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The Electromagnetic Spectrum

We give different names to different “parts” of
the electromagnetic spectrum. These “parts” are
separated according to wavelength.

These names are very familiar to you.

Your eyes are sensitive to only the very finy part
of the spectrum which we call “visible light”.

Your eyes are most sensitive to green and yellow
light. Your eyes are not very sensitive to red and
blue light.
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FIGURE 3-1 The electromagnetic spectrum.



Electromagnetic Waves

A changing electric field gives rise to a
changing magnetic field, which gives rise to a
changing electric field, which gives rise toa
changing magnetic field, which ...

=> You don’t need any charges or currents
around to produce “waving” E and B fields.

All electromagnetic waves move at the spced
c = 299792458 m/sec

The “speed of light”

c =AXxXf
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Intensity of EM Radiation

Electromagnetic waves transport energy.

The amount of power (i.e. energy per second)
transported by an electromagnetic wave per unit
surface area is called “intensity” I.

Consider a source which emits radiation power P
equally in all directions (i.e. “isotropic™):

Power is
distributed
uniformly
over a

sphere of
radius r

P
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POYNTING VECTOR

S:iExB

M

*Thisisameasure of power per area. Units
are watts per meter=.

eDirection isthe direction in which the wave
IS moving.



POYNTING VECTOR

However, since E and B are perpendicular,
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TRANSMISSION LINES AND
WAVEGUIDES
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Properties

= Has two conductors running parallel

= Can propagate a signal at any frequency (in theory)
= Becomes lossy at high frequency

= Can handle low or moderate amounts of power

= Does not have signal distortion, unless there is loss
= May or may not be immune to interference

= Does not have E, or H, components of the fields (TEM,)

Twin lead
Coaxial cable (coax) (shown connected to a 4:1
impedance-tranéforming balun)



Transmission Line (cont.)

CAT 5 cable
(twisted pair)

The two wires of the transmission line are twisted to reduce interference and
radiation from discontinuities.



Transmission Line (cont.)

Transmission lines commonly met on printed-circuit boards

&
<«

Microstrip Stripline

Coplanar strips Coplanar waveguide (CPW)
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Transmission Line (cont.)

Transmission lines are commonly met on printed-circuit boards.

Microstrip line

A microwave integrated circuit



Properties

= Uses a dielectric rod

= Can propagate a signal at any frequency (in theory)
= Can be made very low loss

= Has minimal signal distortion

= \/ery immune to interference

= Not suitable for high power

= Has both E, and H, components of the fields

Jackel

RLLLET ]

Buffer

250 um

Cladding

125 pm

Core
B um




Properties

= Has a single hollow metal pipe

= Can propagate a signal only at high frequency: 1 > [,
" The width must be at least one-half of a wavelength

= Has signal distortion, even in the lossless case

® Immune to interference

= Can handle large amounts of power

= Has low loss (compared with a transmission line)

= Has either E, or H, component of the fields (TM, or TE,)

http://en.wikipedia.org/wiki/Waveguide_(electromagnetism) 8



= Lumped circuits: resistors, capacitors, inductors

J

= Distributed circuit elements: transmission lines

neglect time delays (phase)

account for propagation and
time delays (phase change)

We need transmission-line theory whenever the length of
a line is significant compared with a wavelength.



2 conductors

4 per-unit-length parameters:

C = capacitance/length [F/m]
L = inductance/length [H/m]
R = resistance/length [Q/m]

G = conductance/length [¢5/m or S/m]

O

O
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Transmission Line (cont.)

i(zt) Rz Lz i(z+0121)
W Vil -
+ +
v(z,1) Gz —— Cz V(ztzY)
Z
© 0] >
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Transmission Line (cont.)

i(zt) Rz Lz

I(z+[z1)

= 0

oW Nl

v(zt) Gl 1z

+

— Cl17 v(z+11zt)
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TEM Transmission Line (cont.)

Hence

Now let Az [] O:

“Telegrapher’s
Equations”
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TEM Transmission Line (cont.)

To combine these, take the derivative of the first one with
respectto Z

Switch the
order of the
derivatives.

14
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TEM Transmission Line (cont.)

Hence, we have:

The same equation also holds for 1.

15
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TEM Transmission Line (cont.)

Let gZZZY Then -

g Is called the "propagation constant."

Convention: |g=[(R+ jwL)(G+ J.WC)]M2
= principal square root

-

16
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TEM Transmission Line (cont.)

