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Foreword

This book is idiosyncratic in that it includes oddities not included in the general run
of things, such as the Hamon voltage divider, the Murray loop test, the Elmore delay
and the Thiele-Small loudspeaker model. These are applications of passive circuits
which were encountered during countless trawls through the Internet and seemed
both ingenious and interesting. But it is hoped that the text also encompasses the
usual range of circuits.

SPICE is an analytical tool, just as manual analysis is, a very powerful tool that
can return far more accurate results than are generally possible with pencil-and-paper
analysis because it can include nonlinearities and temperature effects, but still it is
just an analytical tool. At present, it is not possible to insert the required system
performance and for SPICE to create an appropriate circuit: this, perhaps, is a project
for Mike Engelhardt. So LTspice does not absolve the circuit designer from the
onerous task of designing the circuit — it will only report how the circuit performs.

We must also answer the question “Why bother using SPICE?” To this are our
several answers. Granted that it takes a little time to learn the basics — and a bit more
to become proficient — it will be found afterwards that circuits can be simulated and
tested faster than is possible with manual calculations. But does this mean that
prototyping on the workbench is redundant? Far from it. LTspice will only analyse
the data it is given: so stray capacitance and inductance that bedevil practical circuits
will only come to light on the real physical circuit. On the other hand, the exigences
of health and safety considerations, as well as the time needed to construct pro-
totypes, make LTspice an attractive adjunct where component values can be changed
and tested in seconds. And it is also invaluable in one other important area which is
often overlooked — production yield. Components are not exact but have tolerances.
It is clearly unreasonable to build a few thousand actual circuits to see which are out
of specifications, but no problem with LTspice — even if it means leaving it to run all
night.

In the early days, that is, pre-millenium, some versions of SPICE were prone to
unfortunate errors; and although it is not something germane in this text, in one
version at least, it was possible to mistakenly connect an opamp intended as a unity
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viii Foreword

gain buffer, with the feedback taken to the positive input instead of the negative, and
to find that the circuit still worked as a buffer. Nowadays, such errors have been
fixed, but still the user must beware of false results.

These still occur and originate from two sources; one is the default settings of
LTspice. These are accessed through Tools- > Control Panel, and there are three of
importance: the first is that by default the results are compressed; in most cases, this
is very useful since it greatly reduces the size of the simulation file — the raw file — by
a factor of at least ten. However, it does mean that there is imprecision in measuring
sharp resonant peaks or transitions, and then it must be turned off. The second is that
by default, inductors have a parallel damping resistor and a small series resistance: it
is this latter that can lead to false reductions in the output of a tuned circuit. The third
area of concern is the rise and fall times of pulse input waveforms where the default
of zero has significant slopes; setting each to something like /e-15 results in vertical
edges, but it is always worth checking. Otherwise, the default settings have been
used throughout this book, only needing the Gear method to resolve a rather
awkward example of the definition of a capacitor by its charge in Chap. 7, nor
generally adjusting the settings in Tools — Control Panel — SPICE, although
tolerance changes were tried for one or two simulations that ran slowly or stopped,
but there did not seem to be any improvement. This leads to a second consideration,
and that although it is very unlikely that LTspice miscalculates the performance of a
circuit, it is always a good idea to start with a simple circuit, without the complica-
tions of nonlinearities or temperature effects, and check that the results agree with
calculation.

The second source of errors is in models and subcircuits. Models are predefined in
SPICE and it is not within our power to add extra parameters. Therefore any
shortcomings, such as the failure of bipolar transistor models to include the base-
emitter breakdown, can only be dealt with by creating a subcircuit. These are another
matter and are essential where the performance of a device such as a thermistor
cannot adequately be replicated by an existing model, and it is therefore necessary to
construct a circuit to create the correct characteristics. In some cases, there are agreed
subcircuit structures, but not always, and the performance of the subcircuit may fall
short of the actual device which we shall explore, especially in Chap. 3.

The structure of this book, as far as possible, is to start with simple circuits and
basic analytical tools and then progress to more complex circuits and advanced
analytical methods on the basis that it is more productive to move from the known to
the unknown rather than the other way round. Also, an exhaustive listing of, say, the
.meas statement is apt to be rather indigestible, and so its features are introduced as
needed, scattered over several chapters. On the other hand, there seemed no alter-
native but to list, with illustrations, the enormous capabilities of the voltage and
current sources as Chap. 5. Additionally, some topics such as RCL circuits are
covered twice, but in different fashions.

Perforce, the text is essentially mathematical because LTspice makes a
no-compromise analysis of the circuit, returning results correct to six or seven
figures, including aspects of the circuit’s performance that are not always covered
in text books. This sometimes results in puzzling results prompting a “What the
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(insert expletive) is happening here?” These can often be the most fruitful simula-
tions bringing to light side effects that were overlooked in a simple manual analysis
(or were omitted due to an inadequate grasp of the theory).

Worked examples with accompanying simulations pervade the book, but there
are no end-of-chapter lists of questions, just a few suggested explorations at the end
each section. The hope is that the theory and examples will stimulate more investi-
gations, which should be seen as a challenge, not an onerous burden. Indeed, if the
thought of having to simulate a circuit brings a deep sigh and a heavy heart, it is
respectfully asked if electronics is the right career — life is too short to spend one’s
working days doing something that does not bring deep satisfaction.

LTspice is under continuous development, so some simulations that caused
problems now run smoothly, and for others the comments may not now be relevant.
Also, a few circuit symbols have changed. And sources now require five rather than
four parameters.

Inevitably, there are mistakes, for which I crave the readers’ indulgence and a
gentle smile rather than schadenfreude. To err is human, but for a really good foul up
you need a computer. I hope I have avoided the opacity variously attributed to
Robert Browning at https://www.google.com/search?client=firefox-b-d&q=only
+god+and+browning.

