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« Distributed parameters network

* Pulses in transmission line

« Wave equation and wave propagation
* Reflections. Resistive load
 Thévenin's theorem

« Reflection. Non resistive load

« Appendix. Error propagation
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1.Networks with distributed parameters

2.Propagation of pulses in transmission lines

3.Impedance matching
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 Transmission line is a specialized cable
designed to carry alternating current of radio
frequency, that is, currents with a frequency

high enough that its wave nature must be
taken into account.

Courtesy Wikipedia
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Coaxial cable

Cable jacket
Aleg insulator

B leg insulator

Conductors

POOOOCE _

Twisted line
Courtesy Wikipedia

I
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1es. Different types.
MICROSTRIP
TRANSMISSION
LINE
Zo=31H o

w /e

Courtesy Analog Devices

Twin lead
Courtesy Wikipedia
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Coaxial cab

Coaxial Cable Structure Figure
P '

L - —tt

T \
A B C D E
Conductor Insulation Binder Braid Shield Jacket

Copyright @ 2010 Wellshow Technology. All rights reserved

Specification:

Impedance: 53 Q

Capacitance: 83 pF/m

Conductor: Bare Copper Wire (1/1.02mm)

I
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V(x,t)
— i(x,t) ¢
Fout
X dx
,( ), ,(_ C = capacitance per unit length
L = inductance per unit length
/" cdxV =—dq; )/ )
Ca_V=_6_q=i; dV=—(LdX)%;
ot ot t
ol oV oV ol
x o >t
1 o VAN -
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o3 - PLY oV - 0%

2
otox ot? OX
\ Combining (1) and (2) /

0% o%i LRY, o/
, Z - 1LCcC=— =LC
I [ Ox> ot> Ox> ot> }
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4 ( N )

i X
. _ . on| V(X,1)=V,SIN®| t ——
o2 0% Pey; Pey. Looking for solution | 0
{axf”atz o= atz} I i
i(x,t)=1i,sin a)(t——
Now substituting V(x,t) and i(x,t) in V) )
oV Ol Ol oV
— = |__ —=-C—
ox  dt  ox ot . I

V= —

VLC
We can find V, =1, E or _>
C Speed of wave

_ propagation W
L. :
{V (X, t) - \/;I(X, t) = Zkl(x’ t)} Zk - characteristic Impedance

] | Equivalent to Ohm’s law equation
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g,=8.854x10™2(F/m)

L C = capacitance per unit length
Zk == L = inductance per unit length
1, =4 7107 (H/m)

Cross-section of the coaxial cable

- 2TE €
C= il (F/m) HH D
~ L="LIn| — H/m
dl _D |I’](Dj 27 d (H/m)

S
S
N

*« (g, - dielectric permittivity
L,-magnetic permeability =1

Finally for coaxial cable: Zk S @ Iog (E) (Oth)
Je, T\

T
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V=—"F—= 1 C C
VvLC ) V- =R
Speed of wave \/'uO'u r&oér Hi & &
\_ propagation ) \\ ~1

For polyethylene €,~2.25(up to 1GHz)

1
B e et G 3.3360107° /¢, (s/m)=3.336,/¢, (ns/ m)

Inner Insulation Materials: Polyethylene
RG'B/U’ Nominal Impedance: 52 ohm
RG58U: Delay time ~5ns/m

T
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solution for the traveling in opposite direction

reflected —I_l—

= ee e ]
a ) )
L eee V(x,t)=V smw(t+—
V)
forward 3\
(X, t) =1, sma)(t+5
V
N v,

For reflected wave V,=-Zki,

T
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reflected T V zk'

= ee e
At any point of the transmission line:
/V=m+m A
L eee P VA VA
=1 +1 = —
forward _ Zk Zk )
1. Resistive
load Z,=R,
V.+V. R R -7
i + r _ L or Vr — L k Vi
1 V.-V, Z, R +2Z,




- - - -

Resistive load Z,=R, v._v. ~z or Vr ﬁv

Open line Ri=e> - V,=V,and V=V, +V, =2V, (on the load)
Incident pulse

/ 9 :

