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1. Introduction

Modern electronics needs circuit simulation -- only in this manner you can save time, cost and effort when
designing new or modifying existing circuits. Every new idea can be tested without a real printed circuit board or a
soldering iron. Therefore the “SPICE” program was developed before 1980 at the Berkeley University, running on

FORTRAN machines. But the more important version for the ,normal“ user is PSPICE ( = SPICE for the PC).

Around the ,SPICE Kernel“ lot of people have programmed shells and programs for simple and intuitive usage
and so you can find lot of software offers on the market. Most of the available programs are excellent, but huge
and expensive and so we have to say , Thank You“ to Linear Technologies. They offer a free full SPICE-program
named ,LTspice" without any restrictions. It was foreseen to simulate switching power supplies using the
semiconductors of the enterprise.....but can also be used for nearly other electronic purpose. It can be
downloaded from the web without any problems or fees but the usage is a little tricky -- a mixture of command
lines, menues and mouse clicks. So it needs a lot of effort before the first own simulation. And this was the reason
for an old professor like me to write this tutorial for other people.

Warning for the new user:

There are sometimes several ways to get to the same command (hot keys, menu bar symbols, menu selection,
menus that appear with a right mouse click, etc.). So find out the way which you personally prefer and don't be
afraid of or confused by the different kinds of run commands.

2. Installation

No problem: download the zipped software from the homepage (www.linear.com), click on the ,.exe“-file and you
will be guided by the program. An icon is created at last on your Windows-screen.

3. Exercises with the included Example , Astable Mul tivibrator*
3.1. Using Circuit and Simulation

#{Linear Technology LTspice/SwitcherCAD III

File ¥ Yiew Tools Help

E RS e

Click on ,File“ in the upper left corner and then open ,examples “.
In the folder “educational” you find the file “astable.asc”. Open it.

Dpen an existing file

) examples

Suchen in:

Educational
jigs

Kraus
Swurth

it £CAD =lsx|
A Ele €t Herarchy Vew Smuste Toos Window telp =18] x|
|P@ HTI4080aREISRY $RPANBS LIBE3 IDYO D0k
R1 R2
2K 2K
Vi So the screen with the schematic should
b now look like.
— R3 R4
5 101K 100K
Q2 o v at
2N3904 01p 01y 2N3904
v
.tran 25m startup
This example schematic is supplied for informational/educational purposes only.

_
i start| ) WORD Dokumert | 83 7-svitchercap ot doc .. |[£7 Linear Technology LT... 8, Pant shop Pro E«PLOmD wal




Linear Technology LTspice,/SwitcherCAD I
-l: File Edit Hierarchy

je  Simulake  Tools

® 0. Q1

simulation.

Run Simulation!

inear Technology LTspice,/SwitcherCAD I - astable.asc

ierarchy Vien Smulate Tools | window Help

b RE M AS( 2 SDE3 FDDD D0

Now look for the button with the ,running guy“. This starts the

—iBIxi

e
3

The simulation is

B Close Everything
Arrange Icons

1 astable.asc
2 astable.ran

done, but where are
the results? (The
diagram in the
upper half of the
screen is still

empty....)

If you prefer
another manner of

astable.asc

—io/x|

vi
R3 RY
s 101K 100K
@ c1 c2 -
2N3904 o1 o1n 2N3904

Aran 25m startup

This example is supplied for i i i only.

presentation, open
the menu ,Window*
and click on ,Tile
vertically “.

4 start| | WORD-Dokument

J ) LT-Switcher CAD_01 doc J A7 Linear Technology LT... 8% Paint Shop Pro - Bid_D5.tF

FjLinear Technology LTspice,/SwitcherCAD 111 - astable.asc
Fle Edt Hersrchy Vew Smulate Took Widow Help

BEE T AN ACARELD EHRE $2EAOS LS00 3 X002 C iy

L OHD o34t

LI

4, astable.ase |1 astablesan |

Vi
R3 R4
s 101K 100K
a2 ¢t €2 a1
2N3904 o1p o1p 2N3904

.tran 25m startup

This example schematic is supplied for informational/educational purposes only.

12ms 15ms 18ms 21ms 24ms

Ready

o'start| | WORD-Dokument j LT-Swikcher CAD_01.doc J £ Linear Technology LT... &% Paink Shop Pro - [Bild_05. .

E|[«Pe @M we

Information:

Who likes a result plot with thick lines for the cu
“button with the hammer”. There he finds a menu "Wa
data with thick lines”.

Better now for you?

rves must now click on the
veforms” and in it “Plot



3.2. Presentation of Simulation Results

Move the cursor to the point or line in the schematic of which you want to know the voltage. When arriving the
cursor changes its form to a ,testclip“. Now a simple mouseclick activates the presentation of the desired curve:

FijLinear Technology LTspice/SwitcherCAD III - astable.asc
Fle Edt Herarchy Wew Smulste Took Window Help

=l F Qo Bl EH2T| soRRo08 L+B s

E- v R

=18l x|

] astable.soe | 12 astableaw |

astable.asc

=1olx]|

.fran 25m startup

Use a "left mouseclick" on this line
to measure the voltage

This example schematic is supplied for informational/educational purposes only.

4/ start| | £F Linear Technology LT... | ¥, Paint Shop Pro - [Bild2* [...

«®L @D 1622

You can continue in this manner, but remember: you have only one diagram. And how is it possible to separate
the different curves of the different points? Where can you get the informations from? For instance so the

presentation of all base- and collector-voltages looks like:

V[n002)

astable.asc

e
In principle you have a choice of 3 possibilities:

SPICE Netlist: C:Programmeh L TCh SwCADIID examplest, Ed; ﬂ

* Cr\Programme’LTCYSWCADIIT  examplesh Educationalastable . asc
Rl HOO1 MOOZ 2K

RZ NOO1 MOO3 2K

R3 NOOZ mOO4
R4 NOO2 MOOS
¢l NO02 mOO4 .01p

CZ NOOS HODZ .01p

w1l wo01 0 5

Q1 w002 MO05 0 0 23004

Q& NO0Z mMOO4 0 0 2M3504

.model NFN NEN

.model PNP PNE

.lib C:\Programmel\LTChSwCADIIITY Libhemphstandard.bit

.tran Z5m startup

* This example schematic is supplied for informational/educational purposes onl

Jbackanno
.end

a) Look for the node’s name in the

,Netlist “ because the different curves
are named “V(node"). You find this
important list in the menu “VIEW” and
~SPICE Netlist “.

This is the netlist for our example and
easy to read. Every line belongs to a
part in the schematic and begins with
the part’'s name, followed by the nodes
between the part is inserted. At last you
find the part's value.




b) Much easier is the cursor method. Move the cursor to
the desired point and look for the cursor’'s change to a
testclip.

In this moment you get a message in the
lower left corner of the screen with the

node’s name
lick. ko plat WROOZ),

v Plaver - Herr  d

c)
aQaR|EEERT|ieeRlas/ L0 L o0 ooy | Much easier is to
use separate
diagrams for the
different curves.

B2 @ F[F 0
L sstable.sse J astable raw |

Right click right on
the presentation
window and choose

+Add Plot Plane “.

Now you get an
additional diagram.
Left click on it with
the mouse to
activate it.
Afterwards click on
the point in the

ran 25m starup schematic (f. i. the
This example upplied for only. base Of the |eft
x=10.53ms y=-0.453V [ .
4 Start| () LT-SwicherCAD._fertind... || Z7 Linear Technology LT... B« D2 00 M o transisto r) to

present the desired
voltage
If necessary, repeat this procedure to get more diagrams.

But how to delete undesired presented curves: seet  he following chapter!

3.3. Deleting Curves
This is important to know if you present too much curves in only one diagram and you are loosing the overview.
So

a) Left click on the diagram to activate it -- the frame colour should change to a dark blue.

b) Press F5 and the cursor will change to scissors.

c) Move the scissors to the name of the undesired curve -- e. g. “V(n001)” above the diagram and click on
it. The curve will disappear at once.

Important:

To measure another voltage in the schematic, please press at first ,Escape “ on the keyboard to leave the delete
function. Then click left on the schematic and watch that its frame changes to dark blue. If this is true, move the
cursor to the desired point in the schematic until the form changes to a test clip...and so on....




3.4. Changing Curve Colours

A very simple exercise.......

I

Enter an algebr

[default]

’\-"[nDUE]

I E  _ssion Editor - F{¥{n0D0O5),...,
efault Color:

Delete thiz Trace




3.5. Changing the Simulation Time
v ™ This simple line ist the simulation command! It means::
Simulate all signal curves from 0 to 25ms.

(The simulation will always start at zero).

.tran 25m startup

Edit Simulation Command x|
AC Analpsis | DT sweep | Moise | D Transter | DC op prt If you now move the cursor to the text of this line
- o o and right click, then you'll get this menu.
erform a nan-linear, time-domain simulation.

Time Domain Sl Please enter a new value for “Stop Time” if you

Simulation Time o Stat Saving Data: want a longer or shorter simulation time, press OK
Masimum Timestep: | End of Simulatiom  and finally the simulation button (with “the running

Start external DC supply voltages st 0¥: v gt 25ms guy” on It) to start PSPICE.

Stop simulating if steady state is detected: [
Dot reset T=0 when steady state is detected: [T
Step the load cument source: [

Skip Initial operating point solution; [

Suntax _tran <Tstop> [<options [<option:] ...]
Ii"""" —— iN Simulation Command

Cancel |

Task:

Please choose a stop time of 50ms and simulate the ¢ ollector voltage V(n002) at the left transistor
FijLinear Technology LTspice/SwitcherCAD I1I - astable.asc =13 x|
Ele Edit Hisrarchy Yiew Simulate Iools  Window Help
|Be E|r[£0]|acarBll %% % 20M(08|0 30+ w0000 iy |

1, astoblease |12 sstableran|

R3 R4
5 101K 100K
- c1 c2 -
2N3904 ot o 2N3904
Aran 50m startup
This example ic is supplied for i ional purposes only.

|
B[« O@EA@BT 80 mY oz

i#/Start| | {7 Linear Technology LT... ] LT-SwitcherCAD_01 .doc ] 8 Paint Shop Pro

This should be the result.

You can see that the simulation of the circuit behaviour after the start is a very important point -- e. g. for the
analysis of switching power supplies (...and the parts, delivered by Linear Technologies...). But if you are only
interested in the ,steady state, then you should use the zoom function.

10



Task:
Make the voltage curve visible between 30 and 35ms.

Solution:

Simm ools

i a) Press this ,enlarge button” and afterwards drag the region between 30 and 35ms
with the pressed left mouse button.

FijLinear Technology LTspice /SwitcherCAD IIL - astable.raw =18 ]
Els View FlotSettings Simulstion Tooks Windon _telp

I e e = L e A e )
i( astebleasc ¥ sstablesan |

b) When releasing the
mouse button you
should see this diagram.

34.2ms

Aran 50m startup

This example schematic is supplied for informational/educational purposes only.

dx = 6.17745ms(161,879H2) dy = 6,07 (slope = 962.562v/5)

I
5tart] [ 27 Linear Technology LT... | B1LT-sikchercAD_01 doc . | 88, Pan shos Pro B|[«=% O@aBas By mu

on  Tools  Windgw Hi
| - c) If you want to go back to the full screen presentation press this

E button.

11



3.6. Changing Current or Voltage Ranges

Very often you want to examine little details of a curve. So you have 2 possibilities:

a) Use the discussed zoom function from chapter 3.4.

b) Switch from “Autorange” to ,Manual Limits".

Example for solution a):

Task:
Show only the short negative ,peak” of the collector voltage by zooming:

cherCAD 111 - astable.raw

Ele Uiew Plot Seitings on Tools Window Help

=leix|

B2 F0 a0 ELERT| I DEMNBE|/L L0 =3 DD OD Ay

4 sstableasc $ astableram |

{astable.raw

¥[n002)

9.26ms 9.36ms 9.44ms 9.52ms 9.60ms 9.68ms 9.76ms 9.92ms 10.00ms 10.08ms
R3 Rt
5 101K 100K
02 o o a1
2N3004 i py 2N3004

tran 25m startup

This example ic is supplied for i onal purposes only.
=829, 187,s(1,206KH2) dy = 1.424¥ (slope = 1717.71v)s) [
start| 3 FLY Player - Hor_deine... | B LT-SwitcherCAD_01 dac ... | 88, Paint Shop Pra 7 Linear Technology LT... B[« =@ wss

Example for Solution b):

Task:
Set the values fort he vertical axis to the range 0...  ..+1.5V.
&, Zoom Area Ckrl4+-2

(Attention:

Chrl+

m [Manual Limiks

case of the right mouseclick).

< Syitch OFF

: .}E. Delete Traces
BB Selech Steps

e\ Zo -
I G Step 1.
H\ Zoom ta F Erl4- RIGHT click on the calibration of the vertical axis in the diagram

and you get this menu for Manual Setting on BOTH AXIES .

If you left click on the axis scaling, you'll only see the
»quick solution menu”. Please test this, but we want to
have a look on the ,big solution” and continue with the

Now switch off “Autoranging” and activate ,Manual Limits “.

12



x|
Wertical Sxis / Maxl mum Val ue

T :I 1.5
gl Cancel

Tick: | 500w

inimum Value Step 2:
B attom: Enter the new border values for the

[ Logarithmic Let this be... verticalaxis.

[Ep———— If you want you can also modify the

Left lusi Tick: [3ma Riight |—25m3 — hor_izontal time axis. But at this moment:
let it be...

IE Lagarithriic

F&jLinear Technology LTspice/SwitcherCAD 11 - astable.rav =
File Wiew PlotSettings Smulation Tools Wwindow Help

B B e F0| el BB tDEM A8 L -0 0 =

] sstoblesse ¥ astableraw |

5 101K 100K
a2 c1 c2 a1
2N3904 01 01 2N3904
=

.tran 25m startup

This example ic is supplied for infor i i only.
x=16.16ms y=0.442¢ I
@& startj FLY Player - Herr_deine_... | ] LT-SwikcherCAD. 01 doc ... ] &8 Paint Shop Pro l L7 Linear Technology LT... « ®IEP 0916

This is the goal when returning to the full screen presentation including the schematic, where you now -- if you
want! -- can modify part values.

13



3.7. Using Cursors

3.7.1. Working with one Cursor

Measuring the signal value at special points is easy with a cursor:

S {111

astable.raw

Y[n003]
Wert: [1.19827V

Curzor 1

If you now move the mouse to the marked point, you suddenly see the number of the cursor (here: ,1“) hanging
on your mouse. By “dragging” (= pressing the left mouse button + moving the mouse) it is possible to shift the
cursor along the signal’s curve. The actual curve value is then indicated in the window.

3.7.2. Working with two Cursors

RIGHT click on the signal’s name and open ,Attached Cursor” in the menu:

I Expression Editor - F(¥(n003),...}
Default Calar: l:l -

Enter an algebraic expression to plot:

[n003) ?

Delete this Trace

Now two cursors are

visible and can be

moved independently.

The actual cursor

: IW values AND the
differences are

displayed in the

34835y window.
4F67.65

14



3.7. Differential Measurements

Every measured and presented voltage ist referred to a REFERENCE POINT (normally: ground). But how can we
get the voltage between two points within the schematic? In this case you need a ,differential voltmeter®, but
where can you find that?

g 1w, Ce/SwitcherCAD IIT - astabld

Pmulate  Tools  Window Help Sorry: i . .
LTspice does not use a differential voltmeter like other SPICE programs!

om frea Chrl+2
— Q) ZoRack Chrl+E .
~ ] 200 YOI_J must change the REFERENCE_ POINT for this purpose. T_hat means that you
= at first must set a new reference point at one node and then click onto another
o pa nodel!

Eill of Materials L4

) SPICE Metlist transistor).
SPICE Error Log

¥ Set Probe Reference

i Show Grid \ Chrl+a
¥ Mark Unconn. Rin o . .
R w  So please open the menu ,View* and activate ,Set Probe Reference .
Efficiency Report *  Now we want to see the capacitor C1’s voltage (= base capacitor of the left

v Skatus Bar

R1 R2  After OK you now have a “testclip” as cursor. Click
2K 2K with it on the base of the left transistor.
R4 Then click on the collector of the right transistor (=
100K other side of capacitor C1). That is all!
a1
2N3904

Now use -- if you want! --
the zoom function for
interesting details.

To leave this “differential
measurement option” simply
click on ESCAPE.

Aran 25m startup

This

[
@ start|| [ FLvPlayer - Herr_deie .| BF)LT-5tcherCAD 0 doc .| 8, pantShop o B o [« '@ it

15



3.8. Current Measurements

Make the circuit diagram window active (...by a left mouseclick on it....) and move the cursor exactly over the
part of which you want to know the current. The cursor changes to a “current sensor” and with a left mouseclick
on the part you see the current curve.

Example:
Current in resistor R1 (= Collector resistor of the left transistor):

FEjLinear Technology L Tspice /SwitcherCAD ITI - astable.asc —18] x|
file Edt Herarchy Visw Smulate Tools Window Help

[BEE[FF0/acan B OnEsbn 080 L0 :+3 30805 00w

1, astable.asn | 12 sstable v |

N/

astable.asc i [ |

Aran 25m startup
This example ic is supplied for infor i i only.
Left-chick to plot T{R13. Right click o edt. I
at! slart] @& squirrelMail 1.4.9a - Mozi... | F2 ALY Player - Herr_deine._... l L Linear Technology LT... B]LT-SwitcherCAD_01,doc ... I 88 Paint shop Pro J M|« "L DD 1220

16



3.9. Changing Part Values
Now we want to repeat the simulation with different part values. Let every capacitor be C = 1000pF and the both
base resistors of the transistors R3 = R4 = 22kQ.

Move at every part the cursor exactly on its value indication and right click with the mouse . So you get the
property menu and you can modify the value. Close with OK.

R1 R2
2K 2K
@)
T 5 This is the new circuit to be simulated....
Q2
2N39l:|-1 - N39l:|-1
~
Aran 25m startup

....and this should be the simulation result:

FiLinear Technology LTspice /SwitcherCAD TII - astable.asc &)
Fle Edt Herarchy Yiew Simulate Tools Window Help

|2 (B[ F0 Q0QR|EC ERYE IBREMAB LD TDNOD O G4
1 astable.aso [ astableow|

astable.asc —|of x|

Aran 25m startup
This exampl is i informatio ucational purposes only.
il
lﬂstart| FLV Flayer - Herr_deine_... | ] LT-SitcherCAD_01.doc. | £F Linear Technology LT... « = &P n9:57

Please use the zoom function or modify the simulation time to see the details or to measure the new oscillation
frequency.

17



4. Project 1: RC Lowpass Filter

4.1. Drawing the Circuit Diagram with the Editor
Open a new file and save it in a new folder (e. g. named ,RC-LPF_01").

¥INOOW  HEp

JBOERY iR2EMH OSB3 o n

Then press the ,resistor button“ to get the resistor, turn the
symbol left with

<CTRL> + <R>

E/\/\/_E‘ for 90 degrees an place it on your sheet. Leave this
function either by a right mouseclick or by pressing
Ground R F C1 LESCAPE" on the keyboard.
— Repeat this procedure for the capacitor and two ground
symbols.
oC
Two tips:
a) To delete a part or a connection in the circuit, press F5. At once you get scissors as cursor.

Move these scissors over the symbol (or the wiring connection) and left click: the part or the connection
disappears at once.

b) To move a part, press F7 and the cursor changes to a hand. Move this hand over the symbol
of the part and left click . Now the part is connected to the cursor and can be moved with the mouse. A
new left mouseclick will fix it in the new position.

Do never forget:
Leaving these special functions is done by pressing the ESCAPE KEY on the keyboard!

e
oot fopoociiia
We still need a voltage source and you must therefore

I Select Comr onent Symbol X|| open the ,component list * by pressing the special
Top Directg: IC:\F‘rogramme\LTC\SwCADIII\Iib‘ym ~| | button.

Wi ri n \é"oltage Sofce, either EE, AC, PULSE. h | | ook f | «
PG H In the appearing list please look for ,voltage “, mark it
C ﬁfﬁghéﬁt LISt with a mouseclick and press OK. The symbol of the
B tton voltage source is then hanging on the cursor and can
be placed within the schematic.

[pen thiz macromodels test fixture I
vallage Now we can start with wiring. Press the button with
the pencil, roll the cursor to the start of the
connection, click left and roll him to the other point.

C:\Programmeh LT CWSwCAD i spmby

load2 pif SL= . . .
Ionp pmos s One more left mouseclick and the connection is
Itline pmozd perfect!
mesfet pHp warachar
jf php2 voltage
nmos pripd
nmogd polcap
glalg] res S
rpni2 i Important:
ﬂﬁﬂﬁ ;?%Oltage ource For an ,edged" wiring start as before, roll to the
ki |»| | edging pointand left click. Then you can do the
rest of wiring in another direction.
Concl_|
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4.2. Changing Part Values

This is demonstrated by capacitor C1:

Move the cursor on the letter “C” and
right click. Then enter the new value
" . . and close with OK.

At first click right

on this letter "C".... Please change the value of the
resistor R1 to 10k in the same
manner.

Ml Enter new Yalue for

[10F | ="
\ 4

So the circuit should now look like.

But: before programming the voltage source we
must decide wether we want a

time domain
or a

frequency domain-
simulation!
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4.3. Time Domain Simulation: Non Repetitive Signals at the Input

4.3.1. Step Response
Please use a transient simulation in the time domain and let the input voltage jump in a very short time
from O to +1V.

e aditch. “CAD III
Tools  Window  Help

QBRI ERE i bDEAASS|(LSB S

Click on the button ,Simulate “, then ,Edit

EdiF . “0n G d X . . - =
' —— 2l Simulation Command * and ,Transient

Analysiz | DC sweep DC op pnt
Perfarm a nondine: Enter a stop time of 2ms and check that this
was accepted by filling the lower empty field
with
Time ta Start S5
Fasimum T
Start external DC supply voltages at Iv:
Stop simulating if steady state iz detected: [ . tran 2 m S
Dotk reset T=0 when steady state s detected: [T
Step the load cument zource: [
Skip Initial operating point solution: [~ Then press OK.

ah < Tstops [<option: [<option:]...]

cocs_|

R1
This command line hangs now on the cursor and must be placed by a
mouse click somewhere in the Editor screen.
10k C1
To get the correct input voltage, right click on the symbol of the voltage
Vv 10nF aource to open the property window. There open the ,ADVANCED" —
7 menu.
[tran 2ms]<
The input voltage curve is generated by a series of linear lines
—;Emctions rocval (= ,pieces”) between fixed points. This is done by the
[none]
 PULSE[1 %2 Tdelay Trige Tfall Ton Period Moycles) Hake PWL = piecewise linear
" SIME[Woffset Wamp Freq Td Theta Phi Neoycles)
 EXPMA W2 Td1 Taul Td2 Tau2) ~smalsy  Option, which now must be activated.
£~ SFFM[Wolf Yamp Fcar MO Fig) . .
Attimel =0 the voltage is also OV. .
PR —— wake Atlns the volt_age value has risen to +1V
[Browse | and this value must not change.
— Parasitic
time[s]: |0 Please enter these two pairs of values in the list of the menu,
waluel [} 0 Mok make the information visible on the screen and close with OK.
time2[s]: |1n
walue2l]: [1] Place this information on the screen. Move it -- if necessary!
: -- by pressing F7, clicking on it and dragging with the mouse.
vabedtt [ Leave the F7 function by pressing the ESCAPE key on the
time4[s] I— kEyboard-
walued[V ] I—

Additional FywL Points

Make this information visible on schermati
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Now start the simulation, click on the input resp. output point in the schematic and admire the result:

FEjLinear Technology L Tspice,/SwitcherCAD 111 - RC_LPF_01.asc =l
@E;&Hi,efaﬂyfﬁeliim“‘ate Taols @indowrgglp
B EeF0 aqe®R L]l HRY 2088 LD 320 09 0

4, RE_LPF 0120 | 3 AC_LPF_01.1a |

Vin001)

RC_LPF_0l.asc i =10
R1

10k C1
10nF

PWL(001n 1)
.fran 2ms P

4/ start E[)' Linear Technology LT... LT-SwitcherCAD_01 . doc ] 88 Paint shop Pro - [Bild_33. . | | |« w' i DREAY D 7:25
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4.3.2. Switching ON and OFF

No problem because you have only to extend the value-pair list of the PWL source:

0
1n

(Zero Volt at start point)
(+1 Volt after 1 nanosecond)

0
1

im 1 (still +1 Volt during 1 millisecond)
0 (Within 1 nanosecond back to 0V)

1.000001m

mLinear Technology LTspice/SwitcherCAD III - RC_LPF_D1.asc = ﬂ]_{g
File Edit Hierarchy View Simulate Tools Window Help

Be 0| & o e Rk

A RCLPF 0l.ase |2 AC_LPF 1o |

HRE i DEM OB LB TDYTD 000k

¥in001)

RC_LPF_01.asc ;@}j
R1 =
10k C1

—‘71 OnF
New Extended
PWL-Value-List——== | PWL(001n11m 11.000001m 0
.Aran 2ms i
& 'start Dm EJLT-SwitcherCAD_Ul‘doc.‘.J 8 Paint Shop Fro ] “-« YL A OEO BN —
Task:

Add now the voltage at the resistor to this diagram !

Solution : add a reference point to the output (= connection between the resistor and capacitor). Touch the
connection between voltage source and resistor with the cursor and click. At once the desired resistor voltage is
presented in the diagram.

FéjLinear Technology LTspice;/SwitcherCAD 11T -RC_LPF_Dl.asc -l&l %]

Ele Edit Herarchy Wiew Smuate Tools window telp

PeE ElT X0l Bl BB 2N 08|03 XDV 0D i

£ RE_LPF_01.asc |32 Rc_LPF 01w

Vin001)

—ioix]
R1 il
10k 1
10nF
PWL(001n11m 1 1.000001m 0)
.tran 2ms =i
Click to plot (MO0, K002},
# start| [ 27 Linear Technology LT... | B1]LT-Switchercab_ot doc ... | 9, Paint shop pro - [5id_35... | B[« 2L AOEISES s
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4.3.3. The Impulse Response

Fourier, Fast Fourier and Laplace Transformations are important tools for modern Communication or Control
Techniques. With these tools you can get all informations about the system’s reaction to any input voltage form --
if you know the Transfer Function .

This transfer function is the ratio of the output s ine voltage to an applied input sine voltage, but
presented in a complex “magnitude + phase” — form.

So let us have a look at the impulse response :

If you apply a ,Dirac - Impulse” to the input of an unknown system, then the answer (= Impulse
Response) at the output will contain every informat ion about this system -- because this answer is a
“time domain form” of the transfer function.

And with the transfer function you can -- by “con volution” -- calculate the output signal for ever y
possible input signal.

The Dirac Impulse is a little crazy: the amplitude is infinite, the pulse length is infinitely short...but the “pulse area”
(= magnitude x pulse length) is “1”.

This is impossible to generate but you can use a definite limited amplitude and a definite short pulse length --
only be shure that you have again a pulse area of “1” and the pulse length is much shorter than the system'’s time
constant (....a factor of 100 to 1000 will do the job). And in real linear systems it is allowed to reduce the pulse
magnitude to a value which is not dangerous for the system itself. Afterwards simply find out the necessary
correction coefficient to get again the “ideal” values.

Let us have a look at our lowpass filter.
Task 1): Apply at the input of the LPF (R = 10kQ, C = 10nF) a Dirac impulse with a peak value of
Vampl = 1 Megavolt. Start with a delay time of 1 ms at an amplitude of OV. Then the pulse rises to 1
Megavolt within 1 Nanosecond, stays on this value for 1 Microsecond and decreases to 0V within 1
Nanosecond.
So we get a pulse area of
1 Megavolt x 1Microsecond = 1Voltsecond

Simulate the impulse response for a stop time of 2ms

Task 2): Reduce the pulse amplitude to 100 Kilovolt but use a pulse length of 10 Microseconds to get again
a pulse area of 1 Voltsecond. Simulate and compare the result with task 1.
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Solution for Task 1:

Functions

£ [none] First right click on the symbol of the
™ PULSE[M1 %2 Tdelay Trize Tiall Ton Period Moycles] v voltage source to open the property
€ SINE(voffset Vamp Freq Td Theta Phi Noycles) TS [Valuelv] menu. Then fill the PWL-list with
" EXPW1 V2 Tl Taul Td2 Tau2] 0 0 the informations about the
" SEFM[Voftamp Foar MDI Feig) 1 U000 150000 additional points and_ yalue pairs
& Ewil 1.001007m 1000000 (use the button “Additional PWL
5 11 %1 12 w2...) Tootoen T4 Points™:
" PwLFILE: | matic: v .
A 0 0
timel[s]: |0 | 1im 0
waluel[V]: |0 i 1,000001m 1000000
tme2lsk fim e 1,001001m 1000000
value2[V]: |0 1,001002m 0
time3[z]: [1.000007m
L Right click on a time or value
valug3[W]: [1000000 Ik o 8 e
time4[s]: |1.001007m -
Inzert Paint | Cancel |
walugd[]: 1000000
Delete Paint oK
——
Makd I e Cancel | ak |

When simulating input and output voltage you get this screen where only the Dirac impulse with its amplitude of 1
Megavolt can be seen:

=18l =]

FjLinear Technology LTspice /SwitcherCAD I11 - RC_LPF_D1.raw
File View PlotSettings Smulstion Tools Window Help

BeE  H T Fl el Bl ERE
4 ACLPF_D1asc 3% RC.LPF Otraw |

_LPF_OL.raw

SBREAAELL0 L DD oA

V[n001]

R1

10k C1

10nF

PWL(0 0 1m 0 1.000001m 1000000 1.001001m 1000000 1.001002m 0)
tran 2ms

Ready

4 'start| | £7 Linear Technology LT... ] LT-SwitcherCAD 01 dor J &, Paint Shop Pro - [Bild_37... J [ FLU Player - Reirhard_M...