Patra, Greece Colin May


https://www.google.com/search?client=firefox-b-d&q=only+god+and+browning
https://www.google.com/search?client=firefox-b-d&q=only+god+and+browning

Contents

1 LTspiceEssentials. ............. ... ..... ... ............... 1
1.1 Introduction. . . ... . . . 1
1.2 Representing the Circuit. . .. .......... ... . ....... 3
1.3 Drawing Conventions . . . . .. ... v vttt 4

1.3.1 Component Symbols. ....................... 5
1.4 Drawing the Circuitand Ohm’s Law . . . .. .............. 6
1.4.1 Drawing the Circuit. . .. .................... 6
1.4.2 Placing Components . . . . .................... 7
1.4.3 Connecting the Circuit. . .. .................. 10
1.4.4 Adding Values. . ......... ... . ... 11
1.4.5 Editing the Circuit. . . ...................... 12
1.4.6 Annotations. . . .. ... 14
1.5 Running the Simulation and the .op Command. . .. ........ 15
1.5.1 Simulation Results. . . ............. .. ... ..... 16
1.6 Sweeping Voltage and Current Sources. . . .. ............ 19
1.6.1 DC Sweep Command . . . .................... 19
1.6.2 The Trace Window . . . ...................... 20
1.6.3 The Control Panel . . .. ...................... 24
1.7 Changing the Value of a Component During Analysis. . . .. .. 26
1.7.1 Using Parameters “.param’. ... ............... 27
1.7.2 Step Command “.step’. . ........... .. ... 28
1.7.3 Production Yields. ... ....... . ... .. ... ..., 29
1.8 SPICE. . . . 32
1.8.1 Schematic Capture . . . . ..................... 32
1.8.2 SPICE AnalySiS. . . .. .o oo v 33
1.8.3 Performance. . ........ ... ... . o o i L. 37
1.9 Summary . .. ... 39

xi



Xii

Contents
DCCircuits. . . ....... ... . . e 41
2.1 Introduction. . . ........ ... . ... ... 41
2.2 Kirchhoff’s Laws . . . ... ... ... .. .. .. ... ........ 41

2.2.1 Resistors in Parallel and Kirchhoff’s
Current Law . . ... ... ... ... ... ......... 42

2.2.2 Resistors in Series and Kirchhoff’s

Voltage Law . . . ... ... ... . .. ... ... .. 44
2.3 Some Useful Circuits . . .. .............. ... .. 48
2.3.1 The Potential Divider. . .. ................... 49
232 The ‘.measure’ (.meas) Directive . . ... .......... 52
2.3.3 Maximum Power Transfer. . .................. 54
234 The Wheatstone Bridge . . .. .................. 59
24 More Analysis Methods . . .. .............. ... ... . .... 67
24.1 Superposition. . . ... .. 67
2.4.2 The Thevenin Model . . . .................... 69
2.4.3 The Norton Model . . . ...................... 71
2.5 AMENUALOrS . . . . o oot 75
2.5.1 The L-Attenuator. . . . ...................... 75
252 The ‘T’-Attenuator. . .. ..................... 77
2.5.3 The Pi-Attenuator. . .. ...................... 81
2.6 Delta-Star Conversion. . .. ..., 83
2.6.1 Delta-Star Conversion. . . .................... 83
2.6.2 Star-Delta Conversion. . ... .................. 85
2.7 The Thermocouple . . ... ... ... .. .. 86
2.8 Metrology . . . v 90
2.8.1 Voltage Standard . . . . ....... ... ... ... .... 90
2.8.2 Resistance. .. ........ ... ... 95
2.9 Practical Considerations. . . .. ...............uou..... 96
2.9.1 Fixed Resistors. . .. ........................ 96
29.2 Variable Resistors . . .. ...................... 99
210 0 SUMMALY . . oot 100
Non-linear Resistors . . .. ........... ... ... ............. 101
3.1 Introduction. .. ... ... .. .. .. .. 101
3.2 The LTspice Resistor. . . .......... ... ... 101
3.2.1 The Component Attribute Editor. . ... .......... 102
3.3 Variable Resistors . . . . .......... ... ... .. ... .. 103
3.3.1 Potentiometers. .. ............. ... ... 104
34 Resistor Temperature Effects. . . ................. ... .. 106
34.1 Adding Temperature Coefficients. .............. 106
342 Temperature Analysis. .. .................... 108
3.5 The Platinum Resistance Thermometer. . . ... ............ 110
3.5.1 Arbitrary Temperature Coefficient. . . ........... 111

352 The Cubic Equation. . . ..................... 112



Contents xiii
3.6 ThermistorS . . . .. oot 113
3.6.1 Temperature Measurement Using NTC
Thermistors. . .. ... vt 113
3.6.2 Temperature Measurement Using PTC
Thermistors. . . ...... ... 120
3.6.3 Circuit Protection. . . . ........ ... ... ..... 122
3.7 Voltage Variable Resistors (Varistors) . . .. .............. 129
3.7.1 BasicModels. . ........... ... . ... ... ..... 131
3.8 Photoconductive Cells. . .. ........ ... ... ... ... ... 137
3.8.1 Ilumination Characteristics . . . .. .............. 137
3.8.2 Photocell Response . . ....................... 139
383 SPICEModels. . ............ ... .......... 140
3.9 Other Variable Resistors. . . ......................... 140
39.1 Time Variable Resistors. . .. ................. 141
392 Frequency Variable Resistors. . . .............. 141
310 Summary . . ... 141
4  Models and Sub-circuits. . . .. ... .. ... . ... ... L. 143
4.1 Introduction. . . ... ... . . .. 143
4.2 Symbols. . ... .. 145
4.2.1 Alternative Symbols. . ........ ... ... ... ... 146
422 Creating the Drawing . . . . ..... ... ... ...... 147
423 Adding Pins. . ............. ... ... 152
424 Symbol Attributes . . .. ....... ... L 155
425 Saving the Symbol . . . .. ... ... ... L. 162
4.3 SUb-CITCUItS . . . . e 163
4.3.1 Sub-circuit Structure . . . . ... 163
432 Downloading Sub-circuits. . . ................. 165
4.4 Example Sub-circuits. . .......... ... ... . . L. 166
4.4.1 A Wire-Wound Resistor. . . .................. 167
442 Potentiometer. . . .............. ... ... 169
4.5 SUMMATY . . . .ot e 177
5 Voltage and Current Sources. . . ... ....................... 179
5.1 Introduction. . . ... ... . . .. 179
5.2 Independent Voltage and Current Source . . . . ............ 180
5.2.1 DCSource. . ... 180
522 AC Analysis. . ... 182
523 Voltage Source: Parasitic Properties. . .. ......... 183
524 Functions. ............ ... ... ... ... ..... 184
53 Arbitrary Sources (B) . . . ... ... 197
5.3.1 Constant Power. ... ...... .. ... ... .. .. ... ... 197
5.4 Dependent Sources. . . ... 210
5.4.1 Voltage-Controlled Voltage Sources (E,E2). . ... .. 210

5.4.2 Current-Controlled Current Source (F). . ......... 212



Xiv

Contents

5.4.3 Voltage-Controlled Current Source (G,G2)........ 213

544 Current-Controlled Voltage Source(H). .. ........ 213

5.5 SUmMmary . . . ... 213
ACTheory. . ... .. 215
6.1 Introduction. . ....... .. .. .. 215
6.1.1 Some More ‘.meas’ Methods . . ................ 216