- n (%] £ o @ ~ 0 w

S _ 393156, 278262 E
b T f‘\\ |
A SRS,
time (nS) time (nS)
I Reflected pulse End of the line
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[Theory: R=e0 2V =V, }

[ Experiment RG 58U ]

| N4.18265

§ ﬂ 3.53531
3t

:. ...................................................... e

0 100 200 300 400 500 600 700

i P/p20i®. ed u

— — — - —

Attenuation (dB per 100 feet)

MHz 30 50 100 146 150
RG-58U 2.5 4.1 53 6.1 6.1
Vi
incident

reflected __| I_VIr

)

ATTN (db)=20log (\%)

r

Important
cable
length

parameter for
is attenuation per
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This unit was named the bel, in honor of their founder and
telecommunications pioneer Alexander Graham Bell

The decibel (dB) is one tenth of the bel (B): 1B = 10dB.

P
L(db) =10log,, (Plj power ratio
2

— 1 . A
- L(db) =20log,, ( voltage (current, field...) ratio
1847 — 1922) Vv,

vV,

r

V
In case of our transmission line: ATTN (db) =20 |09( j

I

i /up20il®. ed u Spring 2016



- - - -

| 14.18265 418
‘I In our case: Attn(200 ft) = 20log —) ~1.46dB
5 ﬂ 3.53531 3.54
3f | Where it is coming from?
é RG-58U
2 2f
>
1 : Ri LI
T A T R TRV Mvervec FRFEIT
0 100 200 300 400 500 600 700
time (nS)

1
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| 14.18265 F
4 r 4 24158 3.78262
; ﬂ 3.53531 ""'1
3 | N
: RG-58U RG-8U
S of o
> . > .

D e T S of K*ﬁ“
0 100 200 300 400

500 600 700

0 100 200 300 400 500 600

700
time (nS) time (nS)
Attn(200 ft) = 20log (%) ~1.46dB > Attn(200 ft) = 20log ( 33'97382J ~0.335dB

Core 9=0.81 mm

[
Dielectric =2.9 mm
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Core 9=2.17 mm

Dielectric =7.2 mm
Spring 2016

21



time (nS)

Frequency dependence of the
attenuation RG-58U cable

1
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b 418265
: e Reflected pulse does not follow
{ e ——| | the shape of the incident pulse
3 3 ‘\\ //.’
S
S RG-58U
|
0 E .......................................................................

attn (dB)

| . e e e |
100 1000

f (MHz)
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Vi(v)

time (nS)

I
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i\ —Incident pulse spectrum
reflected pulse spectrum
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Spectrum correctiog>

ttn (dB)

a

1000
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!
100

Vi(v)

time (nS)
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V(V)

-0.5
-1.0
SI%5
-2.0
-2.5

- - -— - -

Resistive load Z,=R,

- - - -

Shorted lineR=0 > V,=-V,

3.0
25

2.0

| __— Incident pulse

15

1.0

0.5

0.0

| __— Reflected pulse
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Resistive load Z =R, Vi+V, R _R -2,
V.-v, z, 2 °" "R +2Z,
Matching the load impedance
- Incident pulse
RuD2Z; V>0 Incident pulse g e
/ — 2480 | jo
" // —— 179.90 |
5 —— 100.2Q | | A ~
o [ —_— 149_62 0 200 400
04 —50Q || time (ns)
1.0 /
2 0.0
> -0.5
X .
T | time (ns) * Reflected pulse 0 L e
time (ns)
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End of the line
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Hermann Ludwig
Ferdinand von Helmholtz
(1821-1894)

1
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Any combination of batteries and
resistances with two terminals can be

replaced by a single voltage source €

and a single series resistor I

Léon Charles Thévenin
(1857-1926)

r
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!

IE
|

Spring 2016 26



|

Thévenin's theorem. Transmission line.

