid Az

ma’ N?
Liqeal = #T (a<<l)

N: number of turns

(CICICIOICICIOICIOI0)

o
o
POOPOOOOO

[ Lcoaz = ﬁ In 9 (H/m)
9 @ o
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HlSelf-inductance:"examples-cont.

Pair of parallel PEC wires

The flux is independent of the surface !

Why ?
y d—a

a

Eln

Lwif'epair =

Applied Electromagnetics 84
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B Mutual inductance - Inductance matrix

Up
Yy = Ly Iy + Lo o
E Yo = Loy Iy + Las >
S1
C,
2 X 2 inductance matrix
for infinitely thin PEC S2
conductors proof that L= Ly Lo
e Loy Lo
I / dc’ -dc
Ly = —
47 [r— 1| )
[ with le = LZl

Applied Electromagnetics 85

B Inductance matrix - cont.

M + 1 conductor case
F=L1T

F: M x 1 column vector of fluxes
L : M x M capacitance matrix
| : M x 1column vector of currents

In the two-dimensional (!!!!) case and only in that case it can be proven that
e the inductance matrix is symmetric, L;; = Lj; ;
e all the non-diagonal elements are strictly positive, L;; > 0 ;
e all the diagonal elements are strictly positive, Ly > 0 ;
e the matrix L is positive definite and non-singular.

[y
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' Magnetostatic energy

Energy needed to build up the flux through a loop

elementary energy u,, when increasing the current

di  Ldi2 di(t)
= vdi = | — — —— d t = L
duy, = vdi = Ldi— = 5 — and  v(t) 7
Hence 1 a1
Uy = §L13 prog / §h -b dV ) seePoynting’s theorem
Vv

Extension to the multiconductor case:

1
Uy = §ITL 7

Applied Electromagnetics 87

B Two-dimensional situation

For the scalar potential y
we can prove that

V2y = 0, outside conductors

7 = constant on each conductor surface.

Important note:

the scalar vector potential is the
flux (per unit of length) w.r.t. the
reference conductor (y =0)

e only z-directed current

 the vector potential is also
z-directed, hence

he(p) = ¥ x (¥(p)u.) = V(o) x .

Applied Electromagnetics 88
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Flux of b through unit surface
between cond. 1 and cond. 3

Q
F:A[b‘ulde

Q
:/_\./(V,wxuz)-uldc
P

= A @(Q) —¥(P))

the scalar vector potential is the
flux (per unit of length) w.r.t. the
reference conductor (y =0)

Applied Electromagnetics 89

H Determining L from an equivalent'C

One can prove that in the 2D (signal lines) case the inductance matrix
L is the inverse of a capacitance matric C,,

L=C, !

The capacitance problem for C,, is obtained by replacing € by 1/p

For a completely homogeneous medium we have: L-C=C-L=¢ul

Example: coaxial line

Ccua,:.c = 27{;
In =
a
b
Lc‘oax - ;I -
' a

Applied Electromagnetics 90
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W A'set'of signallinesrexamples

Co a2
. [ 15774 12.06 =
aa/a = 1206 157.72 ) PH/m
d d d d
et dIZI LeC=C-L =42 n,
b a b a
5 o Mk o |

27773 87.76  36.77
L= 87.76  328.60 115.77 nH/m
36.77 115.77 337.98

I
-
o
o
n
w
N
.
o
o
=
3
R

g, =43 200 pm
PEC
o a =350um; b = 150um; c = 70um
i Applied Electromagnetics 91
] @)
INTEC
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Chapter 5: Plane Waves

=

UNIVERSITEIT
GENT

W Outline

Introduction

Plane waves in a lossless dielectric

Plane waves in a lossy dielectric

Reflection and transmission at a plane interface
normal incidence

oblique incidence and Snell’s law

Reflection at a good conductor - surface impedance
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B Introduction A

In this chapter we look for the most simple solutions
of Maxwell’s equations

® homogenous, isotropic, infinitely extending medium
® sourceless situation (eigenmode)
® sinusoidal regime at frequency ®
® solution only depending upon a single coordinate along
a propagation direction u
S

o]
mr along the propagation direction

u

Solution ?? E(s,0) and H(s,®) = plane wave solution

Applied Electromagnetics 95

B Plane waves in a lossless dielectric

Medium characterised by real-valued and constant g, and p, with =0

Suppose that our prefered direction is the z-direction, i.e.s =z

> Maxwell’s curl equations become

:1:1—2113 x e(z) = —jwph(z)
o % h(z) = jwee(z)

Scalar multiplication with u, shows that

e,=h,=0 > theplane wave has no longitudinal components
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B Plane waves in alossless dielectric - cont.

Elimination of e of h leads to the following wave equations

d? ks ks
@e('z) The(z)=0 firstorder1 &8 = E/ e + Ejelt

dz 2 :> 1 + —jkz 1 — Jkz
o7 h(z) + k°h(z) =0 h(z) = =—u, x E e /"* — 7 U X E, ¢

o N\

real wavenumber in /m: k=oVep =o/c =2r/A transversal
real characteristic impedance: Z, = y/u/e in NO z- component

characteristic impedance
of free space: Z.p = /po/e0 = 376.7303135 O = 377 (} = 1207 Q2

[y

Applied Electromagnetics 97

B Plane waves in alossless dielectric - cont.

Conclusions

® the electric field is perpendicular to the propagation direction

® the magnetic field is perpendicular to the propagation direction

® electric and magnetic field are perpendicular

® the amplitude of the magnetic and electric field differ by a factor
called the characteristic impedance of the medium

Time-domain expression

e(z,t) = R[E e k= Hiwt] 4 R[E, elh=+iv!]

PN

wave propagating in the  wave propagating in the
positive z-direction negative z-direction

[y
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B Plane waves in alossless dielectric - cont.

Poynting vector for the wave propagating in the positive z-direction

|Er+‘2 ‘Efr|2 d ity in Watt / m2
p(z)= 2l D, = energy density in Watt / m
22; 27, propagated by the plane wave

Role of polarisation

example: left hand circularly polarised electric field
E:ﬁ = E*(um + j‘lly.)
e(z,t) = Bt cos(wt — kz)u, — E1 sin(wt — kz)u,

Z.h(z,t) = E" cos(wt — k2)u, + ET sin(wt — k2)u,

Applied Electromagnetics 99

B Plane waves in alossless dielectric - cont.

Polarisation ellipses e(z,t=0)

h)

e(t)

Applied Electromagnetics 100
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Wl Plane'wavepropagationin thedirectionu

Previous results can be generalised to

e(r) = Ae Jkur

1 " 1
h(r) = Zux Ae 7P — —u x e(r)

Conclusions

remain valid !
® the electric field is perpendicular to the propagation direction

® the magnetic field is perpendicular to the propagation directg
® electric and magnetic field are perpendicular
® the amplitude of the magnetic and electric field differ by a factor

called the characteristic impedance of the medium
[y

Applied Electromagnetics 101

Wl Plane'wavesinalossy dietectric

complex wavenumber: k=ovep Rk > 0and Sk <0

k We

complex characteristic impedance: Z, = <& = £

writekask=f-ja
propagation attenuation
constant constant

U U

propagation speed p(r) =

|A|*2 = Poynting’s vector
v=o/f 27;

decreases exponentially
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Wl Plane'waves inalossydielectric-cont.