Forward travelling wave (a wave traveling in the positive Z direction):

V+(Z) :VO+ e—gZ :VO+ e—az e—ij

17

The wave “repeats” when:
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Hence

Phase Velocity (cont.)

Set

In expanded form:

18
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Characteristic Impedance Z,

1" (2)
=
+
V*(2) AVAVAYAS
- Z
A wave is traveling in the positive z direction.
V(2
Ly=—
1 (2)
- )
(Z, is a number, not a function of z)
19
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Characteristic Impedance Z,(cont.)

Use Telegrapher’s Equation:

20
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Characteristic Impedance Z,(cont.)

4 1/2
From this we have;: Z, = V0+ — E — (Ej
l;, g Y

Using

0=

. 1/2
We have 7 R+ JwlL
G+ jwC

Note: The principal branch of the square root is chosen, so that Re (Z,) > 0.
21



General Case (Waves in Both Directions)

wave in +z

: : ave in -z
Note- direction

direction

22
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Backward-Traveling Wave

.‘l'(Z)
+

YAVAVAVA V(2

A wave is traveling in the negative z direction.

Note: The reference directions for voltage and current are the same as
for the forward wave.

23
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General Case

| (2)
aE A
vV ANAN ,

Most general case:

A general superposition of forward and
backward traveling waves:

Note: The reference
directions for voltage
and current are the
same for forward and
backward waves.

24
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Lossless Case

R=0,G=0

b =w+LC
L 1
Z =  |— V. =—F——
°\c " JLC
(real and indep. of freq.) (indep. of freq.)
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Lossless Case (cont.)

In the medium between the two conductors is homogeneous (uniform)
and is characterized by (3, @), then we have that

The speed of light in a dielectric medium is

Hence, we have that (V. = Cd

The phase velocity does not depend on the frequency, and it is always the

speed of light (in the material).

26
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Terminated Transmission Line (cont.)

Terminating impedance (load)

o
Zy
Canweusez=-/ as

a reference plane?

Hence

V(z)=V*(-)e?=") v (—r)e*)

27



Terminated Transmission Line (cont.)

Terminating impedance (load)

Compare:

V(z)=V"(0)e% +V~(0)e™

V (Z) VA (_g) o 9(z(0) L \/- (_g) e9(z=(=0)

Note: This is simply a change of reference plane, from z=0to z=-/.

28



Terminated Transmission Line (cont.)

_ Terminating impedance (load)

What is V(-£)?

—\

propagating propagating
forwards backwards

The current at z=- £ is then

A [ distance away from load

29




Terminated Transmission Line (cont.)

Total volt. at distance /
from the load

N

Ampl. of volt. wave prop.

towards load, at the load Ampl. of volt. wave prop. 0L [ Load reflection
position (z= 0). away from load, at the coefficient
load position (z=0). 100, ) Reflection coefficient at z= -

30




Terminated Transmission Line (cont.)

Input impedance seen “looking” towards load
atz=-/. 31



Terminated Transmission Line (cont.)

Simplifying, we have

Hence, we have

Z(—€)=ZO[ZL+ZO ta”h(gﬁ)]

Z,+Z, tanh(g/)

32



Terminated Lossless Transmission Line

g=a+ib=1b

2(-t)=2, Z, +Zyten(be)
Z,+ jZ, tan(b /)

Impedance is periodic
with period (] /2

tan repeats when

33



Terminated Lossless Transmission Line

For the remainder of our transmission line discussion we will assume that the
transmission line is lossless.




Matched Load

@ Matched load: (Z,=2,)

\ No reflection from the load

For any /

35



Short-Circuit Load
‘Short circuit load: (£, = 0)

NOte: - \ ! !
Always imaginary!

Xe=Zoten(b)

. can become an O.C.

a Dg/4 trans. line
36




This is very useful is microwave engineering.

A microwave filter constructed from microstrip.

37



Example




Example (cont.)




Example (cont.)




Example (cont.)

Hence, we have

Therefore, we have the following alternative form for the result:

V (—6) _V\/ ZO e_jb(d_g) 1+ FLe_jZ-bé
"z, +Z, 1-T e’

41




Example (cont.)

\V (—f) _\/ ZO e_jb(d_g) 1+ FLe_J'Z-bE
" z,+Z, 1-T I e %

/

Voltage wave that would exist if there were no reflections from
the load (a semi-infinite transmission line or a matched load).