O___

From this equivalent equation we can find the maximum
possible power delivered to R, -
(2v,)

P-iR, -
(R, +2Z)

ZRL

T P=P .. if R=Z, (no reflection)
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_ Pulse at thi end of the line
8 E 755 |
s incident
sl reflected
S 3 R | 378262
0 MM
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200 300 400 500

time (nS)

Spring 2016

O___

This experiment better to perform
on RG 8U cable because of lower
attenuation

R =, amplitude of the pulse at
the end of line is expected to be
2V,, where V, is the amplitude of
the incident pulse

28



time (nS)
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Q000
-

T = 50ns,
L=tZk~2.51H

T
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-200 0 200 400 600 800 1000 1200
time (nS)

ExpDect
Equation y = Al*exp(-x/t1) + y0
Value Error
¥o 0.0584 0.01435

B

-200 0 200 400 600 800 1000 1200
time (nS)
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-:10 0 10 20 30 40 50 60

]‘ time
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Appendix #1. Expert graphs frem Orig

— - R ———— — okl ——— | |
§| DnglnP 8.6 [Adem}ﬁ#—ﬂ:—E.’\T|:g\Pf011EuSne Iectur:sj.j & 7 Import and ExpDrl‘:expGraph . il 7 i L : ‘ &Ig
CRECDE SEaE8 % |, — | [ [
File | Edit View Graph Data Analysis Gadgets Tools Fe L
Description  |[Export graph(s] to graphics filefs)
% Mew (3.
.- @ | Open... ctri=o | -
E %g Open Excel.. erINE Image Type [Portable Metwork Graphics [*.png] |
@\ Open Sample OF) Export [Active Page -
Append... File Name(s] <long names - [ )
+ Close Path shkalla\D ocuments\DriginLabhBE U ser Fless + [ No Preview
B e Exist =
2| saveerojeat Ctrl=s Overwrite Existing sk Ck the "Auto Preview” checkbox
g ' Graph Theme [<Driginal> - splay updated preview,
5 P ot As..
£ i Se ] ick "Preview” button when needed.
K ) xport Settings
é‘ RO S Usze Cunent Speed Made Display for Expart
Save Template As..
Margin Cantral
;—l; Save Project As Analysis Template... Clip Border Wwidth 5
/‘ Print... Ctrl+P L:||L"|laﬂ9 Size - 4
[ Print Preview —
. = - Z/ ‘_eview Pieview || aooh | [ ok | [ Cancel | [«]
) age Setup... |
B mport » [Encapsulated F'DEtEDrIptM] -
@‘ Export Graphs 3 1 <last used= .
— Adobe llluztratar [* ai)
2= Open Dialog... Elitmap [:-: |:lI'I'I|:l]
Recent Imports 3 -
Erhanced MetaFile [*. emf 1
Recent Exports 4 " . . .
Encapzulated Poztzonpt [ epz
Recent Books 3
e X Graphics Interchange Format [ .qif]
ecent Graphs .
Recent Projects .L— Joint Photographic Experts Group [*.jpg]
. Zzoft PC Paintbruzh Bitmap [*.pox) L
i =

= Fortable Document Format [*.pdf)
Fortable Metwark. Graphics [*.png)
Adobe Photozhop [*.ped)
Truevizion Targa [*.tga)

Tag Irnage File [*.tif]

Windows MetaFile [*wnf]
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1. The reports should be uploaded to the Proper folder and 0Nly to
the proper folder

For example folder Frequency domain analys_L1 should used by students
from L1 section only

| would recommend the file name style as:

L1 lab3 studentl

Lab section Lab number Your name
You do not need to submit two copies in pdf and in MsWord formats

2. Origin template for this week Lab:

\\engr-file-03\phyinst\APL Courses\PHYCS401\Common\Origin templates\Transmission line\Time trace.otp

T
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. fo ( L, C) = = =
Derive resonance frequency f 27w \ LC
from measured inductance
L+AL and capacitance C+AC L1 =10x1ImH, Cl =10+ ZuF
Af(L,C,AL,AC)=\/[ o ] AL + [af } AC*?
oL oC
G =il -
oL = 4”C L= Results:
g oo g f(L,,C,)=503.29212104487Hz
= L 2C ° Af=56.26977Hz
oC 4dr

f(L,,C,)=503+56Hz
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Error propagation. Example.

|_1 =10+ 1mH, C1 =10+ ]_uF Where these numbers are coming from?