E‘;-“ Bl OmO o

Use the zoom function for other details, because the system’s response has only an amplitude of 10KV. So
change the scaling of the two axis to see the response curve -- and afterward have a look at the solution on the
following page.
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This is the correct presentation:

FijLinear Technology LTspice,/SwitcherCAD IIX - RC_LPF_DI.raw —[5]x]
Fle View PlotSettings Sraulation Tools Window  Help

P& QR B EREY tRERN 88 (L L0 vy D oy

¥ AC_LPF 0.asc ¥ ACLPF 01 rawl

C_LPF_Otraw
Vin001]

Dirac-Impulse

Impulse Response

R1

10k c1

10nF

PWL(0 0 1m 0 1.000001m 1000000 1.001001m 1000000 1.001002m 0)

tran 2ms
dx=1.0211ms{979.535He)  dy = 185KV {slope = 1.615328-+0074/s)
i /start| | £F Linear Technology LT... B LT-Swirchercab o1 doc. ] 89 Paint Shop Pro - Bild_36, I (3 FLY Player - Reinhard_M. «WLOED zzi0e

Solution for Task 2:

Please be aware of the new pulse length (10 microseconds) and amplitude (100KV) and the modified PWL list in
the property menu of the voltage source!

FgjLinear Technology LTspice,/SwitcherCAD III - RC_LPF_DLraw &) x|
File Wiew PlotSettings Simulation Tools  Window  Help

P @%¥0/QQaR Bl O%E 2RO/ M =3 T00000R0

+, RC_LPF 01 ssc ¥ RCLPF 01 ran |

_LPF_Ol.raw
¥[n001)

Dirac Impulse

Impulse Response

10k c1

10nF

PWL(0 0 1m 0 1.000001m 100000 1.010001m 100000 1.010002m 0)

.tran 2ms
o= 1.01757ms(382.73H)  dy = 15.94K%  {slope = 1.5661+0074/s) I
7 startj 17 Uinear Technology LT... BT|LTSwitcherCAD_01 dor .| &8, Paint Shop Pro - [Bid_33... | 3 FLV Player - Reinhord M... [« ®. @D 2220
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4.4. Time Domain Simulation using Periodic Signals at the Input

4.4.1. Sine Wave (f = 1591 Hz)

We use a sine wave with a peak value of 1V at the corner frequency of this LPF. The corner frequency can be
calculated in this manner:

Corner 2e mreReC 2e¢1re0.1ms

Independent Yoltage Source - ¥1

—o Open the property menu of the voltage source by clicking on

f =1591Hz

r— Functions
" [nane] the source symbol and choose “SINE”. Then enter the
= PULSE[Y] W2 Tdelay Trige Tall Ton Period Meucles) I foIIowmg properties:
—
 EXP[¥1 W2 Td1 Taul TdZ TauZ) 3m DC Offset =0
€~ SFFM[voff Yamp Foar MO Fsig) .
Pt vi 22, Amplitude =1 Volt (= peak value)
: M
" PWLFILE: | ] | Frequency = 1591 Hz
—Pal
: |— Tdelay = 0 (= delay time after
DT offzet[v]: |0
- i start)
mplitude¥]: I'I
— b
Freglel J15391 L Theta = 0 (= damping factor.
Tdelayz]: |0 Enter zero for a constant sine wave)
Theta[1/z]: |0
Phildeg]: |0 Phi = 0 (= start value of phase)
Moycles: ID
Ncycles =0 or empty field (this entry is

important if you want to create a ,Burst Signal*)
Addiional P/l Pairts |

M ake this information visible on schematic: W

Now open the ,Simulate“ menu and ,Edit Simulation Command “. Enter a stop time of 10 ms and then start the
simulation. Check the values of 45 degrees of phase shift and an amplitude degration to 70% at the corner
frequency on the screen.

erCAD 111 - RE_LPF_01.asc
window Help

QUQR BRI BR% +22# 88 LB 3 YDU 0D Cmiidop
4 RC_LPF Oliase | {22 RC_LPF Ot.rom |

—lix
R1
10k c1
10nF

SINE(0 11591000 0)
.tran 10ms

Ready

& Start| | 7 Line:

[
or Technology LT, B LT-SwikcherCAD_GL,dac ... | ¥8, Paint Shop Pra- (ikd_41... | £ FLY Player - Reirhard_i... B «=®m? i
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4.4.2. Square Wave (f = 1691 Hz)
Start with the properties of the voltage vource.

Functions
(" [nhong

{+ PLLSE[ W2 Tdelay Trise Tlall Ton Period Meycles Vinitial = 0 (= minimum voltage value)

(" SINE[Woffset Wamp Freq Td Theta Phi Moycles)

For ,PULSE" we need the following entries:

Tons}: [295.6u when programming a burst signal)

Tpenod[z] |591.3u

MHeycles:

C EPIVT V2 Tdl Taul Td2 Tau2] sme Von =1 Volt (= maximum voltage value)
(" SFFM[vaff Vamp Foar MDI Fsig) Tdelay = 0 (= delay after start)
7 PRLIE vl 202 )
C PULFILE: | M. Trise =1 Nanosecond (= rise time)
Par Tfall =1 Nanosecond (= fall time)
Winitial[V]: |0 )
veneb [T Ton = 295,6 Microseconds (= pulse length)
Tdelayls}: J0 " Tperiod = 591,3 Microseconds(= Period Time)
Trize[z] [1n
Ttalls): [1n Ncycles = 0 or empty field (= number of cycles
2

Make thiz information visible on schematic: [W

With a stop time of 4ms you get this result:

mLinear Technology LTspice /SwitcherCAD III - RC_LPF_01.asc =& x|
Flle Edt Hierarchy Yiew Smulate Tools Window Help
P BT F0|8can B0 OBE Ibe# A8|(Lt0 <3 Z0DH0D 00 |

1, AC_LPF 01,550 |2 AC_LPF ot.ran |

V[n001)
|

RC_LPF_01.asc - =1oi x|
R1
Programming the
Pulse Voltage 10k c1
10nF
PULSE(0 1 0 1n 1n 295.6u 591.3u) Simulate from 0 to
tran 4ms —m=— 4 Milliseconds
|
& Start| | £7 Linear Technology LT... LT—SwltcherCADjl.duc..‘] 8§ Paint shop Pro l E‘|« = L [[@AOD W oo
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4.4.3. Triangle Wave (f = 1691 Hz)

This is a little bit difficult, because we have to ,strangulate” the Pulse Source:
If we choose a very long rise and fall time but a short pulse length then we get exactly that what we need: a
triangle wave.

Independent ¥oltage Source - ¥1

('i”m“”m So please enter the following properties:
nons

{* PULSEQST 2 Tdelay Trise Tfall Ton Period Meycles) Vinitial = 0 (= minimum voltage value)

" SIME[Woffset Wamp Freg Td Theta Phi Neopcles)

 EXPOA Y2 Td Taul Td2 Tau?) cmgl:  VON =1 Volt (= maximum voltage value)
f SFFM(Voff Yamp Foar MDI Fsig) Tdelay = 0 (= delay after start)
" PuLit vl (242,
" PWLFILE: | Maki Trise = 295,6 Microseconds (= rise time)
Paizsi Tgq| = 295,6 Microseconds (= fall time)
Winitially: |0
Won[]: |1 Ton =1 Nanosecond (= pulse length)
ak
Tdelay[z]: (0
Tisels] 2660 Tperiod =591,3 Microseconds(= period time)
T Ncycles = 0 or empty field (= number of cycles
Ton[s) |1n for a burst signal)
Tperind[z]: |591.3u
Meycles:

take this information visible on schematic: [+

This is the result for a stop time of 4ms:

F#jLinear Technology LTspice/SwitcherCAD IIE - RC_LPF_D1.asc 18l x|
File Edit Hiersrchy Wew Simulate Iools window Help

| S F0acar B ERE d2EN A8 L2003 DM OD O 0 p
4. RC_LPF_01.asc | 14 AC_LPF 0. |

Vin001)

RC_LPF_D1.asc 1ol %]
R1

Programming the
Triangle Wave 10k (of

10nF

PULSE(0 1 0 295.6u 295.6U 1n 591.3u)
trandms —-=—____  gimylate from 0 to

4 Milliseconds ‘,
i 'Start| | £ Linear Technology LT... B]LT-SwicherCAD_01.doc ] &8 Paint Shop Pro - [Bids" [! 3 || = myy b (2D W 07:20
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4.5. Frequency Domain Simulation: AC Sweep

Independent ¥Yoltage Source - ¥1

r~ Functions
[rione]

{~ PULSE[1 %2 Tdelay Trise Tfall Ton Period Meoycles)
¥ SINE[Voffset Wamp Freg Td Theta Phi Meycles)

" ExPIV1 W2 Tdl Taul Td2 TauZ)
-
-
-

L X

SFFM[Waff Warip Foar MDI Fzig)
FrasLt] vl b2 wd. ]
Pl FILE: |

DCoffsetlv} [0
Amplidelv} [T
Freq[Hz]: ID—
Tdelay(s]: W
Thetall/s) [295.60
Phideg} [in
Meoycles: IW

Sdditianal EWLE Paitts

take this information wisible on schemati

- DE Walue

D value:

AC Phase: IIJ

vizible on schematic: W

bd &k thiz infarma

Browse |

- Parasitic Properties g
—

Series Resistancom

Parallel Capacitance(F]: I

Make this infarmation visible on schematic: W

Cancel | 0k, I

Edit Simulatior ... “nd

Tranzient

Compute the small zignal AC behawiar af the circuit inearized abaut it DC aperating

point.

Type of Sweep:;
Mumber of paintz per decade:
Start Frequency:

Stop Frequency:

x|

4 oC sweepl Maoize I DC Tranzfer | OC op pnt

Syntas: ac <oct, dec, lin: <MNpoints: <StartFreq: <EndFreqg:

| ac dec 101 110k

Ok

Cancel |

Please check now the generated simulation command:

.ac dec 101 1 10k

Step 1:

Switch the voltage
source to ,AC
Sweep* by opening
the property menu
and the two entries:

AC Amplitude =1
Volt

AC Start Phase =0

Ignore the
programming for the
time domain of the
last example and
delete the mark in
the field ,Make this
information visible on
schematic”.

Step 2:

Open ,Simulate “ and
the line ,Edit
Simulation
Command” .

Change to the ,AC
Analysis “ menu and
enter:

Decade sweep

101 points per
decade

Start Frequency =
1Hz

Stop Frequency =
10kHz
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Then start the simulation and test the result. Use the cursor to see the actual frequency, phase and magnitude.

FgjLinear Technology LTspice /SwitcherCAD 111 - RC_LPF_Dl.asc o] x|
Fle Edit Herarchy Wiew Simulate Tooks Window Help

| e A0 Qe R ERE RN A8 LB 3 DU 0D O iy

1 RC_LPF_01.ssc | ¥ AC_LPF 07 asc |

¥[n001)

Amplitude ———— =9

RC_LPF_D1.asc i =1o] =]
R1

Frequency, Phase and _
Magnitude at the actual 10k c1

Cursor Position : :
) 1onF Source Properties switched

<z to AC Sweep

AC10

.acdec 101 1 10k 3 il
. e % Command Line for —=
~Star Linear TE.;Jnu ooy Ll.. []LT-SwitcherCAD Ol doc... | QPalntSthPru-[E\\d:@.u| the AC Sweep [ i

Congratulations, the first own example is now successfully terminated!
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5. FFT (= Fast Fourier Transformation)

Very often we need information about all frequencies which can be found in a signal. It is a fact that only a pure
sine wave consists of only one frequency. So, every deviation from the ideal sine wave curve produces new
frequencies (harmonics) with frequency values of 2x, 3x, 4x....of the fundamental frequency. This information can
be obtained by using the FFT.

But first several things are neeeded to get the FFT working and to get good results.

The start frequency AND the minimum width of a spec  tral line AND the smallest frequency step are all
determined by the

Mimimum frequency step = start frequency = minimum line width =
=1/ simulation time

Also for periodic signals the simulation time must be an integer multiple of the period time. If you ignore that you
get “ghost lines" and / or an additional noise floor.

(An additional note for specialists only: you should reduce the used simulation time by one timestep. Otherwise
you are already starting a new period which will not be complete. But this error is only noticeable for very “coarse
time steps” or for a very small number of periods).

Necessary properties of the maximum time step :

a) Do not make it too coarse. This avoids ,corners” in the simulated time domain signal.

b) The related ,minimum sample frequency = 1/ maximum time step  “ must have a minimum
frequency value twice of the maximum frequency line in the simulated signal. Otherwise the ,Nyquist -
Shannon — Law" is violated and you get undesired aliasing effects.

c) The maximum frequency AND the dynamic range of a FFT are increased by the number of used

samples in the FFT. But: these samples must be true and you must not use more samples for the FFT
than you get from the time domain simulation. The number of samples can easily be calculated by

True number of samples = simulation time / maximu  m time step

LTspice uses data compression for the results file of the time domain simulation. This is undesirable because it
looses informations and also a lot of the mentioned ,true samples*.
So switch off the data compression by the following Spice directive:

.options  plotwinsize=0

For a FFT the number of used samples must always be a multiple of ,2".

No problem because LTspice will always default to those in the choice menu.

Note::

More ,true" samples give a higher stop frequency AN D an extended amplitude range in the simulated
spectrum. But the necessary calculation time AND th e resultant data file also increases.

For specialists only.

Because only the maximum time step is fixed, the sample rate applied by SPICE can vary or be increased
automatically when simulating “the difficult parts of a curve”. But this cannot be forseen, equates to an additional
FM and causes additional but unexpected spectral lines and an increased “noise floor” at high frequencies.

This effect can be reduced by choosing the minimum sample rate as high as possible (= maximum time step as
low as possible) and choosing as less samples for the FFT as possible.
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Example:

Let us use the RC-LPF of the last chapter (R =10kQ / C = 10nF). The input is fed by a symmetric square wave
voltage (minimum amplitude value = 0V , maximum amplitude value = 1V , frequency = 1kHz).

If we use a simulation time of 20ms with a maximum time step of 100ns we meet the above recommendations as
follows:

a) The simulation time of 20ms is an integer multiple of the signal’s period time (1ms).

b) A maximum time step of 100ns is corresponding to a minimum sample frequency of 1/100ns = 10MHz.
This gives a Shannon corner frequency of 0.5 x sample frequency = 5MHz.

c) The number of true samples is 20ms / 100ns = 200 000 . So we enter

,131 072 sampled data points in time  “

in the FFT menu.

Now draw the circuit, set the properties of the voltage source, choose simulation time and time step and write the
directive to switch off the data compression.

The time domain simulation result (= input and the output voltage) should be presented in two plot pan es.
Also “thick lines” are used for the curves (= butto n with the hammer / menu “waveforms”).

F&j1 Tspice I¥ - RC_LPF_01.asc —|&] x|
File Edit Hierarchy Yiew Simulste Tools Window Help

B BT Fhacaq 2l Ba%E RN a8 LLB:3 YD 0D 0 il
4, RC_LPF 0125 | 12 Re_LPF_ 1 ram |

ERC_LPF_DLraw

-10] ]|

1 v V{n001)
EﬂIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
l]-m’lfrlms 2ms 4Ams bms 8ms 10ms
HEE
Data R1
Compression — .options plotwinsize=0
OFF
C1
PULSE(0 1 0 1ns 1ns 500us 1ms) 10k _|°
10nF
tran 0 20ms 0 1Q0n
~S
oimuiation Iime Maximum Time olep -

' start| | {F LTspice I¥ - RC_LPF_O...

f | < () = &) @R[ 0531

Eve Diagram

Now right click on
the input voltage
and choose “View”
and “FFT”
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Select Waveforms to include in FFT |
MOTE: Fourier components are hormalized ko oK
guespond ko the time domain RS amplitude. _

Ctrl-Click. to toggle Cancel |

Select Input Voltage V(n001) by a mouseclick

we enter a

samples in time

Mumber of data point samples in time:

and start the FFT.

— Time range to include

Start Time: |0 % Usze Exter oMW ation D ata ‘

£ lea ciramk zaaen Euokant

This is the successful result:

50Hz =1/20ms.

Stop at 3.3MHz

samples.

e sefgroup delay plot

= which says:
istot [0 vrsice - T_ovy| B .| 8, shopira

E<BERTSA0B LD w

In a symmetric square wave you can only find the fu ndamental frequency and its odd harmonics.

The amplitudes of the harmonics decrease exactly wi  th their order:

FajLspice Iv - [fft_01.fft] _l&l x|
J Fle tiew PlotSettings Smulstion Tooks Window Help — 1@ x|

EEE RS T IEEE L AT R e s |
4 01ssc 1 MO [3 0t m |

Fundamental frequency
f=1kHz
RMS value = 450mV

f=3 x1kHz = 3kHz
RMS value = 450mV /3
=150mV

f=5x 1kHz = 5kHz
RMS value = 450mV / 5
=90mV

f=7 x 1kHz = 7TkHz
RMS value = 450mV /7
= 64mV

%= 6.307KHz v = 240 556mY

&/start| [ 17 LTspice Iv-[I1t_OLMME] ] LTspice 4 d_cordoc - .. | 8, Paint Shop Pra | |« = B [[Rae
Note:
If anybody is additionally interested in the phase information: click on the scaling of the right vert

diagram axis and press “Phase” in the menu.

“number of 131 072 data point

Start frequency = frequency resolution =

The stop frequency is 3.3MHz and can only
be increased by using a higher number of

ical

As discussed we have 200 000 real samples of this curve. So

Now change the diagram to linear vertical and
horizontal result presentation to confirm theory
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6. Project 2: Rectifiers
6.1. Simple Rectifier without Transformer

No problem: draw a circuit consisting of a Voltage Source, a diode and a resistor (1k). Now apply a sine wave (50
Hz / peak value = 325 V) to the input and simulate from 0 to 100ms.

F3i Linear Technology LTspice/SwitcherCAD 111 - Draft2.asc —l&x]
Ele Edt Herarchy Vew smulste JTools window Help

P& M FO QAR B BB A 2EMH OSB3 DD OD i p
4 Dra2asc [§ Disft2ram |

e

/ Output Voltage

\ Input Voltage

Draftz.asc _1ol x|

SINE(0 325 50)
tran 100ms

Click to manusly enter Horizontal Axis Limits

@ start| B]L1-svicchercad_Engiéh...| ¥ Paint shop Pro |27 tinear Technotogy L7... «® L QD W oz

Add a parallel capacitor of 100 Mikrofarad to the o utput.
Show also the diode current (by moving the cursor ov er the diode’s symbol to change the cursor into a
current sensor).

Solution:
=l x]

Fle Edt Herarchy Wew Smulste Tooks Window Help
BeEE% £0 @can (bl HRE|)Befl O L-D2 %3 D000 0050

4, einpuls_ 01 a5 | $2 sinpuls 01 12w |

BEE] crpwebime T
I

Diode Current

D1
C1
i R1
V[n002) 1k QOOPF

Output Voltage. SINE(0 325 50)

.tran 200ms

Input Voltage V1

20ms A0ms 60ms 80ms 100ms 120ms 140ms 160ms 180ms 200ms

J‘start] ] LTspice_4_e2.dac - Micr... J £7 LTspice IV - einpuls_0... 88 Paint Shop Pro B« =y QL A e ® s M sy




6.2. Important: creating SPICE Model and Symbol for  a Transformer

6.2.1. The easiest Solution: a simple ideal Transfo  rmer
Sorry, but in the LTSpice part library you can't find any transformer! So let us start with a simple but good solution
found in the original SPICE manual:

Place the necessary windings (with their Inductances ) in the schematic and add a SPICE Directive for the

magnetic coupling “kn” between these windings!

Example for a two winding transformer and voltage tr ansfer ratio

L2 o =11

a) Place “Ind2” from the symbol library two times on the screen,
1mH

L1( °
1mH

because only at this symbol the start of the winding procedure is
marked by a circle.

b) The line “k1 L1 L2 1” says that the magnetic coupling factor
between the windings L1 and L2 is “1” = 100%.

k1 L1 L2 1

c) Attention: It is not possible to enter a given voltage transfe
PSPICE!!

rratio “(N1/ N2)" into

The reason is not complicated: PSPICE works always and only with parts and their properties (here: inductances
and magnetic coupling factor). So we must use the inductances and the following relation:

I—Primary _ M ?
L N2

Secondary

So choose a realistic value for L1 and then calculate L2 by using this formula.
6.2.2. Creation of the SPICE Model for a real Two W indings Transformer

We use the following transformer model for our work, which includes the ,magnetic coupling” between the primary
and secondary winding, the flux leakage inductances, the winding capacitances and the copper resistors of the
windings.

Node 1 and 2 are the

c:?.n%'ﬁ?w;c Factor primary winding
connections, node 3
k" and 4 the connections
primary [lux secondary flux for the secondary
leckage induckance @ leckoge inducktance winding of the model
@ for the simulation.

i For the “inner nodes”
primary primary secondary secondary you should choose
uinding main main winding much higher numbers
capacitance inductance inductance capacitance to avoid collisions

when “blowing up the
@ I 1} ® circuit diagram” with
more windings ore
primary secondary parts.

copper resiskance copper resisktance
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Now have a look at the following SPICE — Model, using the subcircuit ,xformer_01" with its connections
1/2/3/4:

(Lleak is the name for the flux leakage inductances which represent the part of the flux who does not run
through both main inductances leaded by the magnetic core of the transformer. All other circuit elements
correspond to the above diagram):

* 0% Ok Ok %k X Ok
TN NN T
—_~

.SUBCKT xformer_ 01 1 2 3 4
*

** Primary

Lleakl 1 20 1mH
Lpril 20 21 1H
Rpril 21 2 1
Cpril 1 2 20pF
*

* *Secondary

Lleak3 3 22 1mH
Lsecl 22 23 1H
Rsecl 23 4 1
Csecl 3 4 20pF

K LprilLsecl 0.999
.ENDS

Explanation:
Every line starts with the name of the part, followed by the numbers of the nodes between this part is inserted in
the circuit. And at last you find the parts value.

In praxis the magnetic coupling is always below ,1“ (due to the flux leakage). So always insert a value smaller
than 1 (here: k = 0.999). Some SPICE versions start a protest action if you don’t follow this advice.

Primary and secondary winding use the same number of turns. So you have to enter the same inductance value
to get a 1:1 - transformer.

Note:
The description of the circuit starts always with SUBCKT ............... and ends with .ENDS

Very important:
a) The finished model is named ~ xformer_01.lib an should be saved in the folder

Programs / LTC / LTspicelV / lib / sub

where all other LTC-SPICE-models are already located. Please pay attention to the correct path and the correct
extension when saving this file......

b) It is impossible to enter the turn ratio! The only possibility is to enter different primary and secondary main
inductances and we’ll handle this in the next project.
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6.2.2. Creation of the Symbol for a Two Windings Tr  ansformer

Step 1:

Open ,File* and click on ,New Symbol “. Now you see an empty screen with “cross and circle” in its center.

Capture Points
of the Symbol

=
= 4

Symbol
Center

Pin,/Port ™nperties 5[

Metlist Order: I'I 3:

s the same

number?
Cancel |

[ Wertica

Offset: IB 3:

Step 4:

Step 2:

Open ,DRAW*, choose ,Rect" (= rectangle) and draw it with the
dimensions 20mm x 20mm around the symbol’s center point
(...as a help: You find a fine point grid with 5mm distance on the
screen).

(The red circles at two corners of the rectangle are ,capture
points* for the user when placing this symbol in a circuit).

Step 3:

Go to ,Edit* and ,Add Pin / Port “ to generate the connection
points. But in the menu you have at every connection point not only
to enter the pin Number BUT ALSO the relative position between
this point and the Point’s Label.

And always examine carefully whether the point'sla  bel and
netlist order are identical!

Then click OK and you have the pin at your cursor. Now you can
place it in a distance of 5mm from the symbol (See next figure).

[o}—o o—19] Generate all 4 Pins and afterwards open once more ,DRAW" to connect the

2 4

Il Symbol Attribute Editor x|
Symbal Type: IBIock 'I

Thiz determines the twpe of a circuit element, e.g., B, C,

orL
—
Prefis = ¢ |

attribute value

Spicetdodel wharmer_01.lib
Walue 2_wind_=FRM
Yalues wharmer_01
Spiceline

Spiceline?

Dezcription

M odelFile

pins to the symbol by wires.
$ So the terminated symbol should look like.

Step 5:
Let us complete the real transformer for the simulation. Please
open ,EDIT / Attributes / Edit Attributes  “ to arrive at this menu.

Now enter all entries as given in the figure.

(Remark: Prefix ,X*“ means a subcircuit).

Warning:

The line for ,Value2“ MUST NEVER BE EMPTY ---
otherwise you can get a cryptic error message!
Normally use the same entry as in the line for the
spice model, but without extension.
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2_wind_XFRM

1 o 3 At last make visible all important informations for the user.
Start with ,Edit“ and ,Attributes “, but now choose ,Attribut
[o}— o—fo] Window “. When clicking on ,value “, then you get the description
q} +2_wind_XFRM “ at your cursor and you can place it over the
symbol.
[} ¢c—1{9] Then repeat the procedure but now choose ,SpiceModel “ =
2 ) 4 xformer_01.lib and place it below the symbol. The work is done!

xformer_01.lib

Step 7:

Save the complete symbol.

Open ,File “and ,Save as" and the correct path starting at ,SwCADIII* and ,lib“ just down to the folder ,sym*
(= symbols) . There create a new folder named ,Xformers “ and save this new part as ,xformer_01.asy “.

6.3. One Pulse Rectifier with Transformer
Now let us test a circuit with line transformer, one pulse-rectifier and output capacitor.

Task:

Test a power supply consisting of a line transforme r, rectifier, load resistor R1 = 1k Q and load capacitor
C1 = 100pF. Line input voltage is 230Vrms / 50 Hz, t he turn ratio of the transformer is 20:1. Simulate i  n the
time domain from 0...200ms.

ST B T sz Solution:
| RS B 40 QAR EBE IDEM OB LB +3XDDODC ik Most of the necessary parts are
- already known from the last
2_wind_XFRM y

example. Fetch and place them,
1 3 D wire and enter the correct part
values including the properties of

N

L R1 C1 the voltage source and add the

D command for the simulation from 0
xformer_01.lib

to 200ms in the time domain.
1k | 100pF
But now we need the line

-_—

transformer of the last chapter.
Fetch and place the part.
SINE(O 325 50) Then we look for the necessary
transformer property entries.

.tran 200m

Right cck to edi ".tran 200m"

|@5tert] [ 27 vior Techmetosy ... |8, PortshopPro | 847 Swtsherceo_o coc .| £ Ly Payer-oney__.. | o[« P50 M 0
You cannot enter the turn ratio N1/N2 in a direct form, so you need the following equation for the inductances:

L

primary _ Nl

L N,

secondary

Let us apply a value of 1Henry for the primary main inductance (....ideal transformer...) and calculate the
secondary main inductance for a turn ratio of 20:1 in the following manner:

| 1H
L = Py - =" =2.5mH
secondary (20)2 400 m
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w1 —.
B = b I I .- [3] For an ideal transformer you can reduce the values for
N 20 the flux leakage inductances, the copper resistors and
E [2] ___E] I I F___ [4] the winding capacitances.

But always you must never set them to zero”......
jSUBCKT xformer_01 1 2 3 4 Especially a resistor of zero
¥ Primary Ohms in series to an inductance
Lleakl 1 20 1uH é causes in a “normal SPICE
Lpril 20 21 1H . ”
rRpril 21 2 1 version” at once an error

Cpril 1 2 1pF . .
Pr P message or a simulation abort!

¥ secondar
b y . . .
So this model file of the transformer is a good template

t;gg:kﬁ 32 g% %%‘E‘mH é for your work. Open the ,xformer_01.lib“ — File, change
Rsecl 23 4 1 the entries and save it.

Czacl 3 4 1pF

K Lpril Lsecl 0. 999

. ENDS

Now the simulation runs and here you have the result screen with the voltages at the left and the right side of the
diode:

FijLinear Technology LTspice/SwitcherCAD 111 - einpuls_02.asc oy [ B
Fle Edt Herarchy View Swulate Tools Window Help
[P H%F Qo[ ED AR RN 88 (LS 2 DO D O ni)dop

A, eirpuls. 02,35 | einpuls_027a |

V[n003)

einpuls_02.asc Bl =] B3]

2_wind_XFRM
1 3 D1

. apl%

1k [100pF

xformer_01}lib

SINE(0 325 50)
.tran 200m
%=16584ms y=19.23¥ I
d‘starté " xformer_01.lib - Editor U «former_01.lib - Editor l A7 Linear Technology LT... B]LT-SwitcherCAD 01 doc J 8 Paint Shop Prn-[BiIde...J H|«"uam 1352
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6.4. Rectifier with Diode 1N4007

We want to use the well known universal line rectifier diode 1N4007 instead of the ideal diode.
Sorry; but the SPICE-model of this type cannot be found in the LTC-library...
So let us tackle the import of foreign models (from the WEB.....).

Step 1:

Use Google and look for diode.lib
(This is an ORCAD-library with a lot of rectifiers).

But be carefully:
You get this library as a HTML-file and you must no  t use it in this form!!!!!

So mark the content by <STRG> + <a>, copy to the clipboard by <STRG> + <c> and insert it into a new file of a
text editor (like Notepad).