Plane wave expression remains identical
e(r) = Ae—ikur

1 0 1
h(r) = 7 ux Aeikur Zux e(r) A u=0

C C

example: electric field for propagation along the z-direction
e(z,t) — %[E:re—jﬁz—}—jw.t]e—az + %[E;ejﬁz—}—jwl}eaz

power loss L in dB/m per metre: L. = 8.686«

Conclusions

® the electric field is perpendicular to the propagation direction M
® the magnetlc field is perpend|cu|ar to the propagation direction M

Applied Electromagnetics 103

lIsolators and good conductors

Special case:

non-magnetic material with conductivity o _ wﬁ\/l + 2

Jwe
e » eg+0/jo

PR [ S
E,/l-l-jw—&

(a) low-loss dielectric (isolator)|oc << ® €

— H
k=p8—joa=uw/eu—j Z, = A

> attenuation only

polyethylene: €, =2.3 o/®m€&=210%to 3 10%
between 50 Hz and 1 GHz
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W Isolators and good conductors - cont.

(b) good conductor [6>>® &

k:B—ja:% ZC=(;§J)
copper: g,=1 ©=5910"
skin-depth &
freq. |0
[2
o=
nlad 50Hz | 9mm
1 MHz | 0.06mm
Plane wave in a good conductor 1GHz |0.02mm
er) = Ae~Fe % 10 GHz| 0.66pm

r

h(r) = (1 - ) %5(11 x A)e 5 eI

N

attenuation phase shift
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B From DCto skin-effect

(a) Layout of a single-chip CMOS GPS receiver
(b) On-chip spiral inductor component

(c) Cross-section of the spiral inductor

(source: Stanford University, CA)
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W From DCto skin-effect-cont.

on-chip interconnect

structures
edge effect skin effect
t<d t<d t>9
w<3d w > 9 w > 9
I »
! DC frequency'
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ll Reflectionand transmission at a ptane interface

+X
medium 1 medium 2 refl.
PEC
refl.
reflected ' —
V\ transmitted e
transm.
l /'; — v -
)’Q z g =¥
/ i inc ~
incident i d
inc.
€1 My | € Ko /
| 1 2 3 1 2| 3| 4
layer between stack of layers
two half-spaces two half-spaces on top of PEC
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B Normal incidence A

INTEC

incident linearly polarised plane wave
ezi(2) = g dk1z

Zihyi(z) = e IRz

eXT
‘“’Hl* """ - > reflected wave (why?)

exr(z) = R, eTik1z

ik
€ Lo Zl hy"’(z) = _R”E_H' t .
——— reflection coeff.

By
x

€1 My

transmitted wave (why?)
e (z) = T, e k27
Zohy(z) = T,e k22

transmission coeff.

Is the polarisation of the
incident wave relevant ?

B Normal incidence - cont.

?X Application of boundary conditions
Cu i . (a) continuity of tangential electric field
ey Xt
___<_~_<l} _____________________ > |:> 1+ R, =T,
hyi hy, i hy z
' (b) continuity of tangential magnetic field
& & Hp
= 1-R, E
Z Zy
Final result
p 1-Z
T, = 71 R, = 71 . . .
1+ 7 1+ 7 (what happens if medium 2 is PEC ?)
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HlObliqueincidence

Incident plane wave (arbitrary polarisation)

e; = Ae—jklu;-r — Ae—jkl Cosﬁ;ze—jkl sind;ax

Z,h; = (u-i X A)B—jk1u;-r — (uj X A)E—jkl cos ﬂ.‘ze—jkl sin @@

+ geometry invariance in y

% J

& all fields remain y-independent
~ U
hr 9\7\ h‘ 5
r AN - 't . . . .
> >t translation invariance in x

e o u
Ui . —jkq sin ;2
all fields havee dependence

€ Mg € Up

=
\(‘
v
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HlObliqueincidence-cont.

conclusion from the above reasoning: ansatz for e, and e,

e (x,2) = f(z)e hrsinfiz
+ wave equation

E,fjkl sin @;x

ez, 2) = g(2)

Reflected field
Ve, (r) + kle,(r) =0
d? f)u 2 .9 d? 2 2
—f(2) + (ki — ki'sin” 8;)f(z) = —f(z) + ki cos” 8;f(z) =0
dz? dz?
er(a:. Z) — Befjkl upr _ Bejkl cos Q;zefjkl sin f;x
Zihe(z, z) = (u, x B)e*jkl“""" u, = — cosf;u, + sinf;u,

B u. =0
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HObliqueincidence-Snell'sfaw

AX AX

N

@
i
D,
Y
/
/
/
/
N
L)
n
[AY
'\
1\
(B}
Y
R
)
i
1D
i
I
]
)
i
|
v
@
|
@/
AR
/
/
/
/
ittt ettt
[N
N
1
1 P
|
]
]
)
]
|
]
]
)
]
]
]
]
i
|
v

U; u.
>\/ I sinf; = % sin 6; I
2
Nl N2 Nl NZ
9r = ei er = ei
N1 < N2 N1 > N2
0,<0, 6,> 6,
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HlObliqueincidence-cont.

Transmitted field
Ve, (r) + ke (r) = 0
4
g(z) + (kg — k¥ sin® fi)g(z) =0
4

e/(x,2) = Ce ikamer

2

dz2

ij—jkg cos Qtzp—jkl sin #;x Cf,—jkgcos €¢zp—jkg sinfyx

Zohy(z,2) = (0 x C)e dhuer
Cu=0

kosin#; = kp sinéb;

w = coséyu. + sinf;u,
R(kscosby) > 0 and S(kzcosb) <0
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B Transmission vs. total internal reflection

d?
T a() + Je(2) = 0

+ lossless materials

kosinf, = k; sinf;

1. medium 2 is more dense than medium 1 (k, >k, or N, > N,)

I . Ny .
2 o —Jkasinex sin#, = —siné;

)

Snell’s law

example: from air (N, » 1) to water (N, = 8.4)
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B Transmission vs. total internal reflection - cont.