6.2 ACBASICS . . ottt 220
6.2.1 Simple Harmonic Motion. . ... ............... 220

6.2.2 Waveform Synthesis. . ...................... 222

6.2.3 Sine Wave Parameters. . ... ................. 223

6.2.4 Adding Sine Waves. . ......... ... ... ... ... 231

6.2.5 Partial Sine-Wave. . ......... ... . ... ... 234

6.3 Rectangular Waves. . ......... ... ... ... . . . .. .. 238
6.4 Triangular Waves. . . ... ... .. 240
6.4.1 Average Value. . .......... ... . ... 240

6.4.2 RMS Value.......... ... ... . ........ 241

6.5 Other Waveforms . . . . ... ... ... .. 243
6.6 Other Forms of Trigonometrical Functions . . ... .......... 245
6.6.1 Series Forms. .. ....... . ... ... ... ... ..... 245

6.6.2 Exponential Forms . . .. ........... ... ....... 248

6.7 ‘four’ Waveform Analysis. ... ........ ... ... ........ 258
6.7.1 Application. . . ........ ... . .. 258

6.8 SUMmMary . . . ... 260
Capacitors. . .. ... .. . 261
7.1 Introduction. . ...... .. ... 261
7.2 CapacitorS . . . v vt e 261
7.2.1 Unit of Capacitance . . . ..................... 263

7.2.2 Energy Stored in a Capacitor. . . ............... 263

7.2.3 Capacitors in Parallel and in Series. . .. ......... 264

7.2.4 Capacitors in Series Voltage Ratings. . ... ... .... 266

7.3 Capacitor Types. . . ..o vt e 266
7.3.1 Variable Capacitors. . ... ....... ... 267

7.3.2 Fixed Non-polar Capacitors. . . ................ 268

7.3.3 Polar (Electrolytic) Capacitors. . . .. ............ 270

7.3.4 SPICE AC AnalysiS. . ............. ... 271

7.4 Capacitor Models. . . ...... ... i 274
7.4.1 The LTspice Model . . .......... ... ... ... ... 274

7.4.2 Capacitor Losses . . .. ....... ... . ... . .... 276

7.4.3 Capacitoras Charge . . . ..................... 278

7.4.4 Manufacturer’s Capacitor Models . . . . .......... 281

7.5 Time Response of a Capacitor. . .. .................... 287
7.5.1 Capacitor Charging . . . . ..................... 288

7.5.2 Capacitor Discharge . . .. .................... 291

7.5.3 Sag . 292

7.5.4 Average Voltage . . . ............... ... .. .... 294



Contents XV
7.6 Frequency Response of a Capacitor. . . ................. 296
7.6.1 Voltages and Currents. . . .................... 296

7.6.2 Manual Circuit Analysis. . .. ................. 300

7.7 Frequency Response of Series RC Circuits . . . ............ 302
7.7.1 Manual Analysis. . . ... ... 303

7.8 SUMMATY . . ..t e 311
8 RCUCircuits. ... ... ... . 313
8.1 Introduction. . . ... . .. 313
8.2 Simple Capacitor-Resistor Circuits. . .. ................. 313
8.2.1 De Sauty Capacitance Bridge . . . . ............. 314

8.2.2 Schering Bridge . .. ....... ... ... .. ... .. ... 315

8.2.3 The Compensated Potential Divider. . ... ........ 318

824 RIAAFilters. . . ... ... i 322

8.2.5 Relaxation Oscillator and ‘sw’ Component. . . ... .. 324

8.2.6 Tapped Capacitor Impedance Matching. . ... ... .. 330

83 Passive Tone Controls. . .. ........ ... ... ... ... ... 332
8.3.1 The BigMuff............................. 334

8.3.2 TheJames. ... ... .. ... ... ... 335

833 Baxandall Tone Control . . .. ................. 337

8.4 NOBSE . oo vt et 338
8.4.1 Noise Sources. . . ..., 338

8.4.2 LTspiceand Noise. . . ............. .. ....... 340

8.4.3 Noise Generator. . . . .........oouuuuunnnn. .. 343

8.4.4 Noise Reduction. .. ........................ 344

8.5 RCDelay Lines. ... ... ... 345
8.5.1 Elmore Delay. ............. . ... ... ....... 346

852 The Uniform RC Line. ... ................... 347

8.6 Thermal Modelling . . . ....... ... ... ....... ... ... 350
8.6.1 Heat Transfer Mechanisms . . . . ............... 350

8.6.2 Semiconductor Thermal Models. . .. ........... 352

8.6.3 Thermal Models of Buildings. . . .............. 357

8.7 SUMMATY . . ..t 358
9 Second-Order RCFilters. . ............................... 359
9.1 Introduction. . . ... . . .. 359
9.2 The Laplace ‘s’ Function . . . .............. ... ... .... 359
9.2.1 Comparison of @ and s Transfer Functions . . . . . . .. 360

9.2.2 Polesand Zeros. .. ........ .. ... . ... ... 361

9.23 Typesof Poles. .. ........... ... ... ........ 362

9.2.4 Typesof Zeros. ...... ... ... .. 364

9.25 Voltage Gain. . . .................eoo... 364

9.2.6 Laplace Numerator. . . . ..................... 365

9.3 Two-Port Networks . . . ... ... ... 368
9.3.1 The “.net’ Directive . . .. .. ... . .. 369

9.3.2 H-Parameters. .. ......... ... ... ... ... ..... 371



XVi

10

11

Contents

933 Z-Parameters. . . . ... 374

934 Y-Parameters. .. .. ......... ... ... 376

9.3.5 Scattering Parameters . . ... .................. 378

9.4 Second-Order RC Cascade Networks. .. ................ 379
9.4.1 General Analysis. . ........ ... ... ... ...... 380

9.4.2 Low-Pass Filter. . . ........... ... ... .. ..... 383

9423 High-Pass Filter. . . ............ ... ... ....... 387

9.4.4 Band-Pass Filter. . . ........................ 389

9.5 LTspice “Laplace”. . . ... .. 393
9.5.1 The Laplace Transform. ... .................. 393

9.5.2 Laplace Transform Examples. . .. ............. 394

9.6 Sketching the Bode Plot. . .. ....... .. ... ........... 397
9.6.1 Magnitude . . . ........ . 397

9.7 Band-Stop Filters. . . ....... ... ... ... ... . L 402
9.7.1 A Simple Band-Stop Filter. . .. ............... 402

9.7.2 The Bridged-T. .. ........... ... ... ....... 404

9.7.3 Twin-T Filter. . .. ......... ... ............ 409

9.7.4 Other Notch Filters . . . ...................... 411

9.8 Summary . .. ... 415
Transmission Lines . . . .. .......... ... ... ... ............ 417
10.1  Introduction. .............. ... 417
102 Uniform RC ‘URC’Line............ ... ............ 418
10.2.1  SyntaxX. . ... .. 418