Now save this file as ,diode.lib “ in the folder

LTC / LTspicelV /lib / sub

(But pay attention to get the correct extension ,*.lib“ by choosing the type “all files . Otherwise the editor will add
a further extension “*.txt” and the library cannot be found by our program...)

Step 2:

o

;r%lnde'l D1n4004 ako:DIN4001 D(Ew=600) i US2 Now open ,diode.lib* with the text editor and
. _ . search for ,1N4007“. You will then recognize

;rr%mde'l ClM4 005 ako:DlM4001 DCBEw=2000 P USE L the comect diode model name is

.mode]l DIM4006 ako:DlM4001 DEBw=1200) ;o Use D1N4007

at

.modeljolnd4 007 ako:DlKN4 001 DECBw=1500) ;o Use

at

.mode]l DIM400% D{Is=544.7E-21 W=l Rs=.1 Ikf=

+ Vi=.75 Fc=.5 Isr=30.77n Mr=2

HY

Step 3:
Move the cursor on the letter ,D“ at the symbol of
the diode and right click with your mouse.

M Enter new Yalue for D1

Justificatian

|T|:||:| j

[ Wertical Text

Then enter the new correct value ,D1N4007* and

x|
Cancel | close by pressing OK.
v

Step 4:
Enable the program to find out the correction location of this DIN4007 model and add the following Spice
directive on the screen:

.Include diode.lib
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Step 5: self-explainig....

=le] x|

mLinear Technology LTspice/SwitcherCAD I1I - einpuls_DZ.asc
File Edit Hierarchy Miew Simulate Tools window Help

B H P A RCAR(BEIERY LRSS LLDIE3FDYN0 O Ak

{ sinpuls_02.asc ]ic: einpulstrawi

¥[n002)

I =10 x|

2_wind_XFRM
1 2 D1

™
LT £1
SINE(0 325 50) D1N4007 R1
1k | 100pF
.include diode.lib

.tran 200m xformer_01.lib

einpuls_D2.asc

J‘Starti B LT-5witcherCAD_01 doc l B8 Paint Shop Pro ] 7 sub l A7 Linear Technology LT... ) diode.lix - Editor |'« =@ W 2137
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6.5. Two Pulse Rectifier with real Transformer

Here we need at first something new: a line transformer with 2 secondary windings.

b

" ¥ (3] Step 1:

. I '('" We open our well-known file ,xformer_01.lib “to modify it.
% [1] ---. || ¢ Let the turn ratio be again 20:1 and add an additional

*‘ > o-— [4] secondary winding, also with 2.5mH. Write the necessary
: [2] ___? I I -(“‘ (5] lines in your file (...they are a simple copy of secondary

. e winding 1, but be aware of the node names...)

: [ .-—- [6]

Reduce the flux leakage inductances and the copper
resistors to get an ideal transformer, but don’t set them to
Zero.

LSUBCKT xformer_02 1 2 3 4 5 &

Please do not forget:

¥ Primary L2 .

" No we have 3 windings which are magnetally coupled.
Lleakl 1 20 1uH You have to enter a new coupling information

Lpril 20 21 1H

Rpril 21 2 1 .

Cpril 1 2 1p K Lpril Lsecl Lsec2 0.999

® Secondary 1

-

Lleaks 3 22 1uH At last save the file as ,xformer_02.lib “in the “sub‘“-
Lzecl 22 23 2. 5mH ; -

Reacl 33 i 1 é folder of the library.

Cseacl 3 4 1p

¥ Secondary 2

ey

Lleaks & 24 1uH

Lsecz 24 25 2.5mH o —

Rsecs 25| 5 1

Csecs 5 6 1p

K !Lgril Lsec]l Lsec’ 0,959 §
.ENM

Step 2:

3 Wi n d x F RM Also a new symbol is necessary and must be created -- see
— — 3 Chapter 6.2.2.
1 But do not forget:
T .
o— ey | Warning:
The line for Value2 MUSS NEVER BE
o —f1 5 EMPTY....otherwise you can get a cryptic
2 g error message and / or a simulation
6 abort...

xformer_02.lib

Step 3:
Draw the circuit using the new transformer and two diodes of the 1N4007-type. Then simulate and compare the
result with the following page:
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F3jLinear Technology LTspice /SwitcherCAD 111 - zweipuls.asc
Fle Edit Herarchy Wiew Smulate Tools Window Help

==~ Nl QeeR Rl BERE i 2RA S/ -0 3 ¥xO0D Aa op

1, zweipuls.asc Ii:: zwelpuls.law]

zweipuls.asc

. D1
3_wind_XFRM N

L1
1 D1N4007

A
& (od)
SINE(0 325 50) 4%7 RIS

B2 1k 100uF
.include diode.lib

D1N4007

.tran 200m xformer_02.lib

@' start| | £7 Linear Technology LT... | ¥8, Paint Shop Pro | B LT-SwitcherCAD_01.dac ... | B LT-SwitcherCAD_fertig.d... | «m@l
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7. Project 3: Three Phase AC System
7.1. Schematic and Simulation

2 wind_XFRM
1

2
xformer_01.lib

3

2 wind_XFRM
1 3

2 4
xformer_01.lib

2 wind_XFRM
1 3

2 4 %7
xformer_01.lib

Independent Yoltage Source - ¥2

— Funchons

" [none)

" PULSE[1 %2 Tdelay Trize Tfall Ton Period Moycles)
¢ SIMNEWoffzet Wamp Freq Td Theta Phi Moycles]
O EXP W2 Tdl Taul Td2 Tau2)
" SFFM[Voff Wamp Foar MDI Fzig)
O PWLIN w1122 ]
" PWLFILE: |

DC offzet]; ID

amplitudel ] 325

Tdelav[z]: |6.EEEEEMS

Theta[1/z]; |0

FPhi[deqg]: ID
Meopcles I

Browse |

We need 3 voltage sources, 3
transformers and 3 load resistors
to review this technique.

R1 For the transformers we will use
1k our well-known file

xformer_Ol.lib *

but in this case choose
identical main
inductances on the
primary and secondary
side to get a turns ratio of

R&H 1.1,

1k
Fetch all these parts from the
library and draw the circuit
diagram.

R3

1k

Then move the cursor over the symbol of
every voltage source and right click. All
entries for the 3 sources are identical
(except one....):

DC offset = 0 Volt

Amplitude = 325V (peak value for
RMS = 230V)

Frequency = 50 Hz

Phi = 0 degrees (start phase of the sine
curve)

Important:

The 3 voltages have the same amplitude
and the same frequency, but differ in the
phase shifts. We cannot enter the
necessary phase difference of 120
degrees in the property menu -- so
simply enter different start delays:

for V1 the delay time is Oms

for V2 the delay time is 6,66666 ms
(see figure)

for V3 the delay time is 13,33333ms



When simulating for 200ms, you will get the following result:

¥[n002)

SINE[D 326 60 13:33333m= 0

fran 0200m= 0

ar Technology LT... | [8]LT-SwitcherCAD 01 dor .. | ¥, Paint shop pro <@L @ I oss

o 'start| | (7 Line:

7.2. Rectifier Bridge for Three Phase AC Systems (e . g. Dynamo in a modern

Car or Motorcycle)
Save this circuit in a new project folder and give it an appropriate name. Then modify the circuit by adding 6
diodes (1N4007) . Delete two of the three resistors and wire the circuit as shown:

mlinear Technology LTspice/SwitcherCAD T1T - [drehstrom_bruecke.asc] =13 x|
A Fle Edt Herarchy Vew Smulate Took Window Help =131 %]
B E AR Bl HRE PDEMNAS LD 3 XD O D Gy
2_wind_XFRM
1 3 D1
SINE(0 325 5000 0) H
D1N4007
LS oyt
xformer_01.lib D4
Pzl
[~
D1N4007
2_wind_XFRM
1 3 D2
SINE(0 325 50 6.66666ms 0 0) [y
LT
%7 D1N4007 R1
2 4 1k
. D5
xformer_01.lib L L
< |
D1N4007 =
2_wind_XFRM
1 3 D3
SINE(0 325 50 13.33333ms 0 0) M
D1N4007
% 2 4
.tran 0 200ms 0 xformer_01.lib [E
.include diode.lib D1 I\WOOT
Ready
i start| | £F Linear Technology LT... ®]LT-SwitcherCAD 01 doc J &8 Paint Shop Pro e | P = m oz

If you now simulate, you will get the following result for the input voltage V1 and the output voltage at R1:
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FEjLinear Technology LTspice, I - drehstrom_bruecke.asc

Eile Edit Hierarchy View Simulate Tools Wwindow Help

BE |7 F QooREld HRaRE| s EH A8/ LB x> 0D 0

=181 %

1, dishstrom_bruecke aso Iici dlahstrom_bluecke.law]

V(n003)

Output
Voltage

Input
Voltage V1

drehstrom_bruecke.asc

2_wind_%FRM
B [

SINE[0 325 5000 00)

]
1T
01 4007

2 4
xfarmer_o1 lib

04
01 407

2_wind_%FRM
D2
1 E] =

SIME{D 325 50 & BEEBEms 0 0)

LT
D1 Hdoo7 1]

2 4
xfarmer_o1 lib T

D1 NdDo7

-

2_wind_%FRM
D3
1 3 )

SIME[D 825 5013 33233ms 0 0]

ran 0 200ms 0

2 4
xfarmer_01 ik
include dinde lib D1H4007

Ready

i'/start| | £F Linear Technology LT... ®]LT-SwitchercAD_01.doc ... | 8 Paint shop Pro

||« 2@ M| s
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8. Project 4: V-I-Curves of Parts

8.1. Resistor

A resistor is the best object to make visible the V-I curve of a part.
So open a new project and draw the schematic.
For the resistor R1 choose a value of 1kQ.
R1 Then open the property menu of the voltage source (by a right
1 k mouseclick on the “+"-sign in the symbol) and enter in the right upper

corner of the menu “0” (= Zero Volts) as DC-Value.

0 Check the schematic for its correctness.

Edit Simulation Command

x| Inthe simulation menu open

Transient | AC Analysis fROC swesp (Wioise | D Transfer | DC ap prt LEdit Simulation Command*

Cormpute the DC operati el ircLit while stepping independent zources and . ) )
treating capacitances as open circuits and inductances as short circuits, and fill in the following DC-Sweep-entries for

the voltage source V1:
13t Source ] 2nd Source | 3rd Source

Mame of 15t Source to Sweep|
Type of Sweep Start Value = 0 Volts
Start Valug]
Stop Value Stop Value = 10 Volts
Increment
Increment = 1Volt

Linear Sweep

Please check the so generated simulation

command ,.dc V10 10V 1V “ inthe

lower part of the window.

o
=

FgjLTspice 1v - Drait2.
Ble Edt Hrarchy

ulate Tools Window Help

=G |8 COR|EN BT 4 BRM OS5 (LD L3 YDVDOC ik
4 Dishz.sse | Drafizran
oranz e il Then close with OK

and start the
simulation.

Move the cursor

to the upper
connection of the
resistor R1.

When the cursor
suddenly looks like a
“current sensor”: left
click and you get this
screen.

V1
R1
1k
0

.dc V1 010V 1V

! start| | (T LTspice Iv - Draft2.asc 89, Paint Shop Pro | B Lr-smichercam fertia d. [« EL B @80 L9 ns
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8.2. Diode

This is now a very simple exercise:

First save the project under a new name. Then delete the resistor (key F5) and replace it by a diode (= part
Ldiode" in the Library).

At last modify the simulation command to

.dc V1 550mV 750mV 10mV

Now the voltage range is 550mV to 750mV with an increment of 10mV. This is the optimum for a silicon diode.

mLTspicE I¥ - Diode_D1.asc
File Edit Hierarchy Yiew Simulate Tools Window Help

=&l =]

|| FNAQCARELDHRE st DEMAS LSO 2D 0D S iniidp
4, Diode_01.25c ]i: Dinde_01 raw]

Diode_01.asc

=101x]

.dc V1 550mV 750mV 10mV

Ready

Astart| | £7 LTspice I¥ - Diode_01... 83 Paint Shop Pro

] B LT-Switcher CAD: Fertin.d...
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8.3. NPN Transistor
In the ,,example” folder of the program you will find a very nice example ,curvetrace.asc “ for this purpose:

F&jLTspice I¥ - [curvetrace.asc]

& x|
A Fle Edt Herarchy Yew Simute Took Window Help

=18 x|
E = R QR BU EHRE I DEA S LB £33 ¥xDOO

.dc V1015 10m [1 0 100u 10u

This example schematic is supplied for informational/educational purposes only.

Righk click to net |abel.

i start| B LT-SwitcherCAD _Fertig.d... || £ LTspice ¥ - [curvetra...

« M ga36

You can see:
a) A DC voltage source V1 is connected to the collector of the transistor. The voltage start value is “0”.
b) A current source I1 with start value ,0" feeds the base of the transistor.

The simulation command

dc V1 O 1510mV I1 O 100u 10u

means:

Increment voltage V1 from 0 Volts to +15 Volts in st
the waveform viewer .

Then apply a base current between 0 and 100 Microam  peres (incremented by steps of 10 Microamperes)
and write the simulated curves into the waveform vi ewer.

eps of 10mV. Use this voltage for the horizontal axi s in

i spice 1v- curvetrace.asc

File Edit Herarchy Wiew Simulate
B2 T fiacan
T ]

curvetrace.asc

=lalx|

R fBENOS( LDt DD D o

Move the cursor

to the collector of
transistor Q1.

When the cursor
suddenly looks like a
“current sensor”, left
click and you will get this
screen.

.dc V1015 10m I1 0 100u 10u

This example schematic is supplied for informational/educational purposes only.

@ start| B LT-SwicherCAD:fertind... || 4T LTspice 1v - curvetrac... B8, paint Shop Pro- Bid_153.

<« FT®) o345
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If you are interested in the relation between collector current and base voltage, then you need this schematic

F&jLTspice I¥ - curvetrace.asc

File Edit Hierarchy View Simulate Tools Window Help

=la] ]

1 cuvetiace asc | ¥ curvetrace s |

| B2 F0 acer kRl BRE 2 a8/l 3 x08B00 0

3 Aa op

curvetrace.asc

=10l

V1

= 4]
2N2222
2

.dc V1 015 10m V2 650mV 750mV 10mV

This example schematic is supplied for informational/educational purposes only

x=7 3™ y=-155mf

Ic[a1)

& start| B8] LT-SwitcherCAD_fertin.d... || £F LTspice I¥ - curvetrac... 83 Pant Shop Fro
pi i

a)

b) Modify the simulation command to:

dc V10 15V 10mV V2 650mV 750mV 10mV

The voltage source V1 stays the same. The base voltage V2 is stepped from 650mV to 750mV by increments of
10mv.

That is all. See the result in the waveform viewer on the top right of this page....

Replace the base current source with a voltage source. Start value is “0".
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8.4. N-Channel Junction FET

First we have to replace the NPNTransistor of the last example by the FET (= part ,njf* in the part library of the
program). To show the example to its best we will use the well known

BF245B

First search on the internet with the Google entry

bf245b spice model

Copy the content of the result to the clipboard and then into a new editor sheet. Save this sheet as

BF245B.mod

in the folder ,sub* of the program’s part library.

And then do the following:

FiiL Tspice I¥ - NFET_01.asc

=181 %]
Ele Edt Herarchy Wew Smulate Took Window Help
B E T X0 aceREBEIERE (EMH S LD FTDONOD O o
4 NFET_D1.as0 | {2 NFET_01.1a0|
B

1d(1)

J1 Vi
+
V2 BF245B
0.
0
7 7

.deV101510m V2 -50100mV
.include BF245B.mod

Ready

I
.’l"StartJ @LT—SwltcherCAD_FErtlg‘d‘HI £F LTspice I¥ - NFET_01.... (&) Mozilla Firefax I o) BF245E.mod - Editar l joe IR RT3t

First select the N-Channel Junction FET symbol from the library (= ,njf*) and place it on the schematic. Then right

click on the model description ,NJF“ beside the symbol. Change it to BF245B and finally add a SPICE directive to
the schematic:

.Include BF245B.mod

Now the software will use the downloaded BF245B model for the simulation.

Lastly the gate voltage range must be altered. For a normal junction FET it is the best to use a range from

-5V to OV in Steps of 100mV

The simulation should now run without any problems.
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9. Project 5: Transistor circuits
9.1. One Stage Amplifier

9.1.1. Time Domain Simulation

LV Lo ]
L'y 4

R1 R4

We need a power
1 00 k 470 supply, a sine
+ 1 2V voltage source,

one capacitor, four
resistors and an

C 1 npn-transistor.

Q1 Let’s start!

|
i T
Vi 10pF QBC547B
R2 R3
SINE(0 100m 1k) 22k 100

tran 10m
.include BC547B.lib

Procedure:

Stepl:
Place 4 resistors, 1 capacitor, 2 voltage sources, 1 npn-transistor and wire.

Step 2:

Enter the correct values for the resistors and the capacitor.

In the upper voltage source V2 choose ,DC* with an amplitude of +12V.

The lower voltage source V1 must be programmed as a sine wave with Vpeak = 100mV and 1kHz.

Step 3:
Simulate from 0 to 10ms.

Step 4:

Start the search engine and look for BC547B.lib “ on the internet. The content of the found html-file must be
marked, copied to the clipboard and inserted into a new sheet of a text editor. Save the file as ,BC547B.lib “ in the
folder

LTC / LTspicelV / lib / sub

Step 5:
Move the cursor to the information ,NPN“ beside the transistor's symbol, click right and enter the correct
information ,QBC547B “ (...because this is the same as the name of the Transistor’'s model file in “BC547.lib") and

add the spice directive .include BC547.B to your schematic.
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In the simulation we would like to see the input voltage, the base and the collector voltage of the transistor.
Please verify the phase shift of 180 degrees caused by the transistor.
Also we can test the “ predicted gain” for such a stage, given by the simple equation

VU =RC/RE=470/100 =47

(to check this please measure the amplitude of the output voltage and calculate the ratio with the input voltage’s
amplitude of 100mV).

FEiLincar Technology LTspice/SwitcherCAD III - Draft1.asc =
File Edt Hierarchy Yiew Simuate Tools Window Help

FE HFO ool Rl BmE i2eN &0 +3 0000 An op
AL Drattlase | $2 Dratti.aw|

V[n003)

Input Voltage
of source V1

C1
1 1

Qi

Vi 10pF QBC547B
R3
SINE(0 100m 1k 100

.tran 10m
.include BC547B.lib

Ready
i/start| | £F Linear Technology LT... B LT-5witcherCAD_01.dac ... ‘ ) Paint shop Fro ) Mozila Firefox 33 Philips_spice: (4 BC547B.lib - Editor « WL O M 0302
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9.1.2. Frequency Domain Simulation (“AC Sweep”)

|
-

Small zighal AC analysiz] AC)
e Step 1:
AC Amplitude: 1
MREUES Change the properties of voltage source V1 to “AC-Sweep”
AL Phase: |0 by entering the values “1” for the AC Amplitude and “0” for
the AC Phase.

J take this infarmation visible on schematic: [+

Parasitic Properties Make the information visible on the schematic.

Series Resistance[0]:
Edit Simulation Command

Transient AC Analysiz ] 5] sweepl Maige ] DC Transfer] DC
Step 2:
: : . Open ,Simulate “ and ,Edit Simulation Command *“ to get
Compute the small signal AC behavior of the circult Inearnized abo this menu. In ,AC Analysis “ please enter the values for a

paint, i .
decade sweep with 101 points per decade from 1 Hz to
200MHz.
Type of Sweep: |Decade i
MHumber of points per decade: 101
Start Freguency: |1
Stop Freguency: [200MEG
Syntax: .ac <oct, dec, lin: <Mpoints> <StartFreq: <EndFreq:
.ac dec 101 1 200MEG
= — — So the simulation result should look like this:

(x|

File Edt Herarchy Wew Smulate Tools Window Help

BE 5| F QeR|BEdBER% stb2lHh 88| L-DS 3 D000 Au op

1, gain 01 asc |} gain 01,05 |

V[n002)

100KHz 100MHz

gain_D1.asc i [u] 3]

T . OBCE47B
INEQ
R3
100
AC10

.ac dec 101 1 200MEG
.include BC547B.lib

Click.to plok WHODZ).

i/ start| | F Linear Technology LT... B LT-SwitcherCAD_D1.doc ... ‘ 88 paint shop Pro « B (&0 W 19:38




9.2. Two Stage Broadband Amplifier with Feedback
9.2.1. Task

Design a gainblock for a 75Q communication system with the following specifications:

a) Input and output resistance are both 75Q. So a lot of 75Q blocks can be connected in series using the
RG59 cable type.

b) The gain should be 6dB when loading the output by 75Q.

c) Use a power supply with +12V DC.

d) The gain must be constant in the frequency range from 1kHz to 10MHz.
e) Use an npn and a pnp transistor (BC547B and BC557B) with feedback.

f)  Use a trimmer resistor in the base circuit of the first transistor to compensate all part tolerances.

9.2.2. Circuit Diagram for Simulation

inear Technology LTspic II - [broadband_amp_01.asc]

Draw this circuit and take note:
The values of the resistors R1 and R2 must always be written as

14.8k and 2.2k

Never write 14,8k or 2,2k -- you will get wrong results without any warnin ~ gs!!
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The npn transistor BC557B is not included in the LT’s library, so you need the internet again. When youhave
found the model file, copy it into an editor’s new file (do you remember? You receive a HTML file) and save it in
the library folder.

Note: When you have found the model files the transistors are named QBC547B and QBC557B . Use these
names in the spice directive and in the schematic.

The input voltage is a sine wave with a peak value of 100mV and a frequency of 1kHz. Simulation time is 0....10
Milliseconds.

14
Something new is the command ;. Op

With this command you get information about the DC-values in the circuit (= ,DC operating point“). The
information is presented in form of a list.

The test points in the schematic are the voltage source V1 and the termination resistor R9 (75Q) at the output.

9.2.3. Time Domain Simulation

FEjLinear Technology LTspice /SwitcherCAD III - broadband_amp_01.asc & x|
Fils Edit Hierarchy View Simulats Tools Mindow Help

BE Bl F0aceR BEIHRE tREM A8 L LB =33 DD D -0 deop

4, brozdband_ame_ 01252 | 17 braadband_amp_0.raw |

Vin004)

o Output Voltage

broadband_amp_D1.asc =|of x|
a2
QECSSTE

R1
+12v L
1f
1 oy
SINE i
(0 100m 1K) Re 62
2z RZ R3 cz
22K 23
op 100F
tran 10ms R9
include BESATEIiL 75
includs BCSSTE b
|

i/ start| | £F Linear Technology LT... ]LT-SwitchercAD 01 doc ] 88 Paint Shap Pro - Bild_78.0f | (@) Mozila Firefox ). BCS576.lib - Edtor ] ‘ ‘"« wiL (& W 30

As required the output voltage’s peak value is twice that of the input voltage and that gives a gain of 6 dB......
Two common emitter stages produce a phase shift of 2 x 180 = 360 degrees. So the output voltage is again in
phase with the input voltage.
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9.2.4. DC Bias

If you want to know the DC-Currents and DC-Voltages for the operating point, then you should do this:

n Command

1) Open ,Simulation “ and ,Edit Simulation Command “.

2) Change to ,,DC op point “

3) In the window you should now find ,,.Op“
4) Confirm this by pressing OK and test, whether

5) the command ,.op" is now connected to the cursor. if it is then it can be placed on the schematic. (Youcan
check this as the ,Tran*-Command will now start with a semicolon (;tran 10ms )?

Now press the
simulation button (with
the running guy) and
wait for the result.

BagE el This is what it looks like

voltage

0.802476 wvoltage H

% it and you can examine
o voltage .
1o:s051 eina the current / voltage list.
£.40259 voltage

4.80194e-015 voltage

0.15571e-015  wvoltage

-0.0119151 devmeicu:rsnt

-3.420872-005 deviee current

0.01194394 device_current

0.0086231 dev:\caﬁtuzrsnt

2.80837e-005 device current

-0.00866118 deviee_current

~6.4025%2-017 device current

1.49915e-017 devmegcur[ent,

~6.402592-017 device current.

-6.40150e-017 devmaﬁcu:[ent

a device_current

0.0119151 devlcsﬁtu:rsnt

0.0119494 device_current

0.0085988

0.0205763

0.000681433

0.000709517

Now close the list because there is an easier way to get every current- or voltage value (See next page):
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3 Move the Cursor to an interesting
This command point in the Schematic...
is valid as this

moment _-...and You get here the voltage value!

Note:

To return to the transient simulation, please replace the point in the .Op simulation command by a
semicolon. Also replace the semicolon in the ;tran . command by a point.

But the fastest way is using the path ,Simulation / Edit Simulation Command / Transient  ". There click OK and

this operation will be automatically done by the software.
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9.2.5. Frequency Domain Simulation: AC Sweep

No problem:
Open the property menu of the voltage source V1, enter ,1“ for the AC-amplitude, ,0“ for the AC-phase and a new

simulation command for an AC-sweep from 1Hz to 200MHz with 101 points per decade:

mLinear Technology LTspice /SwitcherCAD I11 - broadband_amp_01.asc == ]
Eile Edt Hisrarchy Yew Simulate Toals Window Help

B | d| ] F QOQRBELI H&% iR #H A8(l-B3¥xDUB0OD Aa p

4, broadband_amp_01.asc R: broadband_amp_01 asc} )
i =101 x|

V[nD0Y)

100KHz 100MHz

broadband_amp_D1.asc

v2
R1
D 14.8k
vi ¢t az
.nclude BC547B.1ib
SINE(D 100m 1k 104 =)
.include BC5STB.lib UK o
R8 68
82 R2 R3
2.2K 39
ac dec 101 1 200MEG e
R9
75

Ready

i start| | £7 Linear Technology LT... B]LT-SwitcherCAD_D1.doc ... | ¥ Paint Shop Pro «@EEG I 1941
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9.3. Parametric Sweep
If you have a look at “LTspice / Dot Commands “ in the online help, then you will find a lot of commands and
capabilities.

Let us test the SPICE-command .Step

This is important because with ,step” you can automatically vary the value of a part or a voltage and repeat the
simulation.

Let’s take the circuit of the last section and vary the upper resistor R1 in the base voltage divider in 5 steps from
10k to 15k. This will enable you to get the optimum operating point.

FgjLinear Technology LTspice/SwitcherCAD III - [broadband_amp_01.asc] =1 =i
_-l; File Edit Hierarchy Wiew Simulate Tools Window Help =& x|
[P e Fh aco B BaE +REH O8RS+ YOOk |
\2
R1
.include BC557B.lib {Rx}
.include BC547B.lib - 12V
ATA | (|:|1 Q1 Q2
[
QBC547B
SINE(0 0.3 1K) _—— QESs3re
tran 20ms R8 68
82 R2 R3 c2
2.2K 39
10uF
R9

I step param Rx 10K 15k 1k s
Ready |
i 'start W [ LTspiceHelp | B9 Paint Shop Prn-[B\\dS*[..‘l B LT-SwikcherCAD_0L.doc ... « L= L OHY Eﬁ
Note:
a) The peak value of the input voltage is now 0.3V
b) The value of R1 is replaced by the variable {RX}
c) With the spice directive .Step param Rx 10k 15k 1k the value of Rx is

increased from 10k to 15k in steps of 1k.

Now press the simulation button ( the “running guy”). The simulation will run, but you don’t see any results. So
move your cursor to the collector of the transistor Q2 and click.
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You will see this result and that a value of approx. 15k for R1 (= lowest curve) will do the job perfectly (and give a
Vpc = +6.5V at the collector of Q2)

mLinear Technology LTspice/SwitcherCAD III - broadband_amp_01.asc - ﬂ
File Edit Hierarchy View Simulate Tools Wwindow Help

J@@|u|?|%@m\aqqg\§|§\g%@|%En!l“@é\ﬂ%@? L3 FTDMID D S A P
-, broadband amp O1.ase | %2 broadband_amp_ e | [Comporent]

oadh =10l x|
¥[n007)

broadband_amp_01.asc (=3}
V2
R1
.include BC557B.lib
Rx
.include BC547B.lib - +12V L2
Vi ‘f|1 oz
1l
SINE(0 0.3 1k) - 10uF QHCREE
.tran 20ms R8 €8
82 R2 R3
22K 39
10pF
R9
.step param Rx 10K 15k 1k =
Place a new component on the schematic,

#/start| [ 7 Uinear Technology LT... | [ LTspicetelp | 8, Paint shop Pro - (id_6. . | B LT-SwikchercAp_o1.do ...

« LWL DD T osus

61



10. Project 6: OP Amp Circuits

10.1. Let us start with an Inverting Amplifier
Let us have a look at a simple OP Amp circuit using one of the LT models which come with the software.

Task:

To simulate an inverting amplifier with the ,LT1001 “ to have the following specifications:
Gain =10 (= 20dB)

Input Resistance =1k Q

Use two power supplies with +15V and -15V
The input signal is a sine wave with a peak value o f1V and a frequency of 1kHz. Simulate the input and
output voltage from 0...10ms.

Solution:

FijLinear Technology LTspice /SwitcherCAD TIE - OPY_01.asc I = s

Elle Edit Hierarchy Wiew Simulate Tools MWindow Help

BEE[T S ROOR(E DR ADRR S LDt TDDD DO
L OPY_0T.asc | 12 OPY_01 raw |

V(n002)

OPY_D1.asc = = [m] B |
Vi
L 12v
SINE(0 1 1k)
.tran 10ms v2
12v
I

& start| [ 77 tinear Technalogy LT.., B]LT-5nitchercAD 01 doc .. | |« @@ I oron

You see, as predicted by theory, that there is a phase shift of 180 degrees between input and output.