42



Example (cont.)

Wave-bounce method (illustrated for /= d):

14T, 67 + (T e 1)1y

V(-d)=Vy, [Zo fOZTH j +] (Te™)rg |(re ™)+ (r e ) rg(r e ) I

+...

43




Z

V(_d):VTH(Z +OZ ]
0 TH

14T, 67 4+ (T eI

+[(rLe-12bd )FS](FLe‘ijd )+[(rLe'12bd)rS (r e )]rs

+...

z
V(=d) =V, (z +7 ]
0 TH

1+ (D T 2¢) (T Te 1) ...

D et [1+(rLrSe—12bd )+ (T ree') +.. }

+...

Geometric series:

n=0

iz” :1+Z+22+“':1T12’ 17<1

_ _j2bd
z=I''T'qe

44




Henee — -
1

Z, ] 1-T' I e’®

- 1
+FLe‘2bd[ = ]
1-I' I e/?

V(-d)-V. Z, 1+ 2
"\ z,+Z,, )| 1-T T e’

This agrees with the previous result (setting /= d).

Note: This is a very tedious method — not recommended.

45



Quarter-Wave Transformer

)
Z, Zor Z,
) —
Z: I

This requires Z, to be real.
SO

Hence

“in = Z_L Loy = [ZOZL ]ﬂ2

46




Voltage Standing Wave Ratio

‘ ’ Z:?@
: . V
Voltage Standing Wave Ratio (VSWR) = Vﬁ
1+[T,|
VSWR =
1_|FL| 47




(1)

(2)

(3)

L
\/; = Z(')Ossje&s = characteristic impedance of line (neglectingloss)

LC = e’ =me,(me;) R=R +R
G (4)
—— =tand
WC C. = contour of conductor, i =a, b

Equations (1) and (2) can be used to find L and C if we know the material
properties and the characteristic impedance of the lossless line.

Equation (3) can be used to find G if we know the material loss tangent.

Equation (4) can be used to find R (discussed later).
48




Al four per-unit-length parameters can be found from

L=z /e’
C=./ne'/Z)s=

G =(wC)tand

R=R

ch)ossleSS’ R

49




Coax

Zéf’m:hoﬁi (9j Q]
2p a

=) ™ 30)

Twin-lead

Z(I)ossless__o\/ﬁ
P

R

Il
UFU
Q
/_\\
j
;_/
o1
o




At high frequency, discontinuity effects can become important.

transmitted

—
incident e
/" s Bend
reflected

The simple TL model does not account for the bend.

L \
] d ‘l'
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At high frequency, radiation effects can become important.

We want energy to travel from the generator to the load, without radiating.

2 1z

When will radiation occur?

52



The coaxial cable is a perfectly
shielded system — there is never
any radiation at any frequency, or
under any circumstances.

The fields are confined to the region
between the two conductors.

53



The twin lead is an open type of transmission
line — the fields extend out to infinity.

N

—@—@—
\_/ The extended fields may cause

J \\ interference with nearby objects.
(This may be improved by using

“twisted pair.”)

Having fields that extend to infinity is not the same thing as having radiation, however.

54



The infinite twin lead will not radiate by itself, regardless of how far apart
the lines are.

j idS:O
mm reflected
o - - S
‘ incident —\’, a}/-
] ) Y i T

No attenuation on an infinite lossless line

The incident and reflected waves represent an exact solution to Maxwell’s
equations on the infinite line, at any frequency.

95



A discontinuity on the twin lead will cause radiation to occur.

Incident wave '
_ O PIPE ey
(] ) )
Obstacle | h
] ‘ )
Reflected wave
—— ~
Note: Radiation effects
increase as the _
frequency increases. Incident wave
—p
o Y ——
Bend h bend
e
0 v
20

Reflected wave



Limitations of Transmission-Line Theory (cont.)

To reduce radiation effects of the twin lead at discontinuities:

1) Reduce the separation distance h (keep h << [J).
2) Twist the lines (twisted pair).