2. medium 2 is less dense than medium 1 (k, <k, or N, <N,)

@) (kI —k?sin®6;) >0 > Snell’s law still applies BUT | 6,> 6,

(b) (ki — kisin®6;) <0 > total internal reflection (= mirror)

sin?0; —k2k E,*jkz sin 0,z

efz,z)= C¢ (inhomogeneous plane wave)

exponential damping

N.
Transition between (a) and (b): defined by critical angle siné; < FQ = siné,
1

example: from water (N, = 8.4) to air (N, = 1) 6, = 6.8°
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W TEand TM'polarisation

e; = Ae dkwir \
— , ,—Jkia;-
Zihi = (u; x Ajem T 4 scalar unknowns +
A-u; =0 2 scalar source terms (why?)
e.(x,2) = Be +
Zih(z, z) = (u, x B)e*jklu“'r >
B —0 continuity of the tangential
Tt = electric and magnetic field,
i.e. 4 scalar conditions
e/(r,z) = Ce thauer
Zohy(x, z) = (0, x C)e Jhuer BUT decoupling into two
C. u =0 ) independent sets of problems or

polarisations is pos

sible
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Wl TE polarisation

TE-polarisation or Transverse Electric polarisation

= electric field linearly polarised and perpendicular to plane of incidence
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HTMpolarisation

TM-polarisation or Transverse Magnetic polarisation

= magnetic field linearly polarised and perpendicular to plane of incidence
AX

. h
( N 0,
______________ /:4_‘:_________ __________>
CAN z

i |
|
1M1l & My
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Hl TE-polarisation:results

e;(r) = Af:_jklu"'ruy B — Zycos0; — Z, cos,
Zih(r) = A(u; x lly)e_jkl“"'r T Zycosbi + Zy cost,
_ sin(8; —6;)
B sin(é; + 6;)

e, (r) = RppAe /F1t Ty,
Zih,(r) = RrpA(u, x lly)e_jklu"'r l
always different from 0!
e/ (r) = Trpde k2w Tu, _— 22, cosf;
Zihi(r) = TrpA(u, x u,)e /F24er 0 7, c0s0; + Zy cosh,
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W TM-polarisation:results

Zyh(r) = Afifjklu‘“rlly R _ Zycosfi — Zy cosby
e;(r) = —A(u; x u,)e Fmr M 7 c0s8; + Zs cosh,
_ tan(g.i — 91)

 tan(6; +6;)

Zih,(r) = Ry Ae ¥y,

eq(r) = —RprapA(u, % uy)f:_jklu“'r l & No
O for tanHB = —_ = —

a N
Zohy(r) = Ty Ae k21t y, i.e the Brewster angle
e (r) = =Ty Alwy uy)e_jk?“*'r
Toas = 275 cost;
7y cosB; + Zo cosb,
(what happens for 6, =0 ?)

Applied Electromagnetics 121

lExampleglass-air

,
56.3°) 420 |R|
0.8 E 0.8
1
1
1
i
reflection i reflection 0-8
coefficient i coefficient
0.4 'RTE ; 0.4
!
H Rm
0.2 E Rrw 0.2
'
Rm E
0 1‘0 2‘0 3‘0 4‘0 5‘0 6‘0 7‘0 E‘O 90 0 50 60 7‘0 80 90
6; .
air to glass glass to air
air (N= 1)
glass (N = 1.5)

1
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perfect conductor: c >« and Z, >0

4 AX AX

[} )

[} 1

Brg ppc = —1 i i
Tre pEc = i PEC i PEC

re,pec =0 u, : u, ;

[} 1

Rryppe = +1 e =-6 | hy=h;

[} )

Trym,pec =0 S DN

' h, 0 /" & 0 /i
-------------- e R o S
o\~ 1z o\t z

i i

i i

[} 1

[} )

i i

[} )

i i

[} )

i ;

TE polarisation

TM polarisation
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HlReflection by an'impedance sheet

® impedance surface =
infinitely thin current-carrying sheet

® at this sheet:

Ctan = Zs(un X hmn) /

& €y

€ran = Zs.]s

® reflection coefficient for

perpendicular incidence:

1
Rn=1+gi

impedance
surface

T S S
x

€1
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(b) good conductor [6>>® &

1 — 9 1 q
k:B—ja:% ZC=(;§J)
copper: g,=1 ©=5910"
skin-depth &
freq. )
[2
§ =
nlad 50Hz | 9mm
1 MHz | 0.06mm
Plane wave in a good conductor 1GHz |0.02mm
er) = Ae~Fe % 10 GHz| 0.66pm

r

h(r) = (1 - ) %5(11 x A)e 5 eI

N\

attenuation phase shift
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lReftection by a'good conductor

AX AX
| |
1 1
i i impedance
! | surface
i d i Simp
€yi i goo €yi i
! conductor !
exr : eXf :
- d Q- Lo
hxi hxr hxi hxr z

€ M €1 M

1
=z, *+ theJoulelosses = 53?(2’.9)”\2
are identical (proof?)

Zs =

m PECio—>w®andZ,—»0 nolosses!
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Chapter 6: Transmission Lines

=

UNIVERSITEIT
GENT

W Outline

Introduction

Telegrapher’s equations

Voltage reflection coefficient
Input impedance

Generalised reflection coefficient
Power flow

Standing waves and VSWR
Smith chart

Matching

Transients
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B Introduction

(@) (b)

= {

(©) (d)
ﬁ /

(e) ®

X

Purposes

+ describe signal propagation along z
in terms of voltages and currents

+ extend lumped element description in
circuit theory with a distributed element
describing signal propagation and
wave effects in the z-direction

+ avoid solving Maxwell?

Solution

+ the transmission line concept
+ solve Maxwell in the cross-section

Applied Electromagnetics 131

Wl Telegrapher's equations

i(zy Ldz Rdz i(z+dz,t)
——
elementary lumped
element section of
v(z.t) 1UGdzS Cdz——= |V(z+dzY) a transmission line
y dz t
l J_ J_ lumped element
representation of
-|- -|- -|- a transmission line

L - C - G - R : result from the solution of Maxwell's equations !
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W Telegrapher's'equations - timedomain

Rdz i(z+dz,t)
>

i(z,t) Ldz

vz 1Gdz$ Cdz== | V(z+dz1)
dz y 8
v(z+dz,t) —v(z,t) = —Rdz i(z,t) — Ldz az(z, t)
7]
i(z +dz,t) —i(z,t) = —Gdz v(z +dz,t) — Cdz av(z + dz,t)
Bu(z,1) _ Bi(z, 1) ’ @0 )
5 —Ri(z,t)— L T .
di(z,t dv(z,t
iz1) =—Gu(z,t) - C v(gzt, )
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l Telegrapher's equations - frequency domain

d‘;(j) = —(G+ jwC)V(2) = Y (w)V(2).

General Solution
V(Z) — Aedkz L Bejkz, I(z) = }/C(Ae*jkz _ Bejkz) _ Zi(Aefjkz _ Bejkz)

k=08—ja=+/—(R+jwL)(G + jwC).

