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Course Objective

Cell body

_, Golgi apparatus
Endoplasmic /
reticulum

’\'. ’
Mitochondrion'\\\

Dendrite

/ & Dendritic branches

Telodendria

Yﬂ &

Synaptic terminals

COMPETENT: Care este bine
Informat Tntr-un anumit domeniu;
care este capabil, care este In

masura sa judece un anumit
lucru. [DEX]






Technology

GARMIN

Cross
Traffic
Blind Spot et
Lane
Change Detection
Assist ! 4 '"" Lane Departure Warning
; Brake Assist/
l;:;::::s/! Parking | olision Ag:::‘.!e
i Avoid:
Vision At | Niision  Convol
“_Side Impact Lane Departure Warnini -
Lane -Parklng p 2
Change Blind Spot Cross
Assist Detection Traffic
Alert

BLUE = RADAR Application

OR E = Ultrasonic




Examen: Logarithmic scales

dB =10°log,, (P,/P,) dBm =10°log, (P/1mW)

odB =1 odBm =1mW
+0.1dB = 1.023 (+2.3%) 3dBm =2 mW
+3dB =2 5 dBm =3 mW
+5dB =3 10 dBm =10 mW
+10dB =10 20 dBm =100 mW
-3dB = 0.5 -3dBm = 0.5 mW
-10dB =0.1 -10 dBm =100 uW
-20dB = 0.01 -30dBm =1 uW
-30dB = 0.001 -60 dBm =1 nW

[dBm] + [dB] = [dBm]

[dBm/Hz] + [dB] = [dBm/HZ]

[x] + [dB] = [X]




Complex numbers arithmetic!!!!
z=a+j-b;)P=1



Introduction
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~ Microwaves

Electrical Length (Phase Length)
| — physical length
E = B:1 — electrical Length

_ =T oL
E—,BI—/1| 27[(/1)

E= 1= (11 e
Dependency

antenna gain
Radar cross-section

V, [ vary
~ useless



Electrical Length

Behavior (and
description) of any
circuit depends on
his electrical length selgraghe’
at the particular |

frequency of o 4 ? -

Interest T , B
Exo =2 Kirchhoff

E>o0 -2 wave
prOpagathn Maxwell’s Equations

(c)
27 |
E: .Iz—-|:272'- —
. A (lj

(a) KVL, KCL




Maxwell’s Equations

vxE:_%B Constitutive equations
D D=¢-E
S
VxH p + B=u-H
J=0oc-E
V-D=p
Vacuum
V-B=0 ty =47 107" H/m
V. ] :_%P ¢, =8,854x10"2 F/m

1

Vo " Ho

C, = =2,99790-10° m/s




Interface conditions on the interface
between two different media

If one of the media is a perfect conductor
(metal) all fields are annulled inside



Electromagnetic fields with
harmonic time dependence

Maxwell’s Equations more simple
VE+o°uE = jould +£Vp

&
V°H +o°aquH =—V xJ

v.E=£
&

V-H=0



Mathematical models

particular cases where analytical solution exists

harmonic signals, Fourier Transform, frequency
spectrum

X=X Zojox  gle)=] ft)ed f(t)=] g(w)-edo

15

I 7 I
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Wave equations

Helmoltz equations or Wave equations

Medium void of free electric charges
V’E—-»°E =0
V’H —»*H =0
v’ =—o’au + jouo

Y — propagation constant (known also as phase constant or wave number)



Solutions of the wave equations

Electric field only in Oy direction, € through judicious choice
> wave traveling after Oz direction € of the coordinate system

—v-7 -Z
E,=E,e”"+E ¢

2 - -
y=v-0’qu+jouc=a+j-p
If we have only the positive direction wave E,=>A

E, = Ap-la+ip)z

Harmonic Field

—a- i(wt—23-
E =Ae™ 1) ave Propagation

/ (simultaneous space and

Amplitude time variation)