10.2.2  Parameters. . ............. i, 418

10.3  Transmission Lines. . .......... ... ... ... 421
10.3.1  EquivalentCircuit. ... ...................... 422

1032 AnalysiS...........i i 423

10.4  Lossless Transmission Line “tline’. . ................... 426
10.4.1  Voltage Reflections . . . ...................... 427

1042  Current Reflections. . .. ........ ... ... ... ... 429

10.4.3  Single Mode Behaviour. .. .................. 430

10.4.4  Multimode Behaviour. .. .................... 433

10.4.5 Frequency Response. ................ ... ... 435

10.4.6  Discrete Lossless Transmission Line. . ... ....... 439

10.5  Lossy Transmission Line. ... ........................ 442
105.1  Analysis..........o 443

10.5.2  The LTspice ‘Itline’ . . .. ......... ... ........ 443

10.5.3 Discrete Lossy Line. . .. .................... 444

106 Summary. .. ...... . 444
Inductors and Transformers. . . ........ ... ... ............. 445
11.1  Introduction. ............... ... 445
11.2 MagnetiSm. . . . ..o vttt e e 445
11.2.1  Magnetic Effects of an Electric Current. . . . ... ... 446

11.2.2  Inductance of aSolenoid . .. .................. 447



Contents

12

Xvii

113 Inductors. .. ... e 450
1131 TheB-HCurve............ .. ... ... ...... 451

11.3.2  The Magnetic Circuit. . . . ................... 454

11.33 InductorLosses.............. ... ... ...... 457

11.3.4  Choice of Magnetic Material . . . ............... 459

11.3.5 InductorDesign............. ... ... ...... 459

1136 LTspiceInductor. . .......... .. ... . ....... 463

11.3.77 OtherModels. .. ...... ... ... . ... .. ... 471

11.4  Mutual Inductance . . .. ....... ... . 478
1141 Theory. ..... ...t 478

11.5 Power Transformers. .. ........ ... ..... ... ..... . .... 485
1151 MagneticS. . . ..ottt 485

11.5.2  Special Transformers. ... ................... 489

11.5.3  Models for Manual Analysis. . ................ 492

1154 LTspiceModels. .. ........ . ... .. ... 498

11.6 Summary. ... ...ttt 500
LRand LCR Circuits. . . ................ ... . . .. 501
12.1  Introduction. ... ....... ... ... 501
122 InductorS. . . ... .o 501
12.2.1  Energy Stored in an Inductor. . .. .............. 502

12.2.2  Inductors in Series and Parallel . . ... ........... 502

12.2.3  Time Response of an Inductor. . . . ............. 504

12.2.4  Frequency Response of an Inductor. . . ... ....... 506

123 Settling Time . . . ... ... 509
123.1  Pulse TrainInput.......... .. ... ... ....... 509

12.3.2  Sine Wave TrainInput. .. ................... 510

12.4  Bridges to Measure Inductance . . .. ................... 511
12.4.1 The Maxwell Bridge . . . . ................. ... 511

1242 TheHay’sBridge. ............. ... ... ... .. 514

1243 TheOwenBridge. ............. ... ... ... ... 516

1244  Anderson Bridge. . .......... ... ... ... ..... 517

12.5 Power Supply Filters. . . . ... . ... . 520
125.1 CapacitorInput. .. ................. ... ... 520

12.5.2  Capacitor Input Filter. . . .. .................. 521

12.5.3  Inductor Input Filter. . . . .................... 523

126 LRFilters. ... ... ... 524
12.6.1 Cascaded LR Filters. . ................... ... 524

12.6.2  Bridged-TFilters. . ....... ... ... ......... 528

12.7  Impedance Matching . . ... ... ... ... .. ...... 531
1271 LCMatching. . ... ... . 531

128 Crystals. ... oo 534
12.8.1  Equivalent Circuit. ... ...................... 534

12.8.2  Parameter Extraction and LTspice Model . . . ... ... 536


https://doi.org/10.1007/978-3-030-38304-6_12#Sec201
https://doi.org/10.1007/978-3-030-38304-6_12#Sec201
https://doi.org/10.1007/978-3-030-38304-6_12#Sec201
https://doi.org/10.1007/978-3-030-38304-6_12#Sec201
https://doi.org/10.1007/978-3-030-38304-6_12#Sec201
https://doi.org/10.1007/978-3-030-38304-6_12#Sec201

Xviii

13

14

Contents

129  Assorted CircuitS. . . . ... .ot i i e 537
12.9.1  Electromagnetic Interference (EMI) Filter. . . . ... .. 537

12.9.2  Power Factor Correction. . . . ................. 538

1293 LCRNotch Filter. . . .................... ... 540

12.9.4  Interrupted Continuous Wave Transmission. . . . . . . 541

12.10 ESD Simulation IEC 61000-4-2. ... ................... 542
12.11 Loudspeakers and Crossovers. . .. .................... 543
12.11.1 Loudness. ..............uiiiienenn... 543

12.11.2 Driver Construction. . . .. ............ou..... 544

12.11.3  Thiele-Small Driver Parameters. . . ............. 545

12.11.4 Equivalent Circuits . . . . .. ... ... 548

12.11.5 Enclosures. ........... ... ... 550

12.11.6  CroSSOVEIS . « v v vt e et e e e e e it e e e 550

1212 SUMMALY .« v e e e e e e e e e 551
LCR Tuned Circuit. . . ......... .. .. ... . ... .. ... ... 553
13.1  Introduction. .............. ... 553
13.2  Series Tuned Circuit. . . ............ ... 554
13.2.1  Frequency Response. ... .................... 554

13.3  Series Tuned Circuit Time Response . . . .. .............. 570
13.3.1  The Differential Equation. . .................. 571

13.3.2  Damping Conditions. . . ..................... 574

1333  Voltages. ... ..... ... 583

13.4  Parallel Tuned Circuit. . .. ... ..., 592
13.4.1  Frequency Response . . ...................... 592

13.5  Parallel Resonance Damping . . . ...................... 598
13.5.1 Including a Parallel Resistor. . . ............... 598

13.5.2  Including the Resistance of the Inductor. ......... 607

13.6 Summary . .. ... 612
The Fourier Series and Fourier Transform. . .. ............... 613
14.1  Introduction. ............ ..., 613
14.2  The Fourier Series. . . ...t 613
142.1 TheConcept. .. ..., 614

1422 Harmonicsand DC......................... 615

14.2.3  Trigonometrical Form. ................ ... ... 617

14.3  Simulation of Common Waveforms. .. ................. 624
14.3.1  Constant Waveformf(x) =k.................. 624

14.3.2  The Triangular Wave . . . . ........ ... ........ 625

1433 SquareWaves. .. ...... .. ... . ... . ... .. 632

1434 TheParabola............................. 637

14.3.5  Full-Wave Rectified Sine Wave. . .............. 639

14.4  The Exponential Form. ... ....................... ... 641
14.4.1  Exponential Coefficients. . ................ ... 642