Additional task:
Use an AC sweep to determine the frequency response and the upper cutoff frequency. Simulate up to
1MHz.

Solution:
In the properties of the voltage source V3 set AC amplitude = 1 and AC phase =0

Then write the simulation command

.ac dec 101 1 IMEG

for a decadic sweep with 101 points per decade from 1 Hz to 1MHz.
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F#jLinear Technology L Tspice,/SwitcherCAD III - OPY_D1.asc

Eile Edit Hierarchy ‘iew Simulate Tools window Help

ER= =R S QR B HeS 2R H 88 IR xDB0D

=181

1, OPY_01ass | 42 OP_01 ssc |

i

20dB-
16dB
16dB
14dB
12dB
10dB
8dB
6dB
4dB
2dB

0dB
-2dB
-4dB
-6dB

THz 10H,

¥[n002)

;IEIHI

100KHz

=101

;The Cursor is moved to the R1
20dB - 3dB-point (= cutoff frequency)

SINE(0 1 1K)

V2

12v

=75.597kHz ¥ = 16.996dB, 159,203

o LT-SwitcherCAD_D1.doc ... ‘ ¥ Paint Shop Pro |

« =L QDT 0716

Using the cursor you will find the corner (= cutoff) frequency at 75.6kHz. Here the gain has decreased by -3dB.
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10.2. Preparing a SPICE Model from the Internet

When doing your own development work you often need a special circuit from a manufacturer. Most companies
offer their SPICE model collection free of charge on the Internet. So search for and use them!

Modern OP Amps can work up to 500MHz and more - even the circuit's noise can be simulated. Let us use such
a modern part in a simulation and learn how to create a symbol for a downloaded complex circuit.

10.2.1. Gainblock for 1kHz to 30 MHz with OPA355

The OPA355 is a modern low noise OP Amp with a cutoff frequency of 200MHz (there the gain has decreased to
1). We want to create a ,gainblock” for a 75Q — system with it.

Specifiations:

a)

b)
c)
d)

e)

Only one power supply with +5 V (= maximum Vcc value). Therefore the mean output DC voltage must

be set to +2.5V.

Gain = 4 for an unloaded output, but gain = 2 with a terminated output pin.

Input resistance = output resistance = 75Q.

Lower corner frequency = 100 Hz. Upper corner frequency = 50 MHz for a gain reduction of 0.5dB.

Use a non inverting circuit.

10.2.2. Simulation using the selfmade OPA355 Subcir  cuit Model

The necessary SPICE model can be found as ,sbom143.zip" in the Texas Instruments homepage. After de-
zZipping save it as ,OPA355.mod “ in the well-known library folder ,lib / sub “.

EN +Ub OPA355

B ouT

N

-Ub

Il Symbol Attribute Editor
Symbol Type: I Block. i I

0PA3SSmod

=

attribute | wvalue |
Frefis =

Spicetodel OPA.355. mod

Yalue OPAZER

Walue? OFA3ER

Spiceline

Spiceline?

D'ezcription

ModelFile

Once more you have to create a new symbol (See
chapter 6.2.3).

Be aware of the additional ENABLE pin. In the
schematic this pin must be connected to the supply
voltage (+5V):

This should be the result....

...and this is the correct attribute list. Only with these
entries will everything run well.

Warning:

The value for the attribute
“Value2” MUST NEVER BE
EMPTY!l

(...the best is to use the SPICE
model name...)

If this entry is missing, then you
can get cryptic error messages
and the simulation aborts...



Let us now draw the complete circuit:

)A355
c2
H o @ e
\
00pF |
100uF 75 R7
OPA355.mod @ 2
SINE(0 0.2 100K)
AC10

Explanations:

a) The +5V supply must be connected to the pins ,+Ub" and ,Enable”. Also the voltage divider (consisting
of R1 and R2) must be connected to +5V to get the necessary +2.5V at the input pins.

b) R5 gives the input resistance of 75Q, R6 the output resistance of 75Q.

¢) R4 and R3 form a feedback network. So the ,non-inverting function“, and an unloaded gain =4 and a
loaded gain = 2 ( +6dB) are realised

This is the result of the simulation for the output voltage at R7:

CAD 11 - OPA355_0Z.a5C

Vin007)

Fine!

—=--100!
100KHz 100MHz
0PA355_DZ.asc P[] B
S B
c2 o
c3 R6
V21004F
H s 100pF 75 R7
<ty - 75
SINE(D 0.2 100k)
AC10
.ac dec 101 1 200MEG
Click ko plot ¥{HDO7).
i /Start| | 7 Linear Technology LT... | ¥, Paint Shop Pmr[dejZ‘.‘J B LT-SwitcherCAD DL dac ..« [« L OD.M 0745
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And something interesting is to feed the circuit with a pulse voltage (peak value = 0.5V / frequency = 10MHz):

F#jLinear Technology LTspice /SwitcherCAD I1I - OPA355_012.asc

=181

P H T FOR0AR(EORY L BRMAS LB IDNG D

1, OPA355 02,350 | {7 0PA3SS 02 rem |

V(n007)

OPA355_DZ.asc

Aran 500ns

AC10

out a R6

100pF 75 R7

PA355.mod 75

i start| | £F Linear Technology LT... B3 Paint Shop Pro - [6id_93... l B LT-SwitcherCAD_01.doc ...

Very nice, indeed

I
EL'« CU N
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10.3. Use of Labels

In general OP Amp circuits need a positive and a negative supply voltage. The fully drawn circuit then gets a little
bit untidy, so applying some Labels simplifies the appearance.

When using a label you replace the wiring by a simple connection with a name for the node at all points where it is
needed and you no longer need to draw all the necessary wires.

Let us use the OPA355 from the last chapter and build a new gain block (gain = 10 (+20dB) ; non- inverting
circuit; 2 supplies of +2.5V and -2.5V).
Also use a label for the input and for the output nodes.

This has another advantage:
In the waveform viewer you now get the label as inf ~ ormation for the trace
instead of the node number....

So the schematic looks like this, preset for a sweep from 1Hz to 200MHz:

liear Technology LTspice /SwitcherCAD III - [DPA355_Label.asc] ﬂﬂ
[PEHF 0| RC AR EL ORE SREN EE LB+ 3 IDDDC DO s ks
+2.5V +2.5V
» V1
OPA355
EN +Ub
OPA355.mod
+N ouT 29
Input > | Input ———— Outout
P Output >
V2 -2.5V
V3
AC10
2.5
.ac dec 101 1 200MEG
Ready l—
o/ start lm ¥ Paint Shop Pro | @LT-SW\t:hsrCAD_fsrt\g.d‘.‘| ”W

And now let us do the work, starting with the 2 power supplies.

Step 1:
Delete all wiring between the power supply and the circuit and press the “label button”:

AR Y NEEE R
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ecname T

Now enter +25V in the field and click on OK.
?? ¢ GNDlgiobal node (] The label “hangs” on the cursor and can be placed on the schematic and
wired.
" COM
. .
W Note:

Before placing the label, it looks like a huge rect  angle
PorType: [None 2] | \vith an additional little rectangle on the centre o fthe
(Port typ;f;ﬁéyg\;iﬂbﬁrgfrawn gl lower edge. This little rectangle is the “catching

point” and must be connected to the symbol of the
E=l x| power supply!

Step 3:

Now click and place the label at every point in the schematic which needs the +2,5V supply.When all the
instances are placed then connect each one to the corresponding circuit point.

Note: if wires are already present the labels can be placed directly on the wire using the “catching point” and they
will automatically be connected.

Repeat steps 2 & 3 for the “-2.5V supply

w|| Lastly, repeat this procedure to place the ,input*- and ,output” labels.
X
But please note:
<> ¢ GND(gobalnode ) P
The input of the OP Amp needs the label ,INPUT“-- bu  t select the Port
\l/ (~ COM Type as ,Input”.

RECHOUTFUT

[Port tppe 1= only wizble | drawn &
the end of a wire. ]

Cancel | Ok I

The output of the OP Amp needs the label “OUTPUT” -- but select the
Port Type as “Output”.

And this is the sweep result (only gain, without phase):

o x|
+2.5V *2.5V V1
OPA355
OPA355.mod
+IN 2.5
input > [_Input>———
V2 -2.5V
AC10 V3
25
.ac dec 101 1 200MEG

{E0PA355_Label.raw

100Hz 10KHz 100KHz 10MHz 100MHz
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11. Project 7: DC-DC Converters

Firsta Warning

These circuits use complex simulations and realistic inductance properties because an oversimplified inductor
model will cause errors or simulation aborts in many applications. Very expensive simulation software versions
use special (and secret) tools to avoid these problems, but we have only the normal Berkeley SPICE kernel

With the following rules you can avoid most of these problems:

a) Never use an ideal inductance -- always add a se

ries resistor (even 0.01 Q can do the job!).

b) Every inductor has a winding capacitance, and often the circuit has additional stray capacitance. This
always gives resonance effects with (sometimes) unexpected results and problems during the
simulation. So use damping resistors or long simulation times to get correct simulation results.

11.1. Model for the power-MOSFET ,IRFZ44N*

For all the following experiments we need a good and fast electronic switch -- today this is always a power
MOSFET. Choose the IRFZ44N (produced by IRF = International Rectifiers) which is a good choice and widely

available part.

Sorry, but now you have to create a symbol again

Let's go:

Step 1:

Search with Google for “irfz44n spice model “and find the file “irfz44n.spi “. Mark the content, copy into a new
editor file and save this file as “irfz44n.lib “ in the folder “lib / sub “ of LTspice.

Step 2:

Choose “New Symbol “ in the “File“Menu. Open “File” once more and -- with “open” -- follow the path “lib /
sym*“ and find “nmos.asy “ (.To see it you must make “All Files” visible). Then open the attribute list of this part by
following the path “Edit / Attribute / Edit Attributes ~ “.

il

I Symbol Attribute Editor
Symbol Tepe: ICeII 'l
attribute | value |
Prefix MH
Spicetdodel
Walue MMOS
Walue2
Spiceline
Spiceline?
Description M-Channel MOSFET transistor
M odelFile
|

&

. ‘MNnnn

:

)] .

[©]

I

NMOS
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Il Symbol Attribur~ =itor

Step 3:
And now carefully modify the entries as

attribute

| walle

I given in the figure on the left.

Prefix
Spicebdodel
YWalue
YWalued

Spicelines
Dezcription
todelFile

Cancel |

s
irfz4dn.lib
KOS
IRFZ44M

M-Channel MOSFET transistar

(Pay special attention to the first line:
JPrefix* must be changed from MN =

model to ,,X“ = subcircuit)

ak.

K

NMOS

irfz44n.lib

That's all -- now let’s tackle the first task..

Step 4:

Open ,Edit“ and ,Attribute Window *“. Click on ,Value“ and
place the description ,NMOS" over the symbol.

Then press OK, repeat the procedure but click now on ,SPICE
File“. The information ,irfz44n.lib “ must now be placed beside or
below the Symbol.

Now save the complete symbol -- Itis best to create a new

folder ,NMOS-FETs"in ,lib / sym “ and to save the new symbol
in it.
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11.2. The Step Up Converter

FijLinear Technology LTspice /SwitcherCAD TII - [stepup_01.asc] (& x]
1, Flle Edt Hierarchy Wiew Simulste Tools Window Help =

[P E e F0| QR BN EHRTE s+ 2eM a8/ 50 8 53 EZD@@":“:"!-;?_"!A«“P‘

L1 R1 D1

100m 1 D
C1

1 NMOS |- R2

o 100pF 100
.tran 20ms e <=

irfz44n.lib

V2

£V
PULSE(-15150 0.1u 0.1u 500u 1m)

I -
4 !start| | (7 Linear Technology LT... ] LT-SwitcherCAD_01,doc ... | B LT-5witcherCAD_fertig.d. . ! 9, Paint Shop Fro ‘ 1“« B O@E=@o |y, 2100

The schematic shows a +12V power supply , followed by an inductance with L = 100mH and the obligatory series
resistor of 1Q.

The Power-MOSFET acts as an electronic switch between R1 and D1 to connect this node to ground for a
definite time.

When switched ON, current flows from the power supply through the inductor and its series resistor to ground and
rises linearly (...this is true, when the voltage across an inductor is constant) .
So more and more magnetic energy is stored in the inductor and this can be calculated from:

=E.L.|2

When the FET is switched OFF, this energy cannot dissipate suddenly and the inductor’s current cannot switch
rapidly (....this would cause a nearly infinite induced voltage...) and so stays at the same value.

That means that the inductor current now flows to the right hand side, switches ON the schottky diode, charges
the output capacitor and flows through the output resistor R2. When the gate of the MOSFET is fed with a square
wave voltage, the output voltage rises until a “balance” is reached between picked-up-energy (by the Inductor)
and the energy delivered to the output resistor R2.

Important: the amplitude of the output voltage is t he sum of supply voltage +12V and the inductors
voltage!

This means that the output voltage of this circuit will
always be higher than the supply voltage!

Now draw the schematic and feed the gate with a symmetric square wave voltage (frequency = 1 kHz / (Vmax) =
+15V / Vmin = -15V). Choose a simulation time from 0.....50ms. Show the gate voltage and the output voltage.

71




=181

mLinear Technology LTspice/SwitcherCAD I1I - stepup_01.asc
Flle Edit Hierarchy Wiew Simulate Tooks Window Help

A& T F Q0 QR B HER {:2EM HS|LL+R S 380D An op
1, stepup_01.asc Hf: stepup_m.lawl |
= i x|

¥[n005)

DTN

stepup_0l.asc

10 100

tran 50ms ‘
V2 1lrfz44n.llb

PULSE(-15 15 0 0.1u 0.1u 500u 1m)

Right click ko net label.
i/ start| | £F Linear Technology LT... LT-SwikcherCAD_01 dac ... | & Fainit Shop Pro | <« [:]:.,, 0@_‘& (L) ’:\3 21:76

Clearly, it can now be seen that the output voltage is a mixture of a mean DC Value of +23V and a small
.sawtooth-ripple” (= charging and discharging of the output capacitor).

Lastly, let us have a look at the drain voltage of the MOSFET:

FéjLinear Technology LTspice,/SwitcherCAD III - stepup_01.raw =
File View PlotSettings Smulstion Took Window Help

=R~ RS Ok BL BB s+REHh OS %

£, stepup_Dl.asc o stepup 01 laM

tepup_1.raw

This point isnowa short
circuit to Gro

.tran 50ms
irfz44n.lib

PULSE(-15 15 0 0.1u 0.1u 500u 1m)

o= 2,88303ms(346.857Hz)  dy =264V (slope = 9166.15V/s)

i Startl B8 LT-SwitcherCAD_English. .. | B8] LT-SwitcherCAD _fertig.d... | 88, Paint Shop Pro | A7 Linear Technology LT... | 2 FLV Flayer - Karajan_-_B... « ®L A& MY 22z
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If you want: vary the gate voltage, the inductor’s value, the output capacitor’s value and simulate....

Note:
In practical circuits the stabilization of the outp ut voltage is done by varying the on to off ratio o fthe
driving squarewave voltage at the gate of the MOSFET.

11.3. The Flyback Converter

F&jLinear Technology LTspice /SwitcherCAD I11 - [flyback_D1.asc] == =]
7{; File Edit Hierarchy Wiew Simulate Tools Window Help == =]
| B BP0 acaR Kl ORE sl a8+ 23 YD 00k
R2
100k
C1
J
100pF D1
L1 R1 D
v AN
+ 100mH 1
- NMOS
12
l_
.tran 200ms s
V2 » I—II irfz44n.lib
PULSE(-15 15 0 0.1u 0.1u 0.5m 1m) R3
10k
Zooming .. i
i start EU Linear Technology LT... | 8, Paint Shon Pro |@LT-SwitcherCAD_omocH. | <« WML @D I 1918
Note:
We have nearly the same schematic -- with the exception that the resistor-capacitor load is returned to the

supply voltage and not to ground!

When the MOSFET is switched ON, then the inductor current rises again linearly as before. but when the
MOSFET is switched OFF, then the current flows through the schottky diode into C1 and R2 to the power supply.
This is driven by the stored magnetic energy in L1. This current flow stops when the complete magnetic energy
stored in L1 is transferred to C1 and R2.

This circuit has some very interesting properties:

a) You can short circuit this converter at the output terminal without damage. The energy transfer is like a
bucket full of water: when filled (= energy stored in the inductor) it cannot transfer more but this portion of
water (= energy) to the output. No damage will occur, neither to the MOSFET nor to the other parts of
the converter.

b) But be careful: if you run this circuit without the load resistor R2, the transferred energy will add and add
and add to the capacitor C1 until a big bang happens! So don't forget this resistor and be sure that its
value is always less than 100kQ.

c) Note that the output voltage’s polarization is now inverted to that of the step-up-converter.....and the
output voltage’s amplitude is normally much higher than the supply voltage!

Note:

In practical circuits the stabilization of the outp ut voltage is done by varying the on to off ratio o f the
driving squarewave voltage at the gate of the MOSFET.

73



Now draw this schematic and simulate. As gate input voltage again use the symmetric square wave signal with f =
1kHz and +15V / -15V as amplitude.

Please have a look at this special effect

Because the schottky diode’s ON-voltage is 0.4V, some energy remains in the inductor L1 when the diode
switches OFF. This gives a resonant oscillation caused by the self capacitance of L1 and the drain capacitance of
the MOSFET together with the inductance of L1.

Let’s at first look at the inductor current:
= =10 x|

The output capamtor is charged
and the coil current decreases linearly

to Zero.

90ms 98ms 100ms 102ms 104ms 106ms 108ms

V[n004)

OSFET = ON. ‘OSFET=OFF B
f\|| I

” ‘ ||||
\||| Il || H|

" [‘ " '\ || H

174.3ms 174.6ms 174.9ms 175.2ms 175.5ms 175.8ms 176.1ms 176.4ms 176.7ms 177.0ms 177.3ms 177.6ms 177.9ms 178.2ms

Additional information: this is the simulation with a short ON-Time (1ms) and a long OFF-Time (9ms) of the
MOSFET:

Egﬂyhackiﬂl.raw
Y[n004)

MOSFET = OFF.
Resonant Oscillation caused by the

incarly rest of magnetic energy in the coil apd t

S i

Schotky Diode has
switched off.
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11.4. The Step Down Converter

FEiLinear Technology LTspice /SwitcherCAD TII - [stepdown_D1.asc] =15 %]
_-l_: File Edit Hierarchy Wiew Simulate Toolk ‘Window Help =] x|
|BE P F0 okl BBy M a8 LoDt IDNOD Sy
NMOS
irfz44n.lib
L
IR
V1 R2 R1
.tran 100ms SAVAV. 100
V2
12V
PULSE(-15 150 0.1u 0.1u 0.5ms 1ms)

Ready =
& start| [ 27 Linear Technology LT... @[« A9 @BOBM s

In this circuit the MOSFET serves as a switch betwe  en the power supply and the inductor and
the schottky diode is connected between the node “M OSFET’s source / inductor” and ground
(initially reverse biased).

Description:
a) When the MOSFET is switched ON then the linear rising current flows from the power supply through the
FETand the inductor to the output capacitor and the load resistor to ground. So the capacitor is charged
and energy is stored in the magnetic field of the inductor.

b) When the MOSFET is switched OFF the inductor current continues to flow in the same direction, but
now the MOSFET is OFF and the schottky diode switches on to maintain current flow. The stored
magnetic energy is transferred to the output circuit (= C1 and R1) until the inductor current has
decreased to zero. During the time this current flows the voltage across the diode is NEGATIVE with
respect to ground!!!

Note:
1) In practical circuits the stabilization of the o utput voltage is always done by varying the on to o ff
ratio of the driving squarewave voltage at the gate of the MOSFET.
2) The amplitude of the output voltage is always le  ss than the power supply voltage!

If you want to know the exact output amplitude valu e, multiply the supply voltage with the ratio ,,ON-t ime /
period time“. So for our example we get with an ON-t  ime of 0,5ms and a period time of 1ms

Vout = 0,5 x 12V = 6V
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Let’s first simulate the output voltage:

FijLinear Technology LTspice /SwitcherCAD 111 - stapdown_01.asc

Eile Edit Hierarchy View Smuate Tooks Window Help

BE T FD acar Bl

SRR

P REMAS| LSBT DD D S EnElde P

i8]

4, stepdown 01, ase ]i:: stepdown_ 07 raw |

V(n0D4)

stepdown_01.asc

B

100mH
NMOS Lq= B
irfz44n.lib L
L1021 10k | pg i
Vi1 R2 i c1 R1
Aran 100ms D 100 100
12V
Sl
PULSE(-15 15 0 0.1u 0.1u 0.5ms 1ms)
% =98.34ms y="5809
i |Start| | £7 Linear Technology LT... ¥ Paint Shap Pro J@LT-SwwtcharCADjl.dntml |« A=Y 1845
And this is the diode voltage:
FEiLinear Technology LTspice/SwitcherCAD TII - stepdown_01.raw
Elle Yiew PlotSettings Simulation Tools indow Help
A ET A0 el B ERE sBBEMaas /0o = T N

A stepown 0.ase £ steprown D1raw ]

stepdown_01.raw

 MOSFET = ON:
U=+12V

V{n003)

MOSFET = OFF:

Diode is ON.
Diode Voltage is

ow negative!

NMOS

irfz44n.lib

111 10k
V1 R2

.tran 100ms

Y

PULSE(-15 15 0 0.1u 0.1u 0.5ms 1ms)

O r

]

D1 i
N C1 R1

100pE" 100

che = 2.14876ms(465.385Hz). dy = 12,94V (slops = £022.19Vfs)
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12. Project 8: Thyristor Circuits

12.1. Thyristor Model

A good choice for our experiments is the

2N5171

This is a 20A / 600V — thyristor which is used in many circuits. For a SPICE model search in the Internet for the

file
thyristr.lib

Then save this library file under

But please note:

Lib / sub® in the LTSpice directory

This library comes as an HTML-file! So open it, select all the text, copy the content to the clipboard and paste it
into a new editor file as text. Save this as ,thyristr.lib“ in the LTspice library.

And now follow the same procedure as before:

Pin 1

Ml Symbol Attribute Editor x|
Spmbal Type: ICeH 7

altribute | value |
Frefiz ®
Spicebadel 2ME171
Walue SCR
Walue2 |
Spiceling
Spiceline2
Drescription Thyristar
todelFile thwristr.lib
Cancel

Step 1:

Open ,New Symbol “ in the file menu. Then open the symbol for a diode
(,diode.asy" in folder ,lib / sym). Then draw the gate pin for a thyristor.

Warning:

The SPICE model uses the following numbering for the pins
Anode = pinl

Gate = pin 2

Cathode = pin3

So be absolutely sure that you have the same numberi
(see left figure). If not, change it.

Step 2:

Now select from the menu bar ,Edit / Attributes

choose “Edit Attributes*

Enter in the list:

Prefix X
SpiceModel 2N5171
Value SCR
Value 2 2N5171
Description Thyristor

ModelFile thyristr.lib

ng in your symbol

“

and
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Step 3:

Open ,Edit / Attributes “, but now choose ,Attribute
$ : _OS‘ : R ~ Window “. Click on ,Value“ in the list and place
“SCR" beside the symbol. Repeat the procedure for

~SpiceModel “. This should be the result.

Now the finished symbol must be saved in a new
folder (named ,Thyristors*) in Jib / sym®

2 N 51 7 1 using the name 2N5171.asy".

12.2. Switching Resistive Loads

F#jLinear Technology L Tspice /SwitcherCAD 111 - [thyr_01.asc] o 1= B
7{; File Edit Hierarchy View Simulsts Tools Window Help =)
|PE | Fd QR BEIUHRY +22H 8 L@+ D02 Gy
L thyr 01ase |32ty 0.1a |
R1
Vi 100
SINE(0 325 50)
.tran 100m R3 [ ?ﬁ\,ﬁﬂ
.include thyristr.lib
10 ~/
R2
PULSE(OV 4V 5ms 0.1us 0.1us 10us 20ms) V2 1k
Ready |
zf‘startl L sub & Datasheetarchive :: Fre, . |m B3 Paint Shop Pro | B LT-SuikcherCAD 01 .doc ... |!m$

Description:

A sine wave source V1 (peak value = 325 V, frequency = 50Hz) feeds a series connection of a resistor R1 (100
Q) and the thyristor 2N5171. Between the gate and the source a resistor R2 (1kQ) is added to the schematic. A
pulse source V2 is connected to the gate of the thyristor using a “current limiting resistor R3 with 10  Q".

Explanation of other entries on the schematic:

a) ,.tran 100m*“ gives a simulation time from 0.....100ms.
b) ,.include thyristr.lib*  prepares for the usage of the library with the thyristor SPICE-Models.
¢) The pulse voltage at the gate is programmed by the line:

PULSE (OV 4V 5ms 0.1us 0.1lus 10us 20ms)

This gives a minimum amplitude of OV and a maximum amplitude of +4V. The start delay time is 5ms, the
rise and fall times are 100ns. Pulse length is 10pus  with a period of 20ms.
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So the anode voltage looks like:

mLinear Technology LTspice/SwitcherCAD I1I - thyr_01.asc |8 x|
File Edit Herarchy Miew Simulate Tools Window Help
| EpEa qcaR BN ERY $2PAA88 (/L -0+ DU D O Fidor

A, thyr 01.mse ]g thyn_ 07w |

Vin002)

thyr_Dl.asc = (=] 3]

SINE(0 325 50)

Jran 100m
.Include thyristr.lib

&'start| (3 sub &) Datasheetarchive :: Fre... JEU Linear Technology LT... 83 Paint Shop Pro - de_nz”.| LT-SwitcherCAD_D1 doc J . <=L ORI 215

12.3. Switching Inductive Loads

This is often a problem due to the stored magnetic energy in the inductor. Every time when the line voltage
crosses 0V, the thyristor wants to switch off. But the magnetic energy stored in the coil keeps the current flowing
in the same direction -- therefore the thyristor stays ON as long as there exists enough energy to do so ...and so
you get a ,Switch OFF — delay” of the thyristor’'s anode current.

[F2iLinear Technology LTspice/SwitcherCAD LI - thyr_02.asc 18|

o o ey B ST 5 D 6 With an inductor of
BE d g F R ERE t2eh o0&+ +3x00 Ax op L=100mHanda
4, thy02ase |12 thpr 021w | . .

series resistor of R
=10Q we get this
simulation result
and we see that the
thyristor is unable to
switch OFF at the
Input '+i"_ev°"age\‘ line voltage’s zero
. i crossing.

Current will flow as

e —== long as there is any
remaining
magnetic energy
stored in the
inductor. After the
current drops below
the holding current
of the SCR the
small amount of
remaining energy
distart| 3 ALy Player 2.0 |27 Linear Technoloay LT.. 88, Pant Sho Pra | B8] Lr-SuchercaD_Engish.... | ) LT-Gwikcher CAD. fertio.d... « =W Gk O [@AM o2 glveS a short

damped oscillation

Switch-OFF-Delay
caused by the

SINE(0 325 50)

.tran 100m

.include thyristr.lib

PULSE(OV 4V 5ms 0.1us 0.1us 10us 20ms)

(= coil + drain capacitance = resonant circuit).
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12.4. Circuit with Gate Transformer

Very often practical circuits need complete isolation between the load circuit and the gate circuit. So in this case a
gate transformer can be used to fire the thyristor:

FEjLinear Technology LTspice/SwitcherCAD II1 - thyr_D3.asc _|=2] %]
File Edit Hierarchy Wiew Simulate Tools window Help

(2@ R(P|*0|ac Rl ORE ' BEM AS LM L3 DD DO (004w |

4, thyr 30 | 12 e 03 1 |

Vin003)

thyr_03.asc i =] B4
R1 L1
\e4 R
10 100mH
SINE(0 325V 50H:
i e 2_wind_XFRM SCR
fi 2N5171
.include thyristr.lib
tran 100ms
S
PULSESV 5ms 0.1us 0.1us 10us 20ms)
.7‘ -
i istart| [ FLv Payer - 1ch_bete_a... |[Z7 Uinear Technology LT.. ) sformer 0L~ Edtor | &y Paint shop Pro - [Bid_11... | B L7 Switchercan_ot.dac .. | |« " @0 s

Some detalils:

a) The pulse source to trigger the thyristor is now isolated from the gate by the transformer. But SPICE
does not accept ,floating circuits or nodes". So resistor R4 (IMEG) has been added to make the
necessary ground connection.

b) Also the properties of the pulse voltage must be changed because a transformer cannot transfer DC
values from the primary to the secondary winding. So we use “-5V” and “+5V” as minimum and
maximum amplitudes.

c) Never connect an inductor without a series resistor to a voltage source...... so R5 was added to the
primary winding of the transformer.

d) The transformer is our well-known part ,.xformer_01 “ of the rectifier experiments.
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13. Project 9: Echoes on Transmission Lines

13.1. Transmission Lines -- only two Wires?

When considering a simple electrical circuit consisting of a voltage source and a load, everything seems to be
easy: on the upper wire the current flows from the source to the load, on the lower wire the current flows back
from the load to the source. But where is there a problem with that?

The circuit must be considered as a transmission line when a source transmits energy to a load that is some
distance away. In other words, when the distance is greater than about 1/10th of the wavelength the circuit
behaves more like a transmission line. At very high frequencies this can be in the cm or even mm range.

Let us at first have a look at the ways we can construct a transmission line:

RO,

The ,Single Pair “ is simple: two wires held in parallel.

Sinale Pair Twisted Pair The ,Twisted Pair “ is the well - known standard for a
LAN, CAN or telephone lines.
hetal Braided Insulating The Coaxial Cable is widely used in the
arbar Shild Cover Communications, Radio, TV and Video.
Conductor ™y, You can find ,Ribbon Cable “ used as connection
between the PC’s mainboard and the hard disk.
Ribbon Cable Diclecttic

Coax Cable

An unusual transmission line is the waveguide “,
Waveguide because an empty space serves as the transport media
for the electric and magnetic fields.