Circular Polarization

Attenuation




Attenuation

E,(z)=Ct-e™ " ellot=52) E,(z,)=Ct-e % ell@t-p2;)
W,P~ | E?
2 201
A= P, _Ct"-e o :e—ZO(-(ZZ—Zl)

Pl - Ctz .e—Za-Zl

AldB] =10logg % =10 |Oglo[e_2a'(22_zl)]
1
A[dB] =-20-c (2, —7;)log; e = -8.686- (2, — ;)

A/ L[dB/km]=-8.686-a <0

Attenuation usually expressed in
most of the time a positive value is used

W 7z7

-"sign = implied by the word used



Plane wave parameters

VxE=—]ou-H

HX — 17/ y
| WH
X Lossless Medium, 6 =0 Yy = ja)-\/f,‘u
E
n=—>= fad intrinsicimpedance of the medium
H, g
E,=A g2 . gilot=51) constant phase points: (a)-t - - Z)= const
i | dz w 1
ase velocity > T gt 8 \/a
dz dw
Group velocity V, =—= in dispersive media where 3 = B(®)

S odt dp



Group and phase velocities

Phase velocity — virtual speed at which a constant phase
point travels (in certain conditions might be greater than
the speed of light)

Group velocity — speed at which the signal (energy,
information) propagates (always less or equal to the speed
of light in that medium)

SAVAVAVAVEVAVAVAVAS S VAVAVAVAYS S VAVAVAVAYS

o - ] o L an
D’i'l_ L L T
ra -
\_.I_
Y

position {pm)



Plane wave parameters

m= |2 =377Q  v=v =C,  ¢y=—— —299790-10° m/s

€0 ’ VEo Ho
2w C 27 1
Z’O = = —O T = = —
g w f
Space periodicity Time periodicity

In mediu nedispersiv €,

1 1 C,
C= = =
VE Hy &b Hy \/;r

nN=,/& refractive index of a medium C=

pl2 1 2 e
w f g




Solutions of the wave equations

Electric field only in Oy direction, € through judicious choice

_CtaAVZ —alVZ .
Ey =E"e +E¢e wave traveling after Oz direction € of the coordinate system

y=\-0lqu + jouc =a+j- B

wave E, = E+.ge?.gll0t-52)
incident (0-t—B-2)=const
reflected - points of
Ey _ E~.g%?.gllot+p2) constant
wave phase
direct (w-t+B-2)=const

Inverse



Solutions of the wave equations

wave
incident

reflected
wave

direct
Inverse

E —E*.e %7 .ej(a).t—lg.z) LE .7 ,ej(a)-t+,8-z)

Hz _H*t.e @2 'ej(a)-t—,B-z) L H e 2. ej(a)-t+,8-z)

V(Z):V"‘, e_OC'Z . eJ(C()t—ﬂZ) +V—'e_a.z .ej(a)t+ﬂz)

| (Z) —|T.e7%. ej(a)-t—ﬁ-z) L] .ee. ej(a)-t+,8-z)

V(Z) EVAS ej(a).t—ﬂ.z) Ve ej(a)’t+,3'2)



Modes in delimited media

Electromagnetic fields with harmonic time
dependence

Maxwell's Equations simplified

- oX . - _ » |
X = X,e'! — =X g(w)=| f(t)-edt f(t):j_oog(a))-e””tda)

o —00

In delimited media the solutions of Maxwell’s
Equations must also verify boundary
conditions

solutions must respect some supplemental
conditions



Modes in delimited media

Electric field must always be
normal on an electric wall or

annulled @
Magnetic field must always o )
be tangent to an electric wall
or annulled

Aok Ah VY YV AR AR YV YY O AA Ak vy
e & fie B 5 T IR P

1"‘,/ //\\ Substrate
XRIIRE

\\\\\\\\\\\\\\\\\\\\\\\\\\\\

s AP 0ot A I A

PEAIEN
A LN

ALK s $ %3 T

Grownd (1) Signal (1g) L i - -
= N ] ; : o T A e T
/’ /’#" 'i;‘. e N 40 e -]: 3 R g y i \
N 1 b o vy /o AR I (7 s W A 00 5 e AR
| y. ," | \




Moduri in medii delimitate

TE10

TM11

[=]

TE21
F - =N
. .