) = 7
Z:i: R+jwl no losses ZCZR‘::\E
R G + jwC ,

= —
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W Voltage reflection coefficient

z=-d z=0

g‘lgﬁ; :;de Z.() | K, | VSWR

00 1 00

V(z) = Ae77** L Belk= 11 R. | 5/6 11

_ _ 5R. | 2/3| 5

I(z) = Ri(Ae*sz _ Beit?) > 1;3 :

iy R. 0 1

A=ae 2R |-1/3] 2

B = bel? 1/5 R, | -2/3 5

111 R, | -5/6 | 11

0 -1 00
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HInputimpedance Z

z+-d z:IO
iy Ve V(=d) A4 Be M
I(—d) ~“Aeikd — B e-ijkd

ey

Z;  Z + jtan(kd)
" R. 142} tan(kd)
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HInputimpedance Z:"shortline

Short line: kd = 2rd/A << 1

 Zj + jtan(kd)

y
A
Y Re 1437} tan(kd)

\

. Ziy+jwld
Y14 jZwCd

Ld

. D™

Cd == z,

Applied Electromagnetics 137

HInputimpedance Z reactance synthesis

7y + jtan(kd)

T R, 1+ 2} tan(kd)
Open line
b
i~ jtankd
X [ iz=0
Short circuited line N )
Z! = jtankd =X : T

T2 n 3n2 2m
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B Generalised reflection coefficient

e : >
v, : Vi
V() = R z Bel** B .
i K(z)= Ae 08z Ee
z;-d i z=0 . .
! K(z) = Kpe¥** = K e~ 2%
U i
Lo ' periodic with period A/2 !
ZI(z) — 1
R =z
1+ K(2)
Zl(z) = 2
’L(z) 1 _ K(Z)
s Applied Electromagnetics 139
lPowerflow o)

1 1|A2 1|B?
P = _Re(I'V) = p— LIAR _LIBF

no losses 2 i }R

power orthogonality

P=P,— P.=P(1— K.

1AP?
p L4

2 R.
P = |KL*P;

|K,| = 1 results in total power reflection !

Applied Electromagnetics 140
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lStanding wavesand VSWR

frequency domain
V(z) = Ae 7% | Bel*® A= ael®,
1 . ' o
I(Z) — —(Ae_sz—Besz) B—be”ﬁ
(&
time domain
v(z,t) = acos(wt — kz + «) + beos(wt + kz + 3)
1
i(z,t) = R#[acos(t.dt —kz + a) — beos(wt + kz + 3)]

C
constructive interference for the voltage = destructive interference for the current

maximum voltage amplitude (a+b)
—kz, +a=+kz, + 3+ n2r I:>
minimum current amplitude (a-
b)/R,
and VICE VERSA !
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(AN

INTEC

Voltage Standing Wave Ratio or VSWR
_p+b
g_ at+b 14+ |K]| o 1+ |KyL|
Ca-b 1 |K| 1-|Kg]
. Zi(Q) | KL | VSWR

0 i : 00 1 o0
@ 11 R, | 5/6 | 11
2 PN N a+b 5 Rc 9 /3 5
sl 2 R, 1/3 2
R, 0 1
1t 1/2 R | -1/3 2
{wMm 1/5 R, | -2/3 5
05 1/11 R, | -5/6 11
O.-" . 0 -1 oo
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B VSWR detector I~

Standing wave detector

S—1
K|l=|Ki| = ——
(K| =KLl = 5
2kzp =a— 3 —n2m n=..—10/1,..

Applied Electromagnetics 143

B Smith chart

N H O
K@) =z
; 1+ K(z) 3 (K)
z! A !
@) i) 1 - K(z) :
O ! active !
- ' passive '
active Lo i inductive ]
--------- R EETEEEEE R |K|=1 0.5 :
- i [
--------- IR S e e LT T :
1 1 1
------- O5¢-t--rz-—-=-t--=-=-=-==-=-=----
HP I 2@
...... 05 >.0.|-5-|.1.---.|2------------
-------- I T T e e, !
1 1 1 1
1 1 I ]
-------- ] R !
[ 1 X |
) . ! passive |
active o 1 capacitive !
- | |
1
impedance plane reflection cogfficient plane |

Applied Electromagnetics 144




Smith chart

-
A

ctromagnetics 145

B Smith chart

a 50Q resistor

-
A

Applied Electromagnetics 146
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HSmith chart" impedancetranstformation

3 (K)

load plane: admittance

180° =1 tour
towards A/ towards
load generator
input plaghe: B

input plane: admittance

Applied Electromagnetics 147

Smith chart: VSWR

a+b

a-b

Vi(z) = Ae Ik 4 Beik=

I(2) = - (Ae=i%= — peitz)

C

|V (2)| = a|l + K(z)|
R |1(z)| = a|]l — K(2)|

Applied Electromagnetics 148
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W Matching

feed line (lossless) 72—
R. matching - antenna, filter, ...
network
_—_—
Mismatch
® reflection of power
feed line . .
R, Re |:> ® signal reflection and echoes

® standing waves (dielectric breakdown)

e lumped element matching;
® single stub matching;
Matching techniques |:> e double stub matching;
e the quarter-wavelength transformer;
e multisection matching;
e tapered lines.
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B Lumped element matching

Air
Lossy film bridge

Lossy film
= dimensions < A/10 iﬂ @ (g 2)

m parasitics are ver
P y Planar resistor ~ Chip resistor Loop inductor Spiral inductor

important
Dielectr} .'
o e
Interdigital Metal-insulator- Chip capacitor
gap capacitor metal capacitor
2.61 pF 38.8 nH
I I o 0000 .
R,=100 Q 46.1nH Z,=(200-j100)Q  R,=100 Q 0.92 pF l Z, = (200 - j100) Q

T

The matching is exact at a single frequency (here at 500 MHz)

Applied Electromagnetics 150
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lSingle'and double'stub 'matching

INTEC

single stub double stub

0.044 A

g
15Q R.=50 Q R:=50 Q % coo
R.=50 Q R.=50 Q =50 0.995 pF
0.796 nH T

-

1.0

0.75 o
the matching is exact at

|K|0.5 a single frequency (here at 2GHz)

0.25
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I Quarter wavelength transformer

. A4
Re Raer R only for real impedances!
o
~ A4
R Ryuarter R,
o o

unm'ier' =\ RLRC (PrOVe!)