Elzctric As soon as you apply a voltage to the
Fields input of a line (here the single pair is
shown) you also get a magnetic field
) when current flows.
Magnetic So please take note of the field

' / Figlds distribution in the figure on the left.

It is now important to know that the
electric field is representative of a
capacitor. This value increases with
the line’s length!

As soon as current flows a magnetic
field forms around every wire. This is
representative of an inductor and

90* Angles this inductor’s value increases with
the line length.
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To calculate the properties of the line you cut it in pieces -- but you must take very short pieces to simulate the
“distributed capacitors and
inductors”.
Additionally you have to take
L Rs L Rs L - into account the losses of the
W inductors (...caused by the skin
effect which increases with
1 i : frequency..) as series resistors.
—C g Rp —_ ¢ ; Rp The losses of the insulation

medium are representated by
parallel resistors.
A

So you can extend the simple
schematic model for a longer
line by repeating the circuit.

As soon as a signal is applied to the input of the line, the following effects can the observed:

a) At the first instance of time the generator sees the cable simply as a resistive load with a value of the
Lcharacteristic cable impedance”, i.e. 50Q. The applied voltage at the cable input enters the cable and starts to
travel along it (= “incident wave”). This characteristic cable impedance can be calculated as follows:

Z =

Inductance
Capacitanc e

The inductance and capacitance values always refer to a defined cable length (mostly: 1m). For the well known
RG58-type you have values of

100pF/1m, 250nH/1m

b) When the input signal is travelling along the cable length, the small capacitors are charged or discharged
through small series inductors. This takes a finite time and so this gives rise to ,cable velocity* or “wave
velocity which is slower than the ,, velocity of light in air*.

We get:

_ Vlight

cable \/;

For a coaxial cable ¢ (....in America sometimes: ,k") is the dielectric constant for the cables insulation between
inner and outer conductor.

\Y

Matenal Dielectne Constant (k) Wave Weloctty (relative to C)
Wacuum 1.00000 1.00000 C RG58 with Z = 50 Ohm
Lar 1.0006 05997 C uses polyethylene for this
purpose. If you look at the
Teflon 2.10 0.6890 C table you can see that the
wave velocity is reduced to
Polyethylene 2.27 0664 C 66.6% of the velocity of
Folystyrene 250 0632 C light, “C".
Polywireyl Chloride (PVC) 330 0550 C
Mylon 4.580 0452 C

¢) But what happens to the travelling energy on the cable? (see following chapter).
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13.2. Echoes (= Reflections)

At high frequencies it is difficult to measure currents with high precision. Also, the determination of a source
resistance (by “Open Loop” and “Short Circuit” Measurements) is nearly impossible. So we have to change our
thinking at frequencies higher than 1MHz.

Everywhere in a system we use the same ,system imped ance"” (75 Q for radio and TV and video, but 50 Q
in all other applications). This value is valid for the input- and output Impedance of all used blocks , for the
cable impedance and for all terminations in the sys tem.

The reason is very simple: now everywhere in the sy  stem you get
perfect power matching (Ri = Ra).

With “directional couplers” the differences between ideal and practical situation can be measured and expressed
as

Reflection coefficients.

Let us have a look at a pratical example:

A pulse voltage source with a source resistance Rs = 50Q) is connected to a transmission line (coaxial cable
RG58 with Z = 50Q) and generates a short pulse which is sent to the termination resistor Rload at the end of the
cable.

Unc=Uo/2 Urefl =r x Uinc
Rs = 50 = S
— e *"’f o

el I n Z = 50 Ohms Rload ] i”'“aﬂ

1 i

Now the following happens:

a) When the cable is very long and the pulse is very short, then the source does not sense the load at the end of
the cable. (....You know: the speed of light is 30cm per Nanosecond in the air and 20cm per Nanosecond in a
RG58 cable).

b) So the cable’s input resistance is 50Q and forms a voltage divider with the source resistance of 50Q. This
gives power matching and a pulse with amplitude of UO / 2 enters the cable. The associated power (P = Uo x
Uo / 4 x 50Q) starts to travel at cable speed to the load resistance. This power is called “incident wave”

¢) When the incident wave arrives at the load, then it can only be absorbed totally if the load resistor has also a

value of 50Q. Any difference from 50Q causes a mismatch of ,perfect power matching“ and so the ,power
surplus" is reflected and runs back to source (..at cable speed) as “reflected wave ”
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For the exact description of these effects the reflection coefficient ,r was introduced:

r = Ureflected = ZLoad _Z
U ZLoad +Z

incident

Now the reflected wave can be calculated as

U =rey

reflected incident

The voltage Uioaq at the load resistor is then:

ULoad = U +U

incident reflected

Note:
At every point in the cable Ohm’s law must be valid, because you have travelling energies. So you can calculate
the associated current at any point:

U

| — Uincident and | — reflected
incident reflected —
Z Z

Example:

A pulse generator (Rs = 50Q) generates in ,no load condition a pulse amplitude of +20V with a pulse width of
10ns. The pulse repetition frequency is 1kHz. The generator is connected to a RG58-coaxial cable (Z = 50Q,
length = 100m). The cable is terminated by a 75Q-resistor. The dielectric constant of the cable is er = 2.25.

Calculate and draw the signals
a) Atcable’s input b) at cable’s centre c) at cable’s end

Ureflected =

Uincident=Uo /2 =10V r x Uincident
50 —= -

" o o
f / I load

G -
n Z = 50 Ohms 75(] |
1

Usource =
20V \L

Length = 100m
er =225

Solution:
. . - — ZLoad _Z — 75Q _SOQ —
a) Calculation of the reflection coefficient: r= = =+0.2
Zog tZ T75Q+50Q
108
b) Cable velocity: Ve = ¢ _3-10'm =2410° m

Je. 2255 s



¢) Signal runtime for 100m of cable length:

d) Amplitude of incident wave:

e) Amplitude of reflected wave: U

f) Amplitude of load voltage:

Cahle
Input

Cable
Center

Cable
End

U

reflected

ULoad = U

_leawe _100mes
Vewe 2°10°m

=0.5+10"°s

run

U 20V

U- _ — _~ Source
incident
2

=10V

=0.2-10V =2V

incident

incident + Ureflected = 1OV + 2V = 12V

10V
Uincident

Ureflected
2V

— -, tin

0,25 05 0,75 1 !
Microseconds

10
Uincident

Ureflected
2

0

Ureflected =

2v

Uincident =
10V

0,25 0,5 0,7% 1

k]

-~ tin
Microseconds

Uload =
Ureflected + Uincident =
10W + 2W =12V

]

- - - tin
0,25 0,5 0,75 1

a

Microseconds

At the cable input we see at first
the incident wave (produced by
the pulse generator) with an
Amplitude of +10V.

After twice the signal runtime
for 100m (= 1 Microsecond)

the reflected wave comes back
from the load and reaches the
cable input.

After 0.25 microseconds the
incident wave reaches the
centre of the cable (= 50m).
The echo from the output
comes 0.5 microseconds later
and passes the centre when
travelling back to the cable
input.

Exactly after 0.5 microseconds
the incident wave reaches the
load resistor. Because there is
no perfect power match, a part
of the arriving energy is
reflected and so a reflected
wave is generated. At the load
resistor we measure the sum of
incident and reflected wave =
10V + 2V =12V.
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13.3. Simulation of this Example with LTspice

We start with the voltage source from the part library. After placing the symbol on the screen we enter the
properties to get a pulse voltage with a source voltage of 20V, arise a  nd fall time of 0.01ns, a pulse length
of 10ns and a period time of 1 ms. The source resis  tance must be setto 50 Q:

FijLTspice 1¥ - [Tiine_0Z.asc] l =181 %]
4, Ele Edt Herarchy View Simulate Tools Window Help =8 x|
[P g F0 Qoo BEdBRE §2REHR O LD+ DO D i) dp ‘
¥ Tine Dlraw & Tine 02a0c |
£
~Functions ~DE Yzl
€ fonel
(& PULSEN V2 Tdelag Trise Tfall Ton Period Neycles) (PP e
€ SINE Voffeet Vamp Freq Td Theta Phi Neycles)
€ EXPVI Y2 Td1 Taul Td2 Tau2) ~ Small signal AT analysis{ AC)
1 SFFM[off Yamp Foar MD Fsig) AC Amplitude:
P W 1292 AC Phase:
ConnE T e e Make this information visible on schematic: ¥
- Parasitic Propeities —
4 Series Resistancel
Vinitialv: [0
e Paralel Capacitance(r
TaE T | ke this information visible affchematic, 7
Trisels) [0.0n i
Thallsk: [G.07n
Tarfsk [10n
Tpeiiodisk: [Tms
v1 Make this infeimation visible an schematic: [
PULSE(0 20 0 0.01n 0.01n 10n 1ms)
Rser=50
—

Editing companent: Y1

i Istart| | £F LTspice I¥ - [Tline_02... ¥ Paint Shop Pro | B) LTspice_4_d.doc - Hlcros... E = e L [ s

Edit Simulation Command x|

Transient |.¢\C Analysis | DT sweep | Moise | D Transfer | DE op prt |

Perfarm a non-inear, time-domain simulation,

Stop Time: |2u
Time to Start Saving D ata: I Note:
I— For such a short rise and fall time of 10

1 . L
= picoseconds it is necessary to use a
maximum step size of 100 picoseconds in
the simulation settings!

Futae: tran < TrWts <Tstops [<Tstarts [<Tmassteps]] [<option: [<options] ]

=

M asimum Timestep:
Start esternal DC supply valkages at 0:
Stop zimulating if steady state iz detected:

[ror't rezet T=0lwhen steady state iz detected;

Step the load current source:

S S 1 1 =

Skip Initial operating point zolution;

tran02u001n

Now we need the transmission line ,tline “ from the part library. But we must enter the “signal delay time” in the
properties instead of the cable length!

This delay time can be calculated with the mechanical cable length of 100m and the “cable signal velocity” of
200 000 km / sec as follows:
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(= | _100mes _
®Y vy 2¢10°m

This delay time of 0.5us is realized by using two equal pieces of RG58-cable which are connected in series. Each
piece produces a delay of 0.25us and so we get again a total delay of 0.5us as desired. But now it is possible to
view the signals in the MIDDLE of the total cable length.

724 LTspice IV - [Draft3]

Td=0.25us Z0=50 Td=0.25us Z0=50 _
We terminate the end of the cable by
T1 T2 a 75Q resistor and simulate a run time
of 2ms (...please check all of the
R1 schematic before starting the
é simulation...):
75
V1 S e
PULSE(0 20 0 0.01n 0.01n 10n 1m)
Rser=50
.tran 0 2us 0 0.1n

After the simulation the three voltages (input, middle and output) are presented in three different diagrams.
Compare the result with chapter 13.3.:

V4 L. Tspice IV, - [Draft3]
¥ Ele wiew Plot Settings Simulation  Tools Window Help | & x

PeE d 5 £ Qo e B HRE s M & e

‘ 4, Dt ¥ Drat3

Voltage at cable's entry

| Incident wave (10V)
Reflected wave (2V)

Voltage at cable's centre
Incident wave (10V)

~—Reflected wave (2V)

Voltage at cable's end

U =Incident wav:e + Reflécted wave
=10V +2V =12V
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13.4. Open or Short Circuit at Cable’s End

This is a very simple task because it is only necessary to change the value of the termination resistance.

) Td=0.25us 20=50
T2
] a) Short Circuit at cable’s end:
s R2 Choose a realistic value of 0.001Q (= 1 milli-Ohm) as
4 ~ termination.
1 <" 0.001
OMEG Y

Then you can watch the following signals.

F&j LTspice IV - [Draft3]
h;Ei\e Wiew Plat Settings  Simulation Tools  Window  Help -8 X

BeE 3 T # ROaR RUERR s+B2ep 683 ©y
| '( Drah3 | ¥ Draft3

Voltage at cable's entry
Incident wave (10V)

Reflected wave (-10V)

P Incident waxs (10¥) Voltage at cable's centre

Reflected wave (-10V)

rd

Voltage at cable's end

U = Incident wave + Reflected wave
=10V 10V = 0 (...nearly...)

Explanation:

At the short circuit (at cable’s end) the voltage must be zero. This means that no power is delivered into this short
circuit and the incident wave (= power travelling from the source to the load along the cable) is sent back to the
generator. But to produce zero volts at the short circuit the “reflected wave” (= voltage and power which run back)
must change its polarity and so we see a negative echo on the cable.

Because we have replaced the ideal short circuit by a 0.001Q - termination we get a short pulse with an amplitude
of 400 microvolts at the output of the cable.
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b) Open circuit at cable’s end

Td=0.25u5 Zﬂ=50 Change the termination to 10MQ -- this will do for
T2 an ideal open circuit.

Warning:
,-} Never delete the termination R2 from the
§ R2Z2 schematic to get an ideal open circuit. For the
program this would be a “floating node” and at
> once you get an error message and a simulation

<L 1DMEG abort!
VIEG S

And this is what you get as a simulation result:

Fé4 L Tspice IV - [Draft3]
x;Eile tiew Plok Settings  Simulstion  Tools  Window Help

e 3 & SO0 E Bld HR2R s+ oM O5 <3
| ¥, Dratz| £ Dialt3

~Voltage at cable's entry

Incident wave (10V) Reflegted wave (10V)

~Voltage at cable's centre

Incident wave (10V) Reflected wave (10V)

- Voltage at cable’s end

U=Uo
= Incident wave + Reflected wave
=10V + 10V = 20V

Note:

Because at the cable’s end the current is zero no power is delivered to the termination. So the incident wave is
reflected and runs back to the generator. But now -- as always when a power supply doesn’t have a load -- the
voltage at cable’s end rises to the value of the unloaded source voltage (= 20V in our example).
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13.5. Lossy Cables (i. e. RG58 /50 Q)

13.5.1. How can | simulate an RG58 Coaxial Cable?
We need a part from the LTspice — part - library which is nhamed

ltline
(= lossy transmission line ).
But there is a little problem:

We have to write a special model file with the RG58  properties. These properties can be found in the
internet and must be applied to create the desired cable model and symbol.

In the LTspice manual you will find the necessary information which is as follows:

.model RG58 LTRA(len=100 R=1.5 L=250n C=1 00p)

Details:

~.model“ is the SPICE syntax for a part model

LRG58 is the name of the new part

,LTRA" means ,lossy transmission line*

,len=100* means the ,unit length” and ,len = 100" says that we have a cable length of 100m if the unit is
“Im”.

~R=1.5" means that for 1 unit length (= 1m) a series resistance of 1.5Q must be taken into account.

,L=250n" gives an inductance of 250nH per unit length (here: for 1m)

+~C=100pF* gives a capacitance of 100pF per unit length (here: for 1m)

Write this line with an editor and save it as ,RG58.mod “ using the path ,LTspicelV /lib / sub *“.

(The properties ,100pF per 1m“ and ,250nH per 1m“ come from the internet for RG58.
The value for the losses with ,1,5Q per 1m*“ is estimated and will be checked in the next chapter......
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13.5.2. Simulation of Cable Loss at 100MHz

At first an overview from the internet:

Frequenz Dampfung max. Dampfung min. P10°C.max Uao°c max
frequency | typ. MeRwerte max attenuation RuckfluR-
MHz attenuation dB/100m dampfung W V
tvp. measured return loss
values
dB/100m dB
50 10,1 11 210 105
100 14,6 16 145 90
200 21,6 24 95 75
300 275 30 75 65
450 36,0 40 55 55
500 38,1 42 20 55 55
800 528 58 40 45
900 i) 64 35 45
1000 62,3 70 30 40
1800 102,4 113 20 30
2000 108,5 120 20 30

As the table shows, losses increase with frequency. So you must prepare a new simulation for each frequency
which you want to use.
Let us test this at 100 MHz.

Step 1:
At 100MHz the table gives a value of 14.6dB per 100m. So the output voltage at cable’s end for this length is
attenuated by the factor

-14,6dB

10 29 =0,186

Step 2:

We use a RG58 cable length of 100m (...entered in the RG58.mod — file!) and a termination of 50Q.

The voltage source works with a sine wave (peak value = 20V) and a source resistance of 50Q. So we have this
schematic:

FéjLTspice ¥ - [RG5E_02.asc] -18(x]
4 Ble Edt Herarchy Wew Smulste ool Window Help =181

[P Ee X0 0ol HRaE iReM A8l L@sE3 IDDOD 0P

A0 00 [ s t2van
O1
V1 N\ R1
RG58 50
.include RG58.mod

Rser=50
SINE(0 20 100MEG 0 0 0 0)

.tran 1us
Ready
A start| | 7 LTspice I¥ - [RG58_0.. 8 Paint Shop Fro | LTspice_4_d.doc - Micros... | [§ RG58.mod - Editor | [ Datasheet RGSE =) rgSB.pof - Adobe Reader E«=u@ M s
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Note:
a) Right click on ,LTRA" under the symbol of the transmission line and replace it by ,RG58"-

b) Use ,Edit* and ,Spice Directive “to get

.include RG58.mod

on the screen..

¢) Use a simulation time from 0....1ps.

Step 3:
After the simulation use two different diagrams to present the input and the output voltage:

EIET
t:ﬁ\e View Plot Settings  Simulation  Tools  ‘Window  Help =& x|
Be a5 # QOB REEBERR s 2EH oS 2

1 RESE0Zasc B Hsss,uz.raw}

Vn001)

% =0543us v =-1616Y

i /start| [ £F LTspice I¥ - [RG58_0... Q Paint Shop Pro - [Bild_19. .. ‘ LTspice_4_d.doc - Micras. .. | ' RGS8.mod - Editor ‘ ) Datasheet_RGSS | 7| rg58.pdF - Adobe Reader | [ «= B 1022

It is nice to determine the ,signal propagation time on the cable" as a starting time difference between the two
voltages for a cable length of 2100m.

An attenuation of 14.6dB per 100m would decrease the output voltage to 1.86V, but we find 2.25V.
So the series resistance per unit length must be increased from 1.5t0 1.7 Q to see the correct value of

Step 4:
Open the RG58 model file with the text editor and change this ,R“-value. Repeat the simulation and the output
voltage’s peak value is now at 1.86V.

Compare your simulation with that on the next page.
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FEjL Tspice 07 - [RiG58_02rew] g . e
PR e DitSstig Gealdion Tools Window bel 101X
e 7+ a0ak BERBERYE AR K O /-0 350800000004k

£ RGS0ee L2 HEW_E‘E‘-W|

2.0y

1.1 Lipe
Wick b el et Horibontdl Al Limity
15taet| [ 17 vrosie v [rss 0. part g o | ] o 4 ke - ires...| W oo Bl | L Dottt RS2 = i o - bt b | S« WG nn
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13.5.3. Feeding the RG58-Cables’s Entry with a Puls e Voltage

We now test our ,lossy line* with a pulse voltage at the input. Let the source properties be:

Source Voltage Maximum Value =20V
Source voltage Minimum Value =0V
Pulse Length =10ns
Rise Time =0,01ns
Fall Time =0,01ns
Periode Time =1ms
Schematic:

F&i L Tspice IV - [Draft1.asc]

1; File Edit Hierarchy %iew Simulate Tools Window Help = [ EH
HE J o A QLB B HEBER +Bo# a8 L0308 09 A op

4, Draftlasc |2 Draftt raw

tran 0 1us 0 0.1ns

V1 01

R1
50

RGSB
.include RG58.mod

Rser=50
PULSE(0 20V 0 0.01ns 0.01ns 10ns 1ms)

Weak ELU9Q C Mum

Simulation Result:

Féi L Tspice IV - [Draft1.raw]

i::Ei\e Wiew Plot Settings  Simulation  Tools  “Window Help = [ EH
HE J o A ROl Bl HER +tBEMa A8 )

‘ 4, Draftl.asc | ¥ Draftl.raw

Because the value ,R = 1.7Q / 1m“ does not change with frequency in the simulation (in comparison with the
reality: really a pity!), all harmonics are attenuated by the same factor. So the curve form does not change as in
practice (= no linear distortion). Only the amplitude at the cable’s output is reduced.



13.5.4. A Short Circuit at RG58 Cable’'s End

Do you remember? This is made using a termination of 0.001Q, but we must not forget to increase the simulation
time to 2ms (otherwise the echo cannot be seen in the waveform viewer).

You need not show the simulated output voltage in a (separate) diagram, because the voltage on a short circuit is
“0"....so only the input voltage is of interest.

FéjLTspice I¥ - [RG58_0Z.asc] =l x|
4, Fle Edt Herarchy View Smulate Tooks Window Help el x|
B =37 F QO QR ENHRFT +2EMhAS LT3 XYDHNOD An op

£ ABS8_02ase | 4 Rase_021aw|

o1
N
V1 N <)R1
.include RG58.mod %

Rser=50
PULSE(0 20 0 0.01ns 0.01ns 10ns 1ms)

tran 0 2us 0 0.1ns

Ready

#/start| [Z7 LTspice IV - [RGS8_0... | 89, Paint Shap Pra | B Lspice _4_d doc -Micros... | E«=2L @0 Mg 0

IS

T Ele yew PotSettings Smution ool Window Help ETE]
B E T F QAag BRI EBRTE i DEA O 2l

4, AGSA 02asc  PGER 02 .aw}
Y[n001)

Incident Wave

Reflected Wave

%=1.976ps y=1118¢

i/ start| | £F LTspice Iv - [RG58_0... | 8, Paint Shap Fro | LTspice_‘?_d‘doc-Micros.”‘ B «=Eiedd Mg 200

The echo is very small because of the huge cable attenuation.
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14. Project 10: S-Parameters

14.1. Echos once again, but with more System (= S-P  arameters)
Energy is always transported on a cable by travelling power. But for easier understanding and calculating we use

the square root of the power to get an expression only with voltage and we name this result “wWave ”.

- Uincigent - — Ui
So we get the ,incident wave a - a=\P et = '”°';e”t = '”\°/m_e”t
z
U *_Uu
And the ,reflected wave b D = \Prtocieg = 1| —nected - reflected

z Jz

The connections of a part are now named “ports”. A simple block (= filter, amplifier, attenuator...) with input and
output is then a TWO PORT, but a resistor or a diode is a ONE-PORT.

TWOPORTS have additionally a gain or an attenuation. This means:

The incident wave at a port will therefore produce a signal at the other port.

This effect can be measured and expressed as ,trans  mission®.

If we look at an amplifier as a typical TWOPORT, then we get the following signal flow chart :

TWOPORT
Incident wave ai - p Pp a2l x S21
al x SN a2 x S22
a2 x S12 «f—-<— Incident wave a2

Input side = port 1:

The incident wave al (coming from the signal source) feeds the input (port 1) of the TWOPORT. In general we
find then a wave ,b1“ running back in direction of the signal generator. This “backrunnning wave b1l " can be
separated from the incident wave al by a directional coupler and consists of two parts:

1) The reflected wave ,al x S11“ due to the fact that the input impedance at port 1 isn’t exactly 50Q and

2) asecond signal which is normally caused by ,feedback” (= reverse transmission) from the output to the
input.

So the total echo b1 on Port 1 can be expressed as b,=a,*S,;+a,*S,,

If the output (port 2) is terminated with exactly Z = 50Q, then no echos come back from the termination resistance
in direction of port 2. Now the incident wave a2 at the output is zero and we get a simple solution for S11:

b
S11=—- for az = zero
a,

But...this is the well — known Input Reflection Coefficient “r"  of the preceeding example! In most cases ,r“ is
complex and so the part manufacturers always list MAGNITUDE = MAG and ANGLE = ANG in their S-parameter-
files for different frequencies.
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S12 is then the ,reverse transmission coefficient”. In this case we terminate the input (Port 1) by 50Q and
disconnect the input signal generator. The signal generator is now connected to the output (port 2) to measure the
feedback effects at the input (port 1).

bl

S12 i
a,

for a; = zero

Output side = port 2 :
One signal generator is connected to the output (port 2) and sends the wave a2 to this port. The other signal
generator feeds the Input of the Twoport.

With a directional coupler we can at the output separate the incident wave a2 and the “echo b2” coming back from
the TWOPORTS output:

b,=a,+S, +a,° S,

If we now disconnect the signal generator from the input and terminate with 50Q, then the output’s echo consists
only of the ,reflected wave “a, x S22” (if the output impedance differs from 50Q). So S22 is simply the ,output
reflection coefficient for perfect matching at the input (= port 1)".

S, =—= for a; = zero.

N

Now let us look at the rest of the formula:
If the input signal generator is switched ON and the output signal generator disconnected and replaced by a
perfect 50Q-Match, we get only the wave

b2 =a; XxS21

at the output. So S21 = forward transmission coefficient means simply the gain or attenuation of a TWOPORT
(with perfect match at the output)!

S, =% for a, = zero.
a,
Please remember:
The S-Parameters are ,wave“ ratios -- that means: voltage ratios. So if you want to calculate the power gain,

youmustuse  (S21)

How can we get an input or output impedance value f  rom S11 resp. S22?

Use the following formulae, but remember: normally all the numbers are complex......:

1+S11
Zlnput = Z °
1-S11

Input resistance:

,1+522
1-S822

Output resistance: Z Output —

It is also possible to calculate the reflection-S-parameters from measured impedance values, but therefore you
need a modern microwave CAD-program (like the free ANSOFT DESIGNER SV) to save lot of efforts and sweat.

And lastly let us have a look at the S-Parameter-file of a modern MMIC (= “Touchstone” or “S2P” file),
downloaded from the Internet:
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! Id = 10 mA
# ghz S mar 50

0.0 .32 180
0. 05 .32 179
0. 10 .32 176
0. 20 .32 172
0. 40 .32 165
0. 60 .32 158
0. 80 .32 151
1.00 .32 144
1.20 .30 135
1.40 .31 126
1.60 .30 117
1.80 . 26 102
2.00 .22 92
2.50 .09 91
3.00 .14 160
3.50 . 24 151
4.00 .29 139

...... | NA-03184....S-Paraneters

LAST UPDATED 07-22-92

19.2 0 .014 0 . 55 0
19. 14 -3 . 014 3 . 55 0
19. 05 -7 . 014 4 . 57 -3
19. 05 -14 .014 6 . 55 -5
18.78 -29 .014 10 .53 -11
18.71 -43 . 015 11 .51 -14
18. 53 - 57 . 015 13 .51 -17
18.18 -72 . 016 21 . 50 -20
18. 27 - 86 . 016 25 .50 -23
18. 10 -102 . 017 30 .49 -29
17.92 -117 . 018 38 .48 -34
17. 49 -135 . 019 44 . 45 -41
16. 62 -153 . 020 49 . 40 -50
12. 88 168 . 021 57 . 26 -48
8.79 134 . 023 65 .22 -33
5.92 108 . 025 69 . 26 -33
4.18 87 . 029 81 . 28 -43

And this is how to interprete these files:

a) A line starting with an exclamation mark is a comment and therefore ignored for calculation

b) The line

# ghz S ma r 50° means:

The first value is the measuring frequency in GHz.

Then follow the 4 S-parameters in the range S11 S21 S12 S22

“ma” says: every S-parameter is given as its magnitude , followed by the angle.

“r 50” tells us that the system resistance (for mea surement and application) is real 50 Ohm.

Example line for f=1GHz:

S11 =0.32/ 144 degrees

S21=18.18/-72 degrees

S12 = 0,016 / 21 degrees

S22 =0.5/-20 degrees

(Magnitude of the input echo is 0.32 x al, the phase of the echo is 144 degrees -

- caused by an input impedance not equal to 50 Q).

When the output (= Port 2) is terminated by 50  Q, then we get a voltage gain
of 18.18 (= ratio of output wave a2 referred to in  put incident wave al)

The feedback voltage measured at the input (= port 1) is 0.016 =1.6% of the

output wave a2

Magnitude of the output echo is 0.5 x a2, phase of the echo is 20 degrees --
caused by an output Impedance not equal to 50 Q
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14.2. Example: 110MHz — Tchebyshev Lowpass Filter (  LPF)

Let us now simulate the S-parameters of a 110MHz Tchebyshev lowpass filter. This type of filter suffers from
“passbhand ripple” but provides a sharper transition from the passband to the stopband.

Properties:

+Ripple“ corner frequency fc =110 MHz
Filter degree n=5

System resistance Z =50Q
~Passband ripple” 0.1dB.