TE31
FW W
Lk &2

Similar with Fourier Transform g(w):_"w f(t)-ei*dt f(t)

E+,E‘=iA-Modi A =(E,Mod,)

TM22

TE41
AR AL
5 5

TES50

TM42




Mathematical modeling

particular cases where analytical solution exists

harmonic signals, Fourier Transform, frequency
spectrum

X=X Zojox  gle)=] ft)ed f(t)=] g(w)-edo
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Mathematical modeling

particular cases where analytical solution exists
wave in a single direction E*(E') E(E)

wave
incident E,=E"-e™ " plt=p7) L E= g7 gllot+f2)
reflected 2 2
E, =E e’ +E, e'*—-> D_> E., =E,e’*+E, ¢
wave
direct

Inverse E e’ ——| ¢|—— E, &7
=N < >EOUT
E e’ —>|:A —— E, e

E* (E*)




Mathematical modeling

particular cases where analytical solution exists

modes in delimited media B(4)
TE10 TEO1 TE20 E:ZA 'MOdi A‘ :<E’M0di>

E 3 11
R E,, _,D_, E..
TM11 TE11 TM21
- ™
[=] = 2 &»
Aﬁ :<EIN’MOdi>
TE21 E30 TM31
P - = ' . ' A ——s| +|—— B,
L Am .
TE31 TEO2 TE40
il —’E]—>
AL &2 —

(A) EOUT—ZB -Mod.




TEM transmission lines




Transmission line

TEM wave propagation, at least two conductors

1(z,t)
—>

I PR QN N AR 1A A M7
v

VN




Transmission line equivalent model

TEM wave propagation, at least two conductors

(z,t) 1(z+Az,t)
> Y Y —>
R-Az LAz
V(z,t) G-Az| | T CBZ | vz+azt)

Az




Telegrapher equations

time domain

Mz—R-i(z,t)—L-ai(z’t) Kl
oz ot

ai(z’t):—G-v(z,t)—C-aV(Z’t) <
oz ot

harmonic signals

dv (z)

_Z:—(R+j-a)-L)-|(Z) d
; /dz(...)

d:j—(ZZ) =—G+j-@-C)V(z)



Solution

V’E—-y°E =0
V*H -y*H =0 E,=E,e”"+E ¢

v =—o’au + jouoc



Solutions

gu—

V(Z)=V0+e‘7'Z +V, e”*
I(Z): Ile 7% 41 e y=a+ | -,B:\/(R+ jro- |_).(GJr j -a)-C)

—

“——

V(z)=V, e +V, e

Y + AL — A7z
1(z)= V, e 7" -V, e
d\;(z):—(R+j-a)-L)-l(Z) ) R+j-a)-L<O ° )
Z
zozR“'“"L:\/Rﬂ_'”'L Characteristic
4 G+]-w-C ] ]
impedance of the line
Vo 5, _ Vo
T, A2y =P
0 0 F; f B



The lossless line

R=G=0
y/=a+j-,B:\/(R+j-a)-L)-(G+j-a)-C)=j-a)-\/L-C
a=0 ; pf=w-+L-C

R+j- oL [L .
7 _ |=
0 \/Gﬂ.mC - Z,is real
V(z)=V, e 177 vy el/? ,__ 2m

()= Yo gine Vo gine
ZO ZO



The lossless line

|

|

|

|

' V, +V,
| l, =——= Z, =2 0 .7
A Z. 70 RVENRVE
|

|

|

|

|

voltage reflection

L . coefficient
o F:Vo_:ZL_Zo
V£ Z, +Z,

Z, real



The lossless line

voltage reflection coefficient seen at the
input of the line

V(z)=Vy'e "7 vy el r=T(z)= xﬁgzg
o \Z ~
" (P V=V, TO)=T =2
0
: V(=1)=V, e +v;e
EZ F(—I)_F _VO_-e_Jﬂ| _F(O).e_zj'ﬁ.l
N Z, Z ~ N V0+.e‘ﬁ'
|
l
|
|

r(-1)=[r)- ' |=Ir (o)

- OE > r(—1)=r(0)-e 2!