The matching is exact at a single frequency
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Wl Broadband matching

O ~ ~ ~
0.3
Re N Z, z, z
0.2
© ° o o IK|
3 2
multisection matching 0.1\
5
0
1/3
ZL
= 22)
L i z
0 L

tapered matching

1 5/3
f/f,
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R.=\/LJC

- Transtents -
»no dispersion i.e. no frequency dependent velocity
*no losses
Rg
dv(z,t) i(z,t)
ey 5.~ Y- L
- : R, R di(z,t) dv(z,1)
L =-G t)—C .
; e Y ot
z:O z:'d
2 I 52
ﬁ“(:’t) - (_2@?‘(: t) =0 v(z,t) = v (z —ct) + v (2 + ct)
! =
= = . | _
¢= o (delyr=dic i(2,8) = 2= (¥ (z —et) = v (z + 1)
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Hl Transtentsequivalentinputimpedance

2=d

equivalent circuit at the
beginning of the line

Applied Electromagnetics 155

B Transients: reflection coefficients

load

generator

T-".l +v o Vtotal o

2t —v7)  total

Applied Electromagnetics 156
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Wl Transtentsiexample
4 18 K, =03 v(z = d bk
K, =006 eno!
of line
0.29
D_ 0.05
1 v(z =di2,h middle of
0.6 of line
018 11
Lo %08 002
1 v(z = 0,t)/x
0.78 beginning
H of line
0.14
} { } L 0':025—>t
- T 2t 31 47 5t 61
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Chapter 7: Multiconductor Transmission
Lines and Waveguides

=

UNIVERSITEIT
GENT

W Outline

Introduction

General eigenmode equations

Multiconductor transmission lines: quasi-TEM analysis
TEM modes

TE and TM modes

Mode orthogonality

Parallel-plate waveguide

losses

group velocity versus phase velocity - dispersion
Rectangular waveguide
m Coaxial cable

m Microstrip and stripline

Applied Electromagnetics 160

80



introduction

‘%gi%

(@

Purposes

+ solve Maxwell's equations
+ link to the transmission line
representation?

/o &,

y |
(e) ®

Solution

+ solve Maxwell for an infinitely
long structure with constant cross-section
+ the eigenmode concept

Applied Electromagnetics 161

HGeneral eigenmode equations

= TUz + } Juu

—— Transverse plane (subindex t)

)

4—
Subdivide fields into a transversal
and a longitudinal part

> Propagation direction (longitudinal)

Ve x ex(e)us +us x o-e(r) = —jwp(p)he(r)

e(r) — Bz(r)uz + e (r), Maxwell Vi x ei(r) = —jwp(p)h-(r)u,

h(r) = h.(r)u. + h;(r)

Separation of e.~ f(z)
variables h. ~ g(z)

ALEILR

i
Vi x ha(r)us + us X 5-he(r) = jwe(p)ed(r)
Vi x hy(r) = jwe(pe.(r)u.
e ~ Q(Z] . . (:) ~ q(Z]
he ~ f(2) <o)~ 1)
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General eigenmode equations

d .

—f(z) ~ g(2) d? i i

F D I~ ) B f(2)=Ae T4 BT

E{}(f‘f)”f(z) ” y=B-ja
propagation attenuation
factor constant

. , ti
General eigenmode representation Eg?g?gr?t on

e(xy,z0)=K'e % 2[E, (xy,0)+E,(xy,0)u,]
+K e e P2[E, (x,y,0)-E,(x,y,®)u,]
h(x,y,z,0)=K e *?e P?[H, (x,y,0)+H,(xy,0)u,]
~K e P2 [H, (x,y,0)-H,(x,y,0)u,)

Applied Electromagnetics 163

HEigenmode velocity - dispersion

Time domain representation of a mode

E(I‘, f) — ?RlE(p)e—jqz-{—jwtl — mlE(p)e—j,@z—l—jwt]e—az

This is called mode dispersion.

! P~ effect of attenuation and
dispersion on signal propagation
| | |

A A .

Phase velocity Group velocity No dispersion
w 1 dw v v v
V, = — 'Ug = —_— = — = =V
P Iﬁ % dﬁ g p
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B Multiconductor Lines

Maxwell (no losses)

ref
1
1 =
1
ref

ViE.(p) + JBE:(p) = —jwp(u. x He(p))

(c)
1 1 2 3
== s B s I s
ref ref
(d) (e)
I:I US metal  []
1 dielectric ]
air [
ref 2

®

V. x Eu(p) = —jwpH. (p)u.
ViH.(p) + jBH(p) = jwe(u. x E(p))
Vi x Hy(p) = jwe(p)E.u.

Jl Low-frequency expansion
B(w) + Biw + Bow? + ...
E;(w) EtO + N + EI_QQJ? + ...

Ez(w) - Ezﬂ + ENw + E22w2 +

H,(w) = Hyo +h\

1w 4 H,{sz + ...
H.(w) = Hao + h\w H oo

Applied Electromagnetics 165

ViE.o(p) =0

Vi (pkHi(p) =0

[y

H Multiconductor Lines:"quast-TEM analysis

Zeroth-order electric field problem

':> EZO =0
Ew(p) = =Vio(p) Vi x Eo (P) =0
Q EC vV Vt . (EEtg(p) =0
electrostatic quasi- TEM mode (s)
I
o Transversal Electric
Zeroth-order magnetic field problem and Magnetic
magnetostatic
i) ViH.o(p) =0 5 H,y=0
h(p) - ﬁvf-:;-(m xu. Vi xHyp(p) =0
F-=LT

Applied Electromagnetics 166
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W Quasi-TEManalysis:telegrapher's‘eqns.

/V;_Ez-dl v 38 /Ei-dl —jwp /(uz x H,) - dl
r'le:f @ 7'.e:f r‘;:f

voltage-flux relation JBVin = jwFy, = E”m(’z’” - —afm(z,t)

I:l - f Vtﬁz-d]-i—j_ﬁjg Ht-dl_jwejg (u, x E;)-dl
Jm @ m m

1

g. £ — o .t
ref u 2 J)S-Im — jW(J'm E> E)zlm(/" ) thm(b’ )
conservation of charge Telegrapher’s equations

3V(;’:, t) = —Lgf(z?f,)

—CVy Jz ot
?‘—LI —af —C—GV
t) = z, 1
0z (1) ot (1)

Applied Electromagnetics 167

W Quasi-TEM analysis:telegrapher's-eqns.

Telegrapher’s equations Telegrapher’s equations
time domain frequency domain
0 0 ad
—V(z,t) = =L=—T(z,1 —V(z = —j z,
0 7] o
—TI(z,1) = —C—=V(z,t —TI(z,w) = —j z
s (z,1) 8tV( ,1) BZI( ,w) JjwCV(z,w)

Propagation constants (B = jo B,)

(LC)V = B*V
(CL)T = 5,°T
lumped element section vp vy #

(2 signal conductors)
M+1 conductors = M TEM modes
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W Quasi-TEManalysis:"conclustions

8(x.y,z,0) » E(xy) e'iP? = -V, e b2

R(y,2,0) ~ F(xy) e = - (L) (Vo X T,) e 82

1 gTEM-mode
e,=h,~0 (O(w?)) B=wp

’e‘ F=LT (CL)T = 3,°Z

3 qTEM-modes

non-dispersive with v, = v, = 1/8,

cross-sectional dimension

NO gTEM-mode <4+ << wavelength

rifgs Applied Electromagnetics 169

- TEM'modes (2

+quasi-TEM = E,=H,=0
+ TEM: E, and H, are identically zero for every frequency

Vb\[p) + YEdp) = —jp(u. x He(p))

Vi x Ei(p) = —jwpi(p)u. v —jwp(p)
. o = - = :
ViR (p) + [YHi(p) = dwe(u: x Ei(p)) Jwe(p) -7
vt X HI (ﬂ) - jwm‘zuz U'
homogeneous medium only!
Final Result
€ 1
Hilp) =\ (0 X Ba(p) = 5 (u: X Fa(p)
¥ = WL /€L

[y
Applied Electromagnetics 170
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W TEand TM'modes

+TM modes: H, = 0 for all frequencies but still H, H, E, E, E,
+ TE modes: E, = 0 for all frequencies but still E, E, H, H, H,

only possible for homogeneous media!