14.42  Rectangular Wave Using the Exponential Form. . . . 643



Contents Xix
145  Arbitrary Waveforms. . . ....... ... ... L 645
14.5.1  Fractional Waveforms. ... ................... 645
14.5.2  Piecewise Waveforms. .. .................... 649
14.6  Aperiodic Signals. . . ...... .. ... 652
14.6.1 The Sinc Function. . . ...................... 653
14.6.2 AperiodicPulse........... ... ... ... ..... 657
14.6.3 Impulse Response.......................... 660
14.6.4  The Continuous Fourier Transform. .. .......... 661
14.7  The Discrete Fourier Transform (DFT). . ... ............. 664
14.7.1  Selecting a Harmonic. .. .................... 664
1472  Finding the Amplitude . . . .. ................. 668
14.7.3  Sampling Rate and Data Points. . . . ............ 672
14.8  The Fast Fourier Transform . . ... ..................... 676
148.1 LTSpiceandthe FFT......... .. ... .. ....... 678
149  Summary. ...... ... 681
15 PassiveFilters. . .. ....... .. ... .. ... . . ... . 683
15.1  Introduction. ... .. .. .. .. ... ... 683
152 NyquistPlot. . . ... .. .. .. . 683
15.2.1  LTspice and the Nyquist Plot. . .. ............. 684
15.2.2  Real and Imaginary Parts. . . ................. 685
1523 Second Order Filters. . ... ................... 689
15.3  Pole-Zero (s-Domain) Analysis. . ... .................. 691
15.3.1  First-Order Systems . . . . .................... 691
15.3.2  Cascaded Second-Order Filters. . .. ............ 694
1533 LCRFilters. . ......... .. ... ... ... ... ... 699
1534 LCRFilter Types. ........covuiinennn . 702
154 LCFIters. . .. ..o e 713
15.4.1 Filter Prototypes. . . ........ ... ... ... ... ... 714
1542 Constant-K Filters. . .. ..................... 720
1543 M-Derived Filters. . ... ..................... 733
1544 Combined Filters. . .. ...................... 740
15,5 Tuned-Circuit Filters . . . ........ ... ... ... ... ........ 740
15.5.1 Double-Tuned Band-Pass Filter. . .. ............ 740
15,6 Multi-stage Filters. . .. ... . . . . 743
1561  Design.........oiiiiiiiiiiiii 743
15.6.2  Butterworth Low-Pass Filter. . . . .............. 745
15.6.3  Chebyshev Low-Pass Filter. . . . ............... 746
15.6.4 EllipticFilters. . .. ............ ... .......... 748

15.6.5 Transformation of Low Pass to High Pass, Band Pass
andBand Stop......... ... . ... 748
156.6 All-PassFilters. .. ......................... 751
15.6.7  Sensitivity . . ... ... ..ot 752
157 Summary. ... ... ... 752
Index. . ... .. 753



Chapter 1 ®)
LTspice Essentials s

1.1 Introduction

The aim of this book is to provide what, hopefully, is a useful and enjoyable
introduction to LTspice mainly because the text is structured so that many simula-
tions that go hand-in-hand with the analysis to reinforce and extend the topic are
available from the website. For this reason, there are illustrative worked examples
and suggested explorations, but no end-of-chapter questions since it is entirely
possible to create a circuit, make the analysis and check the result by simulation.
And this is open-ended leaving room for flights of fancy in circuit design. And
because these are only simulations, a few hundred kV or a million amps or two will
not bring down the wrath of the Health and Safety executive nor excite the fears of
the laboratory staff. And under this later head, it must be emphasized that simulation
is not a replacement for building and testing the actual circuit. Certainly there are
cases where this is just not possible; the design of integrated circuits is the prime
example. Otherwise, after the LTspice analysis, we need to build the circuit to find
out if there were things we had forgotten in the simulation: stray capacitances, the
internal resistance of a source, things like that.

And it must always be remembered that SPICE in whatever form is an analytical
tool, a very powerful one, to be sure, but still only a means of analysis, and it does
not absolve the circuit designer of the hard work of designing the circuit in the first
place, although judicious use of ‘what if?” simulations can often give helpful clues
about the circuit’s performance. In addition, by using SPICE, we can quickly find
out more about a circuit’s behaviour than would be economically possible to
calculate. A very simple example is the optimum load resistor for maximum
power transfer from a DC source. The calculation is not difficult, but it takes time
to repeat the sums to find the seriousness of a mismatch. We have the answer in
seconds with SPICE. And many circuits have start-up transients that are difficult to
calculate and which are easily seen using SPICE. Many years ago, in the pre-SPICE
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days, the start-up current surge of a main power supply could only be estimated
using graphs. This was a serious matter because it could easily cause device failure if
it was not limited.

But perhaps the greatest advantage of simulations is that of including the imper-
fections of practical components: inductors have resistance, capacitors also, and
everything can change with temperature, not just linearly but with a quadratic or
higher polynomial relationship, or even exponentially. These can give the LTspice
user scope for ingenuity in finding ways to model these circuits. Many years ago, the
late Bob Pease of Analog Devices created a SPICE shoot-out of a few circuits of no
great complexity but extremely difficult to simulate to the required accuracy. CPUs
have moved on since then, so perhaps now it is only time for a cup of coffee, but then
it took an all-night run to get an answer. And this is another useful feature of SPICE;
doing, for example, a statistical analysis to estimate the production yield means that
we can get on with something useful and leave SPICE to crunch the numbers.

Those familiar with LTspice can safely skip this chapter, or perhaps skim the last
section. Otherwise a good starting point to trace the interesting history and devel-
opment of SPICE is: https://docs.easyeda.com/en/Simulation/Chapter14-Device-
models/index.html.

The book, perforce, is mathematical. This is for two reasons: the first is that it is
never safe blindly to accept the results of a simulation — there should at least be an
approximate analysis that agrees in the main with the simulation. This is not to say
that the simulation is faulty — although that is possible if the analysis is poorly set
up — but rather as a check that the underlying concept is sound. The second reason is
that LTspice will show second-order effects that are often glossed over: in particular,
the resistance of the inductance in a tuned circuit and the effects of pulse excitation
of a tuned circuit rather than a sinusoid. These will be exhaustively dealt with in an
appropriate chapter.

There were two conflicting requirements in the layout of the book: one was to
cover the gamut of LTspice’s capabilities and the other to explore the range of
passive circuits. Trying to cram, for example, all the ‘Simulate’ options into a
chapter seemed rather indigestible and disruptive of an orderly flow of topics since
some analyses are appropriate to DC and others not. Therefore, apart from the
chapter on voltage and current sources, the approach has been to start with simple
concepts and circuits — such as Ohm’s Law in this chapter — and build to more
complex circuits and analytical tools for DC, then to move to AC and capacitors and
inductors and higher things. The result is that the LTspice commands, directives, call
them what you will, are introduced as they are needed, and often only in part so that,
for example, the .meas directive is scattered through four chapters.