The lossless line

V(Z)ZVO+ .(e_j-,B.z _|_F.ej-,6’.z) |(Z)= \;_OJr .(e_j.lg.z —F.ej'ﬂ'z)
0

time-average Power flow along the line
LV

P = =Re[V(2)I (2)*} = 5 Zo Re{l — [*e~2/%7 4 TP |2
VT2 Zo

Total power delivered to the load = Incident
power — "Reflected” power
Return “Loss” [dB] RL = —20log|T'| dB.



The lossless line

> V(=1)=Vy el vy eI

+ . . -
I(—|)=\;ie"ﬂ" —\;ie“'ﬂ"
0 0

V(-1 2)-p
7 _ ( ) z. =7, 1+1"e2
y I T P

the input impedance

-_-—-_[;]-__-
>
N
N
il

seen looking toward
the load

_ _y Z +]-Zy-tan(B1)
(z,+2 )elﬂ'—(zL—zO)-e—J'ﬂ'I " Z+j-Z, -tan(B-1)



The lossless line

the input impedance seen looking toward
the load

.ZL+j'ZO‘tanﬂ'|




The lossless line

input impedance of a length [ of transmission
line with characteristicimpedance Z,, loaded

with an arbitrary impedance Z,
L

_______l;l_____..
S
N




The lossless line

input impedance is frequency dependent
through g-1

0, 27
M f s
: 27 2r - f 2r -
! B-l="21= | = .
! A V, V,
: frequency dependence is periodical, imposed
: Zin Zo ZL by the tan trigonometric function
l
|
|
[
|




The lossless line, special cases

[=k-A2 B
[=MNg + k-A2

_______l;l_____..
S
N




Short-circuited transmission line

£1=0 \ .
purely imaginary for any a2 N
length |

+/- > depending on [ value \ /
L =]-Zy-tan g1

Z, +j-Z,-tan(

N N
Zo+j-Z, -tan(B-1) | R

Zin — ZO




Open-circuited transmission line

ZL:OO—):]_/ZL:O \ /I—T
purely imaginary for any E \/

length [ 0 o

+/- = depending on [ value
/m )

Li=—]-Zy-cot S-1




Voltage standing wave ratio

V(Z):Vo-i_‘e_j.ﬁ.z +F-ej'ﬂ'z) ’V(Z)(Z’VOJF .e_j.lg.z .1+1—~.ezjﬂ.z FZ‘F‘ ,ejH
Vel el

maximum magnitude value for elt?I i =1 Vinax = ’VO+ '(1+‘FD

minimum magnitude value for elreihr = 1 Viin :’VO+ -(1—‘FD

SWR is defined as the ratio between maximum and
minimum
(Voltage) Standing Wave Ratio
Vv 1+\F\
VSWR = —max _
Ve 1-T

min

real number1<VSWR <
a measure of the mismatch (SWR =1 means a matched line)




The lossless line +/-




Impedance Matching

Laboratory no. 1




The quarter-wave transformer

Feed line —input line with characteristic
impedance Z_

Real load impedance R,

We desire matching the load to the fider with
a second line with the length A/4 and

characteristicimpedanceZ, _ __ 1+Te?”