CAT 5 cable
(twisted pair)

57




Common Hollow -pipe waveguides

Re_ctangular Circular Ridge guide
guide guide

58



TRANSMISSION MEDIA

* TRANSVERSE ELECTROMAGNETIC (TEM):

— COAXIAL LINES
— MICROSTRIP LINES (Quasi TEM)
— STRIP LINES AND SUSPENDED SUBSTRATE

« METALLIC WAVEGUIDES:

— RECTANGULAR WAVEGUIDES
—CIRCULAR WAVEGUIDES

 DIELECTRIC LOADED WAVEGUIDES
ANALYSIS OF WAVE PROPAGATION ON THESE

TRANSMISSION MEDIA THROUGH MAXWELL'S
EQUATIONS

59



Auxiliary Relations:

1. F=q[E+vxB| Newton
g= Charge ,  vV=Vdocity
2. J=0E (Ohm'sLaw)
s =Conductivity ; J =Conduction Current
3. J=sV . J = Convection Current
. D=eE=eeE ; e, =8854x10" F/m
e, = RelativeDielectric Constant
5. B=mH=mmH ;m=4px10% H/m

m = Relative Permeability

60



Maxwell’'s Equations in Large Scale Form

§>SD 0dS=IrdV
V

§B-d5=o

$E o dy_-—jB edS-— jM-ds

ﬁH odl :IJ OdS+—jD0dS

61



Maxwell's Equations for the Time - Harmonic Case

Assumee™variations, then:

E(x,V,zt)=ReE(X Y, 2)e™]

E(x,y,2)=3a,(E, + JE;)+a,(E, + E,)
+a,(E, + JE,)

E, = Re[(E,, + JE,)e™] = Re[E} + Ej "]

= JE% + E% costwt +f) f =tan(E, /E,)
VeD =r VeB=0
VxE=-—jwB-M VxH=J+jwD

ENEE482 62



Boundary Conditions at a General Material Interface

HH By
5, -5 =M, | 2 ::lh
D, -D, =r, l 005 é . 1
r . = Surface Charge Density 2t
Bn1 — DPn, , Ht1 _th =J,
ﬁ‘(51_52):rs D%Dln
ne(B,—-B,)=0 f h
ﬁX(E_Ez):_I\Ws \' '
ﬁx(ﬁl__Z):js l Pan

63



Fields at a Dielectric Interface

E,-E, =
D, —D, =0
B, =B, , H, —H, =0

Ae (D)) =fe (D))
Ae(B) = e (B,)
Ax (E,) = i (E))
Ax(H,)=Ax(H,)

64



Boundary Conditions at a Perfect Conductor :

E. =0 NxE=0
D, =p,=neD

B, =0 AeB =0
J.=H, =AxH

+ +SF

65



The magnetic wall boundary
condition

fe(D)=0
fe(B)=0
Ax(E)=-M_
Ax(H)=0

66



Wave Equation
VxVXxE=-V°E+V(VeE)=-jwnVxH =
— jwm(J + jweE)
For aSourcefree medium:
V'E+K’E=0 ; Kk°=w’ne

V°H +k°H =0 - k=w/v=—"

67



Plane Waves

2 2 2
v2E+k§E=0=a E OB E+k§E

ox°  oy® 0z7°

0°E, ©0°E, ©O°E
+ +

ox*  oy*  0z7°

Solvefor E, (X, Yy, z), Using separation of variables=

ki +k; +kZ =k3

+k’E, =0 i=XY,z

E =Ae et etk =4k, +a .k +ak

r=ax+ay+a,z

z

68



E,=Ae™,  SmilalyE, = Be ' E, =Ce
E=E.e ™ SnceVeE =0=keE =0

The vector E, is perpendicular to thedirection of propagation k.
Thesolutioniscalled planewave

VxE =-jwmH

— 1

H=-—"VxEe* w1 EXVeJkrz—l k x E e ke
jwim, jwim, Wi,

k _ _ _ _
—— 9 AxE = e—oﬁszYoﬁXEZLﬁXE
wm, \ m, h,

h, istheinterensicimpedanceof freespace= 377
Y, Istheintrinsic admittanceof freespace.