1. Using commercial resistors, capacitors, inductances...

L=35mHt10%

SENCORE “Z” meter model LC53
Capacitance measuring accuracy 5%
Inductance measuring accuracy +2%

Agilent E4980A Precision LCR Meter

Basic accuracy +0.05%

1
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Q.

Appendix #4

idea

- ‘.- - - ——— -

Origin uses the Levenberg—Marquardt algorithm for nonlinear fitting

From experiment you have the array (x,y;) of independent and dependent
variables: X; (e.g. f- frequency) and y; (e.g. magnitude of the signal) and you have

optimize the vector of fitting parameters [3 of your model function f(x, ) in order

to minimize the sum of squares of deviations:

S(8)= 3%~ f(x. AT

Important point is the choice of fitting parameters. In some cases the algorithm
will work with B=(1,1...1) , but in many situations the choice of more realistic

parameters will lead to solution

For details go to:

http://en.wikipedia.org/wiki/Levenberqg%E2%80%93Marquardt_algorithm

K. Levenberg. “A Method for the Solution of Certain Non-Linear Problems in Least
j[ Squares”.The Quarterly of Applied Mathematics, 2: 164-168 (1944).
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Appendix #3. Unknewn Load Simulation

S ]

e Transmission line. Unknown load simulation

J Fulse Generator

.|| | Freauency oo : Incident pulse - Pulse on the load Reflected pulse

2
Pulse Width | 100n ¥ name 09 Yrame 16 Voame 1a

E Fulse Delay | 0.3u 0.8 14
1

Thresholds 0%-100% - 0.7 12

2 Rise Time | 1p R|IC

Fall Time [

L Trace1

ow | 0

Burst Mode OFF . .

BustCont | 2 . ﬁ o2 jﬁ . .
- Burst Rep Rate 150 020 030 0.4u 0.5 02u 0.3u 0.4u 0.5

Time Span 10u time time time

HumFomnts 0% runction generacor p )

par ter A=dXCS ,T‘CEJJJJJQ ‘ [ o in:[0.. 1] ‘
Ye "o PLEers
Zk (OHm) JJ ‘J = jJJ B Field name Value

50 - . - 2=
\ Line characteristic \ T -
= Name | [time
A Impedance e

\ Max_|jo.5u
! = p—

Mapping| |Linear ~|

First | [Frev | |Nex | |Last |

Location:
\\engr-file-03\PHYINST\APL Courses\PHYCS401\Lab Software And Manuals\LabSoftware\Transmission lines

I
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e Transmission line. Unknown load simulation

Pulse Generator =
Incident pulse Pulse on the load Reflected pulse
Frequency I 100k - o B
. -
PRI I 100n ¥ name 08 ¥ name 16 Y name 15
Pulse Delay | 0.3u 08 14
-
Thresholds 0%-100% - or 12
0.5
Rise Time | 1p wiE -
Fall Time [ | o2 o8 0
04 0.6
High | 1 -0.5
0.3 04
L ID— Trace1 Trace1 Trace A
02 0.2
Burst Mode OFF 100m 0 =2
Burst Count 2 0 — 02 — 5 =
Al i3] I >l
Burst Rep Rate 150 0.2u 0.3u 0.4u 0.5u 0.2u 0.3u 0.4u 0.5u 0.2u 0.3u 0.4u 0.5u
i
T ST I 10u time time time
Mum Points 4006
‘ I 0 in:[0..1] ‘
Zk (oHm) Field name Value
50
Scale ||X j
Name ||time
Maix | |D.5L|
[ Mapping | [Linear -
OK
First | | Prev | | mewt | | Last |
Ll
Location:
L]

\\engr-file-03\PHYINST\APL Courses\PHYCS401\Lab Software And Manuals\LabSoftware\Transmission lines
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