TE modes TM modes
. Y . v
b 2 o cv R T o
Jwe .
. 9 . § wp - - . g
H, — ;d_#(u: % By) Zyp— - H; e (u, x ViE:)
E.—0 H.=0

72 4 (2 A2 = a5 a 9
Vil + (F = =0 V3E. + (k* ~ 7*)E: = 0

HH. -
E 0 on the conductor surfaces E.=0 on the conductor surfaces
— —
Neumann problem Dirichlet problem

171

" Mode orthogonality

The following general orthogonality theorem holds for ALL modes

f(El X Hg)uzdS = f(E]t X Hgt).uzdS =0
S S

S: cross-section of the waveguide (can be infinite)
E,: electric field of mode 1 (only the transversal field plays a role)
H,: magnetic field of mode 2 (only the transversal field plays arole)

(in the notes the example of the TM modes is given -
the general proof uses Lorentz reciprocity theorem)
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W Paraltel-plate'waveguide (A

Parellel-plate waveguide

PEC d
&

v X

uz

PEC

Purpose
determine x-independent modes
propagating along z
Optical slab waveguide
homogeneous filling + 2 conductors

4
o 1 TEM mode
n TE modes
TM modes

Applied Electromagnetics 173

Wl Parallel-plate' waveguide: TEM mode

e(y,z,0) = - V,p e iB?

d2 o o
T30 =0 $6=0)=0 0=t =V
d Vv
Ei(y) = —d—yqb(y)uy — W "

v
H:(y) = Eur Ze = \/g: (L/C)¥2

C

= v=o/B=1/(LC)¥2 =1/ (gun)l?

non-dispersive!
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W Parallel-ptate'waveguide:“losses

Transmission line equivalent and small losses

.G | L R L
7y =08~ ja=V=(R+jwL)(G+jwC) = wVIC —j7 EﬂEﬂ/E

i.e. the effect of G and R can be evaluated independently

Dielectric losses

+ start from the lossless case: R=G =0

+replace Cby C + G/ (jm) in the transmission line equivalent
+ replace e by € + o /(jo) in the dielectric

€
Cpp = d = Cpp *+ Gy / () Eeld +ofd (1/ (o))

Gpp =

alq

Applied Electromagnetics 175

Wl Parallel-ptate' waveguidelosses

Conductor losses: skin-effect losses

+ start from the lossless case (PEC conductors)
+ calculate surface currents: J,(p) = u, x H(p)

+ Joule losses per unit of length:

1 1
Prosses = 23%].15 - E*de = QRstszdc.

surface c
impedance . g B 5
\Zs =R: +jX. Ri=2; 6= V wpe ' w—__skin
depth
+ propagated power:
1
Pprop = 2§}Ef (E(Z) X H*(Z)) -u.dS.

s
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W Parallel-ptate'waveguide:“losses

+ relationship between decrease of propagated power and losses:

d
&Ppw"op - *}Dlosses

+ proportionality between dissipated power and propagated power:
Plosses = QCIPprop

Final result

o _ —2az
Pprop(z) = Pprop(z = D)e power decays with a factor ez

= —_ .Ct
=0 fields decay with a factor e
o= Plosses R
2Bprop app =

dZ.
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Wl Parallel-ptate' waveguidelosses

Relationship between losses and transmission line equivalent

G |L R /L

v =8 ja= V(R jwL)(G+jwC) = wVIC —j o\ = —ig/\| &
Qdiel Xcond

Qpp = Oleond T Qdiel 9R
R, 0Zc = RPP - d
- 4
dz. 2
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W Parallel-ptate'waveguide: TEand TM'modes

TE modes
d2 d d
—H. B —~)H.=0 —H. 0)=—H.(y=d)=0
4
H.,(y) = B, cos T%ry
jwid . nmw -iv.Z n2n2
Etn(y) = s B, sin yuz e It with Yo = {/ k2 — —a
nmw d d
Jdyn . nmwy _
Hin(y) = njr Basin = u, n=123, ...

Applied Electromagnetics 179

l Parallel-plate'waveguide: TE and TM'modes

TM modes
d2 2 2
g2t (=) =0 By =0) = Fa(y = d) =0
4
E..(y) = Ansin n#:r!y
_ Jwed nmwy _ 22
Hon(y) == = Ancos =7 0 @M% i o, =iz - 20
i "fn nm
Ein = A, =
tn(y) ——Ancos—Tuy n=1,23, ...

Remark: orthogonality and completeness
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Wl Cut-off frequency o]

INTEC

2.2

-iy.Z n

JYn . ™
z-dependence: e with Yn = 1/ k2 —

d2

n2m? -iB.z
Case 1: nm/d < k ora<2d/n > VYn=05n=1\/k — 7 >0 = e

the mode with index n is a propagating mode!

and Yn = ﬁn - jan

Case?2: nw/d >k orA>2d/n = Q=

the mode with index n is an evanescent mode!

n

2d./ep

Cut-off frequency of mode n: fen = (zero for a TEM mode)

Applied Electromagnetics 181

" Phaseand group vetocity

dispersion: the propagation factor y of a mode is frequency dependent

2.2

n=m

dZ

Vo= Bn =\ k2 — for the TE and TM modes

nn ¥
dVen - -y

dispersion relation i.e. y (®)
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l Phaseand group velocity

) velocity in
Phase velocity of mode n o infinite space
Upn = i - d = Y TR >V I
Tn \/kQ* nfivzrz \/1_(H)
AO
velocity 4 |
i
i
E phase velocity
i
v L PN nr .
H W 7
i frequency
cut-off
frequency
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" Phaseand group vetocity

Group velocity of mode n

+ consider a frequency modulated wave: R[e’(“®t=7n(w)2)]
+ consider a modulation around central frequency o,
w(t) = wo + Aw(t)
dvyn

Tn = Ino t {%]w:wo Aw(t)

+ result: m[ej(wot—v,mz)e—jAw(z/vg_t)]

v =0y [1- (o) - ”P“:ﬁ

kd
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l Phaseand group velocity

Group velocity of mode n

nmw
vgn = vy /1- (32)?