69



Plane Wave in a Good Conductor

S >>Wwe
g=a+jb= JWF\/i (1+J)\/—
o 1 [Z
a WITE
=2 @y O = -

g 23

S

70



Boundary Conditions at the Surface
of a Good Conductor
The field amplitude decays exponentially from its surface

According to e V", where u is the normal distance into the
Conductor, [ Is the skin depth

d.— |- . J=sE
WIN's

Thesurface |mpedance:
1+

m )

sd

S

Z E =2J. =Z_ fAxH

m
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Reflection From A Dielectric Interface
Parallel Polarization

72



E=Ee "™ | H=YmxE

Y = ny, ,  k=hk, ,n:«/g
konlx — kon2x = kn3x = nkoan
n,=a,sing, +a, cosq,

n,=a,sinqg, +a,cosq,

N, = éxSinq:% +a,C0Sq,

49, =4, Snd, = nsing;
E,, = E, C0sq, B =-E,Snq,
sz = Ez C0s(, ’ Elz - EZSian

E,, = E;C0s(5, By, = -Essnq,



Energy and Power |
Under steady -state sinusoidal time -varying

Conditions, the time -average energy stored in the
Electric field is

W, =Re=[EeD'dV == [eE e E'dV
4V 4V
If e isconstant and real, then

W, == [EeEdv
4V

74



Timeaverageenergy stored in the magneticfieldis:

Wm=Re1jﬁ*-§dv
A

:?IH e H dV if misrea and constant

The timeaverage power transmitted acrossa closed
surfaceSisgiven by :

P_—Re§Ex “ o dS

75



Poynting Theorem

VeExH =(VxE)eH —(VxH')eE
= (—jwB—-M)eH +jwD eE—-EelJ]
J=J +sSE
ij xH"aV =—1§Exﬁ*.ds
23 2

76



If the medium Is characteri zed by :
e=¢e'—- je’, m=m’'-jm” and conductivi ty s

1 . 1p— —.
Ej eJ, + H oMS)dV:Ei‘SSExH e dS +

Vv

Z[sEeE dV + X [(mH e H +eEeE )V +
2V 2V

W?j(mH eH —eE eE")aV

P, = gj‘)gx H
S

77



P =Y [(MH o H" +eE e E")aV += [SEeE Vv
27 23

= Timeaveragepower loss

P =—=[(EeJ,+H, eM,)dV
2V
—|m1§Exﬁ .dszzwj mHeH BB Wy
J J 4 4
:Z\N(va_We)

P=F+P +2jwW_-W,)

The power delivered by thesources (P, ) isequal to thesum of

the power transmitted through the surface P, the power lost to heat
In the volume (P, ) and 2w timesthe reactiveenergy storedin the
volume.
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Circuit AnalﬂgY L R

o (N
\V/ ZZC
v clar i re jwe -
2 2 2 wC
Rt 2w -2
2 4 4 w?C

=P, +2jw(W, -W,)

P +2jw(W, -W,)

EII*
2

Z

General Definitio n of the impedance of a network
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Transmission Lines & Waveqguides

Wave Propagation in the Positive z -Direction is Represented By: €72

E(x,y,2)=E(xY,2)+E,(xY,2)
a(x,y)e ™ +8&,(x ye ™
H(X’ Y, Z) =H, (X, Y, Z)+ H, (X, Y, z)
= h(x, y)e ™ + h,(x, y)e
VxE=(V, - jba,)x (g +&)e ™ = —jwmh +h,)e
V.x€—-Jba,xe+V, xe — |ba, xe, = _err(ﬁ n ﬁz)e—jbz

—leTﬁZ ’Vt X F‘t = Jweéz

V, X
V, e jbh

~ | Dl
I

’Vt °g = jbéz

z
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Modes Classification:

1. Transverse Electromagnetic (TEM) Waves
E.=H,=0
2. Transverse Electric (TE), or H Modes

E, =0 , butH,=0

z

3. Transverse Magnetic (TM), or E Modes

H,=0 , But E,#0
4. Hybrid Modes
H,=0 , E,#0

81



TEM WAVES

82



/ e
Y, = _ ,  h, =Wavelmpedance
m Z,

E
H,~ H

y X
+ for wavepropagation in the+ or - z direction
Thefield must satisfy Helmholtz equation :

V°E, +k’E, =0 , butv=V,—jba, ,V?*=VZ-Db?
VIE +(ki-b)E =0 ,  V,[VI +(K -b)f]=0
b =xk, for TEM waves
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TE WAVES

V°H +k’H =0

(Vt2 -b 2)hz(X’ y) + k2hz =0

V.2 +(k*-b?)h, =0,
V.’h,+k?h, =0

V., x& =—jwimh,
Vtxﬁ =0

VtOH = ]bh,

let kK> =k>-Db°

ba xg =wnh,
a, xV.h + jba, xh =—jwee
V.eg& =0
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