The contents of this book are idiosyncratic. Certainly it is to be hoped that the
analysis and applications of the most popular passive circuits have been covered
somewhere, but there are also such diverse items as spark transmitters, loudspeakers
and thermal modelling. In short, anything that looked interesting or unusual. Under
this head comes the Hamon Potential Divider that creates a highly accurate division
by 10 using not-so-close tolerance resistors, the Murray and Varley loop tests to find
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faults in cables and the Tapped Capacitor Impedance Divider to efficiently match a
source to a load.

It should be mentioned that filters in one form or another appear in more than one
chapter. It can be argued that simple RC circuits are filters of sorts. Therefore having
discussed those, it is no great stretch to cascaded RC filters, although the “T” and
Bridged ‘T’ are somewhat more tricky. Likewise, having explored inductors, it is
appropriate to deal with notch filters with inductors replacing capacitors. But it still
seemed appropriate to create a special chapter on filters which deals with the higher-
order RCL filters and more esoteric methods.

So now to the contents of this chapter. First we shall find out how to build a
simple circuit using Ohm’s Law as a vehicle for exploring some of the most
important properties of the programme including (of course) how to select and
place components, how to assign values, how to edit them by rotating and flipping
and even removing them. But first it is worth saying a little about drafting
conventions.

Then having built the circuit, we can establish the DC conditions and view the
results, using the flexible cosmetic abilities of LTspice to change colours, line
thicknesses, and so on. Finally we can save the results in various formats.

But above all, simulation should be fun: it should excite curiosity. If you do not
enjoy the intellectual challenge, perhaps you are in the wrong business.

1.2 Representing the Circuit

Information about a circuit is communicated through a circuit diagram using sym-
bols to represent the physical components of the circuit. There are, however, two
distinct applications of a circuit diagram

The first is to represent an actual physical circuit; typically it has a reference letter
and number for each component as well as it its value, for example, Rs 56k 5%. The
symbols therefore represent the physical devices which may not be ideal: for
example, a resistor may also have some inductance. These diagrams often contain
test point waveforms or voltage or current measurements and are used by service and
repair staff. In passing, it should be noted that the size of the symbols is of no
significance — a 100 ohm resistor is not drawn larger than a 10 ohm one — nor is the
relative positioning of the symbols on the sheet of paper any guide to the position of
the actual component on a printed circuit board.

The second, and perhaps the most common use, is in circuit design and analysis.
Here, the symbols are understood to represent ideal components: resistors only have
resistance; likewise wires are perfect conductors and possess neither resistance nor
inductance. If it is necessary to include, say, the inductance of a resistor, then it can be
shown as a separate ideal inductor in series with the resistor. LTspice, however,
allows these secondary effects to be incorporated into the symbol, as we shall see in a
later chapter.



4 1 LTspice Essentials
1.3 Drawing Conventions

Obviously, there must be an accepted convention for representing electronic com-
ponents and in drawing circuits. In Europe, the International Electrotechnical Com-
mission (IEC) symbols predominate, whereas in the USA the IEEE usage is
preferred. The divergences are few and should not give rise to confusion: in
particular, the IEEE symbol for a resistor is a zigzag line. This can occasion heated
debate about whether the line should first go to the left or to the right (with the
attendant political overtones), how many zigzags should there be and what angle
between them, whereas, apart from the ratio of width to length, not much more can
be said about the IEC symbol of a simple rectangle. Other differences will be
discussed as we encounter them. The LTspice toolbar and the directory immediately
opened when picking a component use the IEEE symbols although there already are
a few IEC symbols in a separate folder and it is not difficult to make more.

The drawing convention is that as far as possible, a circuit is read from left to
right — that is, with inputs on the left and outputs on the right — and from top to
bottom. Lines representing conductors are drawn horizontally or vertically, or at 45°
in special circumstances. Connections are drawn as filled circles, and only three
wires should join at a point, not four. This is to avoid the ‘cake crumb’ effect where
lines crossing shown by ‘+’ could be turned into four lines joining by an extraneous
speck of dust in the photocopier. LTspice, however, does not enforce this. If it is
important to emphasize the point that a component is connected directly to another,
for example, that resistor Rs is connected to point A, then an ‘offset junction’ can be
used with the lines at 45° as shown in the rather fanciful circuit of Fig. 1.1 which
illustrates some of the conventions. It also uses the IEC symbols rather than the ones
used by LTspice.

T

current source | * \_||1 31 7 ?22\{
b | NG
! / | 3
Vg [ :
: potentiometer Y
crossm? ‘ offset join ~__— Dbattery
e \ N N join X
single cell Rs [ N
T B1 5% R3 R4 | variable resistor
- 47k R2 il
fixed resistor |

i N N
Jjaﬂh /7]7r:hassis preset resistor

Fig. 1.1 Circuit Diagram
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1.3.1 Component Symbols

The ones appropriate to this and the following chapter are as follows.

1.3.1.1 Voltage Sources

Voltage sources are either DC or AC. For our purposes, DC is a steady, unchanging
voltage, either positive or negative. AC sources will be dealt with in later chapters.

So, turning to DC sources, there is a technical difference between a single cell and
a battery: a single cell may either be single use (the traditional ‘dry cell’) or, more
commonly now, rechargeable. They rely on the electrochemical potential difference
between two metals. Typically this is around 1.2-1.6 V. A commercial battery
consists of a number of identical cells in series and are often shown just by the
single cell symbol with the voltage written beside it as B2 12V. Otherwise we may
draw duplicated single cells, or we may draw two cells spaced apart and joined by a
dashed or dotted line to indicate that there are others in between.

LTspice has symbols for both a cell and a battery in the misc folder, but — being
lazy —it’s easiest to use the general symbol for a voltage source consisting of a circle
with ‘+’ ‘=’ drawn on it, and this also serves for AC sources. We should note that the
cell and battery symbols are simply alternative representations of the voltage source
circle and have the same attributes. So if we really want to create confusion, we can
use the battery symbol and assign it an AC value, or have a cell with a pulse output.

1.3.1.2 Resistors

Simple resistors are shown as a rectangle, but notice that Rs also has its value and
tolerance, and power rating could be added, but often, to avoid cluttering the
diagram, this information is tabulated elsewhere rather than included in the diagram.