(This ripple causes a maximum value of S11 = -16,4 dB)

For the filter part calculations
5' 99 2|'"IH 99; 2|"IH use the free microwave CAD

software (Ansoft Designer
I_: g . SV) with the integrated filter
| designer and you get:

>0

I I :I: I Cl=C3= 33.2pF

33, 2pF 33, 2pF 2= >f.2pF
57, 2pF L1=L2= 99.2nH

And this is the simulation schematic for LTspice:

FgjLincar Technology LTspice /SwitcherCAD III - [lpf_100MHz.asc] _12]x

A, Fle Edi Hierarchy View Smulate Tools Window Help ==l
|BE T £ QR BRI ERE IREM A3 L@S 3 X000 D O A

.net I(R1) V1
.ac dec 101 1 300MEG 99.2nH 99.2nH

L1 L2

AC10
Rser=50

Change the printer and printing options
i start| | £F Linear Technology LT... B8] LT-SwitcherCAD_fertigd... | B3 FLY Flayer - Boney_M_-_... | ¥ Paint Shap Pro - [Bidz [, . | « ®IEL D o0az
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Explanations:

a) The directive . net |(R1) Vl starts a network calculation with the
output voltage referred to the input voltage (given by source V1).

b) Then program a decadic sweep from 1Hz to 300 MHz with 101 points per decade by the directive

.ac dec 101 1 300MEG

c) For asweep the properties of source V1 must be set to ,AC amplitude =1 and AC phase = 0*:

AC10.

d) After a right mouseclick on the symbol of source V1 enter the value for the necessary source resistance

of 50Q in the system:
(Rser=50)

&, Zoom frea -z
&, Zoom Back atrl4E
g‘\s::m B cure Now press the simulation button and follow these steps:
g:ﬂutorang-e.i—axis b Step 1:
. The diagram for the results is still empty. So click right on it with your mouse and

I Aukaranging

choose ,Add Trace -

% Wisible Traces

Q &dd Trace

&% Delete Traces F5
2 Select Steps

Add Plot Pane
% Delete this Pane
v Sc, Hotiz, Axes

Il Add Traces bo plot |

Ornly ligt traces containing
|; Carzel | Step 2:

Ayailable data:
mO01)  S12(w1)  Fequency Find
(002 S21jv1) “
(003)  522(v1] ,S11(vl)

H11[%1] Y1111
H12[w1] Y120w1]
H21[¥1] a1 [vl] S 1 1 in the list, mark it and

H22(w1] Y 220w1]

IIE1] Yin[v1]

IICZ] Y aut1] press OK.

:EE?]] g 12%:” For professionals:
I[L2] In this list also the Y-

and Z-parameters can

IIR1]
| be found...

1

Espression(z] to add:

[511[+1)
v futoR ange 2
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Step 3:

_100MHz.raw

S11[v1)

90"
60"
30"
0
-30°
-60°
-90°
-120°
-150°
-180°
-210°

-240°
120MHz 150MHz 180MHz 210MHz 240MHz 270MHz 300MHz

The result is not so bad, but the presentation.......
The phase curve might be interesting, but we want to delete it. The dB-scaling of the vertical axis must be
improved.

So move the cursor to the scaling of the  right vertical axis and click on it. Choose in the menu

Don'’t plot phase.

The phase curve disappears at once.

Left ¥ertical Axis -- Magnitude
Fange Representation
Top: |0dB Bode W Now we repeat this procedure with the
_ O Linsar left vertical axis and enter the values
Tick: |10dE - - of the left figure (= range from 0dB to -
_ O Lagarithmiz 50dB with a tick of 10dB).
Bottom: |-504E

{#) Decibel

At last and once more click right on the diagram to activate the option

GRID

Now you have this result:

_S11[v1)

120MHz 150MHz 180MHz 210MHz 240MHz 270MHz

Step 4:
We complete the work by adding the S21 curve. Let's go:

Right mouseclick on the diagram / Add Trace / choos e S21 and press OK.

Sorry, but it is now better to repeat the procedure with the scaling of the left vertical axis to show a range from
0....-50dB. This gives the final result on the next page.
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mlinear Technology LTspice/SwitcherCAD III - Ipf_100MHz.raw
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For a separate presentation of the two S-parameters right click on the diagram and choose

Add Plot Plane

for the parameter S21. Delete the S21-curve in the ,old" dlagram and scale both diagrams again:
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net I[R1) V1
.ac dec 101 1 300MEG g o1, 99.2nH
L1 L2
v 1 T
Ac10 [t
| | 1 c2 c3 Rl
Rser=50 “—. == ;}
|33.2p|= 57.2pF :Ea Epj7
i

aipi =
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15. Project 11: Double Balanced Mixer (= DBM = Ring  Modulator)

15.1. Fundamentals and Definitions
This well known circuit is used for converting frequencies without changing the information contents.

We have two inputs and one output:

a) RF =radio frequency input. Here the applied signal amplitude must be small (typically below
50...100mV)

b) LO =local oscillator input. Here the signal must be high (typically up to several volts)
c) IF =intermediate frequency output. Here we find the converted signals.

Note:

This operates a multiplier circuit for the two inpu t signals!

When two sine signals are multiplied we get the following result:

sin(a)- sin(g) = > sin(a + ) +sin(a - 4]

This means for our circuit:

At the output of the DBM the two input signals have disappeared and are now replaced by their sum
frequency and difference frequency!

When using a square wave signal as the LO-input, then this signal consists of the fundamental frequency f1 and
the harmonics (with 3 xfl,5xfl,7xfl1,9xfl...... ).

Not only the fundamental frequency but also the harmonics are now multiplied by the RF-signal in the DBM and
produce sum and difference frequencies with amplitudes that decrease linearly with the “harmonic’s degree”.

So you get at the DBM'’s output a lot of ,signal pair s" (= sum- and difference frequencies). Every pairi s
located at a harmonic frequency.

In practical applications the desired new frequencies must now be picked out with a lowpass or a bandpass filter
by the user.
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15.2. The Ring Modulator

This part is used everywhere in communication systems and is offered by a lot of manufacturers -- as an active or
passive device. We'll examine the standard passive version.

A ring of four schottky diodes is
connected to two transformers.
Each transformer uses 3 identical
windings. The two secondary
windings are connected in series.

=
&

LO
IN

-2 RF

The use of superfast schottky
switching diodes and special
microstrip circuits enables cutoff
frequencies higher than
50....100GHz in special
= applications.
v

ouT

00000 —

Figure 2. A popular diode-ring mixer topology.

Explanation:

LLO-IN“ means ,local oscillator input " for the converting signal.
+RF-IN“ means ,radio frequency input " for the information which shall be converted.

LF-OUT" means ,intermediate frequency output " and delivers the multiplication result.
Principle of operation:

The LO-signal at the secondary winding of the left transformer (amplitude: up to several volts....)

switches the right diode pair ON at the positive ha  Ifwave and the left diode pair ON at the negative
halfwave.So either the upper secondary winding or th e lower secondary winding of the right transformer
with the RF signal is connected to the IF output by the conducting diode pair. But the RF signal which

finally reaches IF-OUT is changing its polarity rhy  thmic with the LO frequency. That is the same effec  tas
multiplying the RF — sinewave with a LO-squarewave (amplitude values: +1 and -1).

Advantages : Very low distortion. Useful for broadband applications up to many GHz. Needs no power supply, but
correct 50Q-matching at all ports. Produced in huge quantities at reasonable prices by a lot of manufacturers.

Disadvantages : Due to the missing power supply the complete ,switching energy“ must be delivered by the LO
signal source. It demands high LO levels for rapid diode-switching and low distortion. There is no gain but always
an attenuation of 5....8dB between the RF input and the IF output. This increases the noise figure in a system and
the attenuation must be compensated by more ,pre-amplifying“.

104



15.3. The necessary Transformers

The ,weak points"” of this circuit are always the 2 broadband transformers ...and the special construction is a top
secret guarded by the manufacturers! The transformers will in any case limit the bandwidth and the upper
frequency.

So let us study an example with LO frequency = 1MHz and RF frequency = 100kHz. The lower cutoff frequency
of the transformer should therefore be below 100kHz and the upper frequency limit min.10....20 MHz.

We use our well known ,xformer_02“ with 3 identical windings and vary the properties to reach these
specifications.

But remember: when the mixer is operating, always only one of the two secondary windings is in action, while the
other is “idling” as long as the active diode pair is switched ON! So in the transformer simulation only one
secondary winding is terminated by 50Q while the other winding is simply feeding a 10MQ-Resistor. This avoids
the error message “node is hanging free”.

The main winding inductance is 100uH, copper resistance is 1Q and winding capacitance is 1pF:

mLinear Technology LTspice/SwitcherCAD III - DBM_DZ.asc =15 x|
File Edit Higrarchy View Simulate Tools Mindow Help

(P& EF £ fcaR Bl EBa% sbEM 08 Lo@eE3 Z0UDD e |

L DBM_02 200 | 3 DM _02 |

V[n001)

100KHz

DEM_02.asc o 1ol =]
3_wind_XFRM R1
R3 1 50
4 A
50 ) "
2 R2 R
Vi xformer_02.lib 10MEG
AC10
.ac dec 101 1 100MEG

Ready I

:f'StartJ @LT—SwitchErCADjertig.d..‘J A7 Linear Technology LT... 88 Paint Shop Pro l ‘W «former_02,lib - Editor l B« amEa 1308

Now let’s tackle the complete mixer!

105



15.4. DBM Simulation with ideal Transformers

From the left comes the LO signal to switch ON and OFF the Schottky diodes (sine wave, peak value = 2V,
frequency = 1MHz). From the right comes the information as RF signal (sine wave, peak value = 20mV, frequency
= 100kHz.

Both ideal transformers use 3 separate windings(each L= 10mH) which are magnetically coupled. The coupling
factoris 1 (= 100%).

The Schottky diode comes from the LTspice part library. The symbol is named “schottky”.
A simulation time of 1ms gives a frequency resolution of 1/1ms = 1000Hz. So for a number of 100 000 true
samples a maximum time step of 1ms / 100 000 = 10ns must be used. This time step corresponds to a minimum

sample frequency of 1/10ns = 100MHz and so no aliasing effect should be found up to a signal frequency of
50MHz.

Data compression is switched OFF by the spice directive  .options plotwinsize=0

This is the screen before starting the simulation:

. u.' |-,l_l.l Ty : EE: 0 jﬂ
S0l oo e R ES ERT IR0 M OS@ LB 4 3 o000 T 000
R o T | T e ]|
Magnetic coupling = 100%
Z b
Data : k1L1L2L31 k2L4L5L61
Compression
OFF 50 R3 10mH D1 10mH
A S ~J
"'._."- "I"._." Lzll/ & ._L-'I':l L4I|- a R1
vz = D = —NN
A e e D3| = Le(c LY L w
C ) ome ¢ < C o 8 R
__ ) 10mH-. D - ()
T ‘~ - 10mH S
dwe || SR e 15 T
S S e D - L, S
. [ !
NE(0 2 1MEG 0) Tomh LEJ 10mH SINE(0 20mV 100k 0)
.options plotwinsize=0 . .-"'\_ -“’ﬁ'\f .
Aran 0 1ms 0 0.07us 50 Rz -
Simulation Time = 1ms / Maximum Time Step = 10ns

Eandy

i ot B Soromied 1.4 - ot | 6 €15 068 doc - Plarosott [ Uwpiem 19 - o D 88 Pt S o | Bl W zus

And so the screen looks like this after the simulation of the output voltage at resistor R2 and zooming
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Fle Wiew PlotSettings Simulation Tools indow Help

A & 7| # QoK ELHREE IDEM SHS &
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viser_01.raw

Simulation Time Maximum Time Step k11112131 k2 L4 L5 L6 1
10mH
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k2 L1(_ L6(_° 50 V1
.options plotwinsize=0 10mH
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Data Compression OFF
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&4/start @Squlrre\Me\l1.4‘95-Muz\m‘ KIS,DEM‘dw:-M\crwsuft”.l LT LTspice I¥ - mixer_01... BE |« ™'t M@ D 21:03

The polarity changing of the RF signal (caused by the LO signal) can clearly be seen. But: the ,ON" voltage of
0.3V of every Schottky diode causes distortion at every zero crossing.

Lastly let us look at the FFT result for the output voltage. So right click on the time domain curve, open “View” and
“FFT” and use 65536 samples in time.

Press OK and modify the scaling of the diagram axis:

Frequency axis: linear ; start frequency = OHz ; stop frequency = 10MHz ; tick = 1MHz
Vertical axis: dB scaling from -40dB ..... -120dB w ith a tick of 10dB.
i
¥~ Ele view PlotSettngs Smulation Tools Window Help =\ x|
BE M| T Q0 QR EUIHBE t2EH S8 o

- oiker_ 01,35 | 0 miner_ 00,0t %% miver 01 rawy H7 miven 0121 |

900kHz = 1000kHz - 100kHZ
1100kHz = 1000kHz + 100kHZ

2900kHz = 3000kHz - 100kHZ
3100kHz = 3000kHz + 100kHZ and so on...

4900kHz = 5000kHz - 100kHZ

5100kHz = 5000kHz + 100

% =5.947MHz y =-69,294dB

4 start| & squirelmal 1.4.9a - Mozi... | K15_DBM.doc - Microscft,., ‘ A7 UTspice I¥ - [mixer_0.. 83 Paint Shop Pro B« B g 20

Here comes the confirmation of theory:
At every LO harmonic frequency (3MHz ; 5SMHz ; 7MHz ; 9 MHz...) we find a signal pair consisting of the sum and
the difference frequeny of the RF signal and the harmonic.

Neither the RF signal nor the LO signal nor the LO harmonics should be found at the output.
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16. Project 12: Simulations with Digital Circuits

16. 1. What you should know before you begin

Sorry, but this information is not described in the online help or the included examples. So you need to gain some
of your own experience (..also gained through the use of other SPICE-programs) by exploring the problems and

to master these non-intuitive constraints .

The most important rules for the ,normal user” are:

The included library ,,[Digital]“ contains only ,ideal fundamental blocks".

Each of them always has 8 pins!

The reason for this is:

a) You always have several input pins (e.g. an AND-Gate has 5). Please leave all non-used pins open-
circuit (unconnected). They will be ignored for the simulation.

b) Normally you will get not only the desired output signal  but also the inverted signal .

c) Logical levels are ,0 Volt* for ,Logical Zero” and ,+1 Volt* for ,Logical 1“. The internal threshold
voltage is 0.5V.

If you need to work with other voltage levels (like TTL = 0V /+5V), then
right click on the part symbol, open the line ,valu e* and write the
following entry:

Vhigh=5V Vlow=0V

d) Output pins should not be hanging free in the air. So please add a label or terminate them by a
10kQ - resistor to ground for a troublefree simulation.

e) The supply voltage pins are completely missing....you are working with “ideal parts“.
Use the ,PULSE-" or the PWL voltage as input signal.
Minimum value is 0 Volt, maximum Value is = +1Volt (  ...other values are handled as discussed above...)

As rise and fall time use 1ns.

To see your simulation results open separate diagrams by right clicking on the result screen and choosing

Add Plot Plane

Use as many separate diagrams as you need to present signals -- otherwise you go crazy after a short time.
Filling such a plot pane is very simple: click right on the diagram and choose “Add Trace”.
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16.2. Simple start: the Inverter (= NOT)

Get the part as ,Digital / INV* from the part library and use as the input signal a symmetric pulse voltage (Umin =
0V / Umax = +1V / Rise Time = Fall Time = 1ns / Pulse Length = 500us / Period Time = 1ms). Simulate for 5ms.

Connect the Voltage Source to the upper input pin and leave the other input pin open-circuit.

Now simulate, open two diagrams by using ,Add Plot Plane “ and view the input and the output voltage. You will
get the following screen when selecting ,Tile vertically “ in the ,Window “ menu:

5l
Ele Yiew FlotSettings Simulstion Took Window Help

B 5 20 a0aR B0 B sbRAASL L0 s 3 $D U000 us

+, digt 01 ase 1 digtal 01 raw | |

1ol =]
PULSE(0 10 1n 1n 500u 1m)
DO out
.tran 5m
0.0ms 0.5ms 1.0ms 1.5ms 2.0ms 2.5ms 3.0ms 3.5ms 4.0ms 4.5ms 5.0ms

x=3.785ms y =0.365¢ I
I‘Starti (& Homepage von Gunthard. .. | [ Tutorial_German ]@__]LTsplcE_‘?_d‘dD:'M\:rus..‘! ¥ LTspice I¥ - digital_0... Bl«"g 19:50
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16.3. AND- and NAND Gate

Let us simulate an AND Gate with 2 inputs. One input is fed by a symmetric pulse signal of 1kHz, the other input
with a symmetric pulse signal of 5kHz. Simulate for 5ms.

As already mentioned, leave all unused input pins open-circuit and use a label for the output pin.

Here is the simulation result:

SEIEY

Eille ¥iew PlotSettings Simulation Tools Window Help

|BE ETE0 @R BELEEER2RBHASL L0 =3 20800 e

1 digtal 02 2 ¥ dighal 022w |

Egdigital_l:lz.raw

Tnp_ut_Sig_na_I \Ez (_5k;lz)_

AND - Qutput

Y[out_not]

— L1 | | LI 111
[/

: _ \ soms  f 5505/ -

|_digitat =T

A1l
] out
V1 M —out_not

PULSE(0 1 0 1n 1n 500u 1m) v2
PULSE(0 1 0 1n 1n 100u 200u)

.tran 5m

i start| @ Homepage von unthard. .. | (3 Tutorial_German | ) L1spice_4_d.doc - Wicros... | [ 7 LTspice 1v - digital_0... | 8, Paint Shop Pra - [Bid2*[... B[« =@ 2000
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16.4. D Flipflop

FjL Tspice I¥ - digital_03.raw —|=] x|
File  Wiew Plot Settings  Simulation  Tools  Window  Help

Z= = N a2 QOO R B Ea% iR A oS )

1 dgtal_03asc ¥ digila\_DE.raww

ital_03.raw =[O x
gAEEl

tran 5m PRE
—D Q——out
W LCLK ao— out_not
CLR
PULSE(01 0 1n 1n 500u 1m)
x=2.806ms vy =0,179%
i 5tart| (& Homepage won Gunthard. .. | 27 Tutorial_German ‘ LTspice_4_d.doc - Micros. .. ‘ AT LTspice 1¥ - digital_0... Q Paint Shop Pro - [Bild_K1... E « ® @ 2016

This is the well known ,Binary Divide by Two Frequency Divider“. At the output you get one half of the input clock
frequency. The inverted Q-output is connected to the D-input pin.

JPreset” and ,Clear” must not be active and so they are connected to ground.
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16.5. Three Stage Frequency Divider with D flipflop s

This is a very simple task because you only have to connect three D-stages in series and wire them.
Simulation time is 20ms, the input clock is a square wave of 1kHz.

SEIE
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__| — D Q ——D Q——last_out
LK Q LK
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If anyone has noticed that this chapter is short in comparison to the others: you are right. The reason is simple: in
the LTSpice library the complete TTL and CMOS part collection is missing. This is really a pity when you consider
that all these interesting circuits and schematics and problems could be simulated.

But there is a way -- this link:

http://tech.groups.yahoo.com/group/LTSpice/files/%20Lib/Digital%2074HCTxxx/

It's the address of the LTSpice usergroup and there you find all the missing parts and symbols of the 74xx-
families.

Thanks to Helmut Sennewald who has done the work of creating these important parts. Once more: Thanks,
Helmut, for all your personal effort!

But:

This is a community and so you have to register first to get your ID and password. (no problem, it is free). If you
do this you will be astonished and pleased: you'll find extensive Online discussion consisting of calls for help,
guestions, answers, remarks, advice, offers, problem solutions....and a lot of nice and kind people, always ready
and willing to help.

So why wait? Go and see.
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17. Project 13: Noise Simulation

17.1. Fundamentals
Please note
The following 3 chapters are part of my article

.Practical Project: Noise factor measurement with o lder Spectrum
Analysers, Part 1 and 2.
Published in ,VHF —Communications”, Issues 2008-Q1 and 2008-Q3

17.1.1. ,Noise” -- where does it come from?

That can be answered very quickly and precisely: in each electrical resistance where a current flows and
electrons move, there exists noise. As soon as heat comes into play (that is always the case above absolute
zero), electrons have an independent existence. They move ever more randomly and not directly from minus to
plus. They collide, rebound, are hurled forward or off to the side..... This makes the current vary irregularely by
small amounts due to the influence of heat. This effect is called thermal noise. Even if no outside voltage is
applied these independent movements of the charge carriers, due to heat, develop a small open circuit voltage
Vnoise. This can be computed as follows:

Where

h = Planck’s constant

k = Boltzmann's constant = 1,38 x 102 J / Kelvin
T = absolute temperature in Kelvin

B = bandwidth in Hz

f = center frequency of the band in Hz

R = resistance value in Q

This seems terribly complicated and not practical, but the following simplification can be used without problem to
at last 100GHz and temperatures down to 100K:

Vioise = V4KTBR

Changing this formula around it suddenly looks much simpler:

(VNOISE

jZ
2— =kTB
R

a) This is a simple indication of power! Each resistance, independent of its resistance value, produces an
LAvailable Noise Power" proportional to kTB.

b) The resistance should be regarded as voltage source consisting of Vnoise and a noise free internal
resistance R to generate the noise power. A noise free load resistance with the same value R is
connected to this source. Because voltage across the load resistance is then half Vyoise the load
resistance receives the Available Noise Power kTB.

c) This noise power increases linearly with the absolute temperature of the circuit and the voltage with the

square root of the power. The spectral power density (power per Hz) is independent of the frequency.
This is called “White Noise”.
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Important:

Receiver systems are nearly always specified in terms of ,power levels" instead of voltages. These are
logarithmic measurements so that the gain can be calculated by adding levels instead of multiplication. The most
familiar unit is “dBm” -- that is not a voltage but a power rating in relation to the system reference resistance:

Po = 1 milliwatt at the system resistance

Thus

Power level in dBm = 10log (power value / 1mW)

If the noise power “kTB" is considered in more detail, an interesting simplification can be introduced:

kTB = (kT) x B = (Noise Power Densitiy) x (Bandwidt h)

The Noise Power Density ,kT" represents the power in every Hz; this must be multiplied by the bandwidth in order
to calculate the noise power produced. Converting this to a power level calculation the following formula should
be committed to memory:

Each resistance produces at ambient temperature (T ¢ = 290K) an available noise level and thus an
available noise power density of

-174dBm per Hz of bandwidth

For a bandwidth larger than 1 Hz:

| Available noise power level in dBm =-174dBm + 10lo  g(bandwidth in Hz)

As a simple example:
The no load noise voltage Vnoise at the terminals of a 50Q resistor for a bandwidth of 100kHz will be calculated:

Noise level with matching = -174dBm + 10log(100000) = -174dBm + 50dB = -124dBm
That results in an available noise power of

-124

P=1mW+10 1© =1mW «107%* =4.107°W

That will produce a voltage across the 50Q resistor of:

Vioise =VP*R :\/509' 4+107*W =141nV

So the open circuit voltage is twice this value, thus 282nV.
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17.1.2. Other Sources of Noise

Each active component (valve, bipolar transistor, barrier layer FET, MOSFET, HEMT, etc.) produces two
additional types of noise:

a) Shot-Noise is produced in valve diodes and PN transitions by distortions of the current flow when
crossing potential differences . It produces wide band, white noise.

b) Flicker-Noise or,1/f— Noise" (= sparkling noise) results from defects in the crystal structure caused by
impurities. They lead to short pulse type fluctuations in the current flow that produce a spectrum whose
power density decreases with rising frequency. There exists a corner frequency and it is interesting to
see how this differs between active components. The following figure is a good representation. The
reference material in the homepage of Mohr Associates should be obtained from the Internet. It contains
a precise but compact introduction to the subject.

Recelve oIse 5 ont' @
OIMpa 0N O BVE 0 3]0 OmMpone f Keceijve 0ISE
-
E\thter \Jitter \Jitter Jitter
Pracision Bipolar HF Bipolar MOSFET GaAsFET
E A AY A

Shot Noise, Ihe = 0.01A, Voltage across 50 Ohms: 8x107% V3Hz

Thermal Noise, 290°K, 50 Ohms: 8x107° W /Hz

¥ 0 i 0 04 i 06 0 08 (S

Before semiconductors, gas discharge tubes were used as sources of noise, they produced a very wide band
plasma noise.

The following section shows how the different kinds of noise in a circuit can be considered and how they can be
summarized by only one parameter.
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17.1.3. Noise Temperature and Noise Factor fora Tw oport System

When components of a communicatons system are specified they usually have the same system resistance
(normally 50Q, but for radio, television and video systems it is 75Q) and signal quality information required for
correct transmission. This is often expressed by the SINAD value (= Signal to Noise and Distortion). The
maximum signal level is limited by over modulation, distortion, intermodulation etc. The “noise floor” (in addition,
other disturbances e.g. cross modulation from other channels) gives the minimum signal level in the system.
Therefore each component must be specified by its S-Parameters as well as its noise behaviour.

When referring to noise, the following terms are usually evaluated (unfortunately not all authors use the same
terminology):

a) The ,,equivalent noise temperature T & of a component expresses the self-noise of

the component by an additional temperature rise for the noise source resistance. The component itself is
thought of as noise free.

b) The ,NOISE FIGURE (N F)“ indicates, in dB, how much worse the signal-to-noise ratio

becomes after the signal has passed through the component.

c) The, NOlSE FACTOR (F) is like the Noise Figure as above, BUT NOT IN dB, only as a
simple power relationship.

17.2. Simulation of the Spectral Noise Density

This sounds complicated, but isn’t. In the introduction we stated that every resistor delivers at his terminals an
Available Noise Power of:

kTB = (kT) x B = (Noise Power Densitiy) x (Bandwidt h)

The noise power densitiy is the power which can be measured in every Hz of the bandwidth. You get the total
available power if you multiply this density by the valid bandwidth (...or by integration over the bandwidth if the
noise power density varies with the bandwidth).

But very often one prefers to handle the voltage in  stead of the power -- because it is easier to mea sure
voltages at different frequencies than power. Sous e the well known equation to jump between these two
values:

Voltage *

Power = —————
Resistance

by using the known system resistance ,R".

When You now calculate the square root of the Noise Power Density, you'll get an expression for the ,Spectral
Noise Voltage Density”, usually given in

Nanovolts

JHz

If you multiply this result with the factor

+vBandwidth

you'll get the total noise voltage.

Let use consider the included example ,NoiseFigure.asc “ of the software -- you find it in the ,Edudational” folder
and it is a one stage transistor audio amplifier, which we will modify a little bit for our purposes.
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100K Command /

Noise “ to edit the
T necessary simulation

Label: "out™ command:

C3

Q1
2N2222

R6 C‘I
\

vl 1k

. R2

AC 1 10K .noise V(out)

. V1 dec 101
1k 100k

1K Source Impedance

N
| -noise V(out) V1 dec 101 1K 100K |

4 'start| & squincMal L%‘?a—Muz\mJ [ LT-Switcher CAD_Fertigud. .

B« 2k 49 B 258

This means:

Simulate the spectral noise voltage density at the label ,,out” and refer it to
voltage source V1 with internal resistor R6 = 1k.
Use a decadic sweep with 101 points per decade from 1kHz to 100kHz.

And this is the result for the output noise voltage density V(onoise) when clicking with the ,cursor probe“ on the
output pin:

mLinear Technology LTspice/SwitcherCAD III - NoiseFigure_02.asc ;]_5'_]1]
__E_l\_e ;dlt }_—h:a_rarchy_ ¥|ew __i!mulate TTooIs _V_vflndow _H__?\p
[z B F0| el Bl HRR IBEMASE LHE T 3 XD 0D O 0 dop
. MoiseFigue 02,350 | 32 NoiseFioue, 02 s | .
NoiseFigure_02.asc =18l x|

ut
R4
He 100K
V1 1k
0
AC1 c2
100
1K Source Impedance 100

570nV{Hz%
540nV{Hz
510nV{Hz

34
450nY{Hz

420n¥{Hz

34
360nY{Hz4
330nV{Hz2%
300nY{Hz3

J"StartJ @ souireMail 1.4.93—Mu2i..‘J ] LT—SwittharCADjerhg.d.‘.J £7 Linear Technology LT... ¥ Paint Shop Pro E| o« (A0 W 54

Please examine the scale and the units of the vertic  al axis....
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I Add Traces to plot No problem, now to show the noise voltage density V(inoise), referred to

the input!

This is a voltage source which can be thought in series to the noise free source
I“_ V1. So right click on the diagram, choose ,,Add Trace “ and then ,V(inoise)" in
the list (see left figure).

If you examine the list then you'll find that not only V(inoise) can be shown but
also V(onoise) and the gain.

V(inoi
8. 1nVHzY%- [inoise]

7.8nVHz%:
7.5nVHz3:
7.2nVHz%
6.9nVHz%
6.6nVHz%:

6.0nV/Hz
5. 7nV/HzX
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17.3. Simulation of the Noise Figure NF (in dB)
In communications systems many blocks are connected in series. So the reduction in signal quality in every
Jswoport“ caused by noise must be known and is expressed by the

Noise Figure NF in dB

So the ,NOISE FIGURE (NF)“ st the difference in db between the signal to noise ratio at the input and the

output of the twoport.
For a noise free twoport the signal to noise ratio is identic at input and output pin and NF = 0dB

(Please note:

The input signal source V1 delivers not only the desired communication signal to the twoport but also noise due to
the internal resistance of the source. So if only this noise is amplified by the same factor as the communicaton
signal, the signal to noise ratio at the output would stay the same as at the input. But because the block adds
noise itself....)

If you change the NF-value in dB to a linear ratio, then you get the ,, noise factor F «

Now let us tackle the NF-simulation with LTSpice, following these steps:

a) Toget ,dB" at the result, we need the relationship

NF = 10 x |Og 10( ..... )

b) In the brackets we must insert the ratio of the total input noise power (= total output noise power, refered
back to the input = Pinsise) to the noise power part which comes only from the source resistance (= psource).
If both powers are equal, then we have a noise free twoport and the noise figure NF is

NF =10 x log(1) =0 dB

But in reality you will always have noise factor va lues larger than 1 = NF-
values larger than 0 db....

The noise power produced by a resistor increases linearly with the absolute temperature, and T = 290K was
always the standard value for every noise calculation. But now the global temperature is rising, climate is
changing and so electronic people prefer calculations with T = 300K.

Now let us continue with the calculation of the power ratio:

V. 2
Pinoise _ m _ Vinoise ’
PSource - keTeB _4'k'T.B.RSource

.K" is the Boltzmann constant, ,T* is the absolute temperature in Kelvin, ,B* ist he bandwidth of the system,
Rsource IS the internal resistance of the input voltage source.