AO
velocity 4 |
i
i
phase velocity
I T nni
dVen -
<—group frequency
_ velocity ___ """
cut-off
frequency
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HlRectangularwaveguide

AY
b
X
© = >
type width a | height b | cut-off frequency | frequency band
(em) (em) (GHz) (GHz)
ETA-WR-340 2.636 4.318 1.737 217 -3.30
EIA-WR-184 7.214 3,404 2.079 2,60 - 3.95

+no TEM mode

+ TE modes

+ TM modes

+in practical cases: a=2b
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lRectangularwaveguide

TE modes
nnT mim
H. nm(x,y) = Bpp, cos cos Ty
JjwuBnm nT . NTX mmTy
Et nm(z,y) = ——— [f? sin — cos 5 Uy
a2 + b2
mim nTr . mmwy
+— cos sin —=u,
b a b
Ht,n'm—(I7 y) = n2m? men2 { n COs Uz
ﬂ2 + b2 a a
mim nwT mmwy
+—— cos sin —=u, |
b a .
cut-off frequencies
12 n?r?  mPm? f __ L n_2 + m_2
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HRectangularwaveguiderexample

X-band waveguide: 8 - 12 GHz
Mode m n f. (GHz)

b TE 1 0 6.562

TE 2 0 13.123
TE 0 1 14.764

a
copper TE, TM 1 1 16.156

a=2.286cm
b=1.016 cm TE,TM 1 2 30.248
(attenuation at 10 GHz: 0.11 dB/m) TE,T™M 2 1 19.753
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W Rectangular waveguide: TE,, mode

The TE,,mode is the only one used in practice = monomode operation !

AY
EJ:,]O = Ez,lO = Hy,lO =0 3
b .
w ., T
Ey 10 — —uBlg sin —
’ /a a
i JVE2 - (5)2 . mxp e VRS
| Hy19g=—"——%2"Bigsin —
’ (7/a) a
X
> T
Colg H. 10 = By cos —
a J

a=2b 2 monomode operation for

1 1
2a,/ep << T
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lField patternsfor other waveguide modes

—E
----H

qﬁl ™,
T
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Wl Coaxial'cable: TEM mode

c TEM mode
% & Vig(p) =0
' ¢pp=a)=0  ¢(p=0b)=V

In2
example: RG-142/U cable P(p) = Vlng
a . v
R, = 50Q Ei(p) = —Vid(p) = *d—pqﬁ(p)up = ———
a=0.94mm b =2.95mm v P
= H [ u
c =4.34mm +(p) Zcpln% ¢

teflon filling with g, = 2.041
e—I71% = g—ikz _ g—jw ez
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Qe
Cronn = —= b
coaxr E L ln b
In ¢ Rc,coa:r, = - = E 4 e.g. 50Q
In & Vy C € 2w
Leoas — 120
coaxr 271_
Losses
2o
GcoaJ;:lnj. n Rs (1+1)+0'ZC
a Qcoaxr = Acon, Qdiel = — . p = -
e T e b2
R = R, ( 1 1) a
coar — 271_ a b
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W Stripline

+ a pure TEM mode exists

+its capacitance Cg,, per unit of length
is found by solving the appropriate
potential problem

€r
+ Lst:r'z'p - Cst"r'ipCQ

c: velocity of light in free space

NG

CstTipC

+ Rc,strip =

+ signal velocity: ¢/ /€.
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- Microstrip

+no pure TEM, TE or TM modes

+ for sufficiently low frequencies

a quasi-TEM mode exists

R o Lmicro
c,micro — C
micro
ﬁmicro =W Lmicrocmicro
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Wl Microstrip:effective dielectric permittivity

Effective dielectric permittivity

Bmicro = kO\J Ereff:
signal speed: v =c¢/,/€res; with c the speed of light in free space

high-freq. = = = = = = === = = === ————
limit 11 4 Erett dispersion W = 3.04mm
h=3.17mm
107 g =117

quasi-TEM_S_-
limit
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HlMicrostripTtransmission lineimpedance

117 (s) A
T &lett i
effective o impedance
dielectric Y -
= €
permittivity B=ko m
104

75

- 65

- 55

7 T T 45
0 5 10 15
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Chapter 8: Antennas and Radiation

=

UNIVERSITEIT
GENT

W Outline

Introduction

Overview of antenna types

Far field of a current source

Directivity

Radiation impedance of an antenna
Equivalent circuit of a transmitting antenna
Open circuit voltage of a receiving antenna
Equivalent circuit of a receiving antenna
Effective cross-section of a receiving antenna
Antenna link: Friis formula

Thin wire antennas
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B Introduction A

The Concise Oxford Dictionary defines an antenna or aerial as

“ ametal rod, wire or other structure by which signals
are transmitted or received as part of aradio
transmission or receiving system ”

Purposes

+to understand the physics of antennas
+ to obtain equivalent circuit representations for transmitting and receiving
+to know more about wire antennas

+to get a short overview of other antenna types
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HlOverview of antennatypes

%

monopole on a ground plane

monopole on a box

> wire grid antenna

7 folded dipole —"“?J

biconical antenna

Yagi antenna

horn antennas
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HlOverview of antennatypes

biconical patch
antenna

h_

patch antenna
with feed line

radio
telescope

patch antenna
array
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W Far field of a current source

Vector potential of the source

‘|

________ _—jk|r—r
——————————— a(r) — f—;/fa—j(r’)dvi

v =l
1%

k = Wy /F.U}'L(]

Far field approximation

It —r'| = /12 + 12 — 2r1’ cos

! !
Ar—rcosa=r—r -u,

. po € kT e
lim a(r) = —
kr—o0 A

Jkr
N(6, )

r

fejkur .r"j (r-")dvf —

Vv
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B Far field of a current source - cont.

Far fieldat P (r>>2) o
e—jkr XD
kl_im e(r)=F(0,0¢) h(

r Phd P
[ %
Y. -
e ikt ////Uvr

T e

1
lim h(r)= Z—|u,~ x F(0,¢)|

kr—oo

F(0,¢) = jwu, x [u, x N(0,9)]

Far field region

2d?
%= Vi =

locally plane wave  <==) globally spherical wave
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l Directivity

Poynting’s vector for a particular direction u,

[F(6, )|
)= g, ™

Total radiated power (integration over a large sphere)

2r

1 ' .
Prot = 55~ // |F(6, ¢)|? sin 0dOdo
27, . '
0 0
Directivity: ratio of radiation in space angle dQ to mean value

B 4R, 0)P

DO, ¢) — — 22 _ .
6.0)= 7. JTF@. 0P
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HRadiation pattern

2D cross-section Radiation bodies

i -3dB point
main lobe
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HRadiatton tmpedance

surface of a sphere
in the far field

antenna
o surfaces S,
circuit
volume far field

<< A regionr >> A
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HlRadiation‘impedance -cont.