Variable resistors as front panel controls (i.e. those freely adjustable by the user,
such as the volume control of a radio) are drawn with a diagonal arrow (R4), whereas
preset resistors, whose value is set during calibration and not easily accessible, are
shown with a ‘hammer’ (R2) rather than an arrow. These are two-terminal resistors,
but very often, we use a potentiometer which is a three-terminal resistor with a
sliding contact that divides the total resistance (R1). The difference is that we have a
constant resistance between the ends and if we apply a signal between them, we can
tap off a portion of the signal using the slider. Manufacturers generally only make
potentiometers, and we make a variable resistor by leaving one end unconnected, or
connect it to the slider which is how R/ is drawn.
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1.3.1.3 Current Sources

Current sources are difficult to find in practice and are often shown as two linked
circles (I1), but diamonds with arrows are often used. Generally there is no confu-
sion, and the context explains what is meant. LTspice uses a circle with an arrow
pointing in the direction of current flow and is used for DC and AC sources.

1.3.1.4 Ground Connection

There is a subtle but important difference between the symbol for an earth connec-
tion which implies a low resistance conduction path to the earth itself (ideally zero
ohms) and a chassis connection where the connection is made to a substantial
metallic structure — traditionally the ‘chassis’ or framework on which the circuit
was built — but which may not actually be connected to earth. LTspice uses a
triangle, point down.

1.3.1.5 Connections

As was stated before, these need not be physical wires, but printed-circuit tracks or
anything else offering a path with low resistance. It is implicit on the circuit diagram
that these have zero resistance. LTspice uses a straight line for the wire and a small
square for a join.

1.4 Drawing the Circuit and Ohm’s Law

Now before we say that this is blindingly obvious, and why did it take so long to
arrive at this law, it is worth remembering the state of electrical science at that point.
Stable, reproducible voltage sources were not easy to come by, and the galvanometer
had only recently been invented. Wikipedia has some excellent articles on this. So,
let us state the law, then see how we can observe it (not prove it) using LTspice.

V =IR

1.4.1 Drawing the Circuit

The workspace is where the circuit schematic will be drawn. In addition, text
comments can be added, and the schematic given a name, if so desired. It will also
be found that, by default, the SPICE commands are also shown on the workspace.
This can be inhibited, but in general, it is very useful to see what simulation has been
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LTspice XVII
File View Tools Help

icons [tool bar

[ Ready |status bar

Fig. 1.2 LTspice screen

performed. In the following sections, stylized menus and edit boxes are shown with
comments enclosed in brackets and some — but not all — of the captions, menu items
and so on.

1.4.1.1 The Opening Screen

Download and open LTspice. A simplified opening screen is shown in Fig. 1.2. The
very top row has the LTspice icon in the left corner followed by the version name,
currently LTspice XV11. Below that is the ‘menu bar’ and underneath the icons of
the ‘tool bar’ and then the workspace. The current default background is an X-ray of
the Antikythera Mechanism — a truly remarkable machine showing that the ancient
Greeks were not only philosophers, mathematicians and architects of the highest
order but also instrument makers whose skill would not be equalled, let alone
surpassed, for at least another thousand years. In this and later dialogues and
windows the text presented by LTspice is shown in regular font, comments and
explanations are shown in red, and typical user input is in bold. Menu selections are
shown by an adjacent ‘<’.

Then, at the bottom of the window, the ‘status bar’ carries the single word —
‘Ready’. Users of Ubuntu or other versions of Linux may see something different.

1.4.2 Placing Components

Click File—New schematic, Fig. 1.3 and the background image (which defaults to
the Antikythera Mechanism) will be replaced by a grey field with a matrix of small
dots, and the cursor will change to a large, thin ‘+°. We are now going to build a very
simple circuit to illustrate Ohm’s Law.

There can be up to four ways of placing a component. We shall explore these with
a resistor.
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LTspice XVII
File tool bar

New Schematic |<

Antikithera Mechanism X-Ray Image

Ready status bar

Fig. 1.3 New schematic

LTspice XVII

File|  Edit ? tool bar
?Resistor <
Component

Ready status bar

Fig. 1.4 Select resistor

1.4.2.1 Resistors

Left click Edit and select Resistor, Fig. 1.4. A large zigzag resistor will now replace
the cursor. Move it to some convenient spot and left click to place it on the
workspace.

A new R2 will now replace RI and move with the mouse. Click ‘Esc’ to
dismiss it.

Example — Placing a Component

To test all the following methods, we need to remove unwanted resistors. We do that
by pressing FS, and the cursor turns into a pair of open scissors. Move over the
unwanted component and left click. The component will vanish. Right click to
dismiss the scissors.

The second method is to click on the resistor symbol in the tool bar. The third is to
right click on the schematic, and from the pop-up menu, select Draft—Component
to open the Select Component Symbol dialogue, Fig. 1.5. The fourth, available only
to some components, is to press the initial letter of their name whilst in the
schematic. Thus R will create a resistor. We can test all these leaving just one
resistor on the schematic.
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Select Component Symbol
Top Directory | ]
(component preview
panel - grey until a (component
component is information)
selected)
[ADC]  bi2
other — | t?;p (more
directories component names)
[Optos]

Cancel

Fig. 1.5 Select comp

The ‘Select Component Symbol’ Dialogue

This is what we shall mostly use to select components. At the top is the full path to
the component. Below, to the left, is the symbol itself and in the space to the right
perhaps some words of explanation. Immediately below is a list box that can be
scrolled horizontally with all the accessible components and, at the start at the left,
directories for more components. We then have the choice to Cancel or accept OK.

1.4.2.2 Voltage Source

Return to Edit, but this time a voltage source is not available from the drop-down list
so we must select Component (and note the shortcut of F2). This also will open the
Select Component Symbol dialogue.

Scroll right, select voltage, and a circle with ‘+’ and ‘— signs will be seen in the
‘component preview panel’ in Fig. 1.5. Click OK and place to the left of the resistor
and level with it. Alternatively, click [Misc] and select cell or battery. These only
change the symbol, not the underlying functionality, so, rather bizarrely, as we noted
above, we can have an AC battery. For convenience (and simplicity), nearly all the
circuits use the voltage symbol, but please feel free to change.

1.4.2.3 Ground

This is accessible by all the methods for a resistor or press G in the workspace. This
is important: there must be a ground point somewhere in every circuit. Place it
between the voltage source and the resistor and a little below them.
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1.4.2.4 Alternative Symbols

The IEC resistor, capacitor and a few others as well as cells and batteries can be
accessed through Edit—Component; then in the Select Component Symbol
dialogue, select [Misc] . They behave exactly as the default items. This is (‘Ohm’s
Law 5.asc’). Later we can build a library of IEC symbols.

1.4.2.5 Component Names

LTspice assigns these in sequence such as R/, R2, R3. ... To give a more evocative
name, move the mouse over the name, and the cursor will change to an ‘I-bar’, and
the status line will read ‘Right click to edit the Name of..” which will open the Enter
new reference designator for. . .. Dialogue. The names must be unique.