If we consider spectral power density then the bandwidth is automatically 1Hz. Then we can ignore the bandwidth
“B” for the calculation and get the final formula which must be converted to a SPICE command:

2

V.
NF =10-log —— in dB
AekeTeR

Source
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And assuming a actual climate change contribution we use an absolute temperature of 300K:

Ve
NF =10-log Hose in dB
4eke300R

Source

Problem:

In a simulation with LTSpice it is only possible to calculate this formula (and to show the result) by the
usage of a

PLOT command!

So we must write the following line for the calculation of the noise figure NF(1K) with a text editor, when the
source resistor’s value is 1k:

func NF(1k) 10 *1log10(V(inoise) * V(inoise) / (4 *k*300*1k))
Save this line in a new file named

plot.defs

and save it in the LTSpice program folder.

Caution: After saving this file you must close LTSp ice and start it again. Only
in this manner the new ,plot.defs” are included and used by the software!

x| The rest is simple:
simulate the circuit, click
right on the result diagram

Il Add Traces to plok

Ol ligt traces containing and choose
Auvailable data: |T _‘ — | ~Add Plot Pane
[inoize] frequency to get an empty diagram.
[ohaize] gain
(q1] Then click right on this
(91 fib] new diagram an call
[q1.rb]
[q1.rc] LAdd Trace *
[q1.re)
[q1.2ih]
(q1.5ic] Enter
(1]
2] NF(1k)
(r3]
(4] In the empty command line
i) and OK
1] press
A
The result is not totally perfect, because
the ,,dB* calibration on the vertical axis is missin g and this cannot

be altered ...
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iseFigure_02.raw

NF(1k)

Task:

Communications systems generally use a system resis tance of 50 Q. So please repeat the NF simulation
for this value.

Step 1:
N . .
Change the internal resistance of the voltage source V1
in the schematic to 50Q.
C1
-
Vi Ap
0 I
AC 1 §1
50 Ohm Source Impedanc’e
Step 2:

B plot.defs - Editor
Datei Bearbeiten Format  Ansichk 7

[ File: C:sProgrammesLTCWSwCADIIINplot. defs
iy

* pefine parameters and functions that you whish to be able to use in
* data plots in this file with .param and .func statements.

Func WFCS0) 10%Tloglodv(inoisel* v inoisel /C4%k*300%5000

Open the file ,plot.defs “ with the text editor and modify the command line to ,NF(50)" as shown in the figure.
Do not forget to save this modified file correctly...

Caution:

Please close LTspice now and start it again. Onlyt  hen the modification is
accepted and used by the software. Otherwise you ge  ta cryptic error
message...

121



Step 3:
Simulate again, open a new ,Plot Pane" and then “Add Trace”. Enter “NF(50)” in the line ,Expression(s) to
add“ and press OK. This is the result:

FiiLinear Technology LTspice /SwitcherCAD TII - NoiseFigure_02.raw _|8]x

File View PlotSettings Simulation Tooks Window Help

j@75"Hl°i‘l-'8‘1-'":"!!@)\Q@\Q\'%L@‘E%%‘ cEBENOS|L

4, MeiseFigure_02.asc ¥~ NoiseFigure_D2 fﬁWl

iseFigure_OZ.raw

AC1

50 Ohm Source

.noise Wout) V1 dec 101 1K 100K

x=19.82kHe y=10,69 I

:i'startj 33 Software_SwikcherCADII | @LT—Swit:herCADjertig‘d.‘.] 9 Paint Shap Pro - [Bilds [] £ Linear Technology LT... ‘i“ wI @) (&) 220

The vertical axis is now calibrated in ,dB", but this is not indicated....
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18. Simulation of a Sine Oscillator
Let us have a look at a Colpitts sine oscillator using a collector-grounded NPN — transistor.
This is the schematic:

JédLTspice Iv - [osc_OL.asc] ==X

1: Eile Edit Hierarchy Yiew Simulste Tools Window Help = B

PR T Fd ol EBLUERE I DEM S LB+ 3 D0 D i fadnop

40 oo M s | {2 ose 01| 32 osc_mpzlin|
V1
R1 R4
10k 22 ©3
|l PWL(0 0 10us 12V)
10pF
BC547C E}ata Compression OFF
- & - .
.options plotwinsize=0
.tran 0 20ms 0 100n
Simulation Time Maximum Time Step
Ready ’—-
!f,‘Start! @LTSp\cej_d.doc-Mlcms‘..l AT LTspice I¥ - [osc_Dl.a... QPa\nt Shop Pro l Ei« 5’)@! 19:16
Note:

To start the (simulated) oscillation the circuit needs a little ,push®.

" none) This is done by programming a special property of the supply

; ; voltage:

 PULSEMW1 %2 Tdelay Trise Tfall Ton Period Moycles)

" SINE[Voffsst Yamp Freq Td Theta Phi Nycles) JRise linearly from OV to +12V in a rise time of 10

' EXP(W1 V2 Td1 Taul Td2 Tau2) microseconds”.

" SFFM[Voff amp Foar MO Fsig) . .

6_ We right click on the symbol of the voltage source, choose

=0l vl LAdvanced “ and use the PWL-function with the value pairs:
" P FILE: | Browize |

ov att=0
tirne [=]: ID
waluel [V] ID +12V att=1us

time2[=]: |10us

walue2[V]: I'I 2

tmedfst [ The ,Simulation Settings“ are set to ,Time domain (Transient)* and
walue3[V] |— the sim_ulation time is 0....20_ms. This gives a frequency _
timed]s]: |— r_esolutlon_of 1/20ms = 50Hz in the spectrum.  The maximum
valued[V] I— time step is set to 100ns, so SPICE doesn'’t overlook the starting
' procedure described above. . This now gives a number of 20ms /
Additional PwL Points | 100ns = 200 000 sample for the FFT computation.

Make this infarmation wisible on schematic; v

And the data compression must be switched OFF by the directive .options plotwinsize=0
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Now we need a transistor with the symbol name ,npn*“ from the part library. Search and place it on the schematic.
As soon as you right click on the NPN transistor's symbol, press the ,Pick New Transistor “ button. Then find the

BC547B which we want to use for our simulation.

x x
Cancel |
2 2 Part Ma. tdanufacturer Palarity Wioeo[V] lfrnd] SPICE Mode;l
Pick Mew Transistor
ECWwEOE ROHM npn 320 200 .model BCwE
Tranzistor Properties BCwEOC ROHM npn 320 200 .model BCWwE
BCWwWEOD ROHM nph 320 200 .model BCWE
TransiMyg P! 2N3019 Semicoa nph 80.0 1000 modsl 24301
Polaiy Joon BCB47A Phiips npn 450 100 model BCB47
BCE47E Philips nph 450 100 .model ECE47.
Wieo[V] I BCB47C Philips nph 450 100 .model BC47
BCA17-25 Phil 450 500 .maodel BCE17
Collector Currentf4)] I— ;\Tn-".' an e | - acn can me nﬁn;-_lv
4
Simulate the voltage at the base of the transistor to get this screen:
FEjLTspice IV - osc_01.raw 1= =]

File View PlotSettings Simulation Tools Window  Help
P e F0acaR Bl AR | iBRH|(88(L L0 & =3 20000 OG0T |
+ oac 0lsse | ¥ csc 01t 327 osc OTsw |2 oo pipiiine] 7 soc 0102010 ]

osc_0Lraw

Compression =k options plotwinsize=0 |
OFF

|_tran020ms 0 100n_|

~

Maximum Time

Simulation Time

w=17.38ms y=4.116Y =

lﬁﬁtartl LTspice_4_d.doc - Micras.., | AT LTspice I¥ - asc_Ol.raw 83 Paint Shop Pro - [Bild1* ... BE «='ey _., 1853

Use the zooming function to show the details of thi s voltage and to determine the time period for one
cycle of the signal. Calculate the oscillating freq uency. Examine the curve for distortion.
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=% The duration of the
BE HTF0 QAR BELBERE JRemnlas o period is 28ms and

£ cxe el b e ot e oo iy i e e this gives a frequency
of 35,7kHz.

But the curve is a little
“clipped” on one side
and this means that
the feedback is too
“strong”. This can be
seen when viewing
the frequency
spectrum of this
signal.

V[n004)

5.590ms 5.595ms 5.600ms 5.605ms 5.610ms 5.615ms 5.620ms 5.625ms 5.630ms 5.635ms 5.640ms
he = 54.05095{18.4982KHz) dy = 5,03V (slope = 93052.8V]s)

i/ start| B LTspice_4_d.doc - Micros... || £F LTspice 1¥ - [osc_01.r... 88, Paint Shop Fro BE|«m' @M 1002

So right click on the waveform viewer window and choose ,View", then ,FFT“ with 131 072 data points in time.
At lastly show the curve with a linear frequency range from 0 to 300 kHz with a tick of 50 kHz

SEIE
i::EﬂB View Plot Settings  Simulstion  Tools Window Help =151 x|
ER—N =y ok BEZHEE tEH A 2

A osc Mase ¥2 ose 0L H:: osc_Traw | ¥2 ose_ 1t | 32 osc_mzyiit|

Fundamental frequency
f2=2xf
f3=3xf

fa=4xf1
f5=5xf1

and so on...

Left-Click to set up phasejgroup delay plotting parameters

& Start| B LTspice_4_d.doc - Micros. .. | ALY LTspice I¥ - [osc_o1.f.. &3 Paint Shop Pra R |« ® &) BT 158

Now we can see the decreasing amplitudes of the harmonics with increasing frequency. Also the “fundamental
oscillating frequency“ can now be determined more accurately as 35.7kHz.

But the 2" harmonis is only attenuated by less than 20dB and this is caused by the unsymmetry of the signal

(Remember: in a really symmetric signal you don't find any even harmonics....).
So any distortion of the symmetry can at once be recognized by testing for even harmonics in the spectrum.
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Note:

Resistor R4 / 680Q gives the positive feedback which causes the oscillation. A part of the emitter AC current is
flowing into the resonant circuit through this resistor and ,compensates the losses".

So if you increase the resistor’s value, the positive feedback will get weaker and weaker. This gives less distortion
but the oscillation will suddenly stop.

Task:

Try to find out this stop point by increasing the value of R4 and repeating the simulation.

Watch the improvement of the waveform and check the better attenuation of the harmonics by the FFT-simulation
of the frequency spectrum..

Also be aware of the ,oscillation start delay” when reducing the feedback. When approaching the critic  al
point you get signficantly longer delays before the oscillation starts.

(Note: with a resistor value of 6.8k you are notfa  r from this point...please check it!)

SEIE

Fie Edt Herarchy Yew Simuate Tools Window Help
P | P F o B ARE 2N 88 D23y 09 0
1, oM ]t’" asc_01 law]

V[n003]

V1

PWL(0 0 10us 12
10@ 0 v)

.options plotwinsize=0

tran 0 20ms 0 100n

[ 'StartJ B LTspice_4_d.doc - Micros‘..J AT UTspice I¥ - osc_Of.asc &8 Paint Shop Fro E « = @ E 19:32

This is the result for 6.8k. The oscillation start delay is increasing....
=181 ]
L ools Window _Help |

QARIBELE BT (2ER O

...but now you get
a nearly perfect curve!

19.539ms 19.548ms. 19.557ms 19.566ms. 19.575ms. 19.584ms 19.593ms 19.602ms 19.611ms 19.620ms 19.629ms}

B[« 9N va
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And the FFT spectrum proves this.

FjL Tspice I¥ - [osc_01.fft]

i;:ﬁile wiew Plot Settings  Simulation  Tools  Window  Help

| | QOO R B Ea%| il H o3

=181
=18l

1, osc_(.asc ¥ ose 010 H’,’: osc_m.law]

Fundamental frequency (35.7kHz)

f3 =3 x 35.7kHz = 107.1kHz

®=560,430KHz v =8.424dB

& 5tart| LTspice_4_d.doc - Micros. .. | AT UTspice I¥ - [osc_01.f.. 88 Paint Shop Fra

B« = QP 1941
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19. Signals and Harmonics

19.1. Fundamentals

If you ask anyone what signals are found on power lines all over the world, you'll always get the same answer: “a
sine wave with a RMS-value between 110V and 230V and a frequency of 50 or 60Hz, depending of the specific
country”. But if you continue and ask:

“Is that all?”

Even specialists may give a wrong answer. OK, there are sometimes harmonics of the line frequency, but much
more important are the effects caused by switching on or off. So let us look at the correct definition of a signal
consisting of only one frequency:

Only a pure continuous sine
U Frequency wave where neither the start
CFD  Domoi ' :
omain point nor the stop point can

A \¢/ AVAS- 2 2 d I Bty
F = 1kHz

Watktching Point

Frequency f —>>

”

This means that in every day usage you should always clearly distinguish between “distortions of a signal " and

“switching events including changes”.

Switching

Every switching ON or switching OFF of a signal or increasing or decreasing the amplitude produces a “signal
collection” which travels away (with light velocity) from the point of generation. You know that as a “click” from a
transistor radio when switching on the light in a room and you should know that in this moment you get the
complete frequency range loaded with energy! Very low and low frequencies will travel away using wires, high
frequencies prefer wireless travel. But normally the amplitudes decrease rapidly with frequency when “changing a
state very slowly” and so TV and communication are still relatively unaffected.

Two examples:

Ti D i
me Domain Frequency Domain Switching On o
uced UCFD OFF of a DC voltage
Swikching on gives a spectrum
a DC Voltage with decreasing

spectral power

6 ) density at increasing
frequencies.
%
+

—_— But:

time L frequency F Very short pulses
(with nearly Dirac
form) have a
constant power
density over the
uced Eeedlq Impulse UCFD complete frequency
= approximaoted range.
Dirac=Impulse

So you cannot avoid

E E this “plop” because
% there are no gaps in
—>

the complete
frequency spectrum!

bLime L Frequency F

Distortions of periodic signals
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Please remember:

Every -- even the smallest! -- deviation fromt he perfect sine wave generates new
additional frequencies!

These new frequencies are called “harmonics” and they are multiples of the fundamental frequency

But there is another axiom:
Asvmme“lc distortion If only one half of the curve is distorted then we
speak of “asymmetric distortion " where you find
even and odd harmonics in the spectrum.
This will also happen when the positive and the

\j \/ U \j \‘Time E negative half is distorted in a different manner.

But when you find perfect symmetrical distortion,
the spectrum consists only of the fundamental
frequency and ODD HARMONICS!

This means that there are only the lines with
Symmetric distortion

U \ , U \ / \IT:i.me L
Note:
If a sine wave’s amplitude, phase or frequency

is varied by another signal, you will also find new frequencies.
But this is the mystery of modulation.....

fl1/3xfl/5xf1/7xfl...

On the next page you find a little overview for different waveforms with the signals in the time domain, in the
frequency domain and the formulae to compute the harmonics.
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Square Wave Frequency Domain
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19.2. Simulation of a Single Pulse Spectrum
Now let us test the statement in the last section and examine the following pulse signal:

Umin =0V ; Umax=1V ; risetime = falltime = 1pus ; pulse width = 1ms.

The pulse signal (measured at R1) starts after a ,delay time" of 2ms.  The simulation time is 0... 10ms and the
;maximum time step“ has a value of 100ns. So we get 10ms/100ns = 100 000 real samples of the simulated
curve. And the data compression of the result file must be switched off by the directive “.options
plotwinsize=0".

The signal is generated by a PWL voltage source using the following data:

0 Volt att=0

0 Volt att=2ms

1 Volt att=2.001ms
1 Volt att=3,001 ms
0 Volt att=3,002 ms

After the simulation of the voltage at R1 open the menu ,Window" and choose the option tile horizontally “. This
gives this screen.

P& L Tspice IV, - puls_01 FEX
File Edit Hierarchy Wew Simulate Tools w_lndow Help

Be d 5 4 QLR B HBa% +B20H 58 LD 3 YD OO0 o An op

{: puls_01 h: puls_01
E NG|

Vin001]

tran 0 10ms 0 100ns |L— Simulate from 0....10ms with
: a maximum time step of 100ns

R1 .options plotwinsize=0

1k ™~ :
Data compression OFF

PWL(0O0 2ms0 2.001m 1V 3.001m 1V 3.002m 0V

Right click to edit "PWLI0OD 2ms0 2.00im 1Y 3.001m 1% 3.002m 0%, the Yalue of ¥1

i Star [m

m LTspice I¥ - puls_01

Now we want to perform a Fast Fourier Transformation and so some explanation is necessary:

Choosing a simulation time of 10ms is crucial for t he FFT simulation result because you get from it th e
lowest frequency of the spectrum AND the frequency resolution (...including the line width of a signal...)
by the following relationship:

frequency resolution = 1 / simulationtime =1/10 ms = 100Hz

Choosing a “maximum time step” of 100ns during this simulation time of 10ms results in a minimum amount of
10ms / 100ns = 100 000 ,samples* which are then saved.
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This is the absolute upper limit for the ,number of data point samples in time* which
must be entered in the menu when calling and before starting the FFT. So let’s stay on
the safe side and use the preset value of 65536 Sam ples.

If you use more than the mentioned 100 000 samples: this can cause errors and / or an additional noise floor at
high frequencies).

But:

Increasing the number of produced or used number of samples in a FFT gives a higher stop frequency

and a higher amplitude dynamic range. In other word  s: a better resolution (and a longer computation ti me
and a larger data file....)

So right click on the waveform viewer, go to ,View" and ,FFT" and set the sample number to 65536. Start the FFT
simulation with OK and afterwards modify the result as follows:

a) Move the cursor to the scaling of the vertical axis and left click: now you can change to ,linear presentation”
b) The horizontal axis set to ,linear”, using a start frequency of OHz, a stop frequency of 10kHz and a tick of 1kHz.

c¢) Finally choose ,tile horizontally* under ,Window" in the main menu for this result:

FijL Tspice I¥ - puls_01.fft =S|

File Wiew PlotSetings Simulation Took Window Help
|BE AR *0]QRQACR B ERE I ROM BB/ v P =3 YDL0D0 L]
4, puls 01550 37 pus 01t |$2 puls 01 s

{Epuls_o1.M

"Zeros" at every multiple of
1/ Pulse Legth =1/ 1ms = 1kHz

R

Time Domain

.options plotwinsize=0
. PWL(00 2ms 0 2.001m 1V 3.001m 1V 3.002m 0V
.tran 0 10ms 0 100n 1k
x=B.521KHz vy = 144.667mY li
& start lm B LTspice_4_d_corr.doc - .. | 9, Paint shop Pro B «BREE=Na0 s 0 o

The simulation result confirms the theory which says:

a) Inthe spectrum of a non-periodic signal you cannot find any discrete frequency lines. The complete
frequency range is ,loaded" with energy. So what you see in the diagram is the spectral power density.

b) The amplitude of this density follows to a ,Sin x / x* envelope function

c) ‘“Zeros” in the envelope are always found at ever  y multiple of 1 / pulse length
(Shortening the pulse length increases the “frequency of the fist zero” and all following)

d) The diagram starts with a frequency of 100Hz = 1/10ms = 1/ simulation time.

The curve is plotted with thick lines. You find this option by selecting the “button with the hammer” and
Waveforms tab“ as ,Plot data with thick lines *“...
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19.3. Simulation of a Periodic Pulse Spectrum

We use the same signal as in the preceding section, but repeat it at 100 times per second. Therefore we need a
pulse voltage source . In the circuit diagram below you can see how to program the pulse source to achieve this.
The simulation time is increased to 50ms (which gives a frequency resolution of 20Hz) and the maximum time
step is set to 100ns. So we get a minimum of 500 000 actual samples and can use a number of 262 144
samples for the FFT.

Now simulate the voltage at R1 and plot the spectrum. Display the FFT result using the following settings:

Vertical axis: linear

Horizontal axis: linear ; start=0kHz ; tick = 1kHz ; stop = 10kHz
=[=]x]
Elle Edit Hierarchy Yiew Simulate Tools Window Help

== N ] 0 R HaE {2Rh 88 Ly s3 xR0 Aa op

1, pus 02,380 |17 puis 021t | 2 puts_02.w | !
i 1ol x|

Frequency Domain

i =101 x|
1.0V: ¥Y[n0O01)
0.9V
0.5V-
oy Time Domain
0.5V
0.4V-
0.3V
0.2V
0.1V
0.0V-

Oms Sms 10ms 15ms 20ms 25ms 30ms

puls_D2.asc =18 x|

PULSE(0 1 2ms 1u 1u 1ms 10ms)
R1
| .tran 0 50ms 0 100n |
1k
| .options plotwinsize=0 |

x=4004KHz v = 73, 344m¥
& 5tart| LTsp\ce_4_d.ch-Mlcr’os‘..| AT LTspice I¥ - puls_02.a... E«2=EDLENT&B N 1250

You can see:
a) It's a periodic signal, so we get a pure ,line spectrum *“ with the fundamental frequency of 100Hz and
the harmonics at every multiple of 100Hz. Due to the simulation time of 50ms the diagram starts at 20Hz.
This is also the width of every simulated line.
b) A pulse length of 1ms gives a Sinx/x envelope function
c) As before the “zeros” in the envelope can be found at

Fnue = 1/ pulse length =1/ 1ms = 1kHz

and it's multiples.
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19.4. An Ideal Sine Wave

Let us proove the definition which we stated in chapter 19.1 (= fundamentals):

Only a pure continuous sine wave where neither the start point nor the stop point can be
observed consists of only one spectral line!

We use a sine wave with a peak value of 1V and a frequency of 1kHz. Simulation time is 60ms using a maximum
time step of 100ns. Thus we get 600 000 samples and so it should be possible to find every undesired signal
when using 524 288 samples for the FFT. The data compression must also be switched off and the simulation is
an integer multiple of the signals’s time period (as recommended in chapter 5, FFT)

File Yiew PlokSettings Simulation Tools Window  Help
BeE B 7 7 QO B HRERY t2oH O3
'l; sine_01 t: sina_.m i:: sine_01 I

V[n001
0dB [(n007)

Spurious Free
904D | | i i Range = 165dB

12046
~F150dB
-180dB
F210dB
F240dB
27 0dB

F300d0

-330dB A

16.6667Hz Z 1.66B67KHz 16.6667KHz 166.667KHz

SINE(0 1 1k)

I.tran 0 60ms 0 100n|

«=5.921KHz v =-276.61608

7] ‘Start.

Itis true! From 17Hz up to 4.4MHz every undesired signal is attenuated by more but 160dB and only the 1kHz
sine wave line can be seen. Nearly ideal and perfect...
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19.5. The ,Asymmetric Clipped” Sine Wave

This is done by a zener diode in series with a resistor and showing the simulation of the diode voltage. So the
positive half of the sine wave is limited to 0.7V by the conducting silicon diode in the circuit.

When polarity is changing we measure -15V due to the Zener voltage of a BZX84C15L.

But first you have to pick up the diode symbol from the menu and place it. Then right click on the symbol and
open the menu ,Pick new diode*.

The peak value of the input sine wave must be increased to 50V. Only then the limiting effect can clearly be seen.

Simulation time is 0...60ms with a maximum time Step of 100ns. This gives 60ms/100ns = 600 000 samples for
the FFT. Do not forget to switch off the data compression.

On a linear scale show the frequency range from 0 to 20 kHz to see the mixture of even and odd harmonics:

¥&j L Tspice IV - sine_02

File Wiew PlobSettings  Simulation Tools  Window  Help
e T Qoan 2 H2® sBoM O ay
'l;_ sing_02 i:: sihe_02 iﬁ zing_02 i

Y[n002)

0KHz 1KHz 2KHz 3KHz 4KHz bKHz 6KHz 7KHz 8KHz 9KHz 10KHz 11KHz 12KHz 13KHz 14KHz 15KHz 16KHz 17KHz 18KHz 18KHz 20KHz

= [E[)

V(n02)

! 11..5 14.4ms|
T M=
R1
Vi 1k D1
.options plotwinsize=0 SINE(0 50 1k) :
BZX84C15L

.tran 0 60ms 0 100n |

x=11941lms v = 1546V
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19.6. The Symmetrically Clipped Sine Wave

This is a simple exercise because we connect two BZX84C15L zener diodes in series (opposite polarization).

A sine wave is applied again (peak value = 50V, f = 1 kHz). Simulation time is 60ms and the maximum time step
is 100ns. This gives 600 000 samples. Data compression is switched off.

We use the same scaling as in section 19.5 and now you see that only odd harmonics can be found.

Féj 1 Tspice IV - sine_03

File Wiew Plot Settings  Simulation  Tools  Window  Help
A | A FOH Ed HBREY s OS5 a2
'{: sine_03 h: sina_.DS i',: zine_03 i

V[n002)

0KHz 1KHz 2KHz 3KHz 4KHz bKHz G6KHz 7KHz 8KHz 9KHz 10KHz 11KHz 12KHz 13KHz 14KHz 15KHz 16KHz 17/KHz 18KHz 19KHz 20KHz

Vin002)

11.0ms 12.0ms 3 13.5ms 14.0ms 14.5ms

10.5ms

R1
Vi ik D1
SINE(0 50 1k) BZX84C15L
| .tran060ms 0 100n |
D2
BZX84C15L
| .options plotv\rinsize=0|

Click ko manually enter Horizontal Axis Limits

vq Start.
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20. The Secret of the Impulse Response

In modern system theory, remote control and communications the Laplace- and Fourier- and Fast Fourier
Transformations are very important tools.

But before starting with an application you have to know the transfer function of the system, which is the ratio of
output voltage to the input voltage for all frequencies in complex form (= magnitude and phase).

f you know this “transfer function” then it is poss ible to predict the “system’s response “ for any in put
waveform using two different methods.

Method 1 / frequency domain:

Multiply the spectrum of the input signal with the transfer function spectrum and you get the spectrum of
the output signal.

Then the inverse Fourier transform will give you t he response of the output signal in the time domain

In a complicated system , sometimes the exact calculation or measurement of the transfer function as ,magnitude
and phase for different frequencies” is difficult or impossible to determine. In these cases use the following:

If the input to an unknown system is a ,Dirac - Imp ulse”, then the output of the system has all the
information about the transfer function (in the for m of the impulse response)!

As we have already seen the power density spectrum of a Dirac-Impulse is constant over the whole frequency
range (up to infinity).

This is equal to an AC sweep with a start frequency at 0 Hz and a stop frequency at infinity!
OK, this is a response in the time domain. But time domain and frequency domain simply are the different sides of

the same coin! All we then need is a conversion of this response in the time domain to a response in the
frequency domain! So we come to

Method 2 / time domain:
The output voltage Ua(t) for a behaviour input volt  age comes by application of the convolution integra | to
the input voltage Ue(t) and the impulse response g(  t):

Ua(t) = Ue(t) g t)

Remarks:

A Dirac — impulse is a needle impulse with infinite amplitude and a pulse length decreasing to zero. But the
pulse area is constant and defined as 1Volt x 1Second

In practice this is impossible, but it can be approximated by a pulse with huge amplitude and very short pulse
length. This pulse length should 100.....1000 times shorter than the system’s time constant. If the area of the
LSingle pulse” is the same as that of the Dirac impulse you'll get the same results.

Also in practice you cannot use a Dirac pulse lengt h of 1 Microsecond and an area of 1Volt x 1Second --
this would give a pulse amplitude of 1 Megavolt!

So in an LTI-System (LTI = linear and time invariant) it is customary to apply much smaller pulse amplitudes
which can still be handled by the system (e. g. a transistor amplifier). If necessary the answer to a correct pulse
area with 1Volt x 1 Second can be calculated by multiplying the measured output signal with the inverse reduction
factor.
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20.1. First Example: Dirac Pulse applied to a 160Hz  RC Lowpass Filter

Task:
Feed a needle pulse with an area of 1Volt x 1Second to the input of a RC LPF (R = 100kQ, C = 10nF).

a) Calculate the time constant of the LPF and choose a pulse length which is 1000 times shorter.
b) Calculate the pulse amplitude from the pulse length and the pulse area. Use a PWL-source to generate the
pulse signal with a risetime = falltime = 1000 times shorter than the p  ulse length, a start delay of 1ms and a

simulation time from 0 to 10ms with a maximum time step of 100ns. Switch off data compression.

c) Draw the schematic with the LTspice editor, simulate and present input and output voltage in different plot
panes (use ,tile horizontally").

d) Apply an FFT to the input voltage (with 65 536 data samples in time ). Before transforming calculate whether
you have enough true (= simulated) samples for a correct FFT.

e) Apply an FFT to the output signal.

Use a linear scaling from 0....20kHz with a tick of 1~ kHz for the frequency axis when presenting the
spectrum.

Solution for a): Calculation of the necessary pulse length

We have a corner frequency of

1 1
277« RC 277+ 100k * 10nF

fCORNER -

=159Hz

This gives a time constant of:

1

277 f comer

RC =7 =100kQ * 10nF =1ms

So we use a pulse length which is 1000 times shorter = 1ps.

Solution for b) and c): Simulation using the PWL sourc e
The pulse length is 1us, so the rise time and the fall time must each be 1ns (= 1us / 1000).

A pulse length of 1us and a pulse area of 1 Volt x 1 second gives a pulse amplitude of
1 Megavolt = (1V x 1s) / 1ps.