Starting point: energy balance equation in V

e x h*) - u,dS = —jwplh|? + jwele|?)dV
I

S,+8.+8,
far field expressions
PEC
1

2
(e x h*) - updS (e x h*) - u,dS = Z/IFIHIQ
é Q

r

low-frequency approximation
/(e x h*) - u,dS = -VI*

S

C
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HlRadiation impedance & equivalent circutt

radiation
lineari v impedance
|near|ty .
E> Vg (D I Za= Ra+Jxa
a
S
Q
X = =25 [ (clel? = plb[?)dv
ST :
1%
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lOpen circuit'voltage of'arecetving antenna

What is the relation between an antenna as
transmitter and the same antenna as areceiver?

incident ei(r) Eoe jkulr
i lane wave
X P
b e
Vopen 25\ :
i i - 1
Ve -7 Vopen - _Z IEG : F(_u )
‘o scattered c
M\, field
eshs
a
radiation

property in the
same direction
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HEquivalent'circuit'ofa‘receiving antenna

4 radiation

V' impedance

o ] o

o

Thevenin equivalent
+ Thevenin source: the open circuit voltage
+ Thevening impedance: the radiation impedance
of the (transmitter) antenna
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W Effective cross-section

. o |Eol® . )
/ incident power P‘:/ﬁ,‘: in W/m
field
at origin O

received power at load: P,,.=1/2 |I'? R, in W

DEFINITION

effective cross-section: G = —— in m?2

in
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W Effective cross-section - cont.

Final result wavelength
o ATE(-ud) ;
L B = MQ(—u
gain of the antenna mismatch factor faati
when radiating in 4R/R, ?:Clsglsatlon
the direction (-u;) = —|ZI + Z4?

I
G(8,9) =n(0,9)D(8, ¢) |
/ \ accounts for mismatch

between Z, and Z,

empirical factor directivity
to account for metal l
and dielectric losses is 1for Z =Z*,

[y
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W Polarisation factor

Q') = [F(—u’)  Eo|? (independent of absolute
\F(—u?)|?|Eq|? value of Ejand F!)
radiation vector field

calculated w.r.t. O at origin O

F(—ui) = A(u, — jru,)
Ey) = B(u), — j’r'u;)

X 0<Q<1 (when?)
E h_ (=1 » (=731 -1")
’ Q) = g mas ) Y T

B Antennalink: power budget

z z b =7
t It a,r |r -
-P.f,,ma:.':
Za,l Vopen
maximum available /
\dE received power P,
power P yaz = o
81

with R, = R (Z))
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B Antennalink: Frits formula

P, o AT |Fy(ud) - Fp(—u)|? ;
= M,G.(—u’ —— — G (u" )M,
P~ ) Gy R () IR (mup (e
distance between transmitter receiver
antenna phase centres mismatch factor = mismatch factor

Y

[52—]ap = —21.98dB — 20logi1o(R/A) + (My)ap + (M,)an

Py mae
i i
HGr(=uw)]ap + [Gy(u)]ap + (Q”’)‘“”\» polarisation factor
[F (') - Fp(—u)[?
. . . . |Fy(u?) 2|F,.(—uf)|?
gain of the receiver gain of the transmitter
in the direction of the in the direction of the

phase centre of the transmitter  phase centre of the receiver
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B Antenna link: Friis formula - cont.

P : )2 ‘Ff,(u") . Fr(—ui) ‘2 5
Pimaz MiGirlmu )@Ft(uf) 2[F,(—u) \ZG"(“ M:

4

= free space loss factor
(due to spherical wave spreading)

Example: at 2.45 GHz for A = 12 cm the free space loss factor

is 60dB for a distance R of 10m
power budget decreases

__—" with 20 dB for a distance

increase of 1 A
(My)ap + (M,)an

+[Gr(—u')as + [GrtaTas + (Qr)as
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B Wire antenna

)
)
-

0

o
AN
)

Far Field e
;”l.irfl,o e(r) = F(0,9) -

1 e kT
kllnm h(r) = Z—C|ur x F (6, ¢)]| .

F(0,0) = jwu, x [u, x N(0, )]

N((},qf)) _ :‘:_;-:—/ ejku,.-rj(r!)dvr
Vv
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B Thin wire antenna

ad hoc current

AZ
oh 1(2) = L sink(L — |2|)

) e J
- F() | s

b ol F(0) = JUHO Ging / k=" eos 0 1 (22 ug
H 4 .
L
J
JImZ. cos(kLcos@) — cos kL
F(0) =

o ©) 2m sin @ e
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Wl Wireantenna - radiation pattern

OJC

o 2L =M2

150

180

210

o 2L =A
(beamwidth:47°)
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B Wireantenna -currentdistribution @ 1GHz

0

OJC

numerical data: code F. Olyslager
thin wire approximation

wire length: 2L = 10 cm =A/3
A=30cm

exact eeee
sinusoidal curent

@)l

0.001

0.0005

-0.15 -0.1

BRI/

.05

0.1 0.15
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B Wire antenna -currentdistribution @ 1GHz

numerical data: code F. Olyslager
—~L  thin wire approximation
wire length: 2L =20 cm = 2A/3
A=30cm

0.00125

0.001

OJC

exact eeee
sinusoidal current

0.00075

0.0005

0.00025
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Wl Halt-wavelength dipole (2L ="1/2)

L I(z) = I,,, cos =

2L
I Z, cos(F cosB)
u

0

F(0) =

2 sin @

At A/2 the antenna is in resonance

U

OJC

R Z, r [cos(F cosB)]?
. 271'] sinf

0
U-L X =0!

a

df = 0.19407, = 73.08¢2
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0

1000

1000 Q

numerical data: NEC code
wire radius: 1 mm
wire length: 2L =15cm

® resonance

inductive

. R "SRR I S S on. S 10
:; ? 1V 500
N4
capacitive
it 0 ! ' ' -1000
0.5 1 15 2 25 3 35 4
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HWire antenna - radation impedance

L Ll
numerical data: NEC code
wire radius: 0.1 pm 76
wire length: 2L = 15cm

75
74
\®)
S
73
72
71
UL
70

capacitive
resonance 10

0.98

GHz 0.99 1
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Wl Veryshort'dipole

L/A <<1
ot I(z) = I,k(L — |z|),
-1.272 ’ i
F(0) W sin fug M sin fug
T T

OJC

L=M20 = R,=0.8Q

4

100 W radiated power
®-L needs 11 A input current

Ze oo .
R, — =Zk*L? — 19.99k*L%Q,
G

about 1 A for a
halve-wavelength
dipole
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B Typical wire antennas

% ol ; <
dipole monopole V-antenna

Yagi antenna

A2

folded dipole

A2

s

folded dipole
backed by a metal plate

helix antenna
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B Broadband wire antennas

- — e
spiral antenna log-periodic
r=eht antenna
bo_odi_
Liiy  dioy

fractal
antenna
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' Microstrip-fed patch antenna @ 10GHz

Gap coupled

microstrip/

s

Microstrip Stepin  icrostrip
line width  jine

L /L

/T —

LT/ 7 7
Microstrip ”

line

ALEILR

e aennn]
1553311 sSRRRRSRRRAREE!
LT T

Pra—
Duraid 5870 /
e gnd
Duroid 5870

2 layer substrate

antenna
patch
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The End
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