S

-
T )N —

V., R,-Z,
FO = n =
Zi} f> Z] RL VO RL + Zl
o R, +]Z, tan(Al)
| Zin — Zl -
Z, + JR tan(Al)

Zjn




The quarter-wave transformer

I _L-ZR [ =0 Z =./ZR
in le+ZO'RL in 1 0" 'L

In the feed line (Z,) we have only progressive

wave
In the quarter-wave line (Z,) we have standing

waVves



Frequency response

Bandwidth depends on the initial mismatch

1.0
' dbandwidth 7
increased bandwi -
ZilZ=4.0.25
for smaller load L0
mismatches
IT| o5k
0.25
0

-3

0 I



mag(S(1,1))

Simulation

ADS Simulation

0.30—

0.25—

0.20—

0.15—

0.10—

0.05—

0.00

m1
freq=2.560GHz

mag(S(1,1))=0.200

m2
freq=3.440GHz
mag(S(1,1))=0.200

freq, GHz

Af =0.88GHz

T(3GHz) =3-10"°

Af 0.58 _ 0.2933




Full bandwidth simulation

0.7 m2
0.6
i m2
_ freq=6.000GHz
0.5 mag(S(1,1))=0.667
= 04—
5]
g -
g 03
i m3
D] freq=9.000GHz
] mag(S(1,1))=3.040E-5
O] m1
. freq=3.000GHz
: mag(S(1,1))=3.040E-5
0.0

l | | l ! | | l | | | I | | l | ! |
: : 50 55 60 65 70 75 80 85 90 95 100

o
3
—
o
—
o
N
o
N
o
w
o
w
o
I
o
I
o

freq, GHz



Multisection Impedance Transformer

The quarter-wave transformer can match any
real load to any feed line impedance
If a greater bandwidth for the matchis
required we must use multiple sections of
transmission lines transformers:

binomial

Chebyshev



Multisection transformers

- - [ — - ) ——

O O O— O C
7o D Z, z, Zy ?ZL
O O O— O O
D D D D
o I I Iy
. =%
We also assume that all impedances tZ,+Z
p 1 0
Increase or decrease monotonically
Zn+1_Zn
across the transformer T, =
. . : .. Lo+ Z,
This implies that all reflection coefficients
will be real and of the same sign n=LN-1
Previously, 1 section 11, +1,.¢2? = r _Z -2y
Nz +2Zy

(O)=T.+T -e 2 +1, .04 4...4T, .@2IN¢
0 1 2 N



Bandwidth / Binomial

0.3

0.1 | 4

0 - = -
1/3 I 5/3




Simulation

Similarly Lab. 2

/1 Af =2.169GHz

S(1,1)

mag(

T
| 1 freq=4.084GHz
\ map(S(,1)70.103 mag(Si1 1))=0.10(/

a T(3GHz) =35-107°

2 m
¢ Y

0.10 -

i
ireg=3.000GHz 7
mag(S{1,1))=3.449E-§
.__-.-‘ m 1 S

e o, O (M R o
o T T O S S | T T T T T T T
19 12 14 15 13 20 22 24 25 23 30 32 34 35 33 40 42 4 45 4B 5D

005 —

freq, GHz



Bandwidth / Chebyshev

0.3
0.2 — N =1
IT|
0.1 \°
\4
NAAAA)
1/3 | 5/3

o



Simulation

Similarly Lab. 2

/| Af =3.096GHz

0.16 _- '] ﬂ3 IlIl _5
\ Yo =4 I
O N VI -3 o o e N = e e sof |/ I'(3GHz) = 4.17-10
0.1 \ el="14020GRzZ frec=Z 29I GHzZ LR R /
1 Vo mag(s(1,1))=0.10 ma3(5{1,1)=0.09 ‘P[
m

mag(S(1,1)

|
m2 m1

1(2.282GHz) = 0.09925

| ' | | I I I |
10 1z 1.4 15 13 20 22 24 28 28 30 32 34 35 33 1] 2 (X 5 i3 50



Contact

Microwave and Optoelectronics Laboratory
http://rf-opto.etti.tuiasi.ro
rdamian@etti.tuiasi.ro