The PWL source is now programmed as follows:

AtT=0: Amplitude =0
AtT=1ms Amplitude =0

At T = 1.000001ms Amplitude = 1IMEG
At T=1.001001ms Amplitude = 1IMEG
At T =1.001002ms Amplitude = 0

See the simulation result screen on the next page including the properties of the PWL source.
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FEjLTspice I¥ - dirac_01.raw

Fle Wew PlotSettings Simulation Tools Window Help

==l = Rl 2 ok B ERT ieoa o 3]

A drac_l.asc B dwac,m.rawl

i dirac_ol.raw

I S Dirac impulse at the input

Impulse response at the output

| .tran 0 10ms 0 100ns |

100k | o
| .options plotwinsize=0 |
EOnF

PWL(00 1ms0 1.000000lm 1MEG 1.001001m 1MEG 1.001002m OV

Vi1

i Start| @ SquirrelMail 1,4.9a - Mozl ‘ AT LTspice I¥ - dirac_01.... Q Paint Shop Pra ‘ Ej LTspice_4_d.doc - Micros... ‘

BE|«®'%NEL I 188

Solution for d): FFT of the input signal

Simulating for 10ms with a maximum time step of 100ns gives a minimum of 10ms / 100ns = 100 000 true
samples. So right click on the trace of the input voltage in the diagram, choose “View” and “FFT” and use 65536

sampled data points. Close with OK and examine:

8
$7 Fle Vien PlotSettings Smulation Tooks Window Help =1 |
20N QAR EUEm% st2e @ o8

4, pubs_D3.ss0 Foo puis 0817 | 17 puls_ 0310w |

For a Pulse Length of 1ps the amplitude
of the Spectral Power Density remains
constant up to 10kHz (= 10% of 1MHz)

A Simulation Time of
10ms gives a Start Frequency
of 1/10ms = 100Hz

65536 Samples give an
Upper Frequency Limit of 3.3MHz

4/ start| [ 7 CTspice 1v - [puls_03.... ] LTspice ¢ d_cor.doc-... | ¥, paint shop Pro

B[« Ho Y ws

a) start frequency
frequency
resolution

minimum
frequency step

minimum spectral
line width

which are
determined by the
simulation time of
10ms=1/10ms =
100Hz.

b) The upper frequency limit in the diagram (= stop frequency) is determined by the number of samples used for
the FFT AND by the maximum time step (which gives the minimum sample frequency in the time domain).

But:
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For a correct FFT you always need a “multiple of 2” samples (e. g. 128 or 256 or 512 or 1024 or 2048....). Do not
try to change this. Always check by calculation whether you have enough “true sampled values” before calling
the FFT. This number is simply given by the ratio “simulation time / minimum time step”.

c) A pulse length of 1us gives a first “zero” in the spectrum’s envelope at

1/1pys =1MHz

but the Sinx/x function of the envelope only shows a constant amplitude of the spectral power density u p
to 10% of the ,first ZERO frequency”. For this examp le this means 10% of 1MHz = 10kHz.

This is equal to an AC sweep with constant input voltage amplitude up to a stop frequency of 10kHz. Check this
by zooming the diagram for a frequency range from 100Hz to 100kHz and an expanded amplitude range:

F&jLTspice I¥ - [puls_03.fft]

t:ﬁ\e Yiew Plot Settings Simulation Tools Window Help

18] x|
=18

|BEEe 20 e R B ERE | sBRMES(L L0 =3 DD D Cmihd s

1 puks_03 ase ¥ puk_03fit |ic: pu\s_UB.lawl

Constant Power Density up to 10kHz

%=3717kHz y=43.477d6
i start |H LTspice I¥ - [puls_03.... ®]LTspice_4_d_corr.doc- ... | ¥ Paint Shop Pro E|«® M 100

Additional Tasks:

Repeat the simulation and the FFT with different simulation times (e. g. 20 ms / 50ms / 100ms) and compare with
a).

Repeat the FFT with different numbers of sampled data points and compare (e. g. 16384 / 32768 / 131072 /
262144 samples).

Solution for e): FFT of the impulse response = outpu  t signal
Remember:

Time domain and frequency domain are simply the two different sides of the same coin! Both completely
describe the properties of our LPF.

So when applying an FFT to the output signal, we use sconvolution“ which would then show the transfer
function of our LPF as a result.
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=81
Yo, Bl dew ot Setngs Smson. Took Wndow b LT
PeEf# 0 acar BEERE IReAES8[L 0223 Y0905 0 mihs

ol 0| o s 031 ol v o b G |

At higher frequencies the influence of the
“single Dirac impulse” can be seen.

This means that we see the Sinx / x —
envelope with zeros belonging to the NON-
ZERO pulse length. So do not use the results
in this region.

But the results at the low frequencies should
also be improved. The corner frequency of
the LPF is 159Hz and so a frequency
resolution of 10Hz should be applied.

@start| [ 27 Lrspice 1v- [puls_03L..

) 4o o doc-

8, ot shop Pro- e 0 E[«FH0 9 w1

Now repeat the simulation with a stoptime of 1/1  OHz = 100ms. The minimum time step can be reducedt o
200ns without loosing to much information or decrea sing the ,number of samples" to less than
500 000 (check: 100ms / 200ns = 500 000).

When using 262 144 samples you see everything what you want:

F&jLTspice I¥ - [dirac_01.fft] |
4 Ele View PlotSettings Simulstion Took Window Help _|=] x|

[P [ #0 Qo R BB ERAAS(/ L0 DD D G AT
4, dice 0ase $ dic O |32 diac_0.ran|

Amplitude "roll off" is 6dB per octave....|H

Corner frequency = 159Hz means
dlan amplitude attenuation by 3dB

(from 23 to 20dB) ...and this value is correct up

to 100kHz!

~Csac

V{ni02)
Freq: [159.54Hz Mag: [13 998548
Phass: [102528°
Gioup Delay: [1.4996Tms

- Cursar

Freq [ = Nia- Ma [ M-
Phases [~

Group Defay: = Hite
o (Cusore/ Cursar)

Freg: [ = H/a- Mag: [N~
Phase: [~ HiA-

Group Delay: =M=

x=446kHz v =-19.913d8
#start| (8 squineiai 1.4.33- Mo, | C ZT Tspice 1¥ - [dirac_01.. 89 Paint shop Pro- [Bide*[... | ] LTspice_4_d doc - Mcres... E‘« = MEL PR 100s

w
¢

e

Start frequency AND frequency resolution are now exactly 10Hz.

At 159 Hz we find the corner frequency of the passband. Here the amplitude is exactly reduced by 3dB.
In the stop band the amplitude “rolls off” (= decreases) with 6dB per octave.

This roll off value of 6dB per octave is constant and correct up to nearly 100kHz.

If you want to improve this: repeat the simulation with a shorter pulse length. This shifts the first “null” in the
envelope function to higher frequencies.
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20.2. Second Example: Dirac Test of a 110MHz Lowpas s Filter (see Chapter
14.2)

20.2.1.

Simulating S21 (= Forward Transmission)

These were the specifications of chapter 14.2

+Ripple* corner Frequency fc =110 MHz

Minimum inductance version

Filter order n=>5
System resistance Z=50 Q
~Passband ripple* 0,1dB.

50 99 2nH gg 2nH ...and these were the part

values calculated by a LC-

N

I_: J_ L J_ . filter design program.

50

1

Now the

a)

b)

c)
d)

e)

III

33, 2pF 33, 2pF
57, 2pF

task:

Start an AC sweep of the circuit and plot S21 from 100kHz to 1000MHz with 401 points per decade
Zoom the result to demonstrate the “Tchebychev ripple of 0.1dB in the passband.

Replace the swept input voltage by a ,, Dirac impulse” and use a pulse length which is 100 times shorter
than the system’s time constant.

Rise time and fall time should be 100 times shorter than the pulse length.

The pulse amplitude is 1 Megavolt. A start frequency = frequency resolution of 100 kHz is required.
Calculate the necessary sweep time and the maximum time step of the transient simulation for 100 000
true samples (and use 65536 samples when starting the FFT).

The simulation starts after a delay of 1ns.

Choose the Maximum Time Step so short that the programm cannot oversee the Dirac impulse (e.g. 2 or
2 or 3 three samples during the Dirac impule length and simulate in the Time Domain. Switch the data
compression off.

Calculate the number of usable samples for the FFT and apply the FFT to the impulse response of the
filter. Show the Chebychev ripple with it's amplitude of 0.1dB in the passband and compare the result to
the S parameter sweep.

Repeat the FFT with only 65 536 samples and compare the result to d).
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Solution for a): Simulated S21 from 100kHz to 1GHz (phase plot switched off):

FijLTspice IV - Draftz.raw

File Wiew ot Setings Simulation Tooks Window Help

= | | 5| #F QoK BEUHEBR RN S8

=181 %]

1 Dralt2ase ¥ Drafizram |

ﬂDraftZ raw

AC Sweep from 100kHz to 1GHz L1

33. 2pi 021;57 2pF las 2pF

V1

.ac dec 401 100k 1000MEG
Inet I(R2) V1 |

A AC10
S-Parameter Simulation Rser=50

-0/

50

Click to manually enter Horizontal Axis Limiks

a Start‘ ) LTspice_4_d_corr.dac - | AT LTspice I¥ - DraftZ.raw

El«®MNad 1zo

..and this is the passband ripple of 0.1dB:

F&jL Tspice I¥ - [Draftz.raw]

¥~ Fle View PlotSettings Simulation Tools Window Help

P& &% F QAR EL BER%Y s2Eh A

LIS
5| x|

1, Draitzase $7 DratZiaw ]

10MHz 20MHz 30MHz 40MHz 50MHz G0MHz 70MHz 80MHz 90MHz 100MHz ~ 110MHz  120MHz  130MHz  140MHz
% = 150.000MHz v = 15.936mdE

@ Start‘ 1 LTspice_4_d_corr.doc - ‘ A7 LTspice I¥ - [Draftz.r.. &8 Faint Shop Pro &) Druckmaus - Der Onlines. ..

This picture is the ,specimen* for all the following work.

El«®MBd 131
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Solution for b) and c):
The corner frequency of the LPF is 110MHz. This gives a time constant of

L = 1 =1.44ns
21w feopner 21 * 110MHz

So the length of the Dirac impulse must be 100 times shorter. We choose ca. 15 picoseconds.
Rise time and fall times are reduced to (1 / 100 of the pulse length) = 0.15ps = 0.00015ns.

The amplitude of the pulse is limited to 1Kilovolt. Otherwise we will get problems with the computer’s numeric
precision capability for this extremely short pulse length. This is customary for an LTI-System like this LPF.

Together with the start delay of 1ns and the amplitude maximum of 1 MegaVolt we get the following properties for
the PWL source:

AtT=0:

At T =1ns:

At T =1,00015ns:
At T =1,01515ns:
At T =1,01530ns:

kiloVolt (= 1kV)
kiloVolt (= 1kV)

ccccc
o
OrrFrOoOo

For a start frequency = frequency resolution = 100kHz in the simulated spectrum a transient simulation time of
tmax = 1/ 100kHz = 10us

is necessary. And a Maximum Time Step of 15 picoseconds / 3 = 5 picoseconds is a
good choice that the Dirac impulse will not be overseen by SPICE. Data compression is switched to OFF.

F8j | Tspice IV - puls_Ipf110M

File Wiew Plot Settings Simulation Tools Window Help

= Jd 9 e Bl ERT sR2E# OS : <

A puts o1 1om | ¥ puls_pf110M

¥[n004)

5.000ns 10.000ns 15.000ns 20.000ns 25.000ns 30.000ns 35.000ns 40.000ns 45.000ns

L1 L2
R2 99.2nH 99.2nH

vi S 1 c2 c3

0 c
laa.ZpF E?.ZpF Ea.z

PWL(0 0 1ns 0 1.00015ns 1kV 1.01515ns 1kV 1.01530ns 0)

.tran 0 10us 0 0.005ns .option plotwinsize=0

;:.,.-S}‘_.‘sﬁfg; Fgj LTspice 1¥ - puls _Ipft .

These are the first 50ns of the output voltage = impulse response.
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Solution for d): FFT

A simulation time of 10us and a Maximum Time Step of 5 picoseconds give

10us / 0.005ps = 2 000 000 samples

This means that we can use 1 048 576 values for the FFT.

e LTspice IV - [puls_Lpf110M]

¥ Hle yiew PlotSettings Smulation Tools Window Help L - . .
BE H T QAR RCERE DM A8 This is the simulation result for
([ pudpitt0n | £ puipirton ] 2 pis rtion a linear frequency axis:

V[n004)

100kHz 100MHz

¥ Ble tiew PlotSettings  Smulation Tools window  Help BES

A Jd 7 Soan EU BERY +B2EMH A8 )

| AL puls ip110M | $2 puls_ipf110M H2 pulsipf110M

ca. 0.02dB

Curs;r;‘ =

W[nO03)
F.eqi_fwa.aMH;g_ Mag [535217d8
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" - Phase: [87.1556°

Gioup Delay: [10.9814ns
Cursar 2

Ripple corner frequency f should be i

=110MHz

60MHz B80MHz 100MHz 120MHz 140MHz

Ratio [Cuisor2 £ Cursorl)

Not so bad....
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Solution for e): simulation with only 65536 samples

P& Tspice IV - [puls_Ipf110M]
¥7 Ble wew Plotsettngs Smuation Iook window Help - ax

B & g faan Bl B%n® 0@ 58

‘ A, puls_p10M | 12 puls_Ipfti0n | 15 puis_Ipf110M

V[n003)

% =84.816MHz __y = -152.150d8

Start,

P31 Tspice IV - [puls_pf110M]
¥ Fle vew PlotSettings Smulation Tooks Window Help =

BeE J T Qoan Rd EHB% sboa A8

| A, puls_pn10M | 37 puis IpM10M 2 puls Ipf110M

ca. 0.075dB

Cursg

Cursor 2

5

W{nOD4)

Phase: |85 5624
Group Delay: [11.005ns |

[
——

FRatio (Cursor2 / Cursorl)

80MHz 100MHz 120MHz 140MHz

Reducing the
number of samples
for the FFT will also
reduce the
simulation accuracy
AND the the
maximum frequency
presented in the
diagram from
52.5GHz to 3.2GHz

The ripple corner
frequency value
with 110MHz is
correctly simulated,
but there is an error
of 0.075B at the
Chebychev ripple
calculation.
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20.2.2. Simulation of S11 (= input reflection) or S 22 (= output reflection)

The S parameters of a Twoport consist of two transmission coefficients (S21 and S12) and two reflection
coefficients (S11 and S22). In practice for the determination of the reflection coefficients directional couplers are
used to separate the incident and the reflected wave.

But in a simulation this is very easy when using a Dirac impulse: we insert a short piece of RF cable
between the voltage source and the port. The travel  ling time for the Dirac impulse on this piece of ca ble
should be greater than the pulse length. Now an ech o caused by mismatch on the port’s input will arriv e
after 2 x (travelling time on the cable) atthe cab  le’s entry. This echo can be used for the FFT andt o
determine S11 or S22 in dB.

This is the used schematic to determine S11:
=8|

1, Fle Edt Herarchy Yiew Smulate Took Window Help =] x|
B R P FNQCOR R ARE LIDEAASG LB =3 EDDDD e

4, Ipf_100M_02.asc | 12 fp_100M 022w |

Td=0.02n Z0=50 99.2nH  99.2nH
R2 1

50 c1 c2 c3 R1
V1 v v — — — 50
33.2pF

~ 7 7

tran 0 1us 0 0.001n .option plotwinsize=0
PWL(0 0 0.00015n 1kV 0.01515n 1kV 0.01530n 0)

d,-start| & Homepage von Gur\thard...l ] LTspice_4_d_corr.doc - ... | A7 Lspice I¥ - [Ipf_100... &3 Paint Shop Fro BE « [Zd=iPT 2155

Voltage source V1 is connected to the input of a 50Q cable with a signal travelling time of 20 picoseconds (=
part “tline” in LTspice) . The output of this cable feeds the input of the LPF with the Dirac impulse (amplitude =
1 kiloVolt, pulse length = 15 picoseconds, rise and fall time = 0.15 picoseconds, startatt=0) . The
following value pairs are used to generate this impulse:

At 't = Null: U = Null
At t=0,00015ns: U =1 kiloVolt
Att=0,01515ns: U =1 kiloVolt
Att=0,01530ns: U = Null

So the echo can be seen and measured at t = 40 picoseconds at cable’s entry. But for the calculation of the
FFT this time slot from 0....40 picoseconds must be s uppressed.

Data compression is switched OFF by .option plotwinsize=0

To reduce the PC calculation time only a simulation time of 1 us is used. This gives a frequency resolution of 1 /
1ps = 1IMHz which will do for a S11 calculation. But the Maximum Time Step was reduced to 1 picosecond. So for
a pulse length of 15 picoseconds for the input Dirac pulse (...and an echo pulse length in the same order) enough
details of the curve are sampled.

This gives 1us / 0.001ns =1 000 000 calculated samples of which 524288 are used for the FFT.
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1y )

Start Time: | 20pg
Here come the necessary entries for the
FFT. Do not forget to ignore the time
range from 0....20 ps with the input
pulse and use 524288 samples.

End Time: | 1pz

Biroridsgnoathing g

P24 L Tspice IV.- [1pf_100M_02[1]]
¥7 Fle tiew PotSettngs Simulation Tools Window Help BEE

E= Qaar Ed Ha® steM &

‘ 4 ip_100M_02| % pi_10on_02 352 IpL100W_02(1]

This is the result: the S11 curve
of the LPF appears at the left
hand side of the diagram. At the
right hand side the sinx / x
curve for the “spare Dirac
sinx / x curve due pulse” due to its non-zero pulse
to the non zero length is present at high
pulse length frequencies.
of the input
Dirac impulse | But: the maximum frequency

‘ value at the horizontal axis is
250 GHz enabled by the short
Maximum Time Step of 1
picosecond.

11248
1.00002MHz 100.002MHz 1.00002GHz 10.0002GHz 100.002GHz

P& Tspice V.- [Ipf_100M_02[1]]

¥ Fle Yiew Pt Settings Smulation Tooks Window Help BEES
P H 7 QAR BU BR% e h a3 )

‘ AL Iof_100M_02 | $27 I 100M_02| $o% Ip_100M_0201)

When zooming the
result everything is OK
and equates to the S
parameter sweep in

ca.17dB chapter 14.2.

{n002)

Phase: [345444°
Group Delay: | 3.64854ns
| Cusar2

Rlatia (Cursor2 / Cursorl)

60MHZ B80MHz 100MHz 120MHz 140MHz
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21. Modulation
21.1. Principle of Amplitude Modulation (AM)

It is probably the oldest type of modulation that enabled the transmission of language and music approximately
100 years ago following on from Wireless Telegraphy using a Morse key. The basic idea is simple: Audio signals
have wavelengths that are far too large to be radiated wirelessly using antennas with acceptable efficiency.
Therefore a high frequency carrier signal was used so that a smaller antenna could be used and the information
loaded onto the carrier for problem free transmission. The amplitude of the carrier is changed in sympathy with
the information. Mathematically this is a multiplication and addition of two different signals. The secret of this is
shown in the following figure:

Vlcarrier]

i E

Anti phase

AM-signal with 1.5V peak and 0.5 minimum value

Tms 2ms

The top trace shows the constant 10kHz carrier with a peak value of 1V. Below that is the information that is a
500Hz sine wave with a peak value of 0.5V. If these two signals are multiplied the result is a signal at the carrier
frequency where:

« The amplitude follows the information signal but:

» When the information signal voltage goes negative the phase reverses.

This multiplication is called the Modulation Product shown in the third trace. If this is added to the unmodulated
carrier signal the total voltage becomes larger if the modulation product is in phase with the carrier. Likewise it
becomes smaller if the modulation product and carrier are out of phase. The bottom trace is the AM signal where
the signal amplitude varies in sympathy with the information. Now the question is: how many different frequencies
are involved because this is no longer a constant sine wave? With the carrier signal it is simple because it is a
constant sine wave with only one spectrum line. The modulation product already has a mathematical formula for
the multiplication of two sine signals:

cos{a)- cos() = 5 [coslar + )+ coslar - )]

The products are the sum and difference frequencies of the two cosine signals. The carrier and information
frequencies are not present.
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Féj L Tspice IV - AM_03
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To simulate this we use the Behavioural Voltage (bv), this has the necessary tools to simulate the multiplication of
the two signals. This is confirmed in the above figure:

* The sum frequency is 10kHz + 0.5kHz = 10.5kHz
* The difference frequency is 10kHz - 0.5kHz = 9.5kHz

They are called upper and lower sidebands having equal amplitudes. The peak value of both signals amounts to
50% of the information signal thus 250mVs. In the spectrum display this is 180mV because of the RMS
representation.

P2 LTspice IV - AM_03

Fle ¥iew PlotSettings Simulation Tools Window Help
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(= difference frequency) g

f=10.5kHz
RMS value = 180mV

11KHz 12KHz

shown in this figure.

Note:

Usually several
frequencies or a
complete frequency
band are involved in
the information signal.
These are called the

w = \ =0 X Iqwer and upper
: : N sidebands, the Lower
. 3 = Side Band is the LSB
L Tw o > and the Upper Side
? g Band is the USB of the
i e I ) AM signal.

x = 2.63ms y:DQ
st m

oE & z‘_ﬁ-‘gb % L0720

150



21.2 Amplitude Shift Keying (ASK)

The good old Morse key gave just “Open” and “Closed”. This simple method still has its place today in as a
modern transmission technique, the logical levels are simply assigned to the two conditions “Zero” and “One*.
This works amazingly well and is reasonably interference-proof (if additional limiting is used). In addition the
circuits required are fairly simple. The bv source is used again for the simulation multiplying the carrier with a
1kHz symmetrical square wave information signal. The smallest voltage level is zero V, resulting from “Key open”.

The maximum voltage is 1V resulting from “Key closed”.
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A carrier signal of
455kHz was selected
for this example. This
figure shows the
simulation circuit with
the output signals of
the three voltage
sources used with a
peak value of 1V or
0.707V RMS.

The spectrum of the
ASK signal is shown
in Fig 22, it shows
what was to be
expected.

The symmetrical
square wave
information signal
contains the 1KHz
fundamental and all
odd number
harmonics. The result
is LSBs and USBs
with all these spectral
lines of the
information signal that
spread to the left and
right of the

carrier.
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21.3 Frequency modulation (FM)

This is a refinement because this time the amplitude of the carrier is not used. Yes, it is completely unimportant
and in an FM receiver a limiter removes all fluctuations and glitches. The carrier frequency is changed in the
sympathy with the information signal. That costs more and clearly requires substantially higher technical
expertise. Success is convincing, it can be heard by listening to good music received on a VHF receiver. It is good
that LTspice has three components available:

« One can be used to switch the voltage supply to produce FM (SFFM). A sinusoidal carrier is produced and
sinusoidal information signal is automatically superimposed.

» There is complete FM-AM generator with a “modulate” function that can be found in the “Special Functions”
section. It is suitable for information signals with different waveforms. ¢ Finally the same FM-AM generator has a
“modulate2” function that produces quadrature outputs (two separate outputs with a 90 degree phase shift
between the carrier signals).

21.3.1. Generating an FM signal using the SFFM volt age supply

¥4 LTspice IV - FM_01 @@@

Ble Edt Herarchy Yiew Smuate Tools Window Help

Be T £ QR B HRW® 0@ 88 LD 3 ¥DB0D An op

‘ A M0 3 Ao
E

Take a close look at this
figure. The frequency of the
signal increases during the
negative half wave and
decreases during the
positive half wave of the
information signal.
Unfortunately the
modulating information
signal cannot be shown on
a separate diagram in this
mode. Data compression is
switch off as usual. It is
simulated over 20ms (100ns
resolution) but for clarity
SFFM(0 1V 10k 6.28 1k) only a short section is
shown. The rest can be
seen from the SFFM source
programming. The line:

.tran 0 20ms 0 100ns

.options plotwinsize=0

Lot | 3 Siele- Herssoft Wa | 5 Paint Shop Fro [ % Bider o &)

SFFM (0 1V 10k 6.28 1K)

means:
0 =no DC portion

<1V = peak value of the carrier

« 10k = 10kHz unmodulated carrier frequency
*6.28 = modulation index

e 1k = 1kHz sinusoidal information signal

The modulation index needs an explanation. If the carrier frequency increases it can be interpreted as advancing
the phase in relation to the unmodulated signal. Similarly a lower frequency means a reduction of the phase in
relation to the unmodulated signal. The modulation index expresses this change of the phase. It represents the
maximum phase shift in relation to the steady state with the phase deviation measured in radians. For the
example the modulation index of 6.28 represents the phase shift of a circle with a radius of 1. A complete circle is
360 degrees or 6.28 radians. It is so simple!
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Now let us regard the simulated FFT spectrum of this signal using 131,072 samples.

85 L Tspice IV. - [FM_01]

¥2 Ele wiew PlotSettings Smulation Tools window Help B
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The modulation envelope spectrum conforms to the
Bessel function for the chosen modulation index

The spectral lines
are spaced by the
information frequenc

of 1 kHz

The entire spectrum is occupied with lines spaced at a distance of the information signal frequency. The
amplitude distribution envelope can be described using a Bessel functions. It is difficult to understand the detail of
this but simply the frequency range occupied by the FM signal increases with the modulation index but the
envelope and the number of spectral lines obey the Bessel functions. In an extreme case increasing the
modulation index, the unmodulated carrier would reach zero.

The frequency deviation indicates the maximum deviation of the instantaneous frequency in relation to the
unmodulated signal and this naturally related to the modulation index (this is sometimes known a the phase
change). As an example the VHF broadcast stations from 88 to 108MHz use a frequency deviation of £75kHz.
That seems small but it cannot be more otherwise the maximum permissible channel spacing (300kHz) would be
exceeded and the transmitter on the adjacent channel would be disturbed.

As a guide:
FM channel spacing = 2 x (frequency deviation + inf ~ ormation signal frequency)

For interest the phase change can be calculated from the frequency deviation and the information signal
frequency and the modulation index in radians can be calculated using:

Modulation index = (peak frequency deviation) / (in  formation frequency)

The differences between frequency modulation and phase modulation are:

« For frequency modulation the peak frequency deviation is kept constant . From the formula the modulation
index and thus the maximum phase fluctuation must decrease with rising information frequency. Unfortunately
this worsens the signal signal-to-noise ratio for high tones.

* For phase modulation the modulation index and phase fluctuation are kept con stant . According to the

formula the frequency deviation increases with increasing information signal frequency. This increases the
frequency range occupied.
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21.3.2. Frequency Shift Keying (FSK)

Frequency Shift Keying is a digital mode that assigns the two conditions, “logic 0" and “logic 1" to two different
frequencies. The origin of this mode comes from the days of teleprinter technology. The only things that remain
from that technology are the two names, “Mark” for the higher frequency and “Space” for the lower frequency.
These are required to programme the FM-AM generator “modulate” function of the LTspice simulator .

Unfortunately some work is needed. When the VCO (Voltage Controlled Oscillator) is selected the basic
adjustment is missing. In order to correct this, click the right mouse button on the circuit symbol and open the
“Component Attributes Editor”. Click on the “Open Symbol” button to change to the actual symbol editor
(recognised by the small red circles at the ends of the individual lines that emerge in the circuit symbol and
represent connection points).

T

A, Fle Edt Herarchy Wew Smuate Toos Window Help EQ@J The path
EEICEGERIE T HR® tBe@ A6 LMt TOBOD A op “Edit/attributes/Edit
Attributes” leads to the
Click here! Symbol Attnbutg Editor
as shown in the figure. In

FM out

the line “Value” enter
A1 “mark=10k " and
“space=5k " as the control
T characteristic of the VCO to
give:

prEwe Ve w|| < ForQV atthe FM input
T — * | the output frequency will
Va2 be the space value of

........

SEiEELinEZ 5 kH Z.

. * For 1V at the FM input
Information Common the output frequency will
signal input be the mark value of
10kHz.

FEjUTspice v -[oreftl] | @ WindowsMedlaPlayer | B fider. [ Paint Shop Pro-[Bid... | i Sicrele - Mierosoft Wa.,

For a beginner this entry is somewhat complicated: First click on the line “Value” and then type “mark=10k
space=5k” in the window above the table. Click OK to make the entry - however it is not shown on the screen.
Now select the path: “Edit/Attributes/Attributes Window " again and click on “Value” in the table then click OK
and the cursor changes to “Mark Space Programming” so that it can be can placed on the circuit symbol.

Now this changed symbol must be stored in the component library with a path like:

“LTspicelV / lib / sym/ Special Functions / modulate”

e — BEE Now this VCO will be available but
Eellrlc:  beyy By o o - only if all windows are closed and
< _____ the program restarted. Otherwise

the program does not know
anything about the changed
symbol.

The figure shows the symbol being
used with a 1kHz pulse with Vmin
=0V and Vmax = 1V connected

to the FM input and the simulated
output (FM_Out).

To ensure that the additionally

3| voltage information is shown, right
Time domain simulation command. | mark=10k space=5k | mouse click on the diagram and
e e e e A1 ~ Programming: | use the "Add Plot Pane/Add trace”.
tran 0 20ms 0100ns | M For the following FFT simulation
enter the attributes “20ms
| PULSE(0 10 1u 1u 500us 1ms) | AM -~ FM_Out simulation time” and “maximum
.options plotwinsize=0| time.step 100ns” in order to
receive 200,000 genuine samples.
Also no data compression should

74 Start. P& Tspice IV - Draft3 [ Pant shep Pro [ 20 Signale - Merosoft W...

be used.
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%4 L Tspice IV. - [Draft3]

The linear frequency
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shown here.

It exhibits two maxima,
one for “Mark” and one
for “Space”. This is a
wellknown fact that can
be found in technical
literature.

It occupies a considerable
frequency range,
probably 20kHz.

e . / | R I T
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For interested readers who have access to a computer there are some additional exercises:

* Change the minimum and maximum pulse amplitude at the input. Examine if negative voltage levels are
permissible.

« Use a 1kHz sine wave information signal in place of the pulse. Select the amplitude similar to “Mark” and
“Space”. Also use an offset for the sine wave. Compare the frequency range now occupied to the pulse simulation
example.

* Use triangle information signal with the same frequency of 1kHz.
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