Component Reference Designator
This small dialogue opens when we are over the name of a component. The
Justification options have little effect except that if we choose (not visible) we
cannot recover it. The font size option applies to that instance only, as does making
the text vertical.

If we just want to reposition the name or the value, press F8 and the cursor will
turn to a closed hand, left click on the element, move it, and right click to finish.

1.4.3 Connecting the Circuit

We are now ready to connect the circuit. Click on the pencil, and the cursor will turn
to two dotted lines at right angles spanning the workspace. Move the intersection of
the lines to one of the open square terminals of a component and left click. This will
start the wire. Now move the cursor to another terminal, and note that the wire can
only be drawn on a rectangular grid. Left click to finish the wire.

Draw the remaining wires and dismiss the wiring tool. You should now have the
schematic (‘Ohm’s Law 1.asc’) . Make sure the earth symbol is connected.

There is a trick to make life easier, and that is to draw straight through the
components rather than connecting one end at a time. Create the schematic Fig. 1.6
of just the five resistors. (Press Ctrl+R to rotate the resistor before it is placed) Then
select the wire tool and left click on point A. Now move straight to point B and left

B - { =
R3 R4
R1 R2

Fig 1.6 Easy wiring
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click again: the wire will be trimmed to the ends of the resistor. Continue the wire to
point C and left click again, and the wire will join up resistors R3 and R4. And
continuing in like fashion to point D then back to A will join up the circuit.

You can zoom in and out using the mouse wheel, and hold down the left mouse
button and drag to move the circuit.

1.4.4 Adding Values

LTspice insists that every component has a value. At present, they only have labels.

1.4.4.1 Resistors

Move the mouse over the resistor and note that the status bar now has ‘Right click to
edit . ...” with the name of the component under the mouse and the cursor changes to
a pointing hand: now right click.

The Resistor — R1 dialogue will appear, Fig. 1.7 with the Resistance edit box
highlighted. Insert some number such as /00 and click OK. LTspice accepts all the
multipliers including ‘u’ for ‘p’, but note that ‘m’ or ‘M’ is always ‘milli’. Either use
scientific notation such as 1e6 for a megohm resistor, else ‘1Meg’ is accepted.

We should also note that we can enter the tolerance and power rating of the
resistor. LTspice accepts them but does not use them. We can click on the Select
Resistor button to open the catalogue and select a resistor from there. As it happens,
the Mfg. and Part No. fields are empty, but had they been filled the information
would have been copied to the dialogue.

1.44.2 Voltage Sources

Move to the voltage source, right click again, and the dialogue Voltage Source — V1
will appear, Fig. 1.8. Insert some value such as 10 in DC value[V] and click OK.
Ignore the Advanced button — that is for later chapters.

Resistor - (name)
Manufacturer
Part Number \—IOK
Select Resistor Cancel

Resistor Properties

Resistance[] | 100 |
Tolerance[%]
Power Rating[W] [ 1/4 ]

Fig. 1.7 Resistor dialogue
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Volta_g_t_e Source - (name) |
[ ok |
Cancel |

DC Value [V] 10 Advanced
Series Resistance[()] III

Fig. 1.8 V Source dialogue

We can also insert a series resistor to represent the internal resistance of the
source. This is computationally more efficient than an external resistor but leave it
empty now. The circuit is complete.

1.4.5 Editing the Circuit

With such a simple circuit, it is unlikely that much will need to be done. However,
for practice, try the following, and note that, in practically every case, a left click will
finish the action and Esc or a right click will cancel it.

To Cancel a Component
While it is still being dragged on the schematic and before it has been placed, right
click or press Esc to cancel it.

To Remove Unwanted or Wrong Components
Press FS or select the scissors on the toolbar. Move the scissors over the component
and left click; right click afterwards to dismiss the scissors.

To Move or Rotate a Component Without Its Connecting Wires

This can be useful for swapping components. It is also useful to be able to rotate a
component through 180° since the direction of the current measured by LTspice
depends on this.

Before it has been placed, press Ctrl+R. Once it has been placed, press F7 or
select the open hand from the toolbar, move the hand over the component, and left
click. The hand will disappear and now Ctrl+R will rotate the component. At this
time you can also drag the component without its wires to some other position. Left
click to finish the move, then Esc to restore the cursor. If Esc is pressed or a right
click is made, before the left click, the move is cancelled.

To Flip a Component Left-Right
While it is still being placed, press Ctrl + E then left click to restore the hand and Esc
to finish. It can be dragged to the ‘E’ and reversed ‘E’ button on the toolbar, but this
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can be confusing. Once it has been placed, select F7 or F8 then press Ctrl + E. Esc
will undo it.

To Move a Component with Its Connecting Wires

Press F8 or select the closed hand from the toolbar. Trying to rotate or flip a
component with its wires usually creates a tangle, and it is better to select F7 to
handle the component alone. However, it can be useful for sliding components along
a wire to make a more aesthetic layout.

To Move Several Components and Their Connecting Wires

Click F8 then hold down the left mouse button to draw an enclosing rectangle.
Release the key and drag. Left click to finish or right click to cancel. And
Edit—Undo will also restore the previous setting.

To Move Just the Name of a Component, or Its Value
Click F7 then click on the item and drag it.

To Change the Value or Name of a Component

Once the component has been given a value, move the cursor over it and it will
change to an ‘I-bar’ and a right click will again bring up the editor. Similarly we can
edit the name.

To Copy Components
For a single component, press F6, move over the component and left click. Now a
copy can be dragged without any connecting wires. As usual, left click to place it,
then right click to restore the cursor, or right click or Esc to cancel before it is placed.
To copy more than one component, press F6 then hold down the left mouse
button and drag an enclosing rectangle. Release the button. If the rectangle encloses
wires with both ends connected, the wire will be copied as well as the enclosed
components.

To Undo or Redo

Click the left or right arc to the right of the closed hand or Edit—Undo/Redo or right
click in the schematic window then Edit—Undo/Redo from the pop-up menu. This
works for a depth that is sufficient for any reasonable schematic. It can be used for
‘what if?” explorations by changing a the value of a component (or, indeed, changing
the component itself) and then restoring the original value.

To Give a Node a Label

The nodes are labelled from 001 onwards by default. It is often more convenient to
give them a meaningful label. Move the mouse over a wire: right click and select
Label net. The label with a small square box underneath will then replace the cursor.
Move the box over a wire and left click to place it or right click to dismiss it.

To Remove Several Components

Select the scissors tool, move to a point outside the components to delete then drag to
define a rectangle enclosing the components. Release the mouse button and they will
be deleted, but Redo will bring them